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FOREWORD
 

Most of this manual is based on a course book proared for a 2-week energy demand 

management and conservation training program held in Sri Lanka in December 1983. 

This program, sponsored by the Sri Lankan Ministcy of Power and Energy and the United 

States Agency for International Development, combined classroom sessions with a brief 

introduction to on-site energy auditing. Many aspects of this manual have thus been 

tested in real life situations and the lessons learned incorporated in this general version. 

The large number of individuals both in the Ui,ited States and abroad who have partici

pated in the preparation of this document makes individual acknowledgements impossible. 

Hagler, Bailly & Company wishes, l.owever, to express its appreciation to the 40 Sri 

Lankan engineers who endured the course: Dr. Mohan Munasinghe, Senior Energy Advisor 

to H.E., the President of Sri Lanka; and Pamela Baldwin of the Office of Energy of 

the U.S. Agency for International Development for their special contributions in this 

effort.
 

Any comment on this manual is welcomed and should be sent to: Director- International 

Services, Hagler, Bailly & Company (address on back cover). 
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Exhibit 15.7 Cyclone-Fired Systems 

Exhibit 15.8 Fluidized-Bed Steam Generator 

Exhibit 15.9 Influence of Coal Characteristics on Boiler Type Selection 
Exhibit 15.10 Installed Costs ,f Fiiel Handling and Storage Equipment for Coal- and 

Oil-Fired Boilers 
Exhibit 15.11 Installed Costs of Field-Erected Steam Boilers for Coal- and Oil-Fired 

Boilers 
Exhibit 15.12 Illustration of the Cost Structure of a New Coal-Fired Industrial Boiler 

Piant 

Exhibit 15.A Coal/Water Mixture Preparation 

Exhibit 16.1 Typical Elemental Analysis of Wood and Coal (On a dry weight basis) 
Exhibit 16.2 Typical Higher Heating Values of Some Wood and Fossil Fuels 
Exhibit 16.3 Representative Net Heating Values for Various Fuels 
Exhibit 16.4 Proximate Analysis of Wood and Coal 

Exhibit 16.5 Commerci3l'Industrial Technologies 

Exhibit 16.6 Typical Spreader Stoker Boiler System 

Exhibit 16.7 Automatic Stoker Direct Combustion Solid Fuel Boiler 

Exhibit 16.8 Wood-Fired Package Boiler 
Exhibit 16.9 Package Wood-Fired Hot Air Furnace (4.2 GJ/hr) for Direct Heat Applica

tions 



Exhibit 16.10 	 Wood Waste Conversion System Using Suspension Burner 

Exhibit 16.11 	 Comparative Performance Ratings for Various Wood Combustion Systems 

Exhibit 16.12 Comparison of Net Energy Availabie from Wood and Fossil Fuels on a 

Cost Basis (1980 basis) 

Exhibit 16.13 Typical Operator and Supervisor Requirements 

Exhibit 17.1 	 Estimated 5- to 30-Day Storage Volumes for 5, 10, and 20 GJ/Hr 

Conversion Systems Operating at 67-Percent Efficiency 

Exhibit 17.2 	 Estimated 10-Day Storage Volumes for Various Dry Fuels for Conversion 

Systems Operating at 77-Percent Efficiency 

Exhibit 18.1 Schematic Diagram of the Reaction Zones ii an Updraft Gasifier 

Exhibit 18.2 Ash Content and Gasification Properties of Selected Biomass Fuels 

Exhibit 18.3 Schematic Diagram of a Down-Dieft Gasifier 

Exhibit 18.4 Schematic Diagram of a Cross-Draft Gasifier 

Exhibit 18.5 Plantation Area Requirements for Gasifier-Powered Electricity Genera

tion Systems 

Exhibit 18.6 Assumptions Used in Economic Analysis of Shaft-Power Systems 

Exhibit 18.7 Breakdown of Annual Costs for 50-kW Shaft-Power Systems: Baseline 

Cases 

Exhibit 18.8 Results of Sensitivity Analysis for Shaft-Power Systems 
Exhibit 18.9 Comparison of Diesel and Gasifier Systems Effect of Diesel Price and 

Gasifier Cost 

Exhibit 19.1 Energy Savings from Industrial Cogeneration 

Exhibit 19.2 Oil Savings Resulting from the Use of Biomass in Small Power Systems 

Exhibit 19.3 Two Basic Types of Industrial Cogeneration Systems 

Exhibit 19.4 Three Basic Types of Technologies Most Suitable for Industrial Topping-

Cycle Cogeneration Systems 

Exhibit 19.5 	 Boiler/Steam Turbine Cogeneration System 

Exhibit 19.6 Non-Condrnsing Steam Turbines: Variation of Efficiency with Load 

Exhibit 19.7 Gas Turbine Cogeneration System 

Exhibit 19.8 Heat Rate Power Output and Ambient Temperature No Loss Conditions 

Exhibit 19.9 	 Diesel Engine Cogeneration System 



Exhibit 19.10 Typical Limiting Fuel Oil Characteristics for Reciprocating Engines 
Exhibit 19.11 Typical Full Load Energy Balance for Representative Reciprocating 

Engines as Fraction of Input 
Exhibit 19.12 Typical Variation of Reciprocating Engine Heat Rate with Load 
Exhibit 19.13 Waste Heat Recovery Boiler/Condensing Steam Turbine 
Exhibit 19.14 Power and Steam Generation by Noncondensing Steam Turbine Bottoming 

of Waste Heat 

Exhibit 19.15 Power Generation by Condensing Steam Rankine Bottoming of Waste Heat 
Exhibit 19.16 Power Generation Using Organic Fluids in Condensing Systems 
Exhibit 19.17 Power Generation Using Organic Fluids in Condensing Systems 
Exhibit 19.!8 Combustion Turbine Power System (without and with recuperator) 
Exhibit 19.19 Oil-Fired Reciprocating Engine Power System (diesel engine) 

Exhibit 20.1 	 Typical Manufacturing Facility Energy DiLstribution By Cost and Type of 

Energy Consumed 
Exhibit 20.2 Effect on Motor Operation of Variation from Nameplate Specifications 

Exhibit 20.3 Typical Motor Losses 
Exhibit 20.4 Effect of Abnormally High Motor Temperatures on Insulation Life 
Exhibit 20.5 Reference Guide to Probable Causes of Motor Troubles 
Exhibit 20.6 Motor Efficiency Vs. Load Level 

Exhibit 20.7 Comparison of Drive Efficiencies for the Three Common Types of Speed 
Control Currently in Use for AC Motors 

Exhibit 20.8 Time for Proofreading Declines as Illumination Levels Increase, Indicating 
the Lighting-Productivity Relationship 

Exhibit 20.9 Comparative Efficiencies (in Lumeis per Watt) of Different Lamp Types 
Exhibit 20.10 Characteristics of a Typical !ncandescent Lamp as a Function of Rated 

Life 

Exhibit 20.11 Light Characteristics of Three Typical luorescent Lamps 
Exhibit 20.12 Lumen Depreciation Curve for a Mercury Vapor Lamp 
Exhibit 20.13 Recommended Illumination Levels in Footcandles 
Exhibit 20.14 Reduced Wattage/Watt-Miser Lamp Availability 
Exhibit 20.15 Nomograph for Determining Approximate Energy Saved by Removing 

Lamps 
Exhibit 20.16 Manufacturers Fan Capacity Tables for Forward-Curve Centrifugal Fans 



Exhibit 20.17 Manufacturers Fan Capacity Tables for Backward-Curve Centrifugal Fans 

Exhibit 20.18 Basic Refrigeration System 

Exhibit 20.19 Typical Compressed Air System 

Exhibit 21.1 Hotel Energy Budget: Breakdown by Area and Function 

Exhibit 21.2 Heat Pump Water Heater 

Exhibit 21.3 Typical Guest Room Installation 

Exhibit 21.4 Passive Infrared (PIR) EMS Test 
Exhibit 21.5 Major Categories of Energy Management System (EMS) Hardware 

Exhibit 21.6 EMS Communication Link 

Exhibit 22.1 Typical Duties of an Energy Coordinator 

Exhibit 22.2 Checklist for Implementing an Energy Conservation Program 



SESSION 1: INTRODUCTION 

The successful definition, implementation, and management of an industrial or commer

cial energy conservation program requires a proper framework and base!ine for idertifying 
and evaluating energy conservaticn opportunities. Energy cannot be saved until it is 
known where and how it is being used and when and where its efficiency can be im
proved. In most cases, such knowledge and baseline can only come from a comprehensive 

and detailed survey  or energy audit - of energy uses and losses. 

Having conducted an energy audit does not, however, constitute in itself an energy 

conservation program. A number of other conditions must also be met. First, there 
must be a will to save energy. Second, viable energy conservaton projects must be 
evaluated according to the company's financial guidelines. Third, financing must be 
available, and fourth, plant management and staff must be committed to continuing 
the energy rationalization effort well beyond project implementation, as the benefits 
of good projects can be lost as quickly as they are gained. 

Building and industrial plant managers and engineers can play a key role in energy con
servation endeavors, and their awareness and knowledge of a broad range of related 
matters is of utmost importance. This manual is designed primarily to assist them in 
carrying out their efforts to identify, implement, and manage efficient energy demand 
and conservation programs in their facilities. As such, the content of the manual em
braces a broad variety of technical, economic, financial, and managerial subjects. This 
manual can also be used as a support book for a training course in energy management 

and conservation. Appendix I.A is a possible agenda for a 9-day course including plant 
visits and panel discussions in addition to the 22 sessions that make up this manual. 
These sessions are organized in the following order: 

Session 2: Engineering Refresher 

Session 3: Financial and Economic Refresher 

Session 4: Energy Performance of Thermal Equipment 
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Session 5: Power Generation and Electrical Equipment Performance 

Session 6: Industrial Energy Management 

Session 7: Energy Conservation Potential in Major Energy-Consuming 

Industries 

Session 8: Introduction to Energy Auditing in Industrial Plants 

Sessi'bn 9: Industrial Energy Auditing - Instrumentation 

Session 10: Data Analysis 

Session 11: Combustion Equipment and Boilers 

Session 12: Furnaces and Kilns 

Session 13: Dryers 

Session 14: Steam Systems, Insulation, Waste Heat Recovery Systems, and 

Thermal Fluid Heaters 

Session 15: Coal Conversion 

Session 16: Wood Burning 

Session 17: Waste Burning 

Session 18: Biomass Gasification 

Session 19: On-Site Industrial Power Generation 

Session 20: Electricity Use, Part I -- Energy Performance of Various Types 

of Equipment 
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Session 21: Electricity Use, Part 2 - Energy Management in Hotels and 

Other Large Buildings 

Session 22: Corporate Energy Management - Program Implementation. 
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APPENDIX I.A: ENERGY DEMAND MANAGEMENT AND CONSERVATION 
TRAINING COURSE: A POSSIBLE AGENDA* 

DAY I BASIC CONCEPTS IN INDUSTRIAL ENERGY MANAGEMENT 

8:30-9:00 Introductory Remarks 

9:00-10:00 Industrial Energy Management: National Perspective 

Discussion of the importance of energy management from a national 

perspective - supply/demand outlook, role of industry, role of industrial 
energy conservation, and conservation potential and targets. 

BREAK 

10:30-12:00 Engineering Refresher (Session 2, Part I) 

Basics in thermal, mechanical, and electrical engineering. 

LUNCH 

1:00-2:30 Engineering Refresher (Session 2, Part II) 

Continuation of the morning session. 

BREAK
 

3:00-4:30 Financial and Economic Refresher (Session 3)
 

Basics in economic evaluation procedures from the national and corporate 
perspectives. Energy price scenarios and the use of programmable pocket 
calculators and microcomputers for Investment analysis are discussed. 

*See Exhibit L.A for synopsis. 
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Exhibit 	 I.A 

Day Main Topic 

I Basic 
Concepts 

2 Major Ener-
gy-Using 

Equipment 

3 Plant 
Auditing 

4 Thermai Energy 
Management 

5 Fuel 
Substitution 

6 Electricity 
Management 

7 Plant Visit/ 
Audit 

8 	 Analysis of 
Plant Audit 

9 Panel 
Discussion/ 

Course 

Wrap-Up 

SOURCE: Hagler, Bailly 

Energy 	Demand 

Morning 

Introductory Remarks; 

Industrial Energy 


Management:
 
National Perspective
 

Energy Performance 

of Thermal Equipment 


Introduction to Energy 

Auditing In Industrial Plants 


Combustion Equipment 

and Boilers 


Coal Conversion 


On-Site Generation 

and Cogeneration 


Data Aggregation 

and Validation 


Corporate Energy 

Management: Program 


Implementation 


& Company. 

Management and Conservation 

Session 

Engineering Refresher 

(Part 1) 


Power Generating and 

Electric Equipment 


Performance 


Data Gathering and 

Instrumentation (Part I) 


Furnaces and Kilns 


Wood Burning 


Electricity Use 

(Part I) 


Plant Visit/lntro
ductory Audit
 

Energy and Material 

Balances 


Panel 

Discussion 


Training Course: A Possible Agenda 

Afternoon Session 	 Evening 

Engineering Refresher Financial and Economic Reception 
(Part i) Refresher 

Industrial Energy Energy Conservation
 
Management Potential in Major Energy-


Consuming Industries
 

Data Gathering and Data Analysis
 
Instrumentation (Part i)
 

Dryers Steam Systems; insulation; 
Waste Heat Recovery
 

Systems; Thermal
 
Fluid Heaters
 

Waste Burning Biomass Gasification 

Electricity Use Introduction to
 
(Part II) Plant Visit
 

Efficiency Identification and Eval- Reception
Computa:ions uation of Conservation 

and Fuel Substitution 
Measures 

Course Review Concluding Remarks;
 
and Summary Presentation of
 

Certificates
 



7:30 !.eceition 

DAY 2 MA3OR ENERGY-USING EQUIPMENT 

8:30-10:00 Energy Performance of Thermal Equipment (Session 4) 

Overview of boilers, furnaces, kilns, dryers, and other therma! equipment. 

BREAK 

10:30-12:00 Power Generation and Electric Equipment Performance (Session 5) 

Overview of power generation efficiency and electric motors, transform

ers, lighting, air conditioning, compressors, etc. 

LUNCH 

1:00-2:30 Industrial Energy Management (Session 6) 

Review of all the major energy-intensive industries. 

BREAK 

3:00-4:30 Energy 

(Session 

Conservation 

7) 

Potential in Major Energy-Consuming Industries 

Continuation of the previous session, with 

standards and associated savings potential. 

an emphasis on efficiency 
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DAY 3 PLANT AUDITING 

8:30-10:00 Introduction to Energy Auditing in Industrial Plants (Session 8) 

Brief overview of the purpose of an audit, and the different types of 
audits. Steps in a detailed Energy Audit Program will be presented to
gether with the basic requirements for successful corporate programs. 

BREAK 

10:30-12:00 Data Gathering and Instrumentation (Session 9, Part I) 

Review of typical data sources (invoices, internal statistics, meters) and 
measuring equipment and procedures. The use of portable diagnostic 
instruments, as well as fixed instrumentation, will be presented. Calibra
tion of instruments will also be discussed. Actual diagnostic instruments 
will be available for demonstration and use. 

LUNCH 

1:00-2:30 Data Gathering and Instrumentation (Session 9, Part 11) 

Continuation of the morning session. 

BREAK 

3:00-4:30 Data Analysis (Session 10) 

Discussion of what to do with the data collected and how to assess 
their validity and reliability. Theoretical and practical examples will 
be used to construct energy balances, compute efficiency, calculate the 
savings potential, and establish achievable conservation targets. The 
use of programmable pocket calculators will be demonstrated together 
with a discussion of microcomputer applications and software packages. 
Participants are requested to bring their calculators. 
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DAY 4 THERMAL ENERGY MANAGEMENT 

8:30-10:00 Combustion Equipment and Boilers (Session 11) 

Discussion of factors influencing the performance of burners and boilers; 
"housekeeping" measures; equipment modifications and replacement; 

state-of-the-art in burners, controls, and boilers. Case presentations of 

multifuel (e.g., wood/oil) boilers will be presented. 

BREAK 

10:30-12:00 Furnaces and Kilns (Session 12) 

Continuation of the previous session. Focus on furnaces and kilns. 

LUNCH 

1:00-2:30 Dryers (Session 13) 

Continuation of the morning session. Focus on dryers. 

BREAK 

3:00-4:30 Steam Systems; Insulation; Waste 

Fluid Heaters (Session 14) 

Heat Recovery Systems; and Thermal 

Continuation of the previous sessions. Focus on steam traps and 

insulation, heat exchangers, other recovery devices, and thermal 

heating systems. 

lines, 

fluid 
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DAY 5 FUEL SUBSTITUTION 

8:30-10:.00 Coal Conversion (Session 15) 

System types, performances, and economics of coal conversion, including 
a discussion of coal/oil and coal/water mixtures. 

BREAK 

10:30-12:00 Wood Burning (Session 16) 

System types, performances, 

sented in detail. 

and economics of wood burning will be pre-

LUNCH 

1:00-2:30 Waste Burning (Session 17) 

Discussion of nonconventional waste fuel-burning systems, their perfor

mance, and economics. Presentation of case studies. 

BREAK 

3:00-4:30 Biomass Gasification (Session 1?) 

Discussion of the types of systems, performances, and economics of 

wood, charcoal, and agricultural residues gasifiers. Their application 

for the generation of electricity and mechanical power (fixed or mobile), 
as well as heat, will be reviewed. Safety aspects will also be discussed. 
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DAY 6 ELECTRICITY MANAGEMENT 

8:30-10:00 On-Site Industrial Power Generation (Session 19) 

Detailed review of the technical and economic characteristics of indus
trial electricity generating systems, including diesel engines, boiler/steam 
turbines, and other topping and bottoming cogeneration systems. 

BREAK 

10:30-12:00 Electricity Use (Session 20) 

Brief discussion of industrial load profiles 

management techniques. 

followed by a review of load 

LUNCH 

1:00-2:30 Electricity Use (Session 21) 

Continuation of the morning session. Presentation of practical and eco
nomic options to reduce energy costs in large hotels and commercial 
buildings. 

BREAK 

3:00-4:30 Introduction to Plant Audit 

Preparation to the next day's visit and audit of an industrial plant. 
Brief description of the plaait process and major energy-using operations. 

Organization of the audit and team assignments. 
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DAY 7 PLANT VISIT AND AUDIT 

8:30-4:30 Plant Visit and Audit 

After a general visit of a plant, the participants will be grouped into 
teams, and each tea~m will be responsible for conducting a part of the 
audit (e.g., review of energy management organization, invoices, boiler 
operation, compressors, electric equipment). 

DAY 8 ANALYSIS OF PLANT AUDIT 

Partic;pants will apply the lessons and tools presented in the previous 
days. The objective is to organize and analyze the data collected during 
the field audit and to identify specific cost-effective measures to save 
energy at the plant. Participants are requested to bring their calculators. 

8:30-10:00 Data Aggregation and Validation 

Participants will review 

the data reliability, and 

the information gathered by 

identify information gaps. 

each team, assess 

BREAK 

10:30-12:00 Energy and Material Balances 

Participants will initiate the construction 

material balance for entire plant visited on 

unit of operation in that plant. 

of a detailed energy and 

Day 7 and for each major 

LUNCH 
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1:00-2:30 Efficiency Computations 

Participants 

in the plant 

will assess 

visited and 

the efficiency of each major unit of operation 

assess the potential for energy savings. 

BREAK 

3:00-4:30 Identification and Evaluation of Energy Conservation and Fuel Substitu

tion Measures 

Participants will compile a list of measures to capture potential savings 

in the plant audited on Day 7. To the extent possible, several of the 

measures will be analyzed in greater detail, and pro forma economic 

evaluations will be performed. 

7:30 Reception 

DAY 9 PANEL DISCUSSION AND COURSE WRAP-UP 

8:30-10:00 Corporate Energy Management: Program Implementation (Session 22) 

Using the plant audited as an example, 

management and organizational aspects 

servation program. A presentation will 

management. 

the discussion will focus on the 

of implementing an energy con

be made to the audited plant's 

BREAK 

10:30-12:00 Panel Discussion 

Open discussion of the successes and difficulties associated with energy 

management programs - the role of management and of the government 

will be discussed. 
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LUNCH 

1:00-1:30 Course Review and Summary 

1:30-2:30 Concluding Remarks 

Each participant 

training course. 

of attendance of 

will be asked to fill out a simple evaluation of the 

Each participant will be presented with a certificate 

the course. Further activities will be presented. 
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SESSION 2
 

ENERGY DEMAM'D MANAGEMENT AND CONSERVATION
 

TRAINING COURSE
 

Engineering Refresher: Thermodynamics, Heat 
and Mass Transfer 

1. Introduction 

In these refresher lectures, we lock at the Engineering
Science which would be of relevance for the rest of the course. Thevarious topics are not covered in any grear depth, but are sufficient 
for a course of this na-ure which has a st ,ng bias towards actual 
practice.
 

2. BLsic Laws and Equations 

Heat is something which appears at the boundary of a system when a
system changes its state due to a difference in temperature between
 
itsel2 and its surroundings.
 

Work is something which similarly appears at a boundary when the 
change of state takes place under the action of a force. 

Work can be 

- The rotation of a shaft.
 
- The compression or expansion of a gas acting upon a piston.

- The action of a gas or liquid upon a turbine wheel,
 

pump impeller etc.
 
- Electrical work.
 
- Stirring work.
 

The "system" always has a fixed boundary, across whicA work 
and heat interactions take place see fig. 1. 

Ist Law 

When any closed system istaken through a cycle, the aett
work delivered to the surroundings ii proortional to the nett heat 
taken from the surroundings.
(A closed system is one Lli wbch no material transfers take place) 

Q - W - (1) 

by the ist law, work and heat are fundamentally equivalent. -he first
law also enables us to identif 7 :he propezrty nternal energy, which is 
possessed by zhe material within the boundary.
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ie. Q -
W 2 (non cyclic process) - (2) 

Where 1 and 2 are the starting and end states of the process and Uis the internal energy.Note that the sign convention is that heat into the system
is positive while work output is negative and vice versa. 
S.nce
 
in practical processes we utilise a quantity of heat 
to produce

work, we can also define a process or cycle efficiency as
 
follows: 

Efficiency = (3 
Qin 

When Wou t is the nett (or useful) work out in any process and Q 
is the nett heat input to the process. 

2nd Law 

This states that it is impossible to construct a system

which will operate in a cycle, extract 
heat from a reservoir and

do an equivalent amount of work on the 
 surroundings. 

(an alternative statement 
is that it is impossible to construct a
 
system which will operate in a cycle and transfer heat from a
cooler to a hotter body wit 
 ut work being done on the systam).
 

The second law showathat work is a more valuable form of
 energy than heat, because while all work can 
be converted to heat,

the converse is impossible by maans of a cycle device.
 

The first law prohibits perpetual 
motion machines of the Istkind (PMM 1), see fig. 2. 
The second law goes further, prohibits

(PI 2) type machines and says that the only allowable cyclic machines 
ere the third-..ype. 

When a process (cyclic or non-cyclic) takes place, there are changes in the system and its surroundings e.g. when a heat

engine operates, work is produced and energy is taken from 
 a chemicalfuel. Hence the final state of the system and its surroundings is
different to the initial state. 

If the system and its surroundings can subsequently be restoredto the originalivate (without further expenditure of Energy to do so)

then the processicalled a reversible process. 
Needless to say,

this does not 
arise in practice generally because of
 

a) Friction 
b) Heat transfer across finite temperature differences


(which always leads to irreversibility, as a consequence of the 2nd
 
Law). 

It is found that work output is a maximum in any reversible
non-cyclic process 
as 
compared with a similar irreversible process.
A cyclic device with an external work output also has the greatest
efficiency when it is reversible. It is 
found that all reversible

heat engines working between the 
same temperature reservoirs have
the same efficiency and because of this, the efficiency is a function 
only of the temperature of the heat reservoirs.
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" 0 -w =0, W= Q0
 
Efficiency = W = 1 0Q
 

= 1 - T0 . (4)
 

also % TO
T10e Qo 
 QI

"e - 1 . . (5)•T
 

o I
T1

The second law also enables 
us to define a property called
Entropy which for a reversible process is found to be such that
 

2 
 = changeI in entropyT S2 - S1 ..... -(6) 

For a reversible cycle,

change is EyCropy = dQ =0 from (5) above. 
From equation (4),
and considering a fixed with a fixed cold reservoir temperature Tquantity of heat k in the upper reservoir,


work done with two different upper reservoir temperatueT and T,,
would 
be
 

W f_ 
1" 

if T111 > T , W" > W1 

The greater the temperature of the upper reservoir, thegreater the efficiency.
 
Hence we can see that in a common sense way dQ or Q is a
 

measure 
 of 'he quality of the energy T Tthat we athave hand,of its capacit 7 
in termsto do work. Hence entropy is a ofmeasure quality,just as mucl r.s internal energy is a measure of the quatity, ofenergy which is a present in given circumstances. 

Entropy is also a property of a system, in the same way that 
energy is a property.
 

Units of heat 
 and work in the universalJoules/Kg. S I system areUnits of internal energy 
are Joules. 

are the same. Units of entropyIn our work, these units will be used throughout.
Kg 

\ \
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3.Pocesses and Efficence. 

From the 
 st law
 

Q - W =n--(U2 - U) -------- (2)
 

Work done by a gas 
in a piston/cylinder 
6ecbanism, is, for a small
 
movement P. dV, (Fig. 3) = 

(7) in (2). 

d- pdv - du 
d4 du * pdV ....- (S) ThO quantityis called Enthalpy,with du + pdv or U +the symbol h or f. PV 

U + PV occurs so often in
many processes, especially flow processes, that it has been found
useful 
to define a new quantity in this way. 

Units of enthalpy in the SI system areof intarnal energy ie 
the sane as units . Mote that pressure is N and volume is
 

KSg;
 

PV ----- N -- J.
 
Considering an open system Le.rno 
 in which flow of materials is
also prosent (Fig 1), 
by the I Law,
 

+ aW " (u + pr + j€2 + ZZ)" (U + PV + fe2 )--)
dt out 

in 

S-
 mass flow rate (in or out)
 

u = internal energy 
 of flow per unit mass
 
p = static pressure in the flow
 
c - velocity'. of the flow per unit mass
 
v - specific volume of the :Mow: per unit mass
 
z - potential energy flcw of the 
system
 
U a internal energy of the system
 
Q - OTeT heat inflow to 
the system
 
W SA " work outflow from the system
 

The c 2 and gz terms represent kineticBy including these, we 
and potential energy.
acmowled the interconvert.bilityand PE with thermal of NEenergy, (represented by U and V). The term dU
 

takes into 
account the fact that there may be storage dTor depletion
of energy within the system.
 

Te "pv teru is included because externa.lsystem . the work is done onfluid at all incoming points and by 
the 

out flowing fluid. the system on allHowever, this,work transfer is incor!oratej'withthe fluid properties because it is an automatic consequence of the
flow. 
Me law of conservation of mass 
also gFi.ves
 

in 
 out
 

Where : Is 
 the total mass 
contained withi 
 :he sys:em boundar..
 
at any :ime.
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Since most processes of interest to 
us would have steady- state - conditions within the boundary, we would use the relationship'(8) and (9) in the form 

in 
 out
 

Q+ mi.c
W 2 +gz) - (h + c2+ gz)j-...() 
out 
 in
Equations of State relate the material propervies of substances to
one another. In the case of a simple fluid (one which has onlysingle chemical constituent), it is 

a 
an experimental fact that onlytwo properties ae necessary to determine the whole state of the
fluid (ie all the other properties).
 

For a (so-called) ideal gas, a simple algabraic relationship links
the properties ie
 

PV - mRT --- (12)

R is a constant for a particular gas 
 and is knowngas constant. Because as theof the rule (Avcradro's rule)contain the that all gasessame no. of molecules at the sLmt temperature andpressure, there is also a Universal Gas Constant. 

R0 where R0 8.314 Mi o ---- (13) 

Ra ------(14) 

M is the molecular wt. of the particular gas.
 

Other important relationships are as follows: 

2nd Law ds - - from (6)
T
 

1st Law dQ = du 
 + pd 

Tds = du + pdv and Tds 
 = dh - vdp ...--- (14) 

For an ideal gas
 

du - C dt
 v V ---- (15)

dh = C dT 

p 
(14) and (15) ds- d - v Qd.r R dp


T T T 

S2 " S1I = Cp Ln T2 - BLn 
-P2 --..... C16) 

Eqn.,16) enables calculation of the entropy change in anyprocess where th,! nedium can be regarded as an ideal gas. 
 This
relationship can be used in all calculations dealing with air,CO,, CO, H2 etc. and even with F.,O v'hen the process is gaseous;.
 



- 6-

In general, for real fluids the ideal gas aasumption is 
inaccurate. Also, in the case of water/steam, Ammonia and varlows 
refrigerant fluids, much engineering interest is centred on mix
tures in which liquid and vapour coexist. The properties of toese 
fluids are either obtained from Tables or charts which relate twi 
propertios to one another. As an example, conider the Temperature 
entropy and eathalpy- entropy chart for water/steam, as shown in 
Figp (4) and (s). 

The region bounded by the (semi-parabolic) curve is the one
 
in which liquid and vapour coexist. The left hand side of this
 
curv-t is 1:nown as the satura'ted liquid line and the right hand side,
 
the sati, ated vapour line. On these two lines, the state (all the
 
propertios,) of a fluid are completely determined when onl.y one 
varLthle is specified. In the wet region (in between), two properties 
othiz than P and T together are required. P and T are inaufficient 
because they are interdependent, in this region. In all -ther areas, 
any two propertie (including P and T together) are quite sufficient
 
to determine the fluid properties.
 

An important factor in dealing with substances in the wet 
region is dryness traction, which is 

Sa mass of saturated vapour 

Total mass of vapour 

Since other properties such as enthalpy and entropy are 
per unit mass 

h = (1-)hf + h 

s - (l -z) + 

u = (l-)u + 

Where f and g denote the respective values on the saturated 
liquid and vapour lines (see Fig 4). 

,fote that h-s diagrams a especially useful in analyses 

of steady flow processes in which enthalpy changes take place.
 

Processes. In order for heat and work interactions to take
 
place, material within a system boundary must change its state. 
There are various processes by which changes of state can take 
place.
 

Table (1) gives relationships for when the material is an 
ider"l gas and when the process is of the closed or non flow type. 
However, these relationships can be used for most real gases when 
the process is wholly dry. 

\A(I
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Proceas Pressurz Volume Temperatuze Polytropic Adiabatic
 
Variable Constant Constant Constant Reversible Reversible
 

PVA - cons. n nn- n 1M n U an 

=
P,V,T T2 V2 T P PlV a P2V2 PiVl"a - Const PlV Consta- -q 

(per unit Cp(3-T1 ) C(T 2 -Tl) RTln V 2 C (T 2 -T 1 ) 0
 
mass) vv
 

;it p~v=- Pl~l Pv2 - Pvl 

W P(V2 -V1 ) 0 RTLn 22 

mass) 
T 

(s2 - 1I
 

The sutli.xes (I) and (2) stand for the sta t and end of the 
process, respectively. As an example, consider a polytropic process, 
shown represented on Fig (6). An adiabatic process between the same d,ileisl :add 
final pressures has an end yoiat (2k) such that the entropy change is 
zero. For Cases, 1 < a <rn.. as a result ork done would be less 
in an adiabatic process than in a poly7tropic process. 

In the case of open sys7emj we can look at actual items of 
plant and tabulate the various interactions as follows: (see also 
Fig. 7). 

Process Boilers Turbines Conpressors Nozzles
 
and 
condensers
 

Variable
 

Q (h2 -1 . ) 0 0 

c 2
2 2 1
 

W (h - 

2 + ( c3.2
+,I.C 2
2 1 2 2 2 

22
 
h2 1I hI hh2 72 - hI c2
h ~b h-h 

211 2 2 -h C 1 ~ 2 
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In all these cases, the best or idealised expansion process 
where maximum external work is done is an adiabatic process. In the 
real world this is unattainable and all processes are accompanied 
by a change in entropy. In the c2se of expansion and compression, 
irreversibility results in a shortfall in work output and an 
increase in work input, respectively. Hence we can define an
 
efficiency, called Isentropc efficiency as follows:
 

where Isentropic Efficiency = 	 actualwork fer axpansicn 
ideal work processes 

-and Isentrop!c ideal work for.compression 
Efficiency actual work processes 

Isentropic Efficiency is a measure of the efficiency of a 
particular component in a cyclic process. It must be distinguished 
from overall cycle efficiency, which is always (1 even though 
individual component isentropic efficiencies may be all equal to
 
1, in that particular process.
 

Availabilityv We are also intorested in knowing the maximum
 
possible work available in *. given circumstance,.even though
 
practical circumstances may prevent us from ever achieving this. 
By max. available work we might mean expansion to a state 0 (fig 7) 
which corresponds to the lowest possible sink temperatire To. 

Maximum available work. can be tabulated as follows: 

Process Non . Flow, rever. General Flow Flow, 
sible adiabatic Nonflow rever- General 

sible 

adia
batic 

m Max. availa- U _ UjU h-h hh 
Sble work 

-0 -l-ot - S- So0 


-P0 V -V0
 

Here To is the lowest sink temperature available, Po the 
atmospheric pressure and U, h and v are the internal energy, 
enthalpy a.i specific volume respectively. The aaximu work 
is quoted per unit mass of material. 

In a general non-flow process, we subtract the work done
 

on the atmosphere in order to obtain nett useful work. This 
term is not present in flow processes because as much work is
 
done by the atmosphere, as on the atmosphere. It is clearly
 
seen that the second law governs the maximum amount of work 
available from real processes.
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A second law efficiency term, more commonly called the
 
effectiveness, can now 
be defined as
 

=E 7 ....... - (19)
w 

where W" - max. available work
 

W = Actual work output from the :oarticular process.
 

Example : Turbine Work
 

Turbine inlet conditions - pressure 10 bar 

Temperature 2050c.
 

Turbine outlet conditions pressure 
 :- 1.5 bar 

Temperature :- 111.30C.
 

Isentropic efficiency = 35%
 

Ambient temperature = 300c
 

Find Lctual work output and maximum available work. 

From an ideal adiabaiic process, =S2'=S 1 6.7177. 

Procesa end point is in wet region, Dryness fraction is 0 <x'<l
 

6.7177 - 1.4336 (1 - %') + 7.2234 z' 

x'(7.2234 - 1.4336) = 6.7177 - 1.4336 

X' = 0.912
 

h2 ' = 467.1(1 - 0.912) . 2693.4 • 0.9Z2
 

a 2497.48 KJ/Kg.
 

Isentropic efficiency = 1 h2 = 0.95, h = 2838.9 

h1 h2
 

W - (h -h) = 0.95. (2838.90 - 2497.48) -. 324.35 LJ/Kg.
 

Actual dryness will be
 

h2 = 2514.55
 

2514.55 
 - (I - x) 467.1 + x.2693.4
 

x = 0.9196
 

actual entropy is
 

S2 = (1 - x) 1.4331 + x. 7.2234
 

= 6.7579
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Assume reversible adiabatic 
expansion to ambient 
temperature.
 

S = S2 = 6.7578. 

X z 6.7579 - 0.4365
0 8.4346 - 0.4365 

- 0.788 

h0= 125.7 (1 - 0.788) + 2556.4 z 0.788 

- 2041.09 

•' (h-h TO (SI -SQ 
, (2838.9 - 2041.09) - (273 + 30) z (6.7177  6.7579) 

= 809.99 

Reversible adiabatic process all the way th~rugh,
 

Entropy = 6.7177
 
X = 6.7177 - 0.4365
 

8.4541 - 0.4365
 

= 0.7833
 
he (1 - x) 125.7 + x .2556.4
 

: 2029.65
 

(h1I h0 ) = 809.24
 

This proves that whichever way you calculate it, the max.useful work is always the same, and equivalent to that producedby a reversible, adiabatic process between the same initial and
final states. 
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4. Combustion
 

Analysis of Fuels - A fuel can be analysed in terms of its constituent 
parts. Analyses are usually quoted in weight of component/unit weight 
of fuel (or weight of component/Kg mol) in the case of solid and 
liquid fuels and in terms of volumetric fractions at a particular 
temperature and pressure, in the case of gaseous fuels. 

Example Authracite (coal) 

C H 0 N H20 ash 

0.69 0.07 0.04 0.01 0.01 0.13 

mass fraction analysis) 

Products of combustion - are usually gaseous and generalJy analysed 
on a volumetric, dry basis which neglects the water vapour present. 
The basic (older) instrument of analysis was the Orsat apparatus 
which progressively absorbs the various chemical constituent gases, 
enabling measurement of the volume fractions. It is a characteristic
 
of the device that the volume fraction of water vapour is neglected.
 
In the present day, this instrument has been superseded by more
 
sophisticated chemical measuring devices. 

The Stoichiometric air fuel r tioiefined as the 
chemically correct fuel ratio such that all *the oxygen present in the 
air is consumed, together with all the fuel. If a fuel is being 
burnt under stoichiometric conditions, there will be no unburnt 
fuel or excesm oxygen present in the products of combustion. 

Stoichiometric A/F ratio = mass of air (20
mass of fuel 

Considering chemical reactions, we utilise the law of 
chemical conservation id equatiomsof the form. 

C + 02 CO2 

H2+ io -----H2 ... HO2}2 20 

Considering molecular weights and volumes of substances, 

2 R H2 + 16 K 02 is K g R 20 2 

1mul R2 mol 02 1 tol E20 (21) 

1 vol a2 + vol 02 ---- 1 vol H20 (yap) 

A mass equal to the molecular weight of each substance
 
is defined as a mol. By a chemical rule (Avogqdros rule), all 
gases occupy equal volumes Der mo at the same temperature and 
pressure. Hence volumes can also be equated as shown. If any
 
reactant is in :he solid or liquid phase, the volume occupied is 
neglected ie. 

C
 
2 - co2 

0 vol C - 1 vol 02-------- 1 vol CO2 2)
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Excess Air 
- In most practical situations, a certain proportion of
excess 
air is alway! maintained in combustion, to ensure that 
all
the fuel is consumed. Control of a particular combustion process
exactly at stoichiometry is found to be virtually impossible,
especially since fuel is wasted if the process slips even a little
below stoichiometry (insufficient air condition).
 

A simple formula for calculating excess air is as
follows-

% Excess air =-----(2 0.21 iz _ 22 
where Z = % excess 02 is the gas 	or a dry basis.
 

N = 	Total No. of mols of products/Kg of fuel, inthe flue gas, on a dry basis, when the reaction
 
is stoichiometric.
 
Total No. of mols of air/Kg of infuel inletra air stream, when the reaction is stoichiometric. 

Or the excess air could be read off from graphs already
prepared for the purpose - see Fig. 19. 

Example
 

Analysis of a fuel aud produts. 

Fuel (Hydrocarbon liquid fuel).
 

C H Lucombustibles 
0.857 0.142 
 0.001
 
(az alysis by weight, per unit weight). 

Products
 

co 
 .N
2 02 
0.1229 0.8395 0.0376
 

(analysis by volume, on a dry basis, H20 in products is
 
neglected).
 

Find the air fuel ratio under stoichiometric conditions
 
and under the actual conditions given above.
 

The analysis of inlet air would be 
as follows:

02 "€2
 

21% 79 (volumetric analysis )
 
23.2% 
 76.70 (Mass fraction "
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The composition of the inlet air stream would be suchthat for every mol. of 0 there would be 79= 3.76 i. of N2 2 

C + (0 ) ..... "3.76 NS 3.76N CO 22 23.76 

2 2 2 2 2 2 

' per Kg. of fuel,
 

0.857 0.857_ 32 + 3.76 x 28 ---- 4412...... 1 0.857 
(Kg 02 N2 (Kg C02 ) 

+ 3.76 x'2" x 0.857 

0.141 (Kg N2 ) 
0.142 + x 0.142 (32 + 3.76 x 28)
 
(Kga) (Kg + N2)02 

18
 
2 x 0.142 (Kg R20 ) 

+~3i-76 x 28 x 0.142 (Kg N 

per Kg of fuel, mass of air required = 0.857 (32+3.76 x 28) 
* (32+*3.76 x 28) 
+0.142 (32 + 3.76 x 28) 

4
 
= 14.67
 

. . stoochometric 
A/F ratio 14 = 14.671 

Actual excess air on a dry basis 3.74 % 
Hence from the chart, f excess air = 20m
 
ie. there is 
 20% excess air, by volume, in the inletair stream. Hence there are 20% mols. of air. per
Kg of fuel. 

Actual air moles per Xg fuel 0.857 + 0.142 

x (32 + 3.76 x 28) x 1.2 
= 17.65
 

Actual A/F ratio 
 17.651-'- 1.65
= 17.6,5_
 

1K 

http:32+*3.76
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Chemical Reaction. Consider a set of Reactants which chemically
 
react under constant volume conditions, to give a set of products, 
as shown in Fig.9 The initial and final volume and temperature 
are different, but the actual chemical reaction is considered to 
take place at a reference temperature and volume given by 
IV0 T0 )
 

Applying the Ist law to the system. 

Q 'aP2 U?

where U - internal energy of product/unit mass 

URI it # " reactions/unit mass 

FP *-O-(23) URO- ? -----

Then (U - U ) = UO, which is the heat released under 

conditions of constant volume and constant temperature. This is 
called the internal energy of combustion. 

Similarly, for an open system (or flow process) 

"(2IR "PaE) 

• Q- CH. H,0 
"HB - EP ) ' (E - oHM - ---R)(24) 

whee(H0- HM ) u~m Cp (T 2 - T0) - - ( 5 

(HM - %,) 1F.mi Cpi (T0 -Tl1) 

T is the reference temperature at which enthalpies of 

combustion are usually evaluated.
 

It is to be noted that enthalpies in chemical reaction are 
usually quo-ted in tables as enthalpies of formation, which is the 
heat absorbed or rejected when a compound is formed from Its basic 
elements.
 

e.g. C 02 CO--a25,39313
2 


LI/Kg Miol. 

The enthalpies of element such as H2 , 0 etc. are taken 
as 0. Enthalpies of formation are usually fou easuring the heat 
rejected during a steady flow combustion process / carried out in such 
a way that 

a) Reactions and Products are both axt T and P (usually 

25 ° C and latm. pressure).
 

b) No external work is done. 

c) Change in KE and PE is negligible. 
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In the actual combustion of a fuel, enthalpies of
 
forzation are used as follows :

(sy) CH4 + 	20 2 . CO2 + 2H20 

This can be -. garded as -

C11 +202 MC+292+ 02
 

+ 	 2+ 202 22 2
 
B2:2 2:
 

For (1), () ) 2 S 
2 4 

For (2),-( ) 2( A~) (5
V 2:320 181c + 2 3) +2041H2 

Total heat release 

Q + I.& " 
 3) CH -(27) 

e.,
eanco the rinc?1 	 hat iLeat!' roi*'ei in a reaction in given by 
Q 'buK1nhabpe oe orution of podujt3)-(ZntUA~py of 

-OIntson of reactants). 

W. cofb'iation for the partijeular fuel. 
Notso tt het .- t~a~p are (-ve !%eat is~releasod in the
 

.ac4o az when (4.e-z) heat is 
 abalrbed in the reaction. 

Ezamol20s 

ACombustion chamber (see Pig.10) 

by the first is. 

Q 	 cVa C 2 2
2 2 

BP______+__C2_c 
 C M 2 12 -- ( 82 	 2 2 

Chemical equation. 

CO 	 + j (02 + 3.75 X). CO2 + 3.76 N2 

HIP2u (1Z a)cCO2+C.1725 - 25)CP CO2 . .	 3.76. CpN2.(.723 25)2C0	 2
2 	 Nf2 

= -(393513 "+27.12 (1725 - 25) *- .76(72-5
2 29.12(72-) 

= - 23434.,T Ki/minute 

aRI ( H) CO (2 5 - 50) +-( 44 ) 0 2, * C (2 5 -50 ) , 

+ 	4((": ,' ) - 3.76 Cp (25.50))2
 

N2
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= -110523 . 29.142 (25 - 50)+ 29. 359 .125
(25-50)-- 2 12

= - 112 987.2KJ/minute
 

1(2 = 1 (44 +3.76
 
z 
 . x 28) = 96.64 Kg/minute 

2 

=11! 22 = 7731.2 Ki/minute 

. Q a -237324.5 - (-122987.2)- + 77.1.2 

a 254341;4 EJ/minute 

- 2227. EW 

va,!uels
Ca1, mrifid 


G*rossfcakyri~fc value Enthalpy'of combustion with 

4 v l20 in the products, in a i.i4id state.
Kett calor.tic value Enthalpy of uombust3.on 0 in 

the products in a vapour sti:. 

Nettce~ori~c alu < rO~s calorific. ralua. Nett calor±Vi; valueis prelerred in efficieno -calculation's becausp (a) Co,/I r -n
of wwrer vapour in 
 p.oductipn is not Practicalebecv.e -corrosion
 
problem could F me,.(b) 29 
 ,aw aa.1yes of combustion chambersalso show thatrihe ,-ax. useful energy available is closer to the netzvalue rather than the gross value. 

5. Heat and Mass Transfer
 
In heat transfer, we consider three fundamental phsnomena

is. Conduction, Convection and Radiation.
 
Conduction is heat transfer from one 
molecule to another
 

in any material, withoux 
bulk measurement of the fluid. 

The mechanism is governed by Fouriers Law is. that 
Ratq of heat transfer temperature gradient 

i±. q oCw-_ T 

or q -K A T (29
di
 

A is the cross sectional area where heat transfer takes placeand K is a physical property of the material known as thermal conductivity.

Note that the  sign is used because the direction of heat flow ij
opposite to the direction of increasing temperature gradient. 

The units of K in the S.I. system are
 

W 	 w 
m 0K/m a K
 
In the imperial (British) system, the units are
 

BTU 
 BTU
 
hour sq. ft. deg F/perfoot 	 h
 

hr. ft. deg
 

http:uombust3.on


t
I T S4 

WALL COMPOSrrt-WALL 

/ I
 

COMPOsrMTUGS 

I I
 

WA,.. 1 2p <pt 
F1GH! 



- 17 -
Conversion factors 
are given in the table attached. For 

steady heat flow across a wall, (fig.11 ) 

- KA (T2 - T -)
Q. 	 - (30)z 

where x - thickness of the wall.
 

For a composite wall,
 

Q - A.U. (T - T) ----- (31)
 

where U1 - x1 (32)
 

12 23 K3 4
 

U1 is 	the overall heat flow coefficient, with units W 

For a tube  2 	 -'33) 

and for 	r composite tube,
 

Q - .AL(T - T).U------- (34
4 1 	 .2 
where U2 	 (1
 

12 "23 "34 

When U a heat transfer coefficient per unit length of tube 

The units of this coefficient would be W is. 

different to U1 

Convection can be broadly defined as heat transfer due to actual 
physical translation of molecules from point to poirt. 

Natural Convection takes place due to buoyancy differencei, caused 
by temperature differences in a liquid or gas. 

Forced convection occurs when movement of fluid takes place due to 
externally applied pressure differences. 

In convective heat transfe , as in conduction, we would like to
 
describe the phenomena by relationship of the form.
 

Q : /HA CT - T2)1
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When H is the Heat Transfer Coefficient.

flow, there are many 

However, in co7,.veczivemore variables and sample analytical solutionscannot 
be found. 
 The Heat transfer coefficient is found to be 
a

fvuctlon of 

Viscosity 

Densit17 

Thermal Conductivity K 

Specific Heat Cp
 

Fluid, Velocity C 
Charcterist ic 
Dimansion 

In the .. 
usually 2 

system, the units of Heat Transfer coefficie.tsue o By dimenzional analysi:j, it is found that 

convective heat transfer is best charzcteriseft by three non-dimans'Lonal 
parameters.
 

NU ACe PrC 

Nusselt No 
 Reynolds No Prandtl 
No 
and in moit forced convection heat transfer situations, we can say,
 

b 
__ a ) 

3.g , (36)ie. Nu 
a S. (Re) (Pr)a when 
S,b andL a are empirically determined
 
coefficl.nt. 

e.g. 
Fluid Flow within tubes or pipes, (Reference 4,
 
NU a 0.023 (Re)0.8 
 °(Pr) 0.4

-.. (c)
 
eating and cooling outside tubes, in tho case of a bank of tubes.
 

Nu " 0.33 (Re)0.6 
 0.333 
 3) 

Hence given the material properties
of a particular piece 

of tl,. fluid and the dimensions
of equipment, we can obtain the governing heat
transfer coefficient H. Values of a, b and s other than 
the above
can be obtained from the literature in different 
circumstances. 

In Natural Convection localised heating of a fluid will cause thedensity to become smaller. Hence a pressure difference will be set
up due to the rest of the fluid being at 
a lower temperature, and
circulation of fluid will take place (see Fig. 11 ). 
As in fooced convection, therevariables in are a large number offirced convection too. Hence a No. o! non-dimensionalvariables are utillsed in the analysis. Reynolds .o, is replaced 

http:coefficie.ts
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by an analogous term know as Grashof No. (Gr), where 

gpx (T -Tb)(39)Gr 
3

2.. ------

when - coefficient of cubical expansion 

x - height above bottom of heated wall. 

(T - T b Temperature difference between heated fluid and bulk fluid. 
Grashof number comes in because there is no externally imposed bulk 
velocity C, in natural convective Ilow. Fluid velocity is itself a
 
function of the heating effects. 

Again, heat transfer coefficients are found from a relationship of the 
form. 

Nu S (Gr) a (Pr)b -- (40) 

Some simplified formulae for Natural convection in air are as follows: 
(from Reference 2) 

J,d in a 
 average h W/m 0K 
I laminar or transition turbulent 

Vertical plate, or cylinder 104< Gr < 209 109<Gr <1012 
of large.diameter, or height 1.4 a / )1/ 4 1.3181/3 

Horizontal cylinder of 104< Gr < 109 109 <Gr <1012 
diameter d /.1/3 1.14M.1.32 (eId)l 

W!Square plate tx 7 7 10
heated plate facing up or 1 Gr c 2 1 2xiO<Gr< x10 
cooled plate facing down 1.32(6/1 1/4 1.5201 /3 

Squareplateiz ; 5 10
 
cooled plate facing up or 3x10 Gr<3x10
 
heacted plate facing down 1

he______pl___e___t ______o___ 0.59(e/L)I/4 

Where 9 = (T - Tb), Temp. d.fferonce between wall and bulk fluid. 

These formulae have been obtained empirically. 

Radiation is heat transfer by means of electromagnetic phenomena. The
 
law governing heat flow in relation to temperature is the stefan -

Boltzmanz Law.
 

4bCT4 -------- (41) 
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Where c 56.7 z 10 m212W the Stefan-Boltzmann constant. 
mok
 

This form of the equation applies strictly only to a so called
 
"Black body", which absorbs all radiation impinging on it. In the
 
case of a real material,
 

4b = ET --- (42) 

where E is the amissivit of the material and o < E < 1. Another
 
rule states for radiation of a fixed wave-length, the emissivity is
 
equal to a property called the absorptivity ie. the capacity of the
 
surface to absorb incident radiation.
 

Every single body and substance radiates heat away from it at a race 
determined by its surface temperature and coefficient of emmissivity.

Hence k hot body which is radiating energy is also receiving radiant
 
energy from all the surrounding objects. Hence radiation 
heat 
tr2nsfer is really the nett exchange of energy between the body of
 
interest and its surToundings.
 

* The nett energy exchange is given by an equation of the formmF (T4 T4 ) 
-Fe (T - T) ---- (43) 

Where Fe is an emmissivity and area factor which accounts for differences
 
between bodies and their surroundings. Fe can be tabulated follows:
as 

(Reference 2). 

Body (Fig. 12). 	 Factor (e) 

Infinite parallel plate 1 

1 2 
Completely enclosed mall body 
 H1

(small body at higher temperature) 

,. 	 Completely enclosed large body 1 1 
(large body at higher temperture) -- - - 1'El + " 

Concentric Cylinder or sphere
 
(outer body at higher temperature) 

1 
1 /21

2
 
- --- 1
 

Concentric cylinder or sphere 11. 
(inner 	body at higer temperature) 1 - - 1
 

H2
 

The heat transfer rate from any of the above-mentioned bodies will
 
be given by
 

4 4 

A. Fe . (T 1 " T, ) ... .(44 A) 

where A is the area of the body whose :emperature is T

1 
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NOTEI : All temperatures in radiative heat transfer are in "S = (273 'C) 

From (44A)
 

-Q =AFe (T12 4 T22) (T12 T 2) 

= , H (T 1 - T2 ) --- (44Q}
 

where H = Fe(T12 + T22) (T1 + T2)
 

and H is a Heat Transfer coetficient analogous to the coefficients 
defined in the case of conductive and convective heat trsnfer. 

Applications 

1. Heat Transfer from a Pipe 

Consider a pipe with a fluid flowing within it and insulated
 
with a suitable material. The cross-sectional configuration would be
 
as shown in Fig. 11.
 

Then the heat transfer coefficients would be as follows: 

-a ---- Convection flow 

K s (Re)a (Pr) b 

H .... Conduction
 

-
2-3 


H3- 4 . .... ,, 

12. 3 

23 34
 

H - By combined natural convection and .radiation 

...... 
 *.TS
f CC(Re)a () b FeFe (T( 42 T.2 )(T 4 

Overall heat transfer coefoficient is H1 5 

Suchthat I 1 1 1HI 5 2 1 1 .2 2 -4 2 4 H 5 

(Thc 2.Xr terms are required in the case of H .2and H4_because 

because these are in terms of Heat transfer per unit area, whereas 
HI_ 5 and H2- 4 are in terms of heat transfer per unit leng7th of tube) 
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2. Simple Heat Exchanger 

See Fig. 13. It can be shown that 
/ T O - T i
 

Q - HA T -,OT (45)
 

- HA&T 

When T
U 

- mean temperature difference between the fluids 

4 %To - : Ti 
T- - ( 46) 

Ln 0 
S Ti
 

Here H is an overall heat transfer coefficient, again of the form 

1 1 1 1 

0 "l + ' 

As in case (1) previously governing equations in more 
complicated cases can be found in the literature (e.g. reference 4). 

Mass Transfer 

As in the case of heat transfer, mass transfer phenomena 
can also be represented as follows: 

N (C - C2 ) --- ( 47) 

When N is the mass transfer rate, (C1 - C2) is the difference in a property, 

Unlike heqaj sfer, there is no fixed property such as temperature 
difference uniquely controls mass transfer. Instead, mass transfer 
rates can e related to three different properties and their differences,
 

ie. Differences in concentration of substances
 

partial presoures 

" Humidities 

Concentration is defined as mols of substance/unit volume of 
mixtures. 

Kg of substance
Humidity is defined as 
Kg of carrying medium (mass air)
 



T
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Applications
 

Consider a batch type dryer shown represented in Fig. 13B.
The rate of humidification of the air is equal to the moisture transfer 
raze from the material being dried. 

Hence, N - K'. A. (C, -C ) ------- (49)a L& 2 
When K' is the mass transfer coefficient, which is exactly analogous
 
to a beat transfer coefficient.
 

Also for the flow,
 

Gdy = K' d z. a (Y - Y )s a
 
and solving,
 

-
Na -Na oxp "t G 't - - " )
 

When Na C (Ys - Y ) 
I a 

s
Na O (Y - Ya)0 in. conditions at-:Lnlet.to.d~ er.reference 2)
 

Equation shows that the mass transfer rate. varies exponentially
from inlet to outlet in the dryer. Similar though more complex
relationships are available in the literature for continuous drying

processes etc, Coefficienr such as K are obtained from corzlations
 
which are similar to those concerning heat transfer.


K'L 0.33 
 (Re) 0.72 0.33 
'- 0 n (Re)
 

When K'L
 

D '
 

Sherwood Nusselt
 
No No
 

Schmidt Prandtl
 
No No
 

6H C 2.X
C a 
p 4T zW 

Cm is generally known as the mass capacity of a body and is similar to
C which i. the heat capacity of a body or substance. Cm measures 
tte ability of the bod7 
or substance to absorb/retain water or other
 
liquids.
 

In the S.I. system, the unit of the mass 
transfer coefficient K' would
 
be as follows:
 

Concentration difference - M 
S 

Partial pressure differences - K 
NS 

Humidity differences 
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6. Analysis of a Boiler 

In this case study, we analyse a set of typical data
 
that would be the result of an experimental study of a boiler.
 
We also investigate the 8fects of changes in excess oxygen 
 level
 
and flue gas teampera-ture,/boiler efficiency.
 

Date 

Fuel Analysis
 

CH
 

86.1% 11.8% 
 2.1% (by weic'ht)
 

Product Analysis
 

Excess 02 in Stack 
 ----------- 2 

Stack temperature 
 -- - 4000c
 
Ambient temperature 
 300 C
Mass flow rate of fuel 0.095 Kg/second
(Lower) Calorific Value of fuel- - 42,900 L//Kg
Specific heat Od fuel 1.98 LI/Kg OK 
Boiler wall area (Total) - 2000 Sq.feo
Boiler ezternal temperature 80oC 
-Boiler output at full capacity-1--------- 10,000 lbs/hour at 10 bar, 

Dry Sat.iler Blowdown -- . . 1 of mass flow (average). 

SCuatibnskor t react on. 
C el.764. (0 CO3. 76 N2 

a + ( . 7 "3.6N) + 3.76 M
 

S + (02 4 3.76 N2 ) .-- .
 SO 2 14 3.78 N2 

Then, per Kg of uel, 

0.868 
 44
0.868 3.76 z 0.868
(32 + 3.76 x 28) -- 12 x 0.868 12 28
 
(IgC) 1 
 21 
 2 

(Kg 02 + N ) (Kg C) (Kg N.) 
0.118 0.118 X 18 3.76 x 280.118 + . 32+ . z 281) 4 + 2 :2 (51) 

(kg H) (Ig 02 + N2 ) (Kg H2 0) (Kg .2 ) 

0.021 3.76 (0.02
0.021 -2 (32 + 3.76 z 28) -- 0.---- 352032 32 2 : 32 

(zg S) (Kg 02 + 
N ) (KG SO2 ) (Kg .N2 ) 

0.021 
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Let the amount of excess air in inlet air stream be Z in 

terms of volume fraction. No. of Kg mols. of 0 in inlet air stream, per
Kg. of fuel, at stoichiometry, 2 

(0.868 	 0.118 0.021
 
12 4 32
 

= 0.1024
 

.. No. of mols. of 02 in product stream, with Z excess air
 

= 0.1024 x Z
 

. No. of mols. of N2 in product streaz with Z excess air
 

= 0.1024 x 3.76 x (I +)
 

Hence we can tab"__late the-No'. o Kg. .ol. of reactantsaan"

pro.ucts/er kg. of tuel, r-ud the speci c hoats as f-511yors:
 

• 	Substance 
 . Specl-eic Heat 

kg.tuel 

----	 1.98 6/Kg oK 

inlet 02 	 0.1024. (1+Z) 29.35 KJ/Kg mole oK
 

inlet2 0.385 (1+Z) 29.12 "
 

!A Product CO 
 0.07232 37.12 
 "
 
LU2
 

. Product H 0 	 0.0295 33.571 " 2
 

Product 02 0.1024Z as above
 

Product 02 	 0.385 (1+Z) as above
 

Product SO02 	 0.00065
 

(Since the aount of SO2 is small, we neglect it in all 
pubsequent calculations. 

r 	.By'the lst Law, per Kg. of fuel C' = stack temperattre, 
Z = fraction o2 excess Air per volume). 

Q-W = (Hp - =0> + er+ 

5
P~prt - 5R303 = prt Hpr 253 + 4'R2zs fuel + Ha25 - R30j 

KH25- HR30J (25-30.) m.m1 C 

= 	 (-5) (0.1024 (1+Z) x 29.35 * 0.385 (1-Z)x 2 9.12-lx.9 

= 	 (-5) (14.21 (lZ)l 1.98) 

IHprt - Hpr 25 3= (t-25) (0.07233 x 37.57 - 0.0295 x 33.75 - 0.385 (1'Z
 

x 	29.12 " 0.1024Z x 29.35) Vt 
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- (t-25) ( 14.92 - 14.21 I) 

( 	 Hul - -42,900 KJ/Kg 

.. Q - -42,900 	+ (t-25) (14.92 + 14.21 Z) -5 (14.21(1+Z) + 1.98) 

Q = -43353.9 + t (14.918 + 14.21Z) - 426 Z . 53) 

Hence 	for the -ven conditions of t : 4000C,
 

Excess 0 = 2%. 

S Z = (101%) 0.1 from fig. 19. 

.	 Q" a 36860.9 KJ/Kg fuel and for a fuel flow of 0.095 Kg/second, 

Q a 3501 EJ/seconr4 

" 3501 Kw of heat
 

And 	 Ind.'ject (Combustion) efficiency 3,01 x 10042a,900o 0.095 10 

= 	 85.9% 

Consideri±: steam flow conditions 

10,000 lbs/hour (4545 Xg/hour) at 10 bar. 
.. FTm the steim tables, dry saturated temperature at 10 bar is 185 C 

Also, change in Enthalpy is given by 

(A H) Steam 	 - 2012.6 + 4.2 (180-130)
 

= 2643.6 KJ/Kg steam.
 

S. 	 Fo" the process, 

(,4H) SDti - 2643.6 z 4545 

3600
 

- 3337.5 KW
 

Overall Elficiecy M EnthLipy increase of steam
 
Calorific value of fuel
 

3337.5 
42,900 x 0.0s 

Overall Efficiency Z 82% 

~-\\
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Considering Heat Transfer losses.
 

COnvection heat transfer coeffici 
ent from exposed areas of boiler. 
1 

a 1.31 (80-30)
 

Zrom equation in Table 4.82 vw/2 oK 

Radiation Heat Transfer -- 56.7 x 10- 9 ((273.80) 2 + (273 + 30) ) 
from exposed areas of x ( 273 + 80 + 273 + 30)
boiler using equtioL 8.05 W/m2 oK 

overall losses from boiler = H.A. T(boiler) - T(ambient3
 

= 
12.85 x (2000 x 0.302) x (80-30) 

- 119047.5 

- 119. IV
 

Boiler Blowdown loss-average measured value
 

- 1% of steam flow
 

. In energ term = 0.01 x 3337.5
 

- 33.4 KW
 

.. Total heat loss + blowdown
 
loss 
 - 119 + 33.4 - 152.4KW 

As a percentage of fuel 152.4
 
calorific value 
 = 47,900z 0.095 n 3.74%
 

* . From Indirect combustion efficiency, overall efficiency 

- Indirect Efficiency - losses 

- 85.9% - 3.74% 

(Predicted) Overall Efficiency = 82.1 %
 

Compare measured overall Efficiency value, which *as eual to 82% 

We can now explore the changes that would occur in useful
 
heat release and combustion efficiency, when excess air and stack
 
temperature varies. The figures given below are 
all derived from
 
equation ( 5 ).
 

(1) Excess 02 2% Excess air = 10% (from the curve) 

(W)Q 
 Efficiency
0(EW) 
 (04) 

300 3657 89.7
 

350 
 3579 87.8 
< 400 3501 
 85.9
 

450 3424 84.0
 

500 
 3346 82.1
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(2) Excess 0 = 3% .. Excess air = 17.5% 

TQ 	 Efficiency 

300 3646 	 89.4
 

350 3566 87.5
 

400 3486 85.
 

450 3407 83.6
 

500 3327 81.6
 

(3) Excess 02 4 % Excess air = 22% 

T 	 Q Eficiency 

300 3613 	 88.6
 

350 3527 	 86.6 

400 3441 84.4
 

450 3356 82.3
 

500 3270 80.2
 

(4) 	 Excess 0 : Y/ .. Excess air = 57% 

2 

T Q Efficienct
 

300 3485 85.5
 

330 3376 	 82.; 

400 3267 	 80.1 

450 3157 	 77.4 

500 3048 	 74.8 

Hence we can see that there is a significant vazatioon in 
combustion ef~ficency, with Exhaust stack temperature and excess 
02. For example, if conditions are improved from (say) 4% excess 
0 and 500e0 C temperature, to 2% excess 02 and 3500C temperature the 
charg, in efficiency would be equal to 87.8 - 80,2 7.6%. 

In 	terms of fuel, this would be equivalent to 

7.6 x 100 
100 x 87.8 

3
= 	8.2 z 10- Kg/second of fuel 

47,760 gallons/year 

970,000 per 7ear (at the rate of Rs. 20.5 
per gallon)
 

-, "I 
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7. Power and Refrigeration Cycles
 

A heat engine is a device which works cyclically and either 
produces external work or absorbs external work to produce heating or 
cooling. 

Engine cycles are divided into gas and vapour cycles. 
i.mplified analyses are carried out by making up each cycle in terms of 
processes 	of the type given in section (3)
 

Exaple : 	Otto (Pet*ol engine) Cycle considered to be composed of
 
4 processes.
 

(Fif. 14)
1-i : Reversible, adiabatic compression. 

2-3 : 	 Constant volume combustion. 

3-4 : 	 Reversible, adiabatic expansion. 

4-1 : 	 Constant volume heat rejection. 

External work is always represented by the area bounded by 
the curves in the PV diagram. By applying the 1st law, the efficiency 
can be calculated. 

Work Ratio 	 Is another important parameter in power cycles and is 
defined as 

Nett external work done 
Positive work done 

- . 1 	 Ne. Work 
Positive Work 

If the negative work is comparatively large (ie. W.R. Low) 
it means that there is a large internal flow of work, in relation to 
total external work. Therefore, the machinery would be bulky and 
capital cost high. Further and more importantly, component 
inefficiency would cause the overall efficiency to be seriously 
affected in 	 cases where W.R. is low). 

Vapour Cycles
 

The most important is the familiar Rankine (or steam) 
cycle, in which the processes can be represented as follows:
 
(Fig. 16).
 

Heat addition in 	Boiler 

3-4 : Adiabatic, Rersible Expansion is Turbine. 

4-5 : Condensation of spent steam in condenser.
 

5-1 : Feed 	pump compression.
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The efficiency ;i• • Ih 3-
" -" 

-Ty, 

and Work Ratio 

- -(..'h3 - 43 

There are a number of techniques adopted to improve the
efficiency og the basic Rankine Cycle, of which the most
are 
 important
superheat, reheat and regenerative feed heating. 
In the case
of superheat and reheat, additicnal heatshown (Fig. 16 
is add6d to the stea, as
). It is found that 
the work output increa.ses mcrethan Proportionately witL the greater heat input, resulting in
greatt.overalZ efficiency. 

In regerative feedheating, 
the heat rvcuired in (1)-(2) is
provided by steam bled 
from ths turbine
xiternnl during the expansion.heat addition in the boiler 

(2)-(3) and 
is now only in the portionis less than previously. 
He.ce efficiency increases,
at the cost of some reduction in exrernal work output.
 

A refrigerator or .eat azp operates on a reversed heat engine
cycle ie. mechaniLca 
work input is used to trarifer heat from one
reservoir to another.
 

ERaple: Refrigeration Cycle (Fig.18 ).
 
The processes 
 are 
1-2 : 
Vapour is compressed isontropically from a low pressure

and tanperatutre to a high pressure and tempurature.

2-3 : 
Vapour passed through condenser where heat is transferred
 

out to atmosphere and vapour is condensed to 
a liquid.
3-4 : 
Liquid is expanded through a throttle valve to original 
pressure.
 

4-1 : Liquid/Vapour mixture absorbs heat in evaporator.
 

In refriger.tion work, a P-h diagram is very useul, since thecycle can be represented on a chart and the heat absorbed, heatrejected and compreszor work can be read off directly. 

If the devi±e was used 
as a heatpump, then the useful heat
would be the heat rejected in tho condenser.
 

In refrigerators and heatpumps performance is estimated by
the cefftciencj of performance, which is defined as follows: 
C-f 


.
heat absorbed
Cr pt 0 .O.P. (r ef r ...ger at or )= 
 Wo k d n 
 11-2 
C. (Heat pump)
O... 


= heat rejectedphP 

Work done 
 = 2-3 

1-1 
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By the 1st Law, 

" Q2-3 + Q4-1 +w 1-2 a 0 

CPh Cprf 

Cphp is > 1, le. heal, pumps always give out more heat than the 

amount of work put in. 

8. ArWaer Vapour Mixtures 

In air conditioning and drying applications, atmospheric 
air is cooled or heated before use. Water vapour is always present 
and can be considered by using the following parameters: 

M 
Specific Hmidityt- . 

Relative HBmiadity 7 a 

There M ,, Mass of water vapour
 

M mass of air 

m Partial pressure of water vapour 

P M Partial pressure of vater vapicur at 
g ambient tweperature it the air had beer 

saturated at that temperature. 

Note 0 Relative Huidity 
- ( 

P 
g 

Where P- - Partial pressure of water vapour at the 
gd dew point. 

The dew point is defined as the temperature at which the water 
vapour condensers in a particular mixture. The partial pressure is
 
a function of the specific humidity and remains constant as the
 
mixture is cooled.
 p = .... (,.)5 

Pgd -P
 

Psychrometric Charts 

Calculation on air/vapour mixtures 
are best carried out
 
by means of Psychrometric Charts 
(Fig. 20). In these charts the
 
temperature of dry air and the specific humidity 
 are given on the 
X & Y axes respectively and Enthalpy of mixture is given on a 
diagonal axis. Curves of constant relative humidity and wec bulb 
temperature are also given. The state of 
a vapour/air mixture can be
 
determined if any 2 of the above variables are known. 

I
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CONVERSION FACTORS 

a. Thermal Conductivity 

Btu gm-cal. watts kg-cal 

C/ m hr-ft2- F/ft sec-cM 2- C/cm cm2_ C/cm hr-m2-_ 

1 0.004134 0.01731 1.488
 
241.9 1 4.187 360
 
57.79 0.2388 1 86
 
0.672 C.002778 0.01163 1
 

b. Coefficient of Heat Transfer
 

Btu gm-cal watts kg-cal 

hr-ft2- F sec-cm 2 - C cm - h-m 2 - oC 

1 0.0001355 0.0005678 4.882
 
7,373 1 4.187 36,000 
1,761 0.2388 1 8,600
 
0.2048 0.00002778 0.0001163 1 

c. Heat Flux 

Btu gm-cal watts kg-cal 

hr-ft 2 sec-cm 2 CM2 hr-n 2 

1 0.00007535 0.0003154 2,712 
13,272 1 4.187 36,000 
3,170 0.2388 1 8,600 
0.3687 0.00002778 0.0001163 1 

d. Viscosity 

Centipoises lb lb force-sec lb 
sec-ft 2 hr-ft hr--m 

1 0.000672 0.0000209 2.42 3.60
 
1,490 1 0.0311 3600 5350
 

47,800 32.2 1 116,000 172,000
 
0.413 0.000278 0.00000864 1 1.49
 
0.278 0.000187 0.00000581 0.672 1
 

100 Centipoises = I poise = .1 gm/(soc, cm.)
 

1 CentiLpoise = 0.001 kg/(sec. m.) 



TABLE 2 - SATURATION LINE (PRESSURE) - continued 

A. Pfi". Tsmv. Soselic Enmtdply Sp.sfle Enuaoy o t efik Volume 
bw ac J/kq kJAk OC dm 

-1/k g 

/8 ( t hf9 h 9! s * 'I£ /9 vI 

1.0 99.632 417.5 2257.9 25715.4 1.3027 6.0571 7.3598 1.0434 1692.7 1693.7 
1.1 102.317 428.8 2250.8 2879.6 1.330 5.9947 7.3277 1.0455 1548.2 1 49.2 
1.2 104.808 439.4 2244. 1 283.4 1.3609 59= 7.2984 1.0475 1427.1 1428.1 
1.3 107.133 449.2 2237.3 2687.0 1.3868 5.8847 7.2715 1.0495 1324.0 1325.1 
1.4 109.315 468.4 2231.9 2690.3 1.4109 5.8356 7.2465 1.0513 1235.3 1238.3 

1.5 111.372 47.1 2226.2 2893.4 1.4336 5.7898 7.2234 1.0530 1158.0 1159.0 
1.6 113-.3120 475.4 2209 '289..2 1.4550 5.7467 7.2017 1.0547 1090.1 1091.1 
1.7 115.170 483.2 2215.7 2699.0 1.4752 5.7061 7.1813 1.0563 1029.9 1020.9 
1.8 116.933 490.7 2210.8 2701.5 1.4944 5.6678 7.16= 1.0579 976.17 977.23 
1.9 118.617 497.8 =06. 1 2704.0 1.5127 5.6314 7.1440 1.0594 927.94 929.00 

2.0 120.231 504.7 2201.6 2706.3 1.5301 5.5967 7.1268 1.0608 384.38 885.44 
2.1 121.780 511.3 2197.2 2708.5 1.546a 5.5637 7.1105 1.0622 344.84 845.90 
2.2 12:.270 517.6 2193.0 2710.8 1..5627 5.5321 7.0949 1.0636 808.78 809.84 
2.3 124.705 523.7 2188.9 2712.6 1.5781 5.5019 7.0800 1.0650 775.75 776.81 
2.4 12.091 529.6 2184-7 2714.5 1.5929 5.4728 7.0657 1.0663 745.38 746.45 

2.5 127.430 535.3 2181.0 2716.4 1.6071 5."449 7.0520 1.0675 717.37 718.44 
2.S I28727 540.9 2177.3 2718.2 1.6209 5.4180 7.089 1.0688 691.44 692.51 
2.7 129.984 54S.2 2173.8 2719.9 1.6342 5,3020 7.02=2 1.0700 667.37 668.44 
2.3 131.203 551.4 2170.1 2721.5 1.6471 5.3870 7.0140 1.0712 644.97 646.04 
2.9 132.38 55a.5 2168.8 2723.1 1.6595 5.3427 7.0023 1.0723 624.05 625.1) 

3.0 
3.1 

133-540 
134.661 

561.4 
568.2 

2183.2 
2159-3 

2724.7 
2725.1 

1.6716 
I.,,34 

5.3193 
5.2966 

6.9909 
6.9799 

1.0735 
1.0746 

604.49 
585.14 

05.5(" 
587.:2 

3-2 135.753 570.9 2158.7 2727.8 1.6948 5.2744 6.9692 1.0757 568.91 569.99 
3.3 138.819 575.5 2.153.5 2729.0 1.7059 5-2530 6.9589 1.0768 552.68 553.76 
3.4 137.85 579.9 2150.4 2730.3 1.7168 5.2323 6.9489 1.0778 537.38 538.46 

3.5 13 873 584.3 2147.4 2731.8 1.7273 5.2119 6-932 1.0789 522.92 524.00 
3.8 139.855 588.5 2144.4 2732.9 1.376 5.1921 6.9297 1.0799 509.24 510.32 
3.7 140.8= 592.7 2141.4 2734.1 1.7476 5.1729 6.9205 1.0809 496.23 497.38 
3.8 141.784 596.8 2138.8 2735.3 1.7574 51541 8.9118 1.0814 483-97 48.05 
3-9 14.713 500.8, 2135.7 2738.5 1.7670 5.1358 6.902 1.0829 472.27 473.38 

4.0 143.623 604.7 213.0 2737.8 1.7764 5.1179 6.8943 1. 461.14 462.22 
4.2 145.390 612.3 2127.5 2739.8 1.7945 5.0834 6.8779 1.0857 440.41 441.50 
4.4 147.090 619.6 122.3 2741.9 1.312.0 5.0503 &a63 1.0876 421.51 422.50 
4.6 148.729 28.7 2117.2 2743-9 1.82a7 5.0186 6.3473 1.0894 404.19 405.28 
4.8 150.313 633.5 2112.2 2745.7 1.3448 4.9881 6.8329 1.0911 388.27 38918 

5.0 151.844 640.1 2107.4 2747.5 1.8604 4.9588 6.8192 1.0928 373.58 374.68 
5.2 153.327 646.5 2102.7 2749.3 1.8754 4.9306 6.8059 1.0945 359.99 361.08 
5.4 154.765 652.8 2098.1 2750.9 1.8SQ 4.9033 6.7932 1.0961 347.36 348.46 
5.8 15.161 658.3 2093.7 2752.5 1.9040 4.8769 6.7809 1.0977 335.61 38. 71 
5.8 157.518 664.7 2M.3 2754.0 1-9175 4.814 6.7690 1.099 324.64 325.74 

8.0 15O3 670.4 208.0 2755.5 1.930 4.,57 6.7575 1.1009 314.37 315.47 
.2 160.123 675.0 2080.9 2756.9 1.9437 4.SC27 6.7464 1.1024 304.75 305.35 

6.4 161.376 681.5 2078.8 2758.2 1..9562 4.7794 6.7356 1.1029 295.70 296.81 
6.8 16.'598 6858 2072.7 2759.5 1.9684 4.7568 (.7252 1.1053 287.19 ,8.,30 
6.8 163.791 692.0 20681 2760.8 1.9802 4.7348 6.7150 1.1068 279.16 280.27 

7.0 164.956 697.1 206,4.9 2762.0 1.9918 4.7134 6.7052 1.1082 271.57 272.68 
7.2 166.095 702.0 20;,1. 1 2783.2 2.0031 4.6925 6.6956 1.1096 264.3 265.50 
7.4 167 209 706.9 20:117.4 2764.3 2.0141 4.8721 6.6862 1.1110 257.59 258.70 
7.6 168300 711 7 201J3.7 2765.4 2.0249 4.6522 6.6771 1.1123 251.23 2452.24 
7.8 169.383 716.3 2050.1 2768.4 2.0354 4.6328 6.6683 1.1137 ,44.99 246.10 

3.0 170.415 7:70.9 2046.5 2767.5 2.0457 4.6139 6.6596 1 1150 2.39.14 240.26 
8.2 171.441 725.4 !04.0 2768.5 2.0558 4.5963 6.6511 1 !163 2..57 =,4.69 
8.4 172.448 7-9.9 2039.6 2769.4 2.0657 4.5772 6.6429 1.1176 228.26 229.28 
3.6 173.438 724.2 =036.2 2770.4 2.0753 4.5594 5.6348 1.1188 23.19 224 30 
6.8 174.405 728.5 2032.9 2771.3 2.0848 4.5421 6.6269 1 1"01 218.23 :19.45 

9.0 175.358 742.6 '0,29.5 2772.1 2.0941 4.5250 ,.6192 1 1213 21369 :14 31 
9.2 176.294 746.6 "026.2 2773.0 2.1033 4.5083 6.6116 1.12,6 209.24 -210.,8 
9.4 177 214 750.8 :023.0 2773.8 2.1122 44920 5.6042 1 127,s :0438 :06 10 
9.6 178.119 754 6 2019.8 2774.6 2.1210 4.4759 6.5969 1 1250 200.68 20J21 
9.8 179.009 758.7 2016.7 2775.4 2 1297 4.4601 5.5898 1252 196.95 '98.07 

10.0 179.384 762.6 :0136 2776.2 2.1382 4.465. 5.8 1 1274 193.17 19429 

-. 7, 



BLE 3 - PROPERTIES OF WATER AND STEAM - continued
(al-.J bar 1,. " 
 10.5 11.0 11.5 12.0C 179.9 12.5182.0 154.1 186.0 158.0 189.6
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1. Alternating Currents
 

(a)- Alternating currents as used for commercial purposes is the
 
result of an alternating electro motive force (emf) produced "y an
 
alternator. 
This can be .represented 
as a rotating vector at a specified 
speed namely the angular frequency (w) :And the resulting output follows 
a sine waveform. 

/o
 

IV
 

* AUIIA PMIMMI.V (*40/3 1 

ftJ 11LE PNASE ALT"NATIN$ VOLTACE 

Figure 1 is a graphical representation of this rotatingvctor 
and the resulting voltage, which has a peak value of v. and an instantaneouL 
value of Vi . The relationship between Via and vm at any time is FivLU 

by the expression 

The resulting alternating current rarely atains its maximum
 
and zero values at 
the same instant as the emf. Figure 2 shows this
 
displacement in graphical form in a typical case where the distance ab
 
on the zero line represents a displacemeut or the phase difference.
 

V 

tj 

Fig. 2. Alternating voltage and the resulting current
 



Root mean square (RMS) values and ave:.age values
 

Root mean square value of an alternating voltage or current is 
the equivalent direct voltage or current which would deliver the same 

quantity of power from a given device.
 

Root mean square (RMS) voltage = Vrms 

Vrms - = 0.707 vm 

All voltages and currents are 
expressed in their PMS values
 

for practical purposes.
 

Over a complete cycle, the average value VaY 
= 0
 

(b) T.ree phase systems
 

Three phase supplies are derived from a source in which are 
generated three alternating emf' s of equal RMS value, but differing in 
phase by 1/3 cycle or 120 degrees. 
 The line to line EMS voltage is
 
utilized to specify a three phase system.
 

Figure 3 graphically represent% 
the three rotating vectors 
mutually displaced at an angle of 1200 and the three resulting voltages. 
The current flowrng in the three phase would also be similarly displaced. 

V 

If,
 

! I L 

I - " 

V. t V. Sb d. 

PI .S A "HIfEPHA,,E sYr7MA v . (Ii -12o 

VR = vm Sin C.t
 
VY = v m Sin (4 t L .
 

VB = vm Sin ( -,; 
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(c) 	 Frequency - In general terms, the rotational speed of the
 

vector V for either single phase or three phase
 

systems is the frequency (f) of the supply and is
 

expressed in either cycles per second (Hertz)or 

in radians per second (to) 

Standard 	 supply frequency in Sri Lanka is 50 HZ 

(d) 	 Rectified Alternating Voltages 

An alternating voltage may be rectified to obtain a uni-directional 

voltage and a flow of current. 

V.
 

VW
 

0o . - - - -v/zrpt of 

Pi% 4 HALF WAVg RECTIFICATION 

Hall wave rectified average voltage, ViLv = vm 

RIS voltage, Vrms 	 = vm 

U# 

F143 FUL-	 WAVC. RECT'ltI'CA. 



Full wave rectfied average voltage Vav = v, 

RMS Voltage Vrms = 

C2 

(e) 	 Basic Electrical Circuit Elementis
 

Figure 6(a)  (c) show basic electrical circuit elements and
 
their characteristics with respect to the voltages and currents.
 

The impedance (E) of each circuit is indicated below each
 

circuit diagram.
 

Q) RESISTANCE
 

I
 

VV 

6) IHUOUCTANCE 

VI
 

V 
90r
 

CL
 

c) CAPA NC 

I CV 

900V 

Fig. 6 	Basic electrical circuit elements
 
c0
 



(f) Three jpase star connected and delta connected loads. 

T 0 

I II. 

Loai de 91S t. star cOM e.r SM4g ad Le I.,O 

Line Voltage - VL Line Voltage = VL 

Phae Voltage VP VL Phase voltage VP - Line Voltage VL 

J7W 
Phase current I Line Current IL Phase current I = 

Power drawn P 5 VLLCos 0 Power drawn = F VLI L COG 

( ) Units of Measurement for basic Electrical quantities 

Quantity Name Symbol
 

Voltage Volt V 

Current ampere A 

Charge coulomb C 

Resistance ohm J% 

Inducrance H 

Capacitance farad F
 

Conduct ance S 

Magnetic flux Weber Wb 

Magnetic flux tesla T 
density
 

Power watt W
 

Work joule J (9\
 J% 
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(2) Electrical power and energy
 

V
 
a---o
 

r 

Fig. 8 Power factor angle
 

(a) Power factor angle ( 	 ) 

Power factor angle is the angular difference between the
 

voltage and the current through a load and is dependent on the load
 

characteristics.
 

(b) Power factor
 

The cosine of the power factor angle 0 is defined as the
 

power factor of the corresponding load.
 

Active power P(W) 

h. 0 

CL 4 	 , 

'I.
 

Q(VAr) 	 S(VA)
 

Fig. 9. Apparent, active & 	reactive power
 

(c) Apparent Power (S)
 

Apparent power is defined as follows
 

= 	 vp 

Ip = phase current)
 

Single phase, S VP 	x (Yp = phase voltage 

Three phase, S = V3 VL L (VL = line to line voltage 

IL = line current) 

Apparent power is measured in Volt-Ampere (VA) , 



(d)Active Power (P) 

Active power is the component of the apparent power which may
 
be usefully converted into another form of energy and is measured in
 

watts (W).
 

Single phase P = Vp Ip Cos( 

Three phase P = 13 VL 	 IL Cos 0 

(e) 	 Reactive Power (Q)
 

All electrical equipment making 
use of an 	 electro-magnetic 
field require power to set up and maintain this field, apart from the
 

real or active power consumed by the equipment. This component of the 
aparent powe- is known as the reactive power.
 

The reactive power and the real power are 900 out of phase. 
Reactive power is measured in VoLt Ampere -- reactive. (VAr) 

Single phase Q = Vplp Sin
 
Three phase Q - 43VLI L 
 Sin 

The following relationship are also relevant. 

S2 . p2 +Q4 

Cos = P 

tau 	 = Q 
P 

(f) Energy 	Consumption 

p
The energy 	consumption ( J ) is the product of the real power 

(usually in killowatt) and time t (usually in hours) 

Ij P xt kWh 

(W) Electric Heating 

Electric heat is defined as follows 

Single phase H = V x I 'Watts 

Three phase H = J3 VLI L Watts 
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3. Measurement and improvement of power factor 

a. Power Factor Measurement
 

The simplest method is by measuring the real power P using a
 

watt meter and the voltage and the current . A typical circuit is 

given in figure below. 

W - wattmeter reading 

LAO V -voltmeter it 

I - amneter 

Fig. 9, Measurement of Power factor of a single phase load. 

W 
= Cos 0 
VXI
 

For a three - phase load, individual power factors of each
 

phase is determined and the average is calculated. Mete= for reading
 

power factor directly are also available.
 

b. Effects of a high power factor angle 9 (a low power factor Cos (1) 

(i) Registration of a hig.h maximum demand. (KVA or apparent power)
 

(ii) Resulting higher current drawn from the supply.
 

(iii) Increased losses in transformers and distribution system
 

of both the user and-the supply authority. 

(iv) Under utilization of installation facilities.
 

(v) Poor voltage regulation.
 

1 IL 

I -r:31 

--. Sa 
ILL 

Fig. 10 Power factor correction. 
Ot (i~ 



I = Load current 	 P = Load active power 

Ic = Capacitor current Qr = Load reactive power 

(lagging) 
I = resultant current 

=
Qc Leading reactive power
 
taken by capacitor
 

S0 = Apparent power W/O capacitox 

S Apparent power with
capacitor
 

As seen fron above diagrams, 

I < 

S1 < So 

Eg. :Ccusider a case of a 	plant with a maximum demand of 350 KVA 

andoperating with a power factor of 0.85. The desired improvement 

is to raise the power factor to 0.95. The supply voltage is 

400 W, 3 - phase. 

Prexent current 	 .350 x 10=3 505.18 A 
•,/ x 400 

Real power demand, P = 350 x 0.65 - 227.5 kW 

Present reactive power, Q = 350 x Sin 1 

= 265.97 kVAr 

Reactive power demand with 

improved power factor Q2 	 = P tan 92 CosO, = 0.65
 

= 227.5 x 0.33 Sin = 0.76
 

= 74.77 kVA.r Cos0 = 0.95
 

Reactive power tan0. = 0.33
 
requirement = QI - Q2
 

= 191.2 kVA r
 

. . A 400 V 3 phase capacitor bank of 191.2 kVAr is required. 

In practice, the kVAr required to correct the power factor of a given load 

(in kW) from the existing value to a desired value, can be conveniently worked 

out using the following nomogram. 
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Draw a straight line from the existing value of Cos 0 on the left 
to the
 

desired value of Cos 0 on the right. This line will intersect the middle scale
 

at a point denoting a multiplying factor K. Multiplying the existing load
 

in KW by K gives the required EVAr capacity.
 

COS 0 ( Power tactor) 

(Existing Value) 

0.50 


0.55 


0.30 


0.65
 

0.70 

0.75 

0.80 


0.85 0.74 

0.90-


K COS (2(Power tactor) 

- (Desired Value) 
1.7
 

1.6
 

1.5
 

1.4 

1.3
 

0.951.2 


I.' 

I.0 

0.9 0.90

0-8
 

0.7
 
0.6 -- 0.85

0.5

0.4
0.80

0.3

0.2

0.1 0.75

0
 

0-70

0.9
 

0.65-


K
 

0.60-


Fig. 11 ; Nomrngra- to calculate capacitor :atings for power 
2actor correction. 
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4. Power and Ener= 
Measuring Instruments
 

(a) Measurement of real Dower consumption of a 3 phase load 
(W) A Balanced lo-ad (Two Wattmeter method) 

uP
3-pese3 I ( load-phase
 
al: V volts 
 -OWQ felacd)
 

Fig. 12 ; Two wattmeter method for measurement of powerTotal real power consumption of the load = Wi + W2 

5~ 
= 13 VICos0 

" 

p 1
 

(ii) Anunbalancedload (three Wattmeter method) 

~Total 3-
phaph 

real power consumption of the 
*1',..~b) 

load =W1+ W2 W3 

atbvolts = V Cosg
phase voltage-

Fig. 13 Three wattmeter method for mhE ueasurement of power 



(b) Measurement of Energy 

Induction disc principle
 

Nearly all AC energy is measured by meters of the Induction type.
 

The principle components of a single - phase Induction meter are shown in
 

fig. 14
 

Fi 1 S l s i o 

Fig. 14 Single phase induction type watt-hour 
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The upper electro magnet carries a winding excited by the voltage 

of the supply and the winding of the lower magnet carries the circuit current.
 

Torque (T) on the disc is provortional to the real power
 

consumption of the load.
 

T a VICos 0 

The pivoted disc is free to rotate in the gap between these
 

magnom and it is also placed in the field of a permanent magnet (not shown) 
which provides the eddy current breaking torque. The speed of rotation is 
proportional to the real power consumptiox, of the connected load. The number 
of revolution are counted on a register coupled to the disc through a gear 

mechanism. 

The energy consumption (J)ii-a-tfnIte period of T, 

J
T 

J P dt
 

0
 

is registered on the counter. 

Three phze enargy meter for unbalanced loads 

L,
 

M L. L M L 
. 2 :2 r 3 

Fig. 15 Three phase energy meter 



- 14-

The torque contribi'tion from each set of coils is proportional to thf
 

real power consumption of each phase.
 

An induction Wattiour meter may be compensated to read Volt-Ampere
 

hours (or L'VAh) by svitable adjustment of the flux, and will be indicated on
 

a clock work or a cyclo dial,
 

(c) Measurement of Demand
 

Hasimum Demand Meters 

The kVA demand is integrated for a fixed time and the sustained 

maximum demand for the integration period is indicated by a pointer.
 

A typical value for the integration period is 15 minutes and it 

is timed by a clock work mechanism. 

5. Transformers - A single phase transformer 

'p is 

VPN NNs 

Fig. : 16 (a) Single phase Transformer 

V = primary voltagep. 

I = primary currentP
 

V = Secondary (load) voltage
 

I = Secondary current 

Np : number of primary turns 

Ns = number of secondary turns 

N = turns ratio 

V p 

Vp N
s
 

Is IP N
NP
 

Np

NN - N 
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Each of the two windings of 	a transformer has its resistance and 
ininductance whin4 can be considered to be /series as shown. 

The basic equivalent circuit of a single phase transformer is 

shown in figure 16 (b) 

RP X : WLD 	 R5 X3 : wL3 

!VV
 

V p E p 	 I E Vi 

! I 

Fig. 16(b) The basic equivalent circuit of a transformer 

The existing or the no load current is a small fraction of 

load current. The total equivalent circuit may be represented as follows: 

a a 
hRP hXp 	 R3 X3 

Iw 	 I
 

R 

M 

Fig. 16(c) Transformer equivalent circuit referred to the
 
Secondary.
 

N,
 

Ns
 

The current I comprises three components. 

is = load current
 

= component of current representing core loss in the equival 
resistance R. 

Im = component of current representing magnetic leakage in 
the equivalent reactance Xm 

iv 
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(b) Losses Jn a Transformer 

Since the transformer is a static type of machine, friation and
 

windage losses are not present.
 

T'ie losses occuring in a loaded transformers maj be divided into 

two components. 

(i) Hysteresis and eddy current losses in the core, usually known
 

as the iron losses (WI). The magnitude of the loss is
 

independent of the load on the transformer
 

W "-constant (for opejzation at rated voltage)
 

(ii) 	losses in the winding due to resistance and also to the eddy 

currents in the conductors, usuaLy known as copper losses 

(Wcu). The copper loss is proportional to the square of the 

load 	 current. 

Wcu Is 

R e X G 

R h Rp *Re 

Fig. 16(d). 	 The total equivalent circuit of a single phase
 

transformer.
 

Total equivalent series impedance referred to the
 
Xe2
 secondary, Ze = Re 2+ 
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The percentage impedance 

It has become a common practice to express the equivalent 

impedance of a transformer as a percentage. The percentage impedance of a 

transformer is said to be V % if the impedance voltage drop at full load is 

equal to V 	 % of the no load voltage. 

The actual 	value of the impedance referred to the secondary may 

be obtained as follows : 

V % I, Zj x, 00 % 
Vs I s - full load secondary currcnt 

V. VsZ9 1sx 100 Vs - no load secondary voltage. 

By using values of current and voltage for the primary , the 

equivalent impedance referred to the primary may be obtained. 

Efficiency,	O) 

With reference to figure 16(d) 

Power output 100 
= Power output + Copper loss + Iron loss 

a Vs ISCos P " x 100
 
VsIsCosQS + Wcu W I
 

V CoSs R 
-os 

s 3 	 I X 100 ( = load power factor) 

Is 

1 Is maximum when , -I + e 

i.e. W = I2Re = Wcu. 

Thus the efficiency of a transformer is optimum wten the copper loss 

equals the 	 iron loss. 
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6. 	Electrical Machines
 

(h) 	 D-C 

Direct current machines fall into three major categories according 
to the field connections with the armature, as indicated on the following 
diagrams. 

V 	= Supply Voltage
 

Ia 	 - Armature current 

E 	 - back eut
 

= flux per pole
 

= torque on shaft
 

Ra 	 = Armature resistance 

Rf = Field resistance
 

If = Field current
 

N 	 = Rotational speed 

V 	 = 9 + IQL(Ra + Rf) 

E 	, NO
 

2
 ca
 

Fig. 17(a. DC Series motor
 

The following figure gives typtcal operating characterlstice of a 5 HP 

220 Volt, 1000 rpm series motor. 
E
 

26 
1700 24 

" - Fi 17(b) TrpicalW	IOo W .2 

1500 W0characteristics ofgo Is 	 ! 
C 	 , a de series motor 

so oi,z 
70
 

Lua- 40 0OQ 

E Iz 
W 	 20 4 - _________ 

W 	 0 ~ 
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(ii) DC Shunt motor T 

t~~ &9 -

V 9 IaRa
E+ 


E a NQ
 

Fig. 18(a) DC Shunt motor 

The typical operating characteristics of a 5HP, 230 volt, 19.8 Ampere, 

1600 rpm shunt motor is given below. 

5 0
2000 

- 100 

-F--I 
a\
 

1500 40 
-sof 
 8 

aW 
CL W 0 60 

W cc 

Soo 20'/'! 
 40 W 
100C 

L 'L
 

400 !0  20 Z
 

0
-i0 0 


0 2 4 
 6 a 10 

HORSE POWER OUTPUT 

Fig. 18(b) Typical characteristics of a dc shunt motor
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(iii) Compound Motor
 

This has both series and shunt windings which may either be 

(i) Cumulative compound (fig. 19(a))
 

(ii) Differential compouzd (fig. 19(b))
 

In the cumulatively compounded motor, the two windings assist
 

each other in producing the flux while in the differentially compounded
 

motor, the fluxes produced oppose each other. The characteristics of
 

compound motors are combinations of series and shunt motors.
 

11k 
LI 

Fig. 19(a) Cumulative compound
 

DC Hotar
 

Fig. 19(b) Differential compound
 
DC Motor
 

Starting of DC Motors 

A series resistance (Es ) is inserted in series with the armature
 

to limit the starting current 

Starting resistance Rs -

Is 
Ra Where V 

is 
= 

= 
supply voltage 

armature starting 
current 

Ra = Armature resistance j 



(B) AC Motors
 

Induction Motors
 

The induction motor is the nost widely used electro-mechanical
 

energy converting device used in industry. Its ruggedness, efficiency and
 

reliability makes its the work horse of the modern industry.
 

The two basic designs of induction motors are
 

(i) Squirrel cage type and
 

(ii) Wound rotor type for single and three phase operation.
 

(i) Squirrel cage motors
 

Typical connection diagrams of the more commonly used single phase 

squirrel cage type of induction motors are given in figures 20(a) - (d). 

Shaded - Pole Motor/ 
0000 

Main Winding 

o 000 a 0 

0.. . 
' 


U) Auxiliary Winding 

Fig. 20 (a) Shaded pole motor 
 Fig tO (b) Split phase motor.
 

oil- type Capacitor 
Capacitor Electrolytic Capactor 

Au.xiliary Windind
 

C 0u Cantrfugal SwitchSF 2 0 Auxila Windrng 

0 w.00,00 

MainlualMr Winding 00 

Switch 

Fig. 2C(c) Capacitor Start motor Fig. 20 (d) Capacitor start and run motor. 
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This classification of single phase squirrel cage type induction 

motor is based on the method employed to produce the starting torque. 

Three phase 	squirrel cage motors have a distributed three phase
 

winding designed for star or delta connection as required for starting purposes 

(ii) Wound rotor motors 

Wound rotor 	types could be broadly divided into two basic groups,
 

namely 

(A) Slip ring type 

(B) Commutator type 

Typical connection diagrams of these two types ara given in
 

figures below
 

\ 	 IA 

Star- Conected 	 Delta - Connected 
Rotor 	 stator
 

Fig. 21 (a) 	Slip ring type rotor Fig. 21(b) Commutator type single 
induction motor phase AC iotor 

The equivalent circuit of an induction motor is shown in the following figure. 

Fig. 22 Equivalent circuit of indu'&ion motor 
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Il line current
 

10 = component of current representing the core loss 

R = total equivalent resistance = R1 " R-

X = total equivalent rosistance = X, + X2
 

R1 resistance representing the mechanical load on the machine.2
 

S = slip of the rotor.
 

G = admittance representing the core loss
 

B = susceptance representiug the magnetic leakage.
 

The synchronous speed (N.) is defined as120f 
Ns = - rpm where f = 	 supply frequency 

p
 
p - number of poles of the motor.
 

The slip (S) an induction motor is defined as,
 
NS - N 

3= Ns where N Is the 	rotational speed. 

Gross power output of the rotor (R' 21-


\* ~ 122 


The loss in the copper of the rotor = I2 RI * 

2 2 

Total power transferred to the rotor = ( ) R2 A + R2IR 

=R2 Ij 

Rotor copper loss 	 RAI S 

I 
 -	 S 

gross mechanical output 1 2i S-I 

Rotor Efficiency 	 gross power output of rotor 

rotor power input 

1-S I 
= - R2I / R21 2/S 

= -

The following graphs depict the typical characteristic of
 

induction motors.
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The rwound rotor type has a higher starting torque and the torque 

curve shown in figure will show a higher value nt start. 

cc300 600 C AM 

250 500 J2 
-0 ___ 

200 400 kL Z ., 

20000 C z' I 

=o 	 o0 ~ "IL ' /1.I 
ooI Co o 

z 0 0 ~ 
W 0 20 40 6080100 

C. 	 PERCENT OF SYNCHRONOUS 

SPEED
 

Fig, 	 23(a) Torque - speed & current-speed Fig. 23(b) general characterist: 

characteristics of induction motors of induction motors. 

Synchronous Motors 

Synchronous motors are constant speed motors used for special 

applications in industry. The basic arrangement of the field and the startor 

windings for a revolving field machine are shown in the following figure. 

----A.C
 

, TTERMIAL 

Fig. 24 - Electrical connection diagram of a synchronous 
motor. 
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The rotational speed is always the synchronous speed unlike the
 

induction motor "%,h always runs at 
a speed slightly below the synchronous
 

speed.
 

Typical performance characteristic, of a synchronous motor are
 

shown in figure 25 .
 These curves show how the a-nature current varies when 

the motor output is kept constant and the field current is increased 

continuously from very low to very high values. Different curves obtained 

for different contant loads with varying field current are given in the 

figure. 

V = Phase voltage of supply 

X - line current 

0 power factor 

Real power P = 3VICosO 

The current (I) and power factor (CosO) vary with the field current 

keeping the product I CosQ constant and thus the real power. 

-J/
 

2Q 
./
 

W/ 

/ "4I 

FIELD CURRENT 

Fig. 25 - Synchronous motor characteristics 

A synchronous motor may be called upon to absorb lagging or 
leading
 

reactive power by adjusting the field current. 
 Thus by over-ex ting a 
synchronous motor, it may be used as a capacitor (sachronous condenser)
 
absorbing leading reactive power and a certain amount of real power
 

thereby improving the power factor of connected installation.
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7. Parameters Related to Industrial Load Management
 

(a) Diversity Fnctor
 

The diversity factor is defined as the ratio between the sun of
 

the maximum, demands of industrial load centres and the total combined 

maximum demand of the industrial concern. 

Load
 

:S3
 

0 	 4 hrs. Time 

Fig. 26 - Load Diversity 

Figure shows the load profiles of two loads and their combined load. 

S1 S2 
Diversity Factor D S 

This factor is always greater than or equal to unity and a high 

diversity 	factor is preferred.
 

(b) 	 Load Factor (L) 

The load factor is the ratio between the average load (Lar) and the 

maximum load Laax) 

Load 

!7La L avV\-
; , 

H Time 

Fig. 27 - Peak ana average loads 

Refering to the above figure, 

L 
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The time H could be selected to be an hour, day, month, year etc. and the
 

load factor be defined with reference to the selected period of time.
 

A load factor close to unity is preferred.
 

(c) Utilization Factor (U)
 

This is defined mainly in relation to generation facilities.
 

Utilization Fac~tor, U -- Lr 

Lmax maximum demand of the plant
 

Lr related capacity of the plant
 

The utilization factor is dependent on the type of plant 
and its characteristics. 

(D) 	 Capacity Factor (C)
 

This too is defined 
mainly in 	 relation to generation facilities. 

La 

Capacity factor, C = -Lr
 

Lay 	 = average demand of the plant 

Lr 	 = rated capacity of the plant 

NOTE: Capacity factor - Utilization factor X Load factor 

C = U x L 

4J
 



SESSION 3: FINANCIAL AND ECONOMIC REFRESHER 

This session is designed to give the course participant an introduction to the principles 

of financial and economic analysis. In this session, the basic tools and methods of fi

nancial analysis are provided. Also, a specific procedure is proposed for industrial en

ergy project evaluation, and examples are given. This session concludes with a discussion 

of social cost/benefit analysis and the importance of national energy planning in the 

evaluation of specific industrial energy projects. The session is organized in the follow

ing manner: 

" Concept of Life-Cycle Costing (LCC) 

- cash flow conventions 

" end-of-period flow convention 

* determination of the interest period 

- time value of money concept 

9 rates of interest
 

* Modes of Analysis 

- payback period (simple and discounted) 

- return on investment 

- total life-cycle cost (present value) 

- net life-cycle savings 

- uniform annual cost 

- savings/investment ratio (SIR) or benefit/cost ratio (B/C) 

- net present value 

- internal rate of return 

" Sensitivity Analysis of Cost Parameters 

" Four-Step Financial Evaluation Procedure 

- selection of inflation rate and time frame 

- evaluation of energy cost savings and indirect benefits 
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- evaluation of direct project costs and related expenses 

- selection of evaluation method 

" Major Factors Influencing the Results of the Four-Step Financial Evaluation 

Approach 

- financing and tax expenses
 

- project risk
 

- example
 

- effect of available financing alternatives 

" Appendix 3.A: Glossary of Terms 

" Appendix 3.B: Tools of LCC Analysis 

- single compound amount (SCA)
 

- single present value (SPV)
 

- uniform capital recovery (UCR)
 

- uniform present value (UPV)
 

- uniform sinking fund (USF)
 

- uniform compound amount (UCA)
 

" Appendix 3.C: Interest Tables. 

CONCEPT OF LIFE-CYCLE COSTING (LCC) 

consumer that item isWhen a decides a certain in a store very desirable, the factor 
that is usually primary in the purchase decision is price, or "first cost." Subsequent 
costs can be expected to play a minor role. Whether the item is a piece of clothing, 
a television set, or even a house, anticipated maintenance costs rarely are a significant 
consideration in the decision-making process. Yet, maintenance costs are a price of 
ownership just as much as initial costs. A consumer making a capital investment can 
take on a number of forms, such as an individual, a corporation, or a government agen
cy. capital is areOnce the investment made, its consequences often irrevocable. 
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Because of this permanence, the analysis of a capital investment decision must be 

sound and rigorous, leaving little doubt that the information presented is as reasonable 

and as accurate as the facts allow. 

Not only is the permanence of the decision important, but the trend in costs -- especially 

energy costs-- requires tlhit careful thought be given to all aspects of capital investment 

decisions. This is particularly true for those decisions involving buildings and industrial 
equipment. For these investments, five components stand out as requiring careful con

sideration: 

1. Initial capital investment costs 

2. Annual operating and routine maintenance costs 

3. Major repairs and component replacements 

4. Complete item or system replacement 

5. Residual values. 

A sixth consideration is time. The timing factor is used to judge when costs or benefits 

occur and when replacements are needed. Combining the five elements together results 

in a "life cycle" for an investment decision. 

Life-cycle costing (LCC) is a methoo of expenditure evaluation that recognizes the sum 

total of all costs associated with the expenditure during the time that it is used. Initial 

costs and all subsequent expected costs of significance are included in the calculations, 

as well as disposal value and any other quantifiable benefits to be derived. The LCC 

technique is justified whenever a decision must be made on the acquisition of an asset 

that will require substantial operating and maintenance costs relative to its first cost 

over its life span. 

The LCC method relies on forming a basis of comparison or equivalence among the 

cash flows of a project. The concept of equivalence is so basic to engineering economics 

studies that it must be thoroughly understood before making such studies. The concept 

that payments that differ in total magnitude and are made at different dates may be 

equivalent to one another is an important one in engineering economics. The meaning 
of equivalence may be explained by using an analogy from algebra: If a number of 
things are equal to one thing, then they are equal to each other. Given an interest 
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rate, we may say that any payment or series of payments that will repay a present sum 
of money with interest at that rate is equal to that present sum. To clarify the con
cept of equivalence cash flow conventions, interest period conventions, time value of 

money concepts, arid concept of interest should be reviewed. 

Cash Flow Conventions 

Since engineering economics is largely concerned with the evaluation of different cash 
flow series, it follows that one must be very specific about when cash flows occur. 

End-of-Period Flow Convention 

Unless stated otherwise, it will be assumed that all cash flows occur at the ends of 
interest periods (an interest period is usually a month or a year). One method of em
ploying this convention is to assume that all cash flows during an interest period come 

at the end of that interest period. 

Elapsed time Cash flow 
(interest periods) (dollars) 

0.2 +60 
0.4 -40 
0.8 +40 
1.2 -48 
1.6 +88 
1.8 +40 
2.1 +40 
2.4 +70 
2.8 -40 

For each of the above interest periods, the end of period cash flows assumed are the 
sums of the actual cash flows occurring during the respective interest periods. 

This procedure for using the convention introduces less error, especially for high interest 
rates and/or long interest periods. Whichever method you choose, it must be followed 
consistently throughout the analysis. We suggest using end of period cash flows in all 
analyses. 
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Determination of the Interest Period 

In many business transactions, interest is computed and charged (or credited) more 

often than annually. An example of loan handled this isa way that is statedone as 

0.9 percent per month on the unpaid balance. This 0.9 percent per month rate equates 

to a nominal rate of interest per annum of (12 months) x (0.9 percent/month) - 10.8 

percent, which equates Lo an effective annual interest rate of (I + .009)12 - I = .11351, 

or I1.351 percent. 

Interest rates used in engineering evaluations will be the effective annual rate unless 

otherwise stated. However, it is sometimes necessary to derive an effective monthly 

interest rate for very short-term studies. 

Time Value of Money Concept 

The purpose of analyzing investment opportunities is to measure the productivity of 

current expenditures against future benefits derived from project implementation. The 

decision-maker cannot be indifferent to otherwise exactly comparable alternatives in 

which the timing of benefits varies widely. More immediate benefits arc preferable 

to benefits obtained later in time, even if risk and uncertainty are comparable. If a 

consumer must wait to obtain a sum of money in benefits derived from an investment, 
the consumer is losing the opportunity to invest the funds elsewhere during the ii terim 

Deriod. Stated another way, money has value distinctly related to the timing of its 
receipt and disbursement, and this value is determined by the opportunity to earn from 

normal investment activity. This concept is referred to as the opportunity cost, the 

interest rate, the discount rate, or the hurdle rate. These terms are often used inter

changeably. 

Studies in engineering economics are concerned with the most economical alternatives 
in the long run. Since the alternatives to be considered are expressed in terms of 

money flowing at different times, the time value of money and the changing value of 

monetary units must be recognized. 
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Why are cash flows received in the future considered to have less value than cash 

flows received now? Four factors come to mind: 

1. 	 Inflation. A hundred dollars will not buy as much in 10 years. The dol

lars will likely be worth less then; they will have less purchasing power. 

2. 	 Utility (or time preference). Even if as much could be bought in 10 
years with the dollars to be received, why should the consumption be 

postponed? 

3. 	 Contingency. The corporation or individual may not exist 10 years hence. 

4. 	 Opportunity. A real return can be earned on the money over the 10

year period. 

Money, then, has a time value. If $1.00 can be invested today at an 8-percent annual 

nominal rate, it will be worth $1.08 one year from now. In other words, the present 

worth of the $1.08 to be received next year is $1.00. The present worth of any amount 

of 	 money due in the future is calculated by a process known as discounting. In the 

above illustration, the discounting is performed by dividing the $1.08 by 1.08 (i.e., I + 

rate). 

The discounting process is important in LCC analysis because it facilitates the translation 

of future values to present values. If the total cost of owning an asset is its initial 

cost and all subsequent costs, the latter must first be discounted to the present valle 

before they are combined with the initial cost to obtain the life-cycle cost. It would 

be erroneous to ignore the timing of the future costs and merely add them to initial cost. 

Rates of Interest 

The time value of money and changing value of money are reflected in an interest 

rate. This interest rate exists primarily because there are other things to do with the 

money, there is a risk of investing it, and it is not worth the same when it is returned. 

Because of this thing called interest, a dollar now is worth more than the prospect of 

a dollar next year. There are two basic ways of thinking of interest: 
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1. Interest is money paid for the use of money. (This amount is paid by 

a borrower and received by a lender.) 

2. 	 Interest is the teturn obtainable because of the productive use of capital 

assets. ("Return" is a short form of "return on investment.") 

The rate of interest is the ratio between the interest payable or chargeable (or earned) 

at the end of an interest period and the money owed (or invested) at the beginning of 

tha time period. For example, if $1,000 is borrowed at the beginning of the year and 

paid back at the end of the year plus $60 interest, the interest rate per annum is: 

$60 - .06, or 6 percent interest.
 
1,000
 

Even though interest is frequently payable morz often than once a year, the interest 

rate per annum will be implied in this manual unless stated otherwise. 

There are various ways of stating interest rates. For instance, 1/2 percent payable 

montHly, 1-1/2 percent payable quarterly, and 3 percent payable semiannually are all 

6 percent nominal annual interest rates. However, each of these rates results in a 

different effective annual interest rate because of the effects of compounding interest. 

In this manual, we will imply effective annual interest rates unless stated otherwise. 

"Compounded" means that interest not paid when calculated will itself be charged inter

est, or that interest received prior to a due date will earn additional interest or itself 

for the lender. 

At 	this timt:, it is necessary to discuss the differences between real and nominal interest 

rates. Real interest rates do not include the rate of inflation. Nominal interest rates 

include the effect of inflation. As an approximation, the nominai interest rate equals 

the real interest rate plus the inflation rate. In the case of very high real or inflation 

rates! however, it is best to be rigorous. In the case of an 8-percent real rate and a 

12-percent inflation rate, the nominal rate is 21 percent, and not 20 percent, as cal

culated from the equation below: 
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nominal rate, % real rate, % inflation rate %(I + 100 = (I + 100 100+ 1)(x 

The difference between real and nominal rates is very important when conducting proj
ect evaluations. When projecting the annual operating costs or potential energy savings 
to be derived from the installation of energy-efficient equipment, it is important to 
realize if those projections are in real or nominal terms. Real cash flows are discounted 
at real interest rates; nominal cash flows are discounted at nominal interest rates. 

When there is difficulty in projecting inflation rates, it is usually best to use real cash 
flows discounted with real interest rates. 

MODES OF ANALYSIS 

There are several different ways of combining the data on cost and savings from a proj
ect to evaluate its economic performance. The different measures of economic perfor
mance are referred to in the life-cycle cost rules as "modes of analysis." 

Analysis 

Payback period and return on investment are two modes of analysis frequently used by 
firms that are not fully consistent with the LCC approach in that they do not take 
into account all relevant values over the entire study period and discount them to a 
common time basis. Despite their shortcomings, they can provide a first-level measure 
of profitability that is -- relatively speaking -- quick, simple, and inexpensive to cal
culate. Therefore, they may be useful as initial screening devices for eliminating the 
more obvious uneconomical investments. 

The additional six modes of analysis that follow are fully consistent with the LCC ap

proach: 

* Total life-cycle cost (present value method) 

* Net life-cycle savings 
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* Uniform annual cost method 

* Savings/investment ratio (benefit/cost ratio method)
 

" Net present value (NPV)
 

" Internal rate of return.
 

Each one of the eight modes of analysis ispresented in detail below. 

Payback Period 

The payback (also known as the payout or the payoff) method determines the number 

of years required for the invested capital to be offset by resulting benefits. The re

quired number of years is termed the payback, recovery, or break-even period. 

The measure is popularly calculated on a before-tax basis and without discounting (i.e., 

neglecting the opportunity cost of capital). Investment costs are usually defined as 

first costs, often neglecting salvage value. Benefits are usually defi ied as the resulting 

net change in incoming cash flow, or -- in the case of a cost-reducing investment like 

waste heat recovery - as the reduction in net outgoing cash flow. 

The simple payback period is usually calculated as follows: 

Simple payback First cost
 
period (SPP) = Yearly benefits - yearly costs
 

For example, the simple payback period for a furnace recuperator that costs $10,000 

to purchase and install, $300 per year on average to operate and maintain, and that 

is expected to save by preheating combustion air an average of $1,400/year in oil ex

penses, may be calculated as follows: 

$10,000SPP - $1,400 - $300-9.1 yr. 

The disadvantages of the simple payback method that recommend against its use as a 

sole criterion for investment decisions may be summarized as follows: 
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9 The method does not give consideration to cash flows beyond the payback 

period, and thus does not measure the efficiency of an investment over 

its entire life. 

* The neglect of the opportunity cost of capital -- that is, failing to dis

count costs occurring at different times to a common base for comparison 

-- results in the use of inaccurate measures of benefits and costs to 
calculate the payback period, and hence determination of an incorrect 

payback period. 

In 	short, the simple payback method gives attention to onlv one attribute of an invest

ment (i.e., the number of years to recover costs) and, as often calculated, does not 
even provide an accurate measure of this investment recovery time. It is a measure 

that many firms appear to overemphasize, tending toward shorter and shorter payback 
requirements. Firms' preference for very short payback to enable them t'? reinvest in 
other investment opportunities may in tact lead to a succession of less efficient, short

lived projects. 

Despite its limitations, the simple payback period has advantages in that it may provide 
useful information for evaluating an investment. There are several situations in which 

the payback method might be particularly appropriate: 

" 	 A rapid payback may be a prime criterion for judging an investment 
when financial resources are available to the investor for only a short 

period of time. 
" The speculative investor who has a very limited time horizon will usually 

desire rapid recovery of the initial investment. 

* Where the expected life of the assets is highly uncertain, determination 

of the break-even life (i.e., payback period) is helpful in assessing the 

likelihood of achieving a successful investment. 

Discounted payback is a variation of the simple payback period. The discounted payback 
(DPPj differs from the simple payback (SPP) in that the returns are discounted. Conse

quently, the criticism of the simple payback that it ignores the time value of money 

is 	 circumvented. 
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Example: Find the discounted payback for an outlay of $10,000 for energy-efficient 

equipment having a life of 8 years. This equipment will produce constant net annual 

savings of $3,000. The discount rate is 10 percent per year. 

Solution: 

Year Discounted savings Cumulative discounted savings 

1 3,000/1.10 = 2,727.27 2,727.27 

2 3,000/1.102 = 2,479.34 5,206.61 

3 3,000/1.103 = 2,253.94 7,460.56 

4 3,000/1.104 = 2,049.04 9,509.60 

5 3,000/1.105 = 1,862.76 - 1,862.76 

$10,000 - 9,509.60 = $490.40 (remaining capital outlay not yet recovered 
at the end of year 4) 

DPP = 4 + (490.40/1,862.76) = 4.26 years. 

Return on Investment 

The return on investment (RO) or return on assets meth3d calculates average annual 

benefits, net of yearly costs such as depreciation, as a percentage of the original book 

value of the investment. 

The calculation is as follows: 

Return on Investment (ROI) = (Average Annual Net Benefits/Original Book Value) x 100. 

As an example, the calculation of the ROI for an investment in a waste heat economizer 

is as follows: 

Original book value = $15,000 

Expected life = 10 years 

Annual depreciation, using a straight-line method = $15,000/10 =$1,500 
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Yearly operation, maintenance, and repair cost = $250 

Expected annual fuel oil savings -- $5,000 

ROI = $5,000 - ($1,500 + $250) A 100$15,000 

= 0.22 x 100 = 22 percent. 

The return on investment method is subject to the following principal disadvantages 
and therefore is not recommended as a sole criterion for investment decisions: 

" 	Like the payback method, this method does not take into consideration 

the timing of cash flows, and thereby may incorrectly state the economic 

efficiency of projects. 

* 	 The calculation is based on an accounting concept, orig'ndi book value, 
which is subject to the peculiarities of the firm's accounting practices, 

and which generally does not include all costs. The method, therefore, 

results in only a rough approximation of an investment's value. 

The advantages of the return on investment method are that it is simple to compute and 

is 	 a familiar concept in the business community. 

Total Life-Cycle Cost (Present Value) 

When the total life-cycle cost (present value) method is used, all expenditures -- regard
less of when they are incurred -- are compared during a common year (i.e., base year). 
Future expenditures are properly discounted to reflect their time value. The six basic 
formulae presented in Appendix 3.B (i.e., single compound amount, or SCA; single pres
ent value, or SPV; uniform capital recovery, or UCR; uniform present value, or UPV; 
uniform sinking fund, or USF; and uniform compound amount, or UCA) must be used 
to properly discount these future expenditures to their present worth. Once these fu
ture expenditures are discounted, they may properly be compared to expenditures in

curred "today" or during the "base year." Once this discounting is accomplished, all 
expenditures are weighted on a common basis and can be added together to obtain a 

total present worth value. 
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Example: An HVAC system is expected to cost $50,000. A one-time replacement is 
expected after 15 years at a cost of $20,000. Annual operating costs are to be $5,000 
per year. The system is expected to have a salvage value of $10,000 after 30 years. 
Using a 10-percent discount rate, what is the total present value of the system over 

30 years? 

Solution: (present value = PV) 

(Note that cash outflows (expenditures) are expressed in parentheses and that cash 
inflows (e.g., salvage value) are not.) 

PV initial cost - ($ 50,000.00) 
PV of one-time replacement 

= 20,000 x (PV/F, 15 years, 10%)* = 20,000 x .23939 = ( 4,787,80) 

PV of operating costs = 5,000 x (PV/A, 30 years, 10%) 

= 5,000 x 9.42691 = ( 47,134.55) 

PV of salvage value = 10,000 x (PV/F, 30 years, 10%)* 

= 10,000 x .0573i 573.10 
Total PV of system ($101,349.25) 

PV/F = present value of a future current value F (SPW) 

PV/A - present value of a series of future uniform annual payments (UPW) 

*From SPV formula and tables, Appendix 3.B.
 

**From UCR formula and tables, Appendix 3.B.
 

The total life-cycle costs, or present value, can be used to rank projects by showing 
which one has the least total life-cycle cost. This method can be used only if the ben

efits of the projects being compared are identical. 

Example: Alternative A has an initial cost of $20,000, estimated life of 20an years, 

an annual operating cost of $2,000, and a salvage value of $2,000. 

Alternative B has an initial cost of $21,000, an estimated life of 20 years, annual op
erating cost of $1,800, and a salvage value of $2,500. The appropriate interest rate 

3-13
 

http:101,349.25
http:47,134.55
http:50,000.00


for comparing these alternatives is 9 percent per year. The benefits from Alternative 
A and Alternative B are identical. 

Solution (present value = PV) 

Alternative A 

PV initial cost = ($20,000.00) 
PV operating costs = 2,000 x (PV/A, 20 years, 9%)* 

= 2,000 x 9.12852 
- (18,257.04) 

PV salvage = 2,000 x (PV/F, 20 years, 9%)** 
= 2,000 x .17843 

- 356.88 
Total PV ($37,900.16) 

Alternative B 

PV initial cost ($21,w10. 0) 

PV operating costs = 1,800 x (PV/A, 20 years, 9%)* 
= 1,800 x 9.12852 = (16,431.32) 

PV salvage = 2,500 x (PV/F, 20 years, 9%)** 
= 2,500 x .17843 = 446.08 

Total PV ($36,985.24) 

Differential in favor of B - $914.92 (= $37,900.16 - $36,985.24). 

*From UCR formula and tables, Appendix 3.B. 
From SPV formula and tables, Appendix 3.B. 

Net Life-Cycle Savings (NS) 

The net life-cycle savings is the decrease in the total life-cycle cost (TLCC) of an 
operation that is attributable to an energy conservation opportunity (ECO). It is found 
by subtracting the TLCC of the operation with the ECO (TLCC W ) from the TLCC 
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without ECO (TLCCwo). A positive value can generally be held to mean that the ECO 

is cost-effective. 

General Formulas: 

NS= TLCCWO - TLCCW 

TLCCwo = TLCC without ECO 

TLCCW = TLCC with ECO 

NS =AE - (Al - A + + R) 

46E = Reduction in energy costs 

l1 = Differential investment costs 

S =Differential salvage values 

M = Differential nonfuel operation and maintenance costs 

AR Differential replacement costs. 

NOTE: All amounts are expressed in present values. 

Uniform Annual Cost 

This method of calculating LCC reduces each alternative cost to the equivalent base of 
a uniform annual cost. By using this method, both "present dollars" are converted to 

a uniform annual cost while taking into account the "time value" of money at a par
ticular interest rate. The six basic formulae must be used to properly establish these 

annual costs. 

All "present costs" are broken down into equivalent yearly payments throughout the 

life cycle. All "future costs" spent at any time during the life cycle are also broken 

down into equivalent yearly payments throughout the life cycle. All the equivalent 

yearly costs are then added together to establish the total uniform annual cost. 

When comparing alternatives, the same choice will be made regardless of whether the 

present value method or uniform annual cost method is used. The same relative cost 

advantage will result from either method of calculation. 
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Lxamrp: Consider the HVA system example used to illustrate the present value 

method. 

Solution: 

Annual owning cost = A, = $50,000 x (UCR, 30 years, 10%)* 

= $50,000 x .10608 

= ($5,304)
 

Annual fuel costs = A 2 = ($5,000)
 

Annual replacement cost = A3
 

PV replacement cost = $20,000 x (SPW, 15 years, 10%)* 

= $20,000 x .2394
 

= $4,788
 

A 3 = $4,788 x (UCR, 30 years, 10%) = $4,788 x .10608
 

= ($507.92) 

Annual salvage value = A 4 = $10,000 x (SPW, 30 years, 10%) x (UCR, 30 years, 

10%)* 

= $10,000 x .05731 x .10608 

= $60.80 

Annualized cost = A1 + A 2 + A 3 + A 4 

= (5,304) + (5,000) + (507.92) + 60.80 

= ($10,751.12). 

*See Appendix 3.B, UCR, SPW, and tables. 

Savings/Investment Ratio (SIR) or Benefit/Cost Ratio (B/C) 

The savings/investment ratio or benefit/cost ratio expresses savings as a proportion of 
investment or benefits as a proportion of cost where all figures are discounted to either 

a present value or an annual value equivalent. A savings/investment ratio that is great
er than 1.0 indicates that the proposed investment is cost-effective. The savings/in

vestment ratio greater than 1.0 indicates that the project in question will return all 
capital funds at a rate greater than the discount rate. Accordingly, the greater the 
value of the SIR or P/C, the more cost-effective the investment opportunity. 
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Example What is the B/C ratio of an ECO to install an energy-efficient heat pump at 

a c'st of $7,000? The estimated energy savings is $2,000 per year. The useful life ef 

the heat pump is 12 years, and the discount rate is 14 percent. 

Solution: 

Present value (PV) cost = $7,000 

PV benefits = 2,000 (PV/A, 15 years, 14%) 

= 2,000 (5.66028) 

= $11,320.56 

PV benefits 11,320.56PV costs 7,000.00 

1.62. 

Net Present Value (NPV) 

The net present value method discounts all of the cash flows of a project to a base 

year. These cash flows include, but are not restricted to, equipment costs, maintenance 

expenses, energy savings, and salvage values. The cash flows are discounted to reflect 

their time value. Once all of the cash flows are discounted to a base year, the cash 

flows are weighted on a common basis and may be added together to obtain a total 

net present value. Since the cash flows are both positive (salvage values, energy sav

ings) and negative (equipment and maintenance costs), a net present value indicates an 

acceptable project if it is positive. A negative NPV indicates that a project should not 

be considered. 

Example An engineer in the food industry is considering a heat recovery device -- an 

economizer -- in the flue of one of his company's many ovens. The economizer costs 

$20,000, and installation costs are expected to reach $10,000. Annual operating and 
maintenance costs are estimated at $1,000. The system has an expected operating life 

of 20 years, with a salvage value of $2,000. Energy savings resulting from the installation 

of the economizer are projected at $5,000 per year. Using a discount rate of 10 per

cent, calculate the NPV of the proposed project. 
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Solution (present value = PV) 

PV initial equipment cost = ($20,000) 
P' installation cost = ( 10,000) 
PV annual O&M expenses = 1,000 x (PV/A, 20 years, 10%) = ( 8,514) 
PV salvage value = 2,000 x (PV/F, 20 years, 10%) = 297 
PV energy savings = 5,000 x (PV/A, 20 years, 10%) = 42,568 
Net present value (NPV) = $ 4,351 

The positive net present value indicates that the project should proceed. Note that 
because there are many ovens in this company that presumably could also benefit from 
use of an economizer to capture waste heat, the positive NPV ior one project can be
come multiplicative when other similar projects are considered. The NPV method is 
similar to the total life-cycle cost method presented earlier, but includes the ability 

to compare projects with varying benefits. 

Internal Rate of Return 

This method (not to be confused with the ROI method evaluated earlier) calculates the 
rate of return that an investment is expected to yield. The internal rate of return meth
od expresses each investment alternative in terms of a rate of return (a compound in
terest rate). The expected rate of return is the interest rate for which total discounted 
benefits become just equal to total discounted costs (i.e., net present benefits or net 
annual benefits are equal to zero, or for which the benefit/cost ratio equals one). The 
criterion for selection among alternatives is to choose the investment with the highest 
rate of return.
 

The rate of return is usually calculated by a process of trial and error, where-by the 
net cash flow is computed for various discount rates until its value is reduced to zero. 

Example Calculate the internal rate of return for a heat exchanger that will cost 
$10,000, will last 10 years, and will result in fuel savings of $3,000 each year. 
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Solution: 

Find the i that will equate the following: $10,000 = 3,000 x (PV/A, 10 years, i =?). 

To do this, calculate the net present value (NPV) for various i values, selected by 
visual inspection; 

NPV 25% 	 = ($3,000) x (3.571) - $10,000 

= $10,713 -	 $10,000 

= $713 

NPV 30% 	 = ($3,000) x (3.092) - $i0,000
 

= $9,276 - $10,000
 

= ($724).
 

For i = 25 percent, net present value is positive; for i = 30 percent, net present value 
is negative. Thus, for some discount rate between 25 and 30 percent, present value 
benefits are equated to present value To find the rate morecosts. exactly, without 
the benefit of a complete set of discount tables or an adequate calculator, you can 
interpolate between the two rates as follows: 

i = 0.25 + (713/713 + 247) .05 = 0.275, or 27.5 percent. 

To decide whether or not to undertake this investment, it would be necessary for the 
firm to compare the expected rate of return of 27.5 percent with its minimum required 

rate of return.
 

SENSITIVITY 	 ANALYSIS OF COST PARAMETERS 

Sensitivity analysis is a technique for evaluating project when therea is considerable 
uncertainty about the appropriate values to use in performing the evaluation. For ex
ample, uncertainty about the life of a project, the quantity of energy it will save, en
ergy costs, and/or its future replacement costs may raise doubts about its cost
effectiveness. To assess the likely range possible outcomes, several ofof 	 evaluations 
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the project can be made, based on alternative values of the parameters in question. 

By evaluating the outcome for upper and lower estimated values of the parameters, 

such as the minimum and maximum estimated life and the minimum and maximum es

timated energy savings, sensitivity analysis can be used to bracket the range of likely 

outcomes and give a clearer estimate of a project's potential cost-effectiveness. 
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Thus far, we have discussed the basic tools and methods to perform a financial analysis 

in the energy management sector. Unfortunately, there are numerous project financial 

evaluation methods that can give conflicting results and can lead to a certain degree 

of confusion. Because of this possible confusion, we feel iVia it is necessary to propose 

a financial evaluation procedure to be used with all projects. The results of financial 

evaluation methods depend heavily on price projections, time frame, and financing. A 

four-step procedure can be followed to integrate these factors and avoid the common 

pitfalls of industrial energy project evaluaLion (see Exhibit 3.1). 

FOUR-STEP FINANCIAL EVALUATION PROCEDURE 

Step 1: Select Inflation Rate and Time Frame 

* 	 Use the same method to project inflation rates for all projects 

- use of constant dollars 

advantage: makes projections simpler 

disadvantage: does not reflect "real life" 

- use of current dollars 

advantage: does reflect real life 

disadvantage: results in unreliable inflation projections 

* 	 Use a sufficiently long time frame to take into account major maintenance 

expenditures until full replacement of equipment occurs. 

Current Practices 

" Use of current dollars based on company's own inflation forecast 

" Use of a 5-year time frame 

" Replacement cycle tim-e frame, usually 1.5 or 20 years. 
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Exhibit 3.1 

Basic Steps in Project Evaluation 

Step 1: Select Inflation Rate and Time Frame 

Step 2: Evaluate Energy Cost Savings and Indirect Benefits 

Step 3: Evaluate Direct Project Costs and Related Expenses 

Step 4: Select Evaluation Method 



Sources of Information 

" Inflation: no reliable source available.
 

" Time frame: data from equipment manufacturer.
 

Step 2: Evaluate Energy Cost Savings and Indirect Benefits 

The major elements of cost savings resulting from project implementation are: 

a. 	 The energy cost savings 

b. 	 The other benefits. 

a. 	 The energy cost savings 

e 	 Energy cost savings are expressed as amount multiplied by price, for 

each type of energy saved. 

The type of energy saved must be identified carefully, since multiple 
heat sources using various types of energy may be involved. 

The energy savings to be considered are net energy savings, since 

energy conservation equipment frequently uses energy. 

The amount of energy saved per year will depend on many factors, 
including the expected utilization of the new equipment. 

The price of energy saved depends on: 

- the year in which the energy is saved.
 

- the price projection can be based on:
 

" company's own projections
 
" 
 external projections (e.g., government or industry associations) 
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b. The other benefits 

" Other benefits can come from multiple origins (see Exhibit 3.2). 

" Benefit evaluation is plant-specific. 

Examples: 

- In a glass company, the use of a waste heat recovery system 

resulted in a significant reduction of the size of required pollution 

equipment costs, the benefit of which was of roughly the same 

magnitude as the energy cost savings. 

- In a pulp and paper plant, the use of a high-pressure press signifi

cantly reduced the steam requirement for paper drying. In addition, 
this new system allowed a 5- to 10-percent increase in throughput, 

which translated into incremental sales that were greater than the 

energy cost savings. 

* It must be remembered at all times that the objective of a 

successful energy management program is not to reduce energy 

consumption but to increase energy efficiency, that is, to reduce 

energy cost per unit of output, given a set of economic, environ

mental, and social cost/benefit constraints. 

Step 3: Evaluate Direct Project Costs and Related Expenses 

The major components of the additional costs resulting from the project implementation 

are: 

a. The direct project costs 

b. The related expenses. 
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Exhibit 3.2 

Potential Benefits Other Than Energy Savings 

* 	 Smaller equipment size 

Example: boiler for a given steam requirement. 

* 	 Higher throughput for existing equipment 

Example: high-pressure press in the pulp and paper industry. 

" 	 Improved product 

Example: heat recovery can produce more stable temperatures for grain dry
ing. 

" 	 Reduced cost of labor 

Example: heat recovery on a metal furnace can lower charge over time. 

" 	 Reduced maintenance cost for existing equipment 

Example: the installation of a heat recovery system on an oven improved 
maintenance practices. 

" 	 Pollution abatement 

Example: heat recovery on a glass kiln. 

" 	 Revenues from sales of recovered heat 

Example: sales of excess hot water generated from heat recovery on a paper 
dryer. 



a. Direct project costs 

* Project costs must include: 

- cost of preliminary studius 

- cost of planning 

- cost of engineering and design 

- cost of equipment 

- cost of additional materials 

- cost of installation 

- cost of start-up 

- cost of replacement. 

b. Related expenses 

" A myriad of possible additional expenses must be reviewed (see 

Exhibit 3.3). 

" In some cases, an expense may be so large that the whole project 
becomes uneconomical. For instance, the shutdown of a major 
piece of equipment to install a heat recovery system may result 
in lost sales that exceed in value the expected benefits of the op

eration (e.g., a press in a paper mill). 

Finally, all costs can be integrated in a format that, although it is project-specific, is 
always basically the same: the costs and benefits in rows, with the net cash flow as 
bottom line, and the years in columns (see Exhibit 3.4). 

In computing the cash flows, well-defined practices regarding financing and tax issues 
should be followed. 
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Exhibit 3.3 

Types of Examples of Project Expenses 

Types of costs 	 Examples of costs 

1. 	 Pre-engineering and planning Engineering consultant's fee; in-house manpower and materials 
costs to determine type, size, and location of heat exchanger. 

2. 	 Acquisition costs of heat re- Purchase and installation costs of recuperator.
 
covery equipment
 

3. 	 Acquisition costs of neces- Purchase and installation costs of new controls, burners, stack 
sary additions to existing dampers, and fans to protect the furnace and recuperator from 
equipment 	 higher temperatures entering the furnace due to preheating of 

combustion air. 

4. 	 Replacement costs Cost of replacing the inner shell of the recuperator in n years, 
net of the salvage value of the existing shell. 

5. 	 Costs of modification and Cost of repairing furnace doors to overcome greater heat loss 
repair of existing equip- resulting from increased pressure due to preheating of combus
ment tion air. 

6. 	 Space costs Cost of useful floor space occupied by waste heat steam gener-
ator; cost of useful overhead space occupied by evaporator. 

7. 	 Costs of production down- Loss of output for a week, net of the associated savings in oper
time during installation ating costs. 

8. 	 Costs of adjustments Lower production; labor costs of debugging.
 
(debugging)
 

9. 	 Maintenance costs of new Costs of servicing the heat exchanger.
 
equipment
 

10. 	 Property and/or equipment Additional property tax incurred on capitalized value of recuper
taxes of heat recovery ator. 
equipment 

11. 	 Change in insc,.ance or Higher insurance rates due to greater fire risks; increased cost 
hazard costs of accidents due to more hot spots within a tighter space. 



Exhibit 3,4 

FINANCIAL ANALYSIS BY TIME PERIOD 
BOILER PLANT REHABILITATION II 
All Monetary Values In: Rs(000) 

TIME PERIOD 3q/1984 4qi1984 Iq/1985 2q/1985 3q/1985 4q/1985 lq/1986 
-------------------------------------------------------

2q/1986 3q/19 6 4q/1981 

PROJECT REVENUES 

EHERGY SAVED 

(TONNES OF OIL)
PRICE ENERGY SAVED 
VALUE ENERGY SAVED 

0.0a 
a 

0 

0.00 
0 

0 

0.0 
a 

a 

0.08 
a 

a 

0.0 
0 

433 

5.51 
A 187 

433 

5.67 
464 

433 

5.83 
25599252 

433 

6.08 
25A.7 

433 

6.17 
2 

ENERGY SOLD a 0 a 0 a a a 0 0 0 

PRICE ENERGY SOLD 
VALUE ENERGY SOLD 

0.88 
0 

060 
a 

0.00 
a 

0.00 
0 

0.00 
0 

0.00 
a 

0.00 0.0b 
a 

0.00 
0 

0.00 
0 

TOTAL REVENUE 0 0 a 0 2387 2456 2526 2599 2673 

BEFORE TAX COSTS 

ENERGY USED 
I.) 

PRICE kFRGY USED 
VALUE ENERGY USED 

a 

0.80 
a 

0.00 
a 

0 

8.08 
0 

a 

0.08 
0 

0 

a.00 
a 

a 

0.00 
a 

0 

0.00 
0 

0 

0.00 
0 

a 

a.00 
a 

a 

0.00 
a 

DVL PRD EXPENSE 
DVL PRD INTEREST 
INDIRECT DVL COST 
OPER & MAINT EXPENSE 
OTHER OPER PRO COST 
OPER PRD INTEREST 
DEPRECIATION 

137 
0 
a 
0 
a 
a 
0 

274 
99 
a 
a 
a 
a 
a 

562 
147 
0 
a 
0 
0 
0 

144 
252 
0 
a 
0 
a 
0 

111 
277 
aa 
a 
0 
a 
0 

a 
289 

76 
0 
a 

552 

0 
a 
0 

78 
0 

289 
552 

0 
a 
0 

80 
a 

289 
55552 

0 
0 
0 

82 
0 

289 

a 
a 
a 
84 
a 

289 
552 

TOTAL COST 137 373 709 395 387 918 919 921 923 925 

TAXABLE INCOME -137 -373 -709 -395 -387 1469 1536 1605 1676 1748 

INCOME TAX -69 -187 -355 -198 -194 735 768 802 838 874 

AFTER TAX OUTLAYS 

DEBT PRINCIPAL 
EQUITY CONTRIBUTED 

a 
1880 

0 
919 

0 
1995 

0 
478 

0 
240 

0 
a 

0 
a 

0 
0 

0 
a 

144 

0 

TOTAL AFTER TAX 

OUTLIVS 

1880 919 1995 478 240 0 0 0 0 144 

AFTER-TAX CASH FLOW -1811 -J" -14I -21 -46 1237 32 1355 I'97 1282 

CUMULATIVE CASH FLOW -1811 -2544 -4185 -4466 -4512 -322 -1904 -558 340I12 

CAK
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Exhibit 3.5 

Illustrations of Contradicting Results
 
Using Different Methods
 

Because payback analysis does not take into account annual cash flows beyond the payback period,
SPP and NPV would support the different decisions. 

Simple Total 
Yearly benefits payback present

First period value of 
cost ' ear I Year 2 Year 3 Year 4 Year 5 (years) benefits 

Project A $1,200 400 0 0 2.33720 240 $1,086.36 
Project B $1,200 320 400 480 320 240 3 $1,198.36 

Projects A and B have the same first cost. Project A has a shorter payback period than B, but B 
generates more benefits over time (discount rate = 15%). 

The following illustration shows how different decisions could be supported. 

Simple Total 
Yearly benefits payba-.k present

First period value of 
cost Year I Year 2 Year 3 Year 4 Year 5 (years) benefits 

Project A $1,200 320 400 480 320 240 3 $1,198.36 
Project B $800 200 280 320 400 480 3 $1,063.40 

Projects A and B have the same payback period. Project B is cheaper to implement than A, but 
A generates more benefits over time (discount rate = 15%). 

N
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Exhibit 3.6 

A Suggested Approach to 
Select Among Competing Projects 

Step 1: 	 Use simple payback to limit number of projects for further evaluation. 
For example: all projects for which SPP is greater than 5 years are 
rejected. 

Step 2: 	 Compute IRR for projects retained after Step I. For example: elimi
nate all projects for which IRR is less than 10%. 

Step 3: 	 Compute NPV for projects selected in Step 2. Reject all negative-
NPV projects. 

Step 4: 	 Evaluate effect of available financing alternatives on most attractive 
projects identified in Step 3. 

Step 5: 	 Determine impact of risks on most attractive projects. 



* The financial attractiveness of a project depends on how the project will 
be financed. Equity financing makes a project more attractive than debt 
financing. 

* 	 The financial attractiveness of the project will also depend on how the 

company treats depreciation. Accelerated depreciation techniques will 
produce greater tax savings in early years than straight-line depreciation. 

* 	 Fiscal incentives such as tax credits can also affect the project's financial 

attractiveness. 

* 	 Before- and after-tax practices may lead to contradictory results. 

Project Risk 

The need for risk analysis in project evaluation arises from uncertainty in project tech
nical, economic, and financial performance. For instance: 

* The actual cost of equipment installation and maintenance can be signifi

cantly different from expectations (e.g., space problems, duct work). 
* 	 The amount of usable energy recovered can be lower than total recovered 

energy (e.g., hot water in a paper mill). 

* 	 The price of fuels may escalate differently from the projected escalation. 

There are three major approaches to deal with uncertainty: 

o 	 The break-even analysis (maximum acceptable value of one factor, such 

as fuel price)
 

e The probability analysis (expected value)
 

e The sensitivity analysis (variation of one factor).
 

Example 

A new heating system for an electronic manufacturing plant is being designed with 
consideration being given to its future energy use. The design engineer has been asked 
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by the owner of the plant to investigate the economics of adding an energy recovery
 
wheel (heat wheel) to the system in an effort to reduce future energy costs.
 

The engineer calculates that if the wheel were installed, it would reclaim enough energy 
from the plant's exhaust air that the conventional heating equipment could be reduced 
in size. With a reduction in size, the initial cost of the conventional heating equipment 
will be reduced from $126,000 to $120,000. The installed cost of the energy wheel is 
$16,000. The energy wheel reduces the energy costs from $30,000 to $27,000 per year 
but costs an additional $500 per year to maintain. The engineer spent $1,000 in per
forming the preliminary studies and designing the heat wheel. 

Step 1: Select Inflation Rate and Time Frame 

The errgy savings and maintenance costs of the wheel are given in dollars of the base 
year. Rather than assume an inflation rate, it may be best to assume that in real 
terms, the energy and maintenance costs do not change. Consequently, the discount 
rate used should be a real rate and not a nominal rate. The real discount rate will 
be assumed to be 12 percent per year, and the life of the equipment is expected to be 

20 years. 

Step 2: Evaluate Energy Cost Savings and Indirect Benefits 

The energy cost savings were stated in the problem to be $30,000 - $27,000 = $3,000 
per year, not including the additional $500 annual maintenance cost. The indirect bene
fit of installing the heat wheel is the ability to downsize the heating unit from an in

stalled cost of $126,000 to $120,000. 

Step 3: Evaluate Direct Project Costs and Related Expenses 

The cost of the engineering studies has already been incurred, and hence are sunk costs 
not to be considered in the project evaluation. These costs will not change whether or 
not the project is accepted. 
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The heating equipment has an irstalled cost of $126,000 without the wheel and $136,000 

($120,000 + $16,000) with the wheel. We assume that the heat wheel can be installed 

without disrupting operations, thus avoiding a "hidden" cost. 

Step 4: Select Evaluation Method 

Our suggested approach to project evaluation in itself uses five evaluation methods. 

These methods begin with the most simple method -- payback -- and become more 

complex as the clearly undesirable projects are excluded. 

a. Payback period (PP) 

Without wheel With wheel 

Initial cost 
Conventional heating system $126,000 $120,000 
Heat wheel 0 160,000 

Total installed cost $126,000 $136,000 

Annual O&M costs 
Energy costs $30,000 $27,000 
Maintenance expenses 0 500 

Total O&M costs $30,000 $27,500 

First CostSimple payback period (SPP) -Yearly Benefits - Yearly Cost 

SPP = $136,000 - $126,000 
$30,000- $27,500
 

SPP = 4.0 years. 

This first stage in the project evaluation screening process has resulted in a 

payback period that we will assume is sufficiently short as to warrant further 

investigation of the project. 

b. Internal rate of return (RR) 

The internal rate of return (IRR) of a project is that discount rate that, when 

applied to the project's cash flows, results in a net present value equal to zero. 
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($136,000 - $126,000) = 	($30,000 - $27,000 + $500) x
 

(PV/A, IRR, 20 years)
 

4.0 = (PV/A, IRR, 20 years). 

The Compound Interest 	tables show that the present value factor of a yearly 
stream of cash flows lasting 20 years is equal to 3.95388 at an interest rate of 

25 percent and 4.86958 at an interest rate of 20 percent. By linear interpolation, 
the internal rate of return of this project is equal to approximately 24.7 per

cent, which we will assume meets company standards (it is greater than the 
company's 12-percent discount rate). Remember that these discount rates are 

real rates, net of inflation. 

c. Net present value (NPV) 

Using the company's 12-percent discount rate, the cash flows are discounted 

to the base year, and the sum of the present values is calculated. 

Initial cost ($136,000 -	 $126,000) = ($10,000) 

Energy savings ($3,000 x (PV/A, 12%, 20 years)) = 22,9408 
Maintenance costs ($500 x (PV/A, 12%, 20 years)) = ( 3,735) 

Net present value (NPV) $ 8,673 

The positive NPV indicates that the project passes the financial criteria of 
the firm embodied in its discount rate. 

Impact of Risks 

Even for a relatively simple project such as this one, there is much room for error in 
the projections. For instance, consider the situation if the installed cost of the heat 
wheel actually turns out to be $18,000 instead of the projected $16,000, and if the 
projected annual energy savings of $3,000 are in actuality reduced to $2,000 annually. 
The financial characteristics of the project change in the following manner: 
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" Payback period = 8 years 

" IRR = 10.9 percent 

" NPV = ($796). 

Thus, seemingly slight changes in the cash flows can cause a profitable project to be
come an unprofitable one. Whenev!r assumptions concerning energy savings or installa
tion costs are encountered, it is best to consider a range of reasonable values and per
form sensitivity analyses. 

Perhaps the greatest area of potential risk in project evaluation comes in predicting 
the future trend of energy prices. Since the expected lifetime of much of the equipment 
involved in energy conservation efforts is often around 20 years, there is need for long
term accuracy in the prediction of the project cash flows. For operating and maintenance 
costs, such predictions can be made with reasonable accuracy. Energy costs, however, 
are very difficult to project. Twenty years ago, the world oil price of crude was rough
ly 10 percent of what it is today. The uncertainty involved in energy prices requires 
that energy price scenarios be an integral part of each project evaluation. 
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APPENDIX 3,A: GLOSSARY OF TERMS 

Annually Recurring Costs - Those costs that are incurred each year in an equal, con

stant-dollar amount throughout the Study Period. 

Annual Value (Annual Worth) - Project costs or benefits amortized over the Study Peri

od; that is, expressed as an equivalent uniform amount, taking into account the Time 

Value of Money. 

Annual Value (Annual Worth) Factor - The number by which a dollar amount may be 

multiplied to find its equivalent Annual Value, based on a given Discount Rate and a 

given period of time. 

Base Year - The year in which the life-cycle cost analysis is conducted. 

Base-Year Energy Costs - The quantity of energy delivered to the boundary of a facil

ity in the Base Year, multiplied by the base-year price of fuel. 

Base-Year Energy Savings - For a given facility, the positive difference between the 

existing facility's Base-Year Energy Costs before the Energy Conservation Opportunity 

(ECO) implementation and its estimated Base-Year Energy Costs after the ECO imple

mentation, taking into account all types of energy affected. 

Cash Flow - The stream of occurrence of a project's costs and benefits -- expressed 

for the purpose of this requirement in Constant Dollars. 

Constant Dollars - Values expressed in terms of the purchasing power of the dollar at 

the time the life-cycle cost analysis is conducted; Constant Dollars do not reflect fu

ture price Inflation. 

Cost-Effective - The condition whereby estimated life-cycle cost reductions (benefits) 

from an energy conservation project exceed the life-cycle costs of that project, where 

all Cash Flows are assessed in Constant Dollars over the relevant Study Period and 

discounted to reflect the Time Value of Money. 
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Current Dollars - Values expressed in terms of the actual prices of each year, including 

future price Inflation. 

Demand Charge - That portion of the charge for electric service based on the plant 
and equipment costs associated with supplying the electricity consumed. 

Differential Cost The cost two- difference in the of alternatives. 

Differential Energy Price Escalation Rate- The expected difference between a general 
rate of Inflation and the rate of price increase assumed for energy. 

Discount Factors - Multiplicative numbers for converting Cash Flows occurring at dif
ferent times to correspondence at a common time. Discount Factors obtainedare by 
solving Discount Formulas based on one dollar of value and an assumed Discount Rate 

and time. 

Discount Formula - An expression of a mathematicaJ relationship that enables the con
version of dollars at a given point in time to an equivalent amount at some other point 

in time. 

Discount Rate - The rate of interest, reflecting the Time Value of Money, that is used 
in Discount Formulas, or to select Discount Factors that in turn are used to convert 

Cash Flows to a common time. 

Discounted Payback Period - The time required for the cumulative savings, net of fu
ture costs, from an investment to pay back the investment costs, taking into account 

the Time Value of Money. 

Discounting - A technique for converting Cash Flows occurring over time to time
equivalent values, adjusting for the Time Value of Money. 

Economic Life That of over an is- period time which investment considered to be 
the lowest-cost alternative for satisfying a particular need. 
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Energy Conservation Opportunity - An installation or modification of an installation in 

a facility that is primarily intended to reduce energy consumption or energy cost. 

Inflation - A rise in the general price level, or -- put another way -- a decline in 

the general purchasing power of the dollar. 

Internal Rate of Return - The compound rate of interest that, when used to discount 

the life-cycle costs and savings of a project, will cause the two to be equal. 

Investment Costs - The initial costs of design, engineering, purchase, and installation, 

exclusive of Sunk Costs, all of which are assumed to occur as a lump sum at the be
ginning of the Base Year for purposes of making the life-cycle cost analysis. 

Life-Cycle Costing (LCC) - A general method of economic evaluation that takes into 

account all relevant costs of a piece of equipment, system, component, material, or 
practice over a given period of time, adjusting for differences in the timing of those 

costs. The LCC method encompasses several different economic evaluation techniques, 
or Modes of Analysis, including Total Life-Cycle Cost Analysis, Net Benefits or Net 

Savings Analysis, Savings-to-Investment Ratio Analysis, and Internal-Rate-of-Return 

Analysis. 

Modes of Analysis - The various ways in which cost data of a project can be combined 

and presented to describe a measure of project cost effectiveness. Some LCC Modes 
of Analysis used to evaluate projects are Total Life-Cycle Costs (LCC), Net Savings 

(NS), and Savings-to-Investment Ratio (SIR). An additional mode of analysis (which is 

not fully consistent with the LCC method) used for evaluation is Simple Payback Period 

(SPP). 

Nonrecurring Costs - Costs that are not uniformly incurred annually over the Study 

Period. 

Nonfuel Operation and Maintenance Costs - Labor and material costs required for rou

tine upkeep, repair, and operation, exclusive of energy cost. 
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Present Value (Present Worth) - The time-equivalent value of past, present, or future 

costs as of the beginning of the Base Year. 

Present Value (Present Worth) Factor - The number by which a dollar amount may be 

multiplied to find its equivalent Present Value as of the beginning of the Base Year. 

Replacement Costs - Future costs to replace a system or component thereof. 

Salvage Value - The residual value, net of any disposal costs, of any systems removed 

or replaced during the Study Period, or remaining at the end of the Study Period, or 

recovered through resale at the end of the Study Period. 

Savings-to-Investment Ratio (SIR) - The present value of future savings, as a ratio to 

Investment plus Replacement Costs, net of Salvage Value. 

Sensitivity Analysis - Testing the outcome of an evaluation by altering the values of 

one or more system parameters from the initially assumed values. 

Simple Payback Period (SPB) - A measure of the length of time required for the cumu

lative savings, net of cumulative future costs, from an investment to pay back the In

vestment Cost, without taking into account the Time Value of Money or the Differential 

Energy Price Escalation Rate. 

Study Period - The time period covered by a life-cycle cost analysis. 

Sunk Costs - Costs that have been incurred prior to the life-cycle cost analysis and 

that therefore should not be considered in making a current investment decision. 

Time Value of Money - The time-dependent value o- money that may stem both from 

price inflation and from the real earning potential of investments over time. 

Total Life-Cycle Cost (TLCC) - The total cost of owning, operating, and maintaining 

a system over the Study Period. 
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Useful Life - The time over which an investment continues to generate benefits or 

savings. 
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APPENDIX 3.B: TOOLS OF LCC ANALYSIS 

Money has a time value. If $1.00 can be invested today at an 8-percent nominal annual 
rate, it will be worth $1.08 one year from now. In other words, the present worth of 
the $1.00 to be received next year is $0.92. The present worth of any amount of 
money due in the future is calculated by a process known as discounting. In the above 
illustration, the discounting is performed by dividing the $1.00 by 1.08 (i.e., I + rate). 

The discounting process is important in LCC analysis because it facilitates the translation 
of future values to present values, which makes investment decisions simpler. If the 
total cost of owning an asset is its initial cost and all subsequent costs, the latter 
must first be discounted to the present value before they are combined with the initial 
cost to obtain the life-cycle cost. It would be erroneous to ignore the timing of the 
future costs and merely add them to initial cost. 

All LCC analysis must be performed in terms of compatible dollars (i.e., dollars dated 
as of a point in time or a period of time). The tools of LCC analysis by which dollar 
values are shifted in time are six basic interest formulae. These formulae are explained 

below, and the symbols used are: 

i = an interest or discount rate for the period being considered 

n = number of interest or discount periods 
PV = a present sum of money, or the present value of a sum of money 

occurring at some other time 
FV = a future sum of money, or the future value of a sum of money occurring 

at some other time 
A = an end-of-period payment (or savings or receipt) in a uniform series over 

n periods, or the uniform time-equivalent of a sum of money occurring 

at some other time. 

The various symbols are chosen so that each is an initial letter of a key word associated 

with the most common meaning of the symbol. Thus, i applies to interest, n applies 
to number of periods, PV applies to present value, FV applies to future value, and A 
applies to anual payment or annuity. 
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This factor is used to determine the present value PV that a future amount FV will be 
at interest of i-percent, in n years. If you know FV (future value) and want to find 

PV (present value), then: 

PV = SPV x FV. 

Example: How much money would have to be deposited in a savings account today to 
receive $1,007.77 at the end of 3 years, if the account paid interest of 8 percent per 
annum, compounded annually? The solution is to find the "present value of a single 
sum." The present value of $1,007.77 in 3 years at interest of 8 percent per annum, 

compounded annually, is $800. 

PV= SPV x FV 

= 0.79383 x $1,007.77 

- $800. 

Uniform Capital Recovery (UCR) 

UCR = i(l + i)n/((I + i)n-l - I). 

This factor is used to determine an annual payment A required to pay off a present 
amount PV at i-percent interest, for n years. If you know a present sum of money, 
PV spent today, and want to know the uniform payment A needed to pay back PV over 
a stated period of time, then: 

PV x UCR = A. 

Example, Suppose you take out a $800, 3-year loan on your business, paying 8 percent 
interest, compounded annually. The UCR factor will tell you how much your annual 
loan payment would be. In this case, the annual loan payment would be $310.43 (and 

not $1,007.77/3 = $335.92). 
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A 	 = PV x UCR
 

= $800 x 0.38803
 

= 	$310.43. 

Uniform Present Value (UPV) 

UPV = ((1 + i)n -l - l)/i(l + i)n = I/UCR. 

This factor is used to determine the present amount P that can be paid by equal pay
ments of A (uniform annual payment) at i-percent interet, for n years. If you know 
A (uniform annual payment) and want to find PV (present value of all these payments), 
then: 

PV = UPV x A. 

Example What single sum, deposited today at 8 percent interest compounded annually, 
would enable you to withdraw $310.43 at the end of each of the next 3 years? In 
Ather words, we are looking for the "present value of a future annuity." The present 
value of a 3-year annuity of $310.43 at interest of 8 percent compounded annually is $800. 

PV 	 : UPV x A
 

: 2.57709 x $310.43
 

= 	 $800. 

Uniform Sinking Fund (USF) 

USF = i/(l + i) n - 1. 

This factor is used to determine the equal annual amount A that must be invested for 
n years at i percent interest to accumulate a specified future amount FV. If you know 
FV (the future value of a series of annual payments) and want to find A (value of 
those annual payments), then: 

3-45 



A = FV x USF. 

Examle: The future value of a 3-year annuity of $310.43 earning interest at 8 per
cent compounded annually is $1,007.77. That is, have $1,007.77 atto the end of 3 
years, you will have to deposit $310.43 on December 31 of each of the next 3 years in 
a sinking fund earning 8 percent interest, compounded annually. 

A 	 = FV x USF
 

= $1,007.77 x 0.30803
 

= $310.43.
 

Uniform Compound Amount (UCA) 

UCA = (1 + i)n-l/i. 

This factor is used to determine the amount FV that an equal annual payment A will 
accumulate to in n years at i-percent interest. If you know A (uniform annual payment) 
and want to find FV (the future value of these payments), then: 

A x UCA = FV. 

Example: If you were to deposit $310.43 on the last day of each of 3 years in a sav
ings account earning interest at 8 percent per annum compounded annually, how much 
would you have at the end of the 3 years, or what would be the "future value of the 
annuity"? The future value of a 3-yeac annuity of $310.43 per year at interest of 8 
percent per annum compounded annually is $1,007.77. word "annuity" isThe used to 
describe a series of equal payments, made at regular intervals of time. 

FV = A x UCA 

= 	$310.43 x 3.2464 

= 	$1,007.77. 
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APPENDIX 3.C: INTEREST TABLES
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2.0G% CCMLCUND INTEREST FACTORS
 

SINGLE FAIYMENT UNIFORM SERIES 

CC.MPOUND PRESENT CAPITCL PRESENT SINKING COMPOUND 
PERIODS AMOUNT UORTH BECOVERY WORTH FUND AMOUNT 

FACTOP FACTOR FAC7OR FACTOR FACTOR FACTOR 
SCA Sri ULS UPW USF UCA 

1 2 3 4 5 6 

1 1.02000 (.S8039 1.02002 0.98037 1.00002 0.9999 
2 
3 
4 

1.04040 
1.06121 
1.0Q243 

0.6117 
C.94232 
C.92385 

0.515C7 
0.34677 
0.26263 

1.94150 
2.88379 
3.807b3 

0.49507 
0.32677 
0.24263 

2.0199 
3.0602 
4.1214 

5 
6 
7 
8 
9 

.10 
11 
12 
13 
14 
15 
1 
17 
18 
19 

1.10408 
1.12616 
1.14868 
1.17165 
1.19509 
1.21899 
1.243.31 
1.26823 
1.29360 
1.31947 
1.345E6 
1.37277 
1.4C023 
1.42823 
1.45680 

C.90573 
C.EE797 
C.87056 
C.E5349 
0.E3676 
0.62035 
C.80427 
C.78850 
C.77304 
C.75788 
0.74302 
0.72845 
0.71417 
C.70017 
0.68644 

0.21216 
0.17853 
0.15492 
0.13651 
0.12252 
0.11133 
0.10210 
0.09456 
0.08812 
0.08260 
0.077b3 
0.07365 
C.06997 
O.C6670 
0.06378 

4.71332 
5.60129 
6.47184 
7.32531 
8.16203 
8.98238 
9.78662 
10.57511 
11.34812 
12.10599 
12.84898 
13.57741 
14.29157 
14.99172 
15.67615 

0.19216 
0.15853 
0.13452 
0.11651 
0.10252 
0.09133 
0.08218 
0.07456 
0.06812 
0.06260 
0.05783 
0.05365 
0.04997 
0.04670 
0.04378 

5.203H 
6.3079 
7.43110 
8.5827 
9.7543 
10.9494 
12.1683 
13.4117 
14.6799 
15.973,1 
17.292H 
18.6387 
20.0114 
21.4116 
22.8398 

20 1.4E5q3 0.61298 0.06116 1E.35109 0.04116 24.296b 
21 
22 
23 
24 
25 
26 

1.51565 
1.54596 
1.57688 
1.60842 
1.64059 
1.67340 

C.65978 
0.64685 
0.63416 
0.62173 
0.6CS54 
0.59759 

0.05879 
0.05b63 
0.05467 
0.0287 
0.05122 
0.C4970 

17.01086 
17.65768 
18.29184 
18.91356 
19.52307 
20.12064 

0.03879 
0.03663 
0.03467 
0.03287 
0.03122 
0.02970 

25.7825 
27.2981 
28.8440 
30.420q 
32.0293 
33.6698 

27 
28 

1.7C686 
1.74100 

0.58587 
0.57438 

0.04829 
0.04699 

20.70650 
21.28087 

0.02829 
0.02699 

35.3431 
37.0500 

29 
30 
31 
32 
33 
34 

1.77582 
1.81133 
1.84756 
1.8e451 
1.92220 
1.96064 

0.56312 
0.55208 
0.54125 
C.!3064 
C.52024 
0.51004 

0.04578 
0. C4465 
O. C4360 
0.04261 
0.04169 
0.04082 

21.84396 
22.39604 
22.93729 
23.4b791 
23.98813 
24.49815 

0.02578 
0.02465 
0.02360 
0.02261 
0.021b9 
0.02032 

38.7909 
40.5667 
42.3780 
44.2255 
46.1100 
48.0321 

35 
36 
37 

1.9c,986 
2.039E5 
2.08065 

C.50004 
C.49023 
C.48062 

0.04000 
0.C3923 
0.03851 

24.99818 
25.48840 
25.96901 

0.02000 
0.01923 
0.01851 

49.9927 
51.9925 
54.0323 

38 
39 
40 

2. 12226 
2.16470 
2.20800 

C.47120 
0.46196 
0.45290 

0.C3782 
0.03717 
0.03656 

26.44020 
26.90215 
27.35503 

0.01782 
0.01717 
0.01656 

56.1129 
58.2351 
60.3996 
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3.00; CCMFOUND INTEREST FACTORS
 

SINGLE PAYMENT UNIFORM SERIES 

?ERIODS 
CCMPCUND 
AIOUNT 

PliESFNT 
W6hlli 

CAPITOL 
iECOVERY 

PRESENT 
WORTH 

SINKING 
FUND 

Co,1POtND 
AMOUNT 

FACTOR FACTOR FACTOR FACTOR FACTOR FACTOR 
SCA SPW UCR UPw USF UCA 

2 3 4 5 6 

1 
2 
3 
4 

1.030C0 
1.06090 
1.09273 
1.12551 

C.S7087 
C.S4260 
0.91514 
0.88849 

1.03001 
0.522f2 
0.35353 
0.26903 

0.97087 
1.91343 
2.82858 
3.71706 

1.00001 
0.49262 
0.32353 
0.23903 

0.999q 
2.0299 
3.0q08 
4.1835 

5 1.15927 0.86261 0.21826 4.57966 0.18836 5.3090 
6 1.1.405 0.e3749 0.18460 5.41714 0.15460 b.4683 
7 1.22987 C.81309 0.16051 6.23022 0.13051 7.6623 
8 1.26677 0.76941 0.14246 7.01962 0.11246 8.8922 
9 1.30477 0.76642 0.12844 7.78604 0.09844 10.1589 

10 1.34391 C.14410 0.11723 8.53013 0.08723 11.4637 
11 1.38423 0.72242 0.1C808 9.25255 0 .07808 12.80"76 
12 1.42576 C.70138 0.1004b 9.95392 0.07046 14.19111 
13 
14 

1.46853 
1.51258 

0.68095 
C.66112 

0.09403 
O.C8853 

10.63488 
11.29599 

0.06403 
0.05853 

15,6176 
17.0861 

15 
lb 

1.55796 
1.60470 

0.64186 
0.62317 

0.08377 
0.07S61 

11.93784 
12.56101 

0.05377 
0.049b1 

19.5q86 
20.156 

17 1.65284 0.60502 0.07595 13.16603 0.04595 21.7613 
18 
19 

1.70243 
1.75350 

0.58740 
C.57029 

0.07271 
0.C6481 

13.75343 
14.32371 

0.04271 
0.03981 

23.4141 
25.1165 

20 1.80610 0.55368 0.06722 14.87739 0.03722 26.8700 
21 1.P6028 0.53755 0.06487 15.41492 0.03487 28.6761 
22 1.91609 0.!2190 0.06275 15.93682 0.03275 30.5363 
23 1.97351 G.50669 0.06081 16.44350 0.03081 32.4524 
24 
25 

2.03278 
2.09376 

C.49194 
0.47761 

0.05q05 
0.05743 

16.93542 
17.41304 

0.02905 
0.02743 

34.4260 
36.4588 

26 2.15658 C.46370 0.05594 17.87674 0.02594 38.5525 
27 2.22127 (.45019 0.05456 18.32692 0.02456 40.7091 
28 2.28791 0.43708 0.0-329 18.76399 0.02329 42.9303 
29 2.35655 0.42435 0.05211 19.18834 0.02211 45.2182 
30 2.42724 C.41199 0.05102 19.60033 0.02102 47.5747 
31 2.50CC6 0.39999 0.05000 20.00032 0.02000 50.0020 
32 2.57506 0.38834 0.04905 20.38866 0.01905 52.5020 
33 2.65231 0.37703 0.04816 20.76569 0.01816 55.0770 
34 2.73188 C.36605 0.04732 21.13173 0.01732 57.7293 
35 2.81384 C.35539 0.04654 21.48711 0.01654 60.4612 
36 2.89825 0.34504 0.04560 21.83214 0.01580 63.2750 
37 2.98520 0.33499 0.04511 22.16713 0.01511 66.1732 
38 3.07475 0.32523 0.04446 22.49236 0.01446 69.1584 
39 3.16699 0.31576 0.04384 22.80811 0.01384 72.2331 
40 3.26200 0.30656 0.C4326 23.11467 0.01326 75.4001 
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4.00W CGMFC(JN INIEREST FACTORS
 

SINGLE PAYMENT UNIFORM SERIES 

CCMPCUNI PRESENT CAPITOL PRESENT SINKING COMPOUIND 
PERIODS AMOUN'I GRTH RICOVERY WORTH FUND AMOUiNT 

FACTOR FACIOR FACIOR FACTOR FACTOB FACTOR 
SCA 5 P vi UCR UPi; USF UCA 

1 2 3 4 5 6 

1 1.04000 C.96154 1.04000 0.96154 1.00000 1.0000 
2 1.08160 C.92456 0.53020 1.88608 0.49020 2.0399 
3 1.124Eb C.P.8900 0.36035 2.77508 0.32035 3.121c 
4 1.169E6 C.E5400 0.27549 3.62988 0.23549 4.2464 
5 1.21665 C.F2193 0.22463 4.45181 0.18463 5.4163 
6 1.26532 C.79032 0.Ic076 5.24212 0.15076 6.6329 
7 1.31S93 0.75992 0.16661 6.00205 0.12661 7.8982 
8 1.36F57 C.73069 0.14653 b.73274 0.10853 9.2142 
9 1.42331 C.70259 0.13449 7.43532 0.09449 10.5827 

10 1.48024 0.67556 0.12329 8.11089 0.08329 12.0061 
11 1.51.c45 0.6L958 0.11415 8.76046 0.07415 13.41363 
12 1.60103 0.62460 0. 10655 9.38508 0.u6655 15.0257 
13 1.66501 C.60057 0.10014 9.98564 0.06014 16.6268 
14 1.73168 0.!7748 0.C9467 10.56312 0.05467 18.2918 
15 1.8C094 0.55526 O.CUq94 11.11839 0.04994 20.0235 
16 1.87298 C.c_3391 0.06582 11.65230 0.04582 21.8244 
17 
18 

1.94790 
2.02582 

0.51337 
C.49363 

0.08220 
0.07899 

12.16567 
12.65930 

0.04220 
0.03899 

23.6q74 
25.6453 

19 2.1C685 0.47464 0.07614 13.13394 0.03614 27.6711 
20 2.19112 0.45639 0.07358 13.59033 0.03358 2q.7780 
21 
22 

2.27877 
2.36992 

0.43883 
0.42196 

0.07128 
0. C6920 

14.02916 
14.45112 

0.03128 
0.02920 

31.q691 
34.2478 

23 2.46471 0.40573 0.06731 14.85685 0.02731 36. 6171 
24 2.56330 C.3g012 0.06559 15.24695 0.02559 39.0825 
25 2.665t3 C.37512 0.06401 15.62209 0.02401 41.6458 
26 2.77247 C.36069 0.0E257 15.98278 0.02257 44.311b 
27 2.138337 0.34682 0.06124 16.32957 0.02124 47.0841 
28 2.99870 0.33348 0.06001 1(.66306 0.02001 49.9675 
29 3.11E65 C.32065 0.05888 16.98370 0.01888 52.9661 
30 3.2433S 0.30832 0.05783 17.29202 0.01783 56.0848 
11 3.37313 C.29614b 0.05686 17.58849 0.01686 59.3282 
32 3.508C5 0.22506 0.05595 17.87354 0.01595 62.7013 
33 3.64838 0.27409 0.C5510 18.14764 0.01510 66.2094 
34 3.79421 0.26355 0.0!431 18.41118 0.01431 69.857, 
35 3.946G8 0.25342 0.05358 18.66460 0.01358 73.6520 
36 4.10393 0.24367 0.05289 18.90826 0.01289 77.5981 
37 4.26808 0.23430 0.05220 19.14256 0.01224 81.7021 
38 4.43881 0.22529 0.05163 19.36786 0.01163 85.9701 
.39 4.61636 0.21662 0.05106 19.58447 0.01106 90.4039 
40 4.80101 0.20829 0.05052 19.79276 0.01052 95.0253 
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5.007 CCMCUND INTEBEST FACTOHS
 

SINGLE PAYMFNT rIN1FORM SERIES 

CCMPOUNE PRESENT CAPITOL PRESENT SINKING COMP0U4ID 
)ERIODS AMOUNT UCHTH FICOVERY WORTH FUND AMOUNT 

fACTOF FACTOR FACIO FACTOR FACTOR FACTOR 
SCA SPW UCI? UP.W US F UCA 

1 2 3 4 5 6 

1 1.05000 0.S5238 1.05001 0.95237 1.00002 0.999 
2 1.10250 0.90703 0.53781 1.85938 0.48781 2.0499 
3 1.15762 C.66384 0.36721 2.72321 0.31721 3.1524 
4 1.21550 0.82271 0.28202 3.54589 0.23202 4.3100 
9 1.27629 0.78353 0.23098 4.32942 0.18098 5.5255 
6 1.34009 0.14622 0.19702 5.07563 0.14702 6.801R 
7 1.4C7C9 0.71069 0.17282 5.7R630 0.12282 8.1118 
8 1. 47745 0.67684 0.15472 6.46313 0.10472 9.54H9 
9 1.55132 G.64461 0.14069 7.10773 0.09069 11.0263 

10 1.62888 C.61392 0.12951 7.72165 0.07951 12.577, 
11 1.71033 0.56468 0.12039 8.30632 0.07039 14.2065 
12 1.795E4 0.55684 0.11283 8.86315 0.06283 15.9168 
13 1.8E563 C.53033 0.10646 9.39347 0.05646 17.7126 
14 1.97991 0.50507 0.10102 9.89854 0.05103 19.5982 
15 2.0789l 0.WI02 0.09634 10.3795-6 0.04634 21.5780 
lb 2.18285 0.45812 0.09227 10.837b7 0.04227 23.65bq 
17 2.29199 0.43630 0.08870 11.27396 0.03870 25.8397 
18 2.40659 0.41553 0.08555 11.68948 0.03555 28.1317 
19 2.52691 C.3S574 0.C8275 12.00522 0.03215 30.5382 
20 2.65326 0.31690 0.08024 12.4b210 0.03024 33.0051 
21 2.78592 0.35895 0.07800 12.82105 0.02800 35.7183 
22 2.92521 C.34106 0.07597 13.16290 0.02597 38.5042 
23 3.07147 0.32558 0.07414 13.48847 0.02414 41.4294 
24 3.22504 C.21007 0.C7247 13.79854 0.02247 44.5008 
25 3.3e.629 0.29531 0.07095 14.09365 0.02095 47.7258 
26 3.55560 0.28125 0.C6956 114.37508 0.01956 51.112() 
27 3.71338 C.26785 0.06829 14.64293 0.01829 594.6676 
28 3.92005 C.25510 0.C6712 14.89802 0.01712 58.4009 
29 4.11605 0.24295 0.06605 15.14098 0.01605 62.320 
30 4.32185 C.23138 0.06505 15.37237 0.01505 66.4369 
31 4.53794 C.22036 0.06413 15.59272 0.01413 70.7517 
32 4.76483 C.20S87 0.06328 15.80259 0.01328 75.2960 
33 5.00307 0.19S88 0.06249 16.00244 0.01249 80.0611 
34 5.25322 C.19036 0.06176 16.19261 0.01176 85.0643 
35 5.51587 C.18129 0.C6107 16.37410 0.01107 90.3174 
36 5.79166 0.17266 0.0L043 16.54675 0.01043 95.8132 
37 6.C8124 0.16444 0.05984 16.71120 0.00984 101.6248 
38 6.38530 0.15661 0.05928 16.86760 0.00928 107.706o 
39 6.70456 C.14915 0.05876 17.01695 0.00876 114.0912 
40 7.03978 0.14205 0.05828 17.15900 0.00828 120.795u 
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COt1 CUNC INIEREST FACIORS
6.00% 


SINGI FpAYMENT UNIFORM SERILS 

PERIODS 

CCmPOUNc 
A.ACUNI 
FACTOP 
SCA 

PRESENT 
UiOR'I1 
FACTOR 

SPI. 

CAPITOL 
RICCVIRY 
FACTOR 
UCk 

PRESENT 
WORTH 
FACTOR 
UPH 

SINKING 
FUND 
FACTO1 
USF 

COmPOrlf;U 
AMIOUNT 
FACTOH 

UCA 

1 2 3 4 5 6 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
i 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 

1.06000 
1. 12360 
1.19101 
1.26247 
1.33822 
1.41851 
1.90362 
1.59384 
1.68947 
1.79084 
1.89829 
2.01218 
2.13291 
2.26089 
2.39654 
2.54033 
2.69275 
2.85431 
3.02557 
3.20710 
3.3 953 
3.60350 
3.81971 
4.048e9 
4.29182 
4.54932 
4.82228 
5.11161 
5.418-31 
5.74340 
6.08801 
6.45328 
6.84048 
7.25090 
7.685S5 
8.14710 
8.63593 
9.15408 
q.7CJ32 
10.28351 

C.94340 

C. 89000 
C.E3962 
0.79210 
C.74716 
0.70496 
0.66506 
C.62741 
0.59190 
C.55840 
0.52679 
C.4697 
C.46884 
0.44230 
0.41727 
0.39365 
0.37137 
C.35035 
C.33052 
c.21181 
0.29U'16 
0.27751 
0.26180 
0.24698 
C.23300 
0.21981 
0.20737 
C.19563 
0.18456 
0.17411 
0.16426 
0.15496 
0.14619 
0. 13791 
0.13011 
0.12274 
C.11500 
0.10924 
0.10306 
O.0-722 

1.06001 

0.54544 
0.3"411 
0.28859 
0.23740 
0.20336 
0.17914 
0. 16104 
0.14702 
0.13587 
0.12679 
0.11928 
0.11296 
0.10759 
0.10296 
0.09895 
0.0q545 
0.09236 
0.0962 
0.08718 
0.08500 
0.08305 
0.08128 
0.07968 
0.07823 
O.C7690 
0.07570 
0.07459 
0.07358 
0.C7265 
0.07179 
0.07100 
0.07027 
0.C6960 
0.06897 
0.06839 
0.06786 
0.06736 
0.06689 
0.06646 

0.94339 

1.83337 
2.672q8 
3.46508 
'4.21233 
4.91728 
5.58234 
6.20S75 
6.80165 
7.36004 
7.88683 
8.38380 
8.89263 
9.29493 
9.71220 
10.10585 
10.47721 
10.82755 
11.15807 
11.46987 
11.76403 
12.04153 
12.30333 
12.55031 
12.78331 
13.00312 
13.21049 
13.40613 
13.59068 
13.76479 
13.92905 
14.08401 
14.23020 
14.36810 
14.49821 
14.62096 
14.73675 
14.84599 
14.94905 
15.04628 

1.00001 

0.48544 
0.31411 
0.22859 
0.17740 
0.14336 
0.11914 
0.10104 
0.08702 
0.07587 
0.06679 
0.05928 
0.05296 
0.04759 
0.04296 
0.03895 
0.03545 
0.03236 
0.02962 
0.02718 
0.02500 
0.02305 
0.02128 
0.019b8 
0.01823 
0.01690 
0.01570 
0.01459 
0.01358 
0.01265 
0.01179 
0.01100 
C.01027 
0.00)960 
0.00897 
0.00840 
0.00786 
0.00736 
0.00689 
0.00646 

o. qao 

2.0599 
3.1335 
4.3745 
5.6370 
6.9752 
8.3937 
9.8973 
11.4911 
13.180b 
14.9714 
10.8697 
18.8818 
21.0147 
23.2756 
25.6721 
28.2124 
30.9052 
33.75914 
36.7850 
39.9921 
43.3916 
46.9950 
50.8147 
54.863h 
59.1553 
63.7046 
68.5269 
73.6384 
79.0567 
84.8000 
90.8880 
97.3412 

104. 1816 
111.4325 
119.1183 
127.2654 
135.9013 
145.0553 
154.7585 
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7.007 COMPCUND INTEREST FACTORS
 

SINGLF PAYMENT UNIFORM SERIES 

CCMPCtNr PRESENT CAPITOL PRESENT SINKING COMPOlJND) 
ERIODS AMCUN7 6CBTH RECOVERY WORTH FUND AMOUNT 

FACTOR FACTOR FACTOR FACTOR FACTOR FACTOR 
SCA Spw UCH UPW USF UCA 

1 2 3 4 5 6 

1 1.07000 0.93458 1.07000 0.93458 1.00000 1.0000 
2 1.14490 C.87344 0.55310 1.80800 0.48310 2.0699 
3 1.22504 0.81630 0.38105 2.62430 0.31105 3.2148 
4 1. 31079 0.76290 0.29523 3.38720 0.22523 4.43q9 
5 1.40255 0.71299 0.24389 4.10018 0.17389 5.7507 
6 1.50073 0.66634 0.20980 4.76652 0.13980 7.1532 
7 1.60578 0.62275 0.18555 5.38927 0.11555 8.653"4 
8 1.71818 0.5E201 0.16747 5.97128 0.09747 10.2597 
9 1.83845 0.54394 0.15349 6.51522 0.08349 11.9779 

10 1.96714 C.J0835 0.14238 7.02356 0.07238 13.8163 
11 2.104E5 0.47509 0.13336 7.49866 0.06336 19.7835 
12 2.25218 C.44401 0.12590 7.94267 0.05590 17.883 
13 2.4CEC4 0.41497 0.11965 8.35763 0.049b5 20.1405 
14 2.97852 C.3e782 0.11435 e.14545 0.04435 22.5503 
15 2.75902 0.36245 0.1C979 9.10789 0.03979 25.1288 
16 2.95215 0.31874 0.10586 9.44663 0.03586 27.8878 
17 3.15880 0.31658 0.10243 9.76320 0.03243 30.8399 
18 3.37991 O.2S587 0.09941 10.05907 C.02941 33.9987 
19 3.61651 0.27651 0.09675 10.33558 0.02675 37.3786 
20 3.86966 0.25842 0.09439 10.59400 0.02439 40.9991 
21 4.14054 0.24151 0.09229 10.83551 0.02229 44.8648 
22 4.43037 0.22571 0.09041 11.06123 0.02041 49.0053 
23 4.74050 C.21095 0.08871 11.27217 0.01871 53.4357 
24 5.07233 0.1q715 0.08719 11.46932 0.01719 58.1761 
25 5.42739 0. 1E425 0.08581 11.65357 0.01581 63.2484 
26 5.80711 0.17220 0.08456 11.82577 0.01456 68.6758 
27 6.21382 C.16093 0.08343 11.98670 0.01343 74.4831 
28 6.64878 0. 15040 0.08239 12.13710 0.01239 80.6969 
29 7.11420 0.14056 0.08145 12.27766 0.01145 87.3457 
30 7.61219 0.13137 0.C8059 12.40903 0.01059 94.4598 
31 8.14504 0.12277 0.07980 12.53180 0.00980 102.0720 
32 8.71519 0.11474 C.07907 12.64655 0.00907 110.2170 
33 9.32525 0.10724 0.07841 12.75378 0.00841 118.9321 
34 9.9i802 C. 10022 0. C7780 12. 85401 0.00780 128. 2574 
35 10.67647 0.09366 0.07723 12.94766 0.00723 138.2153 
36 11.42382 0.08754 0.07672 13.03520 0.00672 148.9118 
37 12.22349 0.08181 0.07624 13.11701 0.00624 160.3195 
38 13.07913 0.07646 0.07520 13.19347 0.00580 172.5590 
39 13.99466 0.07146 0.01539 13.26493 0.00539 185.6180 
40 14.97429 0.06678 0.07501 13.33170 0.00501 199.6327 



8.00X CGOECUND INTEREST FACTORS
 

SINGLE [AYMFNT UNIFUUM SERIES 

CCMPOUNE PRESENT CAPITOL PRESENT SINKING COMPOTIND 
PERIODS AMOUNT UORIH RfCOVFRY WORTH FUND AMOUNT 

FACTOR FACTOR FAC7OR FACTOR FACTOR FACTOH 
SCA SPW UCb UP2V USF UCA 

2 3 4 5 

1 1.0800 0.92593 1.08000 0.92593 1.00000 1.0000 
2 1.16640 0.E5734 C.56077 1.78326 0.48077 2.0709 
3 1.25971 0.79383 0.38803 2.57709 0.30803 3.2463 
4 
5 

1.36049 
1.46933 

0.73503 
C.68058 

0.30192 
0.25046 

3.31212 
3.99271 

0.22192 
0.17046 

4.5061 
5.8665 

6 1.58687 0.t3017 0.21632 4.62288 0.13632 7.3359 
7 
8 

1.71382 
1.85093 

0.58349 
C.54027 

0.19207 
0. 17401 

5.20637 
5.74664 

0.11207 
0.09401 

8.922R 
10.b3b6 

9 1.99900 C.50025 0.160C8 6.24688 0.08008 12.4875 
10 2. 15892 0.46319 0.14903 6.71008 0.06903 14.4865 
11 2.33164 0.42888 0.14008 7.13896 0.06008 16.6454 
12 2.51817 C.3 711 0.13270 7.53608 0.05270 18.9771 
13 2.71S62 G.36770 0.12652 7.90377 0.04652 21.4952 
14 2.93719 C.34046 0.12130 0.24424 0.04130 24.2148 
15 3.17216 0.31524 0.11683 8.55948 0.03683 27.1520 
16 3.42594 C.29189 0.11298 8.85137 0.03298 30.3242 
17 3.70001 C.27027 0.10963 9. 12164 0.02963 33.7501 
18 3.99601 0.25025 0.1C670 9.37189 0.02670 37.4501 
19 4.31569 C.23171 0.10413 9.60360 0.02413 41.4461 
20 4.66CS5 C.21455 0.10185 9.81815 0.02185 45.7618 
21 5.03383 0.19866 0.0q983 10.01680 0.01983 50.4228 
22 5.43653 0.18394 0.09803 10.20074 0.01803 55.4566 
23 5.e7145 0.17032 0.09642 10.37106 0.01642 60.8'931 
24 6.34117 0.15770 0.09498 10.52876 0.01498 66.764E 
25 6.84846 0.14602 0.09368 10.67478 0.01368 73.1059 
26 7.39634 0.13520 0.09251 10.80998 0.01251 79.9542 
27 7.988C5 0.12519 0.09145 10.93517 0.01145 87.3505 
28 8.62709 0.11591 0.09049 11.05108 0.01049 95.3386 
29 9.31726 0.10733 0.08962 11.15841 0.00962 103.9657 
30 
31 

10.0%'z,4 
10.E6765 

0.09938 
0.09202 

0.08883 
0.08811 

11.25779 
11.34981 

0.00883 
0.00811 

113.282q 
123.3456 

32 11.73706 C.CE520 0.08745 11.43500 0.00745 134.2132 
33 12.67602 0.C7889 0.08685 11.51389 0.00685 145.9503 
34 13.69010 0.07305 0.CE630 11.58695 0.00630 158.6263 
35 14.78531 0.06763 0.08580 11.65458 0.00580 172.3164 
36 
37 

15.96613 
17.24957 

0.06262 
0.05799 

0.08534 
0.08492 

11.71720 
11.77519 

0.00534 
0.00492 

187.1017 
203.0697 

38 18.62521 C.05369 0.C8454 11.82888 0.00454 220.3152 
39 20.11523 0.C4971 0.0L419 11.87859 0.00419 238.9400 
40 21.72446 0.04603 0.08386 11.92462 0.00386 259.0556 
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9.00% COMPOUNC IN'EREST FACTORS
 

SINGLE PAYMENT UNIFOHM SERIES 

CCMPCT)Nr PRESENI CAPITOL PRESENT SINKING CO1POrlNtj 
ERIODS AMO UNT WGHI RECOVkRY WORTH FUND AMOUNT 

FACTOR FACTOH FAC7OR FACTOR FACTOR ?ACTOR 
SCA SPW UCI? UPW USF UCA 

2 3 4 5 6 

1 1.09000 0.91743 1.09001 0.91742 1.00001 0.99g9 
2 
3 
4 

1.18810 
1.29503 
1.41158 

C.84 168 
0.77219 
0.708-43 

0.5t847 
0.39506 
0.3C87 

1.75910 
2.%3128 
3.23970 

0.47847 
0.30506 
0.218b7 

2.0899 
3.27P0 
4.5730 

5 1.53862 0.64993 0.25709 3.88963 0.16709 5.9846 
6 1.67709 0.59627 0.22292 4.48589 0.13292 7.5232 
7 
8 

1.82803 
1.99255 

C.547.4 
0.50181 

0.1986q 
0.18068 

5.03292 
5.53479 

0.10869 
0.09068 

9.2003 
11.0283 

9 2.17188 C.46043 0.16680 5.99522 0.07680 13.020R 
10 
11 
12 

2.36735 
2.58041 
2.H1264 

C.42241 
0.38754 
0.35554 

0.15582 
0.14695 
0.13965 

6.41763 
6.80516 
7.16070 

0.06582 
0.05695 
0.04965 

15.lq27 
17.5600 
20. 1404 

13 3.06577 0.32618 0.13357 7.48687 0.04357 22.9530 
14 3.34169 C.29925 0.12843 7.78612 0.03843 26.0188 
15 3.64244 C.27454 0.12406 8.06066 0.03406 29.3604 
16 3.97026 0.25187 0.12030 8.31253 0.03030 33.0028 
17 4.32758 C.23108 0.11705 8.54361 0.02705 36.9731 
18 4.717C6 C.21200 0.11421 e. 75560 0.02421 41.3006 
19 5.14159 C.19449 0.11173 8.95009 0.02173 46.0176 
20 5.60423 C. 1784-3 0.10955 9.12852 0.01955 51.1592 
21 6.1C871 0.16370 0.10762 9.29222 0.01762 56.7634 
22 b . 6 5849 C.15018 0.10591 9.44240 0.01591 62.8721 
23 7.25775 0.13778 0.10438 9.58019 0.01438 69.5305 
24 7.91094 U.12641 C.10302 9.70659 0.01302 76.7882 
25 8.62292 0.11597 0.10181 9.82256 0.01181 84.6991 
26 9.39898 0.10639 0.10072 9.92896 0.01072 93.3220 
27 10.24488 0.09761 0.C9974 10.02656 0.00974 102.7209 
28 11.16691 0.C8955 O.0885 10.11612 0.00885 112.9657 
29 12.17192 0.C8216 0.09806 10.19827 0.00806 124.1325 
30 13.26739 0.07537 0.C9734 10.27364 0.00734 136.3043 
31 14.46144 0.06915 0.09669 10.34279 0.00669 149.5716 
32 15.76296 0.06344 0.09610 10.40624 0.00610 164.0329 
33 
34 

17.18161 
18.72794 

0.05820 
C.05340 

0.09556 
0.09508 

10.46444 
10.51783 

0.00556 
0.00508 

179.7q57 
196.9772 

35 20.41344 0.04899 0.09464 10.56681 0.00464 215.7050 
36 22.25063 0.04494 0.09424 10.61176 0.00424 236.1181 
37 
38 

24.25317 
26.43593 

0.04123 
0.03783 

0.09387 
0.09354 

10.65299 
10.69082 

0.00387 
0.00354 

258.368f, 
282.6213 

39 28.81516 0.C30470 0.09324 10.72552 0.00324 309.0573 
40 21.40849 0.03184 0.C9296 10.75736 0.00296 337.8720 
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l0.OOW CCMECUND INIEREST FACTORS
 

SINGLE FAYMENT UNIFOUM SERIES 

PERIODS 
CCMPCUNC 
AMOUNI 
FACTOR 
SCA 

PRESENT 
WORTH 
FACTOR 
SEW 

CAPITCL 
RECOVERY 
FACTO 
UCR 

PRESENT 
WORTH 
FACTOR 
UPW 

SINKING 
FUND 
FACTOR 
USF 

COMPOUIND 
AMOUNT 
FACTOR 

UCA 

1 2 3 4 5 6 

1 
2 
3 
4 
5 
6 
7 
6 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 

1.10000 
1.21000 
1.33100 
1.46410 
1.61051 
1.77155 
1.94871 
2.14358 
2.35794 
2.59373 
2.85310 
3. 13841 
3.45225 
3.7974.7 
4.17721 
4.59493 
5.05443 
5.55986 
6.115E5 
6.72743 
7.40017 
8.14018 
8.95420 
9.84961 
10.83456 
11.91801 
13.109E1 
14.42C78 
15.862E5 

C.90909 
0.82645 
C.75.132 
C.68302 
C.62092 
0.56448 
0.51316 
C.46651 
C.42410 
C.38555 
C.35050 
C.31863 
C.28967 
0.26333 
0.23939 
0.21763 
0.19785 
C.17986 
0.16351 
C.14065 
0.13513 
0.12285 
0.11168 
0.10153 
C.09230 
0.08391 
0.07628 
0.06934 
0.06304 

1.10001 
0.57619 
0.40212 
0.31547 
0.26380 
0.22961 
0.20541 
0.18744 
0.17364 
0.16275 
0.15396 
0. 14676 
0.14078 
0.13515 
0. 13147 
0.12782 
0.12466 
0.12193 
0.11955 
0.11746 
0.11562 
0.11401 
0.11257 
0.11130 
0.11017 
0.10916 
0.1C826 
0.10745 
0.10673 

0.90909 
1.73552 
2.48684 
3.16985 
3.7q077 
4.35524 
4.86840 
5.33490 
5.75900 
6.14455 
6.49504 
6.81367 
7.10334 
7.36667 
7.60606 
7.82369 
8.02153 
8.20139 
E.36491 
e.51355 
8.64868 
8.77152 
8.88-321 
8.98473 
9.07703 
9.16094 
9.23722 
9.30655 
9.36959 

1.00001 
0.47619 
0.30212 
0.21547 
0.16380 
0.12961 
0.10541 
0.08744 
0.07364 
0.06275 
0.05396 
0.04676 
0.04078 
0.03575 
0.03147 
0.02782 
0.02466 
0.02193 
0.01955 
0.01746 
0.01562 
0.01401 
0.01257 
0.01130 
0.01017 
0.0091(; 
0.00826 
0.00745 
0.00673 

0.9991) 
2.0999 
3.3099 
4.6409 
6.1050 
7.7155 
9.4n70 

11.4358 
13.5793 
15.9372 
18.5309 
21.3R40 
24.5224 
27.9746 
31.7721 
35.9493 
40.5442 
45.5986 
51.1584 
57.2742 
64.0016 
71.4017 
79.5419 
88.4960 
98.3456 
I09.1801 
121.0980 
134.207P8 
148.6285 

30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 

17.44913 
19.194C3 
21. 11342 
23.22475 
25.54721 
28.10191 
30.91209 
34.00328 
37.40359 
41.14394 
45.25830 

0.05731 
0.05210 
0.04736 
C.04306 
0.03914 
0.03558 
0.03235 
0.02941 
0.02674 
0.02430 
0.02210 

0.10608 
0.10550 
0.10497 
0.10450 
0.10407 
0.10369 
0.10334 
0.10303 
0.10275 
0.10249 
0.10226 

9.42691 
9.47901 
9.52637 
9.56943 
9.60857 
9.64416 
9.67650 
9.70591 
9.73265 
9.75695 
9.77905 

0.00608 
0.00550 
0.00497 
0.00450 
0.00407 
0.00369 
0.00334 
0.00303 
0.00275 
0.00249 
0.00226 

164.4912 
181.9402 
201. 1341 
222.2475 
245.4722 
271.0190 
299.1208 
330.0327 
364.0356 
401.43q 2 
442.5827 

A-?
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fI$EW CAP1 7 

~ 

~4~
<,-FACTOR 
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1"11000 
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0 16900 
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ic07 0.121 

41444 .12097 
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A 11781 
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.11561 

0.11501
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0,11451 


0,1104 
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41 44*1441l 01421 0.1 93 


0- 47 0 4"12 

0.121. 
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114f@ 0. 11,1q.1 
1,8 0.i1724 


4 

]a -

CO11!DN '; 

FA~CTOR
 

6
 

1.0000 
2. 109'I 
3.34I20 

7097,
s'. 

6.2,277 
7. 912P 
.RV hk
 

1189
 
14.161
 
z7219,~
 

19.5613 "~ 
~22.71 .0
 

26. 2114 -7 
310.0 q47,>
 
14.4051
 
39.119?7".
 
44.5005 7
 

50.3956-~ 

64. 202931
6.03K 
72.26146 > 
81.21361~ 
91.117,W 

102.,171t K 
11L '4123' ' 
127. 997.b. 
1 q3.0 773 < 
159,8157 
7335
 
199.0188
 
22-1 9109)
 
247.13211
 
275.5261
 
306,8337
 
341.5856i
 

38.19

-422.97,,721~
 
470.504~61i
 
5123 21600 !r
 

581T 8 1P,
 

I ES 

PRZENTRW, SItiKI NG 
VQEIAMOUNTN
 

. 14611 

5 3 04 


5.88922 
.061 

.4*9235 

6.14986-
6.98186 

7.19,086 
7.37915 
.. 5879 

7.70161 
7. P13929
7.96332 
8.01506 

8:17574' 

8.2664*3 

0.34813 

8,42174 

E.418806 

P.543780 

8.60162 

S.65011 

0.69379 

e.73314 

da7bU60 
8.80054 

e8.8293 1 

8.85524 

8. W7860 
.89963 


S 9 1 iS9, 

8.93567 
8.9510 


0. q0090
1.71251 
2.4410 

3.102u34 

36Q8 
.3~53 


FACTog~ 

5 


1.00000 
0.472394 K 
0.29921 
0.21233,1 
0.16057 
0.12630 

sa1110.10222 
0.084:32 
007060 

0.05980K 
0.05112 
0.04P&03 
0.03815 
0.03323 
0.02907 
0.02552 
0.02247 
0094 


0076
,0.01558, 
0.01384 

0.01231 

0.19" 

0.00979 

0.:003-714 

0.00781, 

0 006 i9 

0:00626 


K0 . 0 0 5 6 1 


0.00502 

0.00451 

0.00404: 

0.00363 

0.00326 
0.00293 

0.00263
0. 00123b 
0.00213 
0.00191 
00172 




- - - - - - -
--- - - - - - - - -

12.00 CCMfFOUND INTEREST EACTORS
 

SINGLE P;AYMENT 
 UNIFORM SEFlIFS 
-


PRESENT 

OFTI| 


FACTOR 

SpN 


2 


C.69286 

0.79719 

0.7.1178 
C.63552 

0.56743 

0.50663 

0.45235 

0.40388 

C.36061 

0.32197 

0.28748 

C.25668 

C.22917 

0.20462 

0.18270 

C.16312 

0.14564 

C.13004 

0.11611 

C.10367 

0.09256 

0.C8264 

0.07379 

0.C6588 

C.05882 

0.05252 

0.04689 

C.04187 

0.03738 

0.03338 

0.02980 

0.02661 

0.02376 

0.02121 

0.01094 

0.01691 

0.01510 

0.01348 

0.01204 

0.01075 


- -


CAPITCL 
-


RECOVERY 

FAC'IOR 

UCB 


3 


1.12000 

0.59170 

0.41635 

0.---2923 

0.27741 

0.24323 

0.21912 

0.20120 

0.18768 

0.17698 

0.16842 

0.16144 

0.15568 

0.15087 

0.14682 

0.14339 

0.14046 

0.137S4 

0.13576 

0.13388 

0.13224 

0. 13081 

0.12956 

0.12846 

0.12750 

0.12665 

0.12590 

0.12524 

0.12466 

0.12414 

0.123E9 

0.12328 

0.12292 

0.12260 

0. 12232 

0.12206 

0.12184 

0. 121E4 
0.12146 
0.12130 

A4-/
 

-
 -
 -


PRESENT 

WORTH 

FACTOR 

UPW 


4 


0.89286 

1.69005 

2.40183 

3.03734 

3.60477 

4.11140 

4.56375 

4.96764 

5.32825 

5.65022 

5.93770 

6.19437 

6.42355 

6.62817 

6.81086 

6.97398 

7.11963 

7.24967 

7.36578 

7.469 4 

7.56201 

7.64465 

7.71844 

7.78432 

7.84314 

7.89566 

7.94255 

7,98442 

8.02181 

8.05518 

8.08499 

8.11160 

8.13535 

8.15657 

8.17550 

8.19242 

8.20751 

8.22099 

8.23303 

8.24378 


-


SINKING 

FUN D 
FACTOR 

USF 


5 


1.00000 

0.47170 

0.29635 

0.20924 

0.15741 

0.12323 

0.09912 

0.08130 

0.06768 

0.05698 

0.04842 

0.04144 

0.03568 

0.03087 

0.02682 

0.02339 

0.02046 

0.01794 

0.01576 

0.01388 

0.01224 

0.01081 

0.00956 

0.00846 

0.00750 

0.00665 

0.00590 

0.00524 

0.00466 

0.00414 

0.00369 

0.00328 

0.00292 

0.00260 

0.00232 

0.00206 

0.00164 

0.00164 

0.00146 

0.00130 


-

COMPOTIN C 
-

PERIODS AMOUNT 

FACTO 

SCA 


1 


1.12000 

1.25440 

1.40493 
1.57352 

1.7b234 

1.97382 

2.21068 

2.47596 

2.77308 

3.1051E4 

3.47855 

3.89597 

4.36349 

4.88710 

5.47356 

6.13038 

6.86603 

7.68995 

8.61274 

9.64627 

10.80382 

12. 10028 

13.55231 

15.17859 

17.00002 

19.04001 

21.32481 

23.8F379 

26.74 E5 

29.95982 

33.55499 

37.58159 

42.09138 

47. 14235 

!2.79942 

-9. 13535 

66.23158 

74. 17937 

63.08c89 

9 3 .0505b 


-
 -

COMPO'lN 
-

0 
AIOUNT
 
FACTOR
 

UCA
 

6
 

1.0000
 
2.1199
 
3.3743
 
4.7793
 
6.3528
 
8.1151
 
10.0890
 
12.299t,
 
14.7756
 
17.5486
 
20.6545
 
24. 1330
 
28.0290
 
32.3925
 
37.2796
 
42.7531
 
48.8835
 
55.7495
 
63.4395
 
72.0522
 
81.6985
 
92.5023
 
104.602b
 
118.1549
 
131.3334
 
150.3334
 
169.3734
 
190.6982
 
214.5821
 
241.3319
 
271.2915
 
304.8464
 
342.4279
 
384.5195
 
431.6616
 
484.4611
 
5413.5964 
609.8278
 
6814.0073
 
767.0881
 

1 

2 

3 

4 

5 

6 

7 

8 

9 


10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 




13.00% CCMPOUND INTEREST FACTORS
 

SINGLE PAYMENT INIFORM SERIES 

PERIODS 

CCMPCTJNc 
AAOUN'I 

FACTOR 
SCA 

PRESENT 
WCR~H 

FACTOR 
SPi 

CAPITOL 
IECOVERY 

FACIOR 
ucr( 

PRESENT 
WORTH 
FACTOR 

UP | 

SINKING 
FUND 
FACTOR 
IS F 

CO'POIUND 
AMOUNT 
FACTOR 

IJCA 

1 2 3 45 

1 
2 
3 
4 
5 
6 
7 
8 
9 

1.13000 
1.27690 
1.44289 
1.63047 
1.84243 
2.08194 
2.3525 c 

2.65843 
3.00402 

0.8F96 
C,*'E315 
0.69305 
0.61.332 
0.54276 
C.4E032 
0.42506 
0.37616 
0.33289 

1.13001 
0.59949 
0.42352 
0.33620 
0.28432 
0.25015 
0.22611 
0.20839 
0.19487 

0.S8495 
1.66809 
2.36114 
2.97446 
3.51722 
3.99753 
4.42259 
4.79875 
5.13164 

1.00001 
0.46949 
0.29352 
0.20620 
0.15432 
0.12015 
0.09611 
0.07839 
0.06487 

0.9999 
2.1249 
3.406A 
4.8497 
6.4802 
0.322(0 
10.4045 
12.7571 
15.4155 

10 
11 
12 
13 

3.39454 
3.835E3 
4.33448 
4.89796 

0.29459 
C.26070 
0.23071 
0.20417 

0.18429 
0.17584 
0.16899 
0.16335 

5.42623 
5.68692 
5.91763 
6.12180 

0.05429 
0.045E4 
0.03899 
0.03335 

18.4195 
21.8140 
25.649H 
29.9843 

14 
15 
16 

5.534E9 
6.2!420 
7.06724 

C.18068 
C.15989 
.l1LIlc"O 

0.15867 
0.15474 
0.1E143 

6.30247 
6.46237 
6.60386 

0.02867 
0.02474 
0.02143 

34.8822 
40.4161* 
46.6710 

17 7.9E598 0.12.522 0.14861 6.72908 0.01861 53.7382 

18 
19 

9.02415 
10.1972E 

(.11081 
0.C9807 

0. 14620 
0.1441.3 

6.83990 
6.93796 

0.01620 
0.01413 

61.7242 
70.7482 

20 11.52292 0.08678 0.14235 7.02475 0.01235 80.9455 

21 13.02029 0.07680 0.14081 7.10154 0.01081 92.4683 

22 14.71359 0.06796 0.13948 7.16951 0.00948 105.4P91 

23 16.62634 C.06015 0.13832 7.22965 0.00832 120.2026 

24 10.78775 0.05323 0.13731 7.28288 0.00731 136.828f 

25 21.2-3013 0.04710 0.13643 7.32998 0.00643 155.6164 

26 23.99004 0.04168 0. 13565 7.37166 0.005b5 176.8464 

27 27.10873 0.03689 0.13498 7.40855 0.00498 200.8364 

28 
29 

30.63284 
34.61508 

0.03264 
0.02889 

0.131439 
0.133E7 

7.44120 
7.47009 

0.00439 
0.00387 

227.9450 
258.577.3 

30 39.11502 0.02557 0.13341 7.49565 0.00341 293.1q23 

31 44.19994 0.02262 0.13301 7.51828 0.00301 332.3071 

32 49.94589 C.02002 0.13266 7.53830 0.00266 376.505bl 

33 56.432E3 0.01772 0.13234 7.55601 0.00234 426.4523 

34 E3.775E2 0.01568 0.13207 7.57169 0.00207 482.8908 

35 72.06662 0.01388 0.13183 7.98557 0.00183 546.6662 
36 81.43523 0.01228 0.13162 7.59785 0.00162 618.7324 

37 
38 

92.02114 
103.9e440 

(.01087 
0.00S62 

0. 13143 
0.13126 

7.60872 
7.61833 

0.00143 
0.00126 

700.1672 
792. 1884 

39 
40 

117.50230 
132.77760 

0,00851 
0.00753 

0.13112 
0.13099 

7.62685 
7.63438 

0.00112 
0.00099 

896.17.1 
1013.6730 

A- /Z 



14.00' CCMFOUND IN7ERESI FACTORS
 

SINGLE PAYMENT IJNIFO[i.l SERIES 

PERIODS 
CCMPOUNE 
AMOUNT 
FACTOR 
SCA 

PRESENT 
bO[?TH 
FACTOR 
51 

CAPITOL 
HECGVERY 
FACTOR 
UCR 

PRESENT 
WORTH 
FACTOR 

UPW 

SINKING 
FUND 
FACTOE 

USF 

COMIPOriND 
AMOUNT 
FACTOR 

U'CA 

1 2 3 4 5 6 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

1.140C0 
1.290960 
1.48154 
1.68896 
1.92541 
2. 19497 
2.50226 
2.85257 
3.25193 
3.70720 
4.22621 
4.81767 
5-49237 
6.26130 
7.13788 

C.E7719 
0.76947 
0.67497 
C.59208 
0.51937 
0.45559 
0.39964 
C.35056 
0.30751 
0.26975 
0.23662 
C.20756 
C. 1[207 
C.15S71 
C.14010 

1.14000 
0.6C729 
0.43073 
0.34321 
0.29128 
0.25716 
0.23319 
0.21557 
0.20217 
0.19171 
0.18339 
0.17667 
0.17116 
0.16661 
0.16281 

0.87719 
1.64665 
2.32162 
2.91370 
3.43307 
3.88866 
44.28829 
4.63885 
4.94636 
5.21611 
5.45272 
5.b6C28 
5.84235 
6.00206 
6.14216 

1.00000 
0.46729 
0.29073 
0.20321 
0.15128 
0.11716 
0.09319 
0.07557 
0.06217 
0.05171 
0.04339 
0.03667 
0.03116 
0.02661 
0.02281 

1.0000 
2. 1399 
3.43q5 
4.9211 
6.6100 
8.5354 

10.7304 
13.2326 
16.0852 
19.3371 
23.0443 
27.270) 
32.0'iH3 
37.5807 
43. 8420 

16 6.13718 C.12289 0.15962 6.26505 0.01962 50.9798 

17 9.2763F 0.10780 0.15692 6.37285 0.01692 59.1170 

18 10.51507 0.09456 0.15462 6.46742 0.014b 2 68.3933 

19 
20 

12.05557 
13.74334 

0.082q5 
0.07276 

0.15266 
0.15099 

6.55037 
6.62313 

0.01266 
0.01099 

78.96;3 
91.0238 

21 
22 

15.66740 
17.86082 

0.06383 
0.05599 

0.14954 
0.14830 

6.68695 
6.74294 

0.00954 
0.00830 

104.7671 
120.4344 

23 20.36133 0.04911 0.14723 6.79206 0.00723 138.2952 

24 
25 

23.21190 
26.46155 

C.04308 
0.03779 

0.14630 
0.14550 

6.83514 
6.87293 

0.00630 
0.00550 

158.6504 
181.86133 

26 
27 
28 

30.16615 
311.38940 
39.20390 

0.03315 
C.02908 
0.02551 

0.14480 
0. 14419 
0. 14366 

6.90608 
6.93515 
6.96066 

0.00480 
0.004 19 
0.00366 

208.329E 
238.4 95 
272. 885C 

29 
30 
31 
32 
33 

44.69241 
£0.94933 
5F.OE221 
66.2136F 
75.4E357 

0.02238 
0.01S63 
0.01722 
0.01510 
0.01325 

0.14320 
0.14220 
0.14245 
0.14215 
0.14188 

6.98304 
7.00266 
7.01988 
7.03498 
7.04823 

0.00320 
0.00280 
0.00245 
0.00215 
).00168 

312.098c 
356.7803 
407.72W. 
465.812C 
532.025: 

34 
35 
36 

86.05121 
S8.09833 

111.83200 

0.01162 
0.01019 
0.00894 

0.14165 
0. 14144 
0.14126 

7.05985 
7.07005 
7.07899 

0.00165 
0.00144 
0.00126 

607.508! 
693.559 c 

791.657L 

37 127.4E040 0.00784 0.14111 7.08683 0.00111 903.489( 

38 145.33670 0.00688 0.14097 7.09371 0.00097 1030.977( 

39 
40 

165.68380 
188.87940 

0.00604 
0.00529 

0.140E5 
0.14075 

7.09S75 
7.'0504 

0.00085 
0.00075 

1176.3130 
1341.9960 

A-/3.
 



15.007 COMPOUND INTEREST FACTORS
 

S INGLE PAYMFNT UNIFORM SERIES 

CcmPOriND PRESE1T CAPITOL PRESENT SINKING COMPOINT) 
PERIODS AMOUNT WC i'III RECOVERY WORTH FUND AMIOUNT 

FACTOR FACTOR FACTOR FACTOR FACTOR FACTOR 
SCA SA UCR UPW USF UCA 

1 2 3 4 5 6 

1 1.15000 C.86957 1.15000 0.86956 1.00000 1.0000 
2 1.32250 C.75614 0.61512 1.62570 0.46512 2. 1499 
3 1.52087 0.65752 0.43798 2.20322 0.28798 3.472u 
4 1.74900 0.57175 0.35027 2.85497 0.20027 4.9933 
5 2.01135 0.49718 0.29832 3.35215 0.14832 6.7423 
6 2.31306 C.43233 0.26424 3.78448 0.11424 8.7537 
7 2.66001 0.37594 0.24036 4.16041 0.09036 11.0667 
8 3.05901 0.32690 0.22285 4.48732 0.07285 13.7267 
9 3.51787 0.28426 0.20957 4.77158 0.05957 16.7857 

10 4.04554 C.24719 0. 19925 5.01876 0.04925 20.303b 
11 4.65237 0.21494 0.19107 5.23371 0.04107 24.3491 
12 5.35023 0. 18691 0.18448 5.42062 0.03448 29.0015 
13 6.15276 0.16253 0.17911 5.58314 0.02911 34.3517 
14 7.01567 0.14133 0.17469 5.72448 0.02469 40.5044 
15 8.13702 C.12290 0.17102 5.84737 0.02102 17.5801 
16 9.35757 0.10687 0.16795 5.95423 0.01795 55.7171 
17 10.76120 0.09293 0. 16537 6.04716 0.01537 65.0747 
18 12.37538 C.C8081 0. 16319 6.12797 0.01319 75.8358 
19 14.23168 C.C7027 0. 16134 6.19823 0.01134 88.2112 
20 16.26642 0.06110 0.15976 6.25933 0.00976 102.4428 
21 18.82138 0.05313 0.15842 6.31246 0.00842 118.8092 
22 21.64458 0.C4620 0. 15727 6.35866 0.00727 137.6305 
23 24.89127 0.04017 0.15628 6.39884 0.00628 159.2752 
24 28.624q4 C.03493 0.15543 6.43377 0.00543 184.1662 
25 32.91867 C.03038 0.154170 6.46415 0.00470 212.7911 
26 37.85646 0.02642 0.15407 6.49057 0.00407 245.709 
27 43.53491 C.02297 0.15353 6.51354 0.00353 283.5659 
28 50.06514 0.01997 0.15306 6.53351 0.00306 327.1008 
29 57.57489 0.01737 0. 15265 6.55088 0.00265 377. 1657 
30 66.21111 0.C1510 0.15230 6.5b598 0.00230 434.7407 
31 76.14275 0.01313 0.15200 6.57911 0.00200 500.9516 
32 87.56413 0.01142 0. 15173 6.59054 0.00173 577.0942 
33 1C0.6,870 0.00993 0.15150 6.60047 0.00150 664.6582 
34 115.80340 C.00864 0.15131 6.60910 0.00131 765.3566 
35 133.1735.0 C.00751 0.15113 6.61661 0.00113 R81.19q9 
36 153.15000 0.00653 0.15099 6.62314 0.00099 1014.3330 
37 176.12240 0.00568 0.15086 6.62P82 0.00086 1167.4830 
38 202. 5401C 0.00494 0. 15074 6.63375 0.00074 1343.6050 
39 232.92170 C.00429 0.15065 6.63805 0.00065 1546.1450 
40 2b7.85980 0.00373 0.15056 6.64178 0.000bb 1779.0660 
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------------------------------- ---------------------------------------

CCMFCUND INIEREST FACTORS
20.00 


SINGLE FAYMENT 	 (INIFObtI SERTES
 

PERIODS 
CCMIFOUND 
AMOUNI 
£ACTOR 
SCA 

PHESENT 
NCRTH 
FACIOR 

SE:W 

CAPITOL 
RECOVERY 
FACTOR 

UC[i 

PRESENT 
WORTH 
FACTOR 
UPW 

SINKING 
?9ND 
FACfOB 
USF 

COMPOUND 
AMOU!IT 
F'ACTOR 

UCA 

1 2 3 4 5 6 

1.20000 	 1.00000 1.0000
1 	 1.20000 0.83333 0.83333 

0.65455 	 0.45455 2.1999
2 	 1.44000 0.69445 1.52777 


1.72800 C.57870 0.47 73 2.10648 0.27473 3.6399
3 

4 2.07260 0.4E225 0.38629 2.58873 0.18629 	 5.3679
 

7.4U15
5 	 2.48832 0.40188 0.33438 2.99061 0.13438 

9.9299
6 	 2.98598 0.33490 0.30071 3.32551 0.10071 


0.27742 3.60459 0.07742 12.9151;
7 	 3.58318 0.27908 

3.83716 	 16.4990
8 	 4.29S81 0.23257 0.26061 0.06061 


9 5.15977 0.19381 0.24808 4.03097 0.04808 20.798A
 

10 6.19173 0.16151 0.23852 4.19247 0.03852 25.9586
 

11 7.43007 0.13459 0.23110 4.32706 0.03110 32.1503
 
4.43922 0.02527 39.5f!04
12 8.91608 0.11216 0.22526 


13 10.69930 0.09346 0.22062 4.53268 0.02062 48.4964 

14 12.83916 0.C789 0.21689 4.61057 0.01689 59.1957 

15 15.40698 0.06491 0.21388 4.67547 0.01388 72.034P 
0.01144 87.441816 	 18.48837 C.05409 0.21144 4.72956 

105.9302
17 	 22.186C5 0,04507 0.20944 4.77463 0.00944 

128.1162
18 	 26.62325 0.03756 0.20761 4.81220 0.00781 

154.7395
19 	 31.S47e9 0.03130 0.20646 4.84350 0.00646 


20 8. 33746 C.02608 0.20536 4.86958 0.00536 186.6874 
225.0249
21 	 46.00496 0.02174 0.20444 4.89132 0.00444 

271.0295
22 	 55.20595 0.01811 0.203E9 4.90943 0.00369 


4.92453 	 326.23523 	 66.214712 0.01509 0.20307 0.00307 
4.93710 	 392.4826
24 79.49654 0.01258 0.20255 0.00255 

25 S5.39583 C.01018 0.20212 4.94759 0.00212 471.97Q) 
26 114.47490 0.00874 0.20176 4.95632 0.00176 5b7.3747 

27 137.36990 0.00728 0.20147 14.96360 0.00147 6 81.34 9b 
0.00607 0. 20122 4.96967 0.00122 819.21Q426 164.864390 

0.20102 4.97472 0.00102 984.0631429 197.81260 C.00506 

0.00421 0.20085 4.97894 0.00085 1181.8750
30 237.37510 


0.20070 4.98245 0.00070 1419.2500
31 2e4.85000 0.00351 

32 341.82000 0.00293 0.20059 4.98537 0.00059 1704. 1000
 

0.00049 2045.9200
33 410.18400 0.002144 0.20049 4.98781 

4.98984 0.00041 2456.1040
34 492.22070 0.00203 0.20041 


35 590.66470 0.00169 0.20034 4.99154 0.00034 2948.3250
 
36 706.79760 0.00141 0.20028 4.99295 0.00028 3 538.984o
 

4.99412 0.00024 14247.785()
37 E50.55710 0.00118 0.20024 

38 1020.66800 C.00098 0.20020 4.99510 0.00020 5098.3390
 
39 1224.80200 C.00082 0.20016 4.99592 0.00016 6119.0070
 
40 1469.76200 C.00068 0.20014 4.996b0 0.00014 7343.8080
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25.00 CCMFOUN INTERESI FACTORS
 

SINGLE PAYMENT UNIFORM SERIES 

CCMPCTUNE PRESENT CAPITOL PRESENT SINKING COMPOIND 
HODS AMOUNT 'WCIT11 RECOVERI WORTH FUND AMOUNT 

FACTOR FACTOR FACTOR FACTOR FACTOR( FACTOR 
SCA SPW UCU UPW US F UCA 

1 2 3 4 5 6 

1 1.25000 C.80000 1.25000 0.80000 1.00000 1.0000 
2 1.56250 C.64000 0.69444 1.44000 0.44444 2.2500 
3 1.95313 0.51200 0.51230 1.95200 0.26230 3.8125 
4 2.44141 0.40960 0.42344 2.36160 0.17344 5.765b 
5 3.05176 0.32768 0.37185 2.68928 0.12185 8.2070 
6 3.81470 0.26214 0.23882 2.95142 0.18882 11.2988 
7 4.76837 0.20972 0.31634 3.16114 0.06634 15.07311 
8 5.96046 0.16777 0.30040 3.32891 0.05040 19.8418 
9 7.45058 0.13422 0.2E876 3.46313 0.33876 25.8023 

10 9.31323 0.10737 0.28007 3.57050 0.03007 33.2529 
11 11.64153 0.C8590 0.27349 3.65640 0.02349 42.5661 
12 14.55192 0.06872 0.26845 3.72512 0.01845 54.207t, 
13 18.189F8 0.05498 0.26454 3.78010 C.01454 68.75q5 
14 22.73737 0.04398 0.26150 3.82408. 0.01150 86.9494 
15 28.42171 0.03518 0.25912 3.85926 0.00912 109.686b 
16 35.52713 0.02815 0.25724 3.88741 0.00724 138.1085 
17 44.40892 0.02252 0.25576 3.90993 0.00576 173.6357 
18 !5.51114 0.01801 0.25459 3.92794 0.00459 218.0446 
19 69.38893 0.01441 0.25366 3.94235 0.00366 273.5556 
?. 86.73616 0.01153 0.25292 3.9538H 0.00292 342.9445 

0I08.42G2C 0.00922 0.25233 3.96311 0.n0233 429.6806 
?2 125.52520 0.00738 0.25186 3.97049 0.00186 538. 1010 
!3 169.40650 0.00590 0.25148 3.97639 0.00148 673.6262 
!4 211.75820 0.00472 0.25119 3.98111 0.00119 843.0329 
!5 2F4.69770 0.00378 0.25095 3.98489 0.00095 1054.7910 
?6 330.67200 0.00302 0.25076 3.98791 0.00076 1319.4880 
!7 413.59000 0.00242 0.25061 3.99033 0.00061 1650.3600 
.8 516.98770 0.00193 0.25048 3.99226 0.00048 2063.9510 
19 646.23460 0.00155 0.25039 3.99381 0.00039 2580.9390 
30 807.79340 0.00124 0.25031 3.99505 0.00031 3227.1750 
11 1009.74100 0.00099 0.25025 3.99604 0.00025 4034.9690 
12 12f2.17700 0.00079 0.25020 3.99b83 0.00020 5044.7070 
33 1577.72100 0.00063 0.25016 3.99746 0.00016 6306. 8860 
14 1972. 15200 C.00051 0.25013 3.99797 0.00013 7884.6050 
15 2465.19000 C.00041 0.25010 3.99838 0.00010 9856.7570 
16 30P1.487C0 0.00032 0.25008 3.99870 0.00008 12321.9400 
37 3E!1.85900 0.00026 0.25006 3.99896 0.00006 15403.4300 
18 4814.82400 C.00021 0.25005 3.99917 0.00005 19255.3000 
19 6018.52700 C.00017 0.25004 3.99934 0.00004 24070.1100 
0 7523.16000 C.00013 0.25003 3.99947 0.00003 30088.6400 
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30.00% CCMECUND IWIERESTI FACTORS
 

SINGLE PAYMENT UNIFORM SERIES 

CCIPOUNE PRESENT CAPITOL PRESENT SINKING COIMPOIND 

PERIODS AMOUNT IiGH7H RECOVERY WORTH FUND A!MOUN , 

FACTOB FACTOR FACTOR FACTOR FACTOR FACTOR 

SCA SPE% UCR UPW USF UCA 

1 2 3 4 5 

1 1.30000 0.76q23 1.30000 0.76923 1.00000 1.0000 

2 1.69000 0.59172 0.73478 1.36094 0.43478 2.2999 
3 2.197C0 0.45517 0.55063 1.81b11 0.25063 3.qRg9 
4 2.65609 C.35013 0.46163 2.1b624 0.16163 6.1869 

5 3.71292 C.26933 0.41058 2.43557 0.11058 9.0430 

6 4.82679 0.20718 0.37839 2.64274 0.07839 12.7559 
7 6.27483 0.15937 0.35687 2.80211 0.05687 17.5R27 

8 8.15727 0.12259 0.34192 2.92470 0.04192 23.8575 

9 10.60444 0.09430 0.33124 3.01900 0.03124 32.0148 

10 13.78517 0.07254 0.32346 3.09154 0.02346 42.6192 
11 17.92148 0.G5580 0.31773 3.14734 0.01773 56.40149 

12 23.29791 0.04292 0.31345 3.19026 0.01345 74.3263 
13 30.28728 0.03302 0.31024 3.22328 C.01024 97.6242 
14 39.37343 0.02540 0.30782 3.24867 0.00782 127.9114 
15 51.18544 0.01954 0.30598 3.26821 0.00598 167.2841! 
16 E6.54103 0.01503 0.30458 3.28324 0.00458 218.4702 
17 R6.50330 C.01156 0.30351 3.29480 0.00351 285.0107 
18 112.45420 0.00889 0.30269 3.30369 0.00269 371.5139 
19 146.19030 0.00684 0.30207 3.31053 0.00207 483.9677 
20 190.04730 0.00526 0.30159 3.31579 0.00159 630.1579 
21 247.06140 0.00405 0.30122 3.31984 0.00122 820.204H 
22 321.17960 0.00311 0.30094 3.32296 0.00094 1067.2650 
23 417.53320 0.00240 0.30072 3.32535 0.00072 1388.4440 
24 542.79290 0.00184 0.30055 3.32719 0.00055 1805.9760 
25 705.63060 0.00142 0.30043 3.32861 0.00043 2348.76q0 
26 917.31900 0.00109 0.30033 3.32970 0.00033 3054.3980 
27 1192.514C0 0.00084 0.30025 3.33054 0.00025 3971.7170 
28 1550.26700 C.00C65 0.30019 3.33118 0.00019 51b4.2220 
29 2015.34600 0.00050 0.30015 3.33168 0.00015 6714.4880 
30 2619.94900 C.00038 0.30011 3.33206 0.00011 8729.8280 
31 3405.93200 0.00029 0.30009 3.33235 0.00009 11349.7700 
32 4427.7C7C0 0.00023 0.30007 3.33258 0.00007 14755.6800 
33 5156.01500 0.00017 0.30005 3.33275 0.00005 19183..3800 
34 7482.81600 0.00013 0.30004 3.33289 0.00004 24939.3900 
35 S127.66000 0.00010 0.30003 3.33299 0.00003 32422.2000 
36 *** **** C.00008 0.30002 3.33307 0.00002 42149.8500 
37 C*€*,***C.00006 0.30002 3.33313 0.00002 54795.7600 
38 ******** 0.00005 0.30001 3.33318 0.00001 71235.3700 
39 ',*"' 0.00004 0.30001 3.33321 0.00001 92607.0000 
40 ****,* 0.00003 0.30001 3.33324 0.00001 **** 
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SESSION 4: ENERGY PERFORMANCE OF THERMAL EQUIPMENT 

INTRODUCTION 

To determine energy conservation potential, it is necessary to evaluate the performance 
of energy-using equipment and systems. The accepted performance indicator is sys
tem efficiency. Energy efficiency can be defined as: 

E - Useful work 
Energy in 

Alternately, industrial energy efficiency can be defined as: 

E = Production per unit of energy consumption. 

Both definitions are used commonly by industry to evaluate its performance. The first 
definition is used when evaluating individual equipment performance; the second used 
in evaluating the overall operation of the plant. 

This session deals with equipment using fossil fuels. The basic functions and performance 

of various types of equipment are first described. An accepted indicator of efficiency 
is then given, together with an outline of how the efficiency can be determined. 

It should be understood that overall plant energy performance is ultimately limited by 
the individual equipment operations; as such, neither can be treated in isolation. An 
example of the interaction is a steam generation and distribution system (see Exhibit 
4.1). Each component of the system can be examined and its energy efficiency measured. 
However, the overall performance of the system can also be determined by considering 
all the individual elements and their relative efficiencies. As each step in the chain 
of energy use is made, the efficiency is found by multiplying successive efficiencies 
together, thereby decreasing the overall efficiency. 

There are several types of equipment using fossil fuels commonly encountered in industry, 

including: 
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Exhibit 4.1 

STEAM CYCLE EFFICIENCY 

DISTRIBUTION SYSTEM 
RADIATION LOSSES 10-15% 
OF TOTAL INPUT 

63rkBOILER STACK 

LOSSES 15-20%
 

CONTROL DEVICE 
738 kJ LOSSES 1-2% I 

626 WJ 

I" PROCESS 

BOILER RADIATION INEFFICIENCY
 
LOSSES 1-3% OF MCR LOSSES 10-15%
 

1055 kJ
 

FUEL IN "-"- 106 kJ 

BOILER BLOWDOWN T CONDENSATE 
LOSSES 1/2-1 % 95COLLECTION 

L _-- - -5 LOSSES 1-2% 

CONDENSATE 
RECOVERED CONDENSATE DISCHARGED TO 

SEWER LOSSES 5-1( 

TOTAL SYSTEM LOSSES= 40% TO 50% 



" Burners 

* Boilers 

" Furnaces
 

* Dryers. 

All of the above have their own efficiency and their performance characteristics are 

discussed below. 

BURNERS
 

Function 

A burner has four main functions: 

* Mixing air and fuel to release the heat of combustion 

* Establishing and maintaining a flame 
o Positioning the flame in an area of useful heat release 

o Controlling the heat release rate. 

The prime function is to combine air (oxygen) and fuel to release the heat of combustion. 
Heat of combustion is called calorific value and is related to fuel composition. Air 
used in combustion generally has the same composition, so the major influence on burn
er design is fuel composition. Fossil fuels contain carbon, hydrogen, and sulfur in vary
ing amounts. Hence, the amount of air required for perfect combustion varies from 
fuel to fuel. Exhibit 4.2 gives some typical data on common fossil fuels. 

Combustion is an oxidation process, occurring naturally at ambient conditions. Under 
these conditions, the oxidation rate is limited; the reaction is not self-sustaining and 
ignition of the fuel does not occur. Ignition and self-sustaining combustion is readily 
identifiable as it manifests itself as a flame. An external source of energy, such as 
spark or flame, is needed to cause ignition and self-sustaining combustion. Hence, burn
ers are designed to establish and maintain a flame without the need for an external ener

gy source once initial ignition takes place. 
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Exhibit 4.2 

Comparative Data (by Weight) for Some Typical Fuels 

lleati-g value 

Fuel 

Btu/lb (and 

Gross 

Btulgal)__ 

Net 

k3/kg 
(and k3/kg) 

Gross Net 

Weighted 
air required 

per unit 
weight fuel 

Weight of combustion prolucts 
per weight of fuel and ft/igal 

CO? HO N2 Total 

Ultimate 
volume % CO 2in dry flue gas 

Natura! gas 21,830 19,695 50,776 45,811 15.73 2.55 2.03 12.17 16.75 11.7 

Propane, natural 21,573 19,886 27,879 25,700 15.35 3.01 1.62 12.01 16.64 13.8 
(91,500) (84,345) (14,175) (13,065) (108.11) (144.39) (682.06) (934.57) 

Butane, refinery 20,810 19,183 26,893 24,791 15.00 3.04 1.53 11.83 16.39 14.3 
(102,600) (94,578) (15,893) (14,651) (124.27) (146.92) (747.18) (1,018.4) 

Gasoline, motor 20,190 18,790 26,093 24,283 14.80 3.14 1.30 11.36 15.80 15.0 
(123,361) (114,807) (19,110) (17,785) (165.1) (166.8) (940.3) (1,272) 

No. 2 distillate oil 18,993 17,855 24,546 23,074 14.35 3.20 1.12 10.95 15.27 15.7 
(137,080) (128,869) (21,236) (19,964) (199.1) (170.6) (1,070) (1,440) 

No. 4; fuel oil 18,844 17,790 24,353 22,990 13.99 3.16 1.04 10.68 14.92 15.8 
(143,010) (135,013) (22,153) (20,915) (206.7) (166.1) (1,097) (1,472) 

No. 6 residual oil 18,126 17,277 23,425 22,327 13.44 3.25 0.84 10.25 14.36 16.7 
(153,120) (145,947) (23,721) (22,609) (236.4) (149.0) (1,172) (1,558) 

Wood, non-resinous 
Coal, bituminous 
Coal, anthracite 
Coke 

6,300 
14,030 
12,680 
12,690 

8,141 
18,131 
16,387 
16,400 

4.90 
10.81 
9.92 

10.09 

1.39 
2.94 
2.96 
3.12 

0.65 
0.49 
0.22 
0.07 

3.47 
8.26 
7.58 
7.73 

5.51 
11.71 
10.78 
10.94 

20.3 
18.5 
19.9 
20.4 

SOURCE: North American Combustion Handbook. 



In the majority of cases, a burner provides heat that is to be transferred to a secondary 

source. Hence, the third function of the burner is to ensure that the flame produced 

is positioned at a point of useful heat release. Flames produced from burning different 

fuels differ in color, temperature, and size. 

A burner must also regulate the heat release rate from the combustion process so that 

combustion is a controlled and safe operation while meeting the demand for heat. 

Efficiency 

Burner performance is evaluated by combustion efficiency.* Combustion efficiency is 

defined as: 

Energy input - total energy losses 
Energy input
 

where energy input = calorific value of fuel (gross basis) 

energy losses = heat carried away in dry and wet flue gases, heat in unburned 

fuel, heat radiated to surroundings, and heat lost by direct 

contact with surroundings. 

If fuel and air were mixed and burned in exact amounts so that all fuel and oxygen in 
the air were used, pcrfect combustion would occur, and the heat of combustion and 
flame temperature would be at maximum values. In practice, this situation (known as 

stoichiometric combustion) is not attained. Either too little or too much air is supplied 

to the burner; perfect combustion does not take place, and efficiency falls. 

Both conditions are undesirable, as they are examples of energy inefficiency. Incomplete 

combustion where too much fuel is supplied is generally undesirable because, along with 
waste of energy, it can cause smoke, excess fouling of heat transfer surfaces, and 

under certain conditions a reducing atmosphere that will spoil a product. 

*The definition of combustion efficiency given here is not strictly true. Rather, it is 
what is conventionally understood as combustion efficiency. 

4-5
 



Most common burners are designed to supply some excess air, which leads to some loss 
of efficiency but without the undesirable effects of smoke and fouling. Too much ex
cess air can also be undesirable, as it can cause flame chilling and promote acid forma
tion in the flue gases a3 well as high energy losses. 

Combustion efficiency can be determined by a gas analysis of combustion products. A 
typical gas analysis will determine the quantities and temperature of carbon dioxide, 
carbon monoxide, and oxygen. More sophisticated analysis techniques also determine 
the quantities and temperatures of hydrocarbons, hydrogen, and sulfur dioxide. 

Gas analysis can be completed using a variety of instruments. Some of these instruments 
are presented in detail in Session 9. A common method used works on the principle 
of selective absorption of the gases by chemical solutions. Such instruments give the 
percentage by volume of the various flue gases components. 

Alternately, instruments that work by sensing changes in conductivity caused by the 
cooling effect of gases can be used. These instruments require regular maintenance 

and calibration to remain accurate. Because of this, they are not commonly used in 
energy audit work. 

Zirconium oxide sensors that produce variable voltage outputs in relation to changes 
in the amount of oxygen in flue gases are becoming popular. This method is particularly 
useful, as in the relation between excess air and measured oxygen concentration is not 
greatly fuel dependent. In addition, to use as analyzers, this type of sensor can be 
employed as part of a combustion control system. 

Gas temperatures are usually measured by a thermocouple or resistance thermometer. 
More 3ophisticated gas analyzers incorporate a temperature measuring element as part 

of the sensor. 

After completing a flue gas analysis and measurement of the combustion air temperature, 
it is possible to calculate the energy losses resulting from non-stoichiometric combustion. 
As burners are used in association with other energy-using equipment (e.g., a boiler), 
the losses due to radiation to the surroundings are not normally considered when 
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*#vr Owib losses are Important when e'aluating 

,• t sourcessuchasburners hot 
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Exhibit 4.3 

UNBURNED COMBUSTIBLE LOSS 

i RADIATION LOSS AIR ENERGY 
Iltl 	 .-- HEATED AIR INPUT 

BOILER, WATERWALLS, 
AND SUPERHEATER~JJll
.. -	 ECONOMIZER 

i 	 --K 
N 

INPUT AIR 

FUELU ENERGY , -----	 - - -I --. i 

HEATER 

FEEFEEDWtE
 

STEAM 	 FEEDWATER 
ENERGY INENERGY OUT 

ENERGY FLOW IN 	A BOILER SYSTEM 

ENERGY LOSS 
IN GAS AND 



Efficiency 

The efficiency of a boiler is defined as: 

Thermal efficiency = Energy in fluid out of boilerEnergy supplied to boiler 

For steam generating boilers, this is: 

Evaporation ratio x heat content of steam at boiler pressure 
Calorific value 

where evaporation ratio = amount of steam per unit of fuel used (kg/kg) 
heat content of steam = heat of steam above feedwater heat content (k3/kg) 

calorific value = heat content of fuel (kJ/kg). 

Boiler thermal efficiency can be determined in two ways. One method is relatively sim
ple and involves a flue gas analysis similar to that for determining combustion efficiency. 
The second method involves the use of installed flow meters for measuring steam pro
duced steam pressure, feedwater flow, feedwater temperature, fuel use, and raw water 
makeup. Conditions are monitored over a period of time, and subsequently, the thermal 
efficiency can be determined. Metering instrumentation may not be used by the energy 
auditor who is making an initial evaluation. Plants sometimes have installed most, if 
not all, of the above metering. Where this is the case, regular monitoring of the 
meters will give the most accurate indication of efficiency. 

If suitable metering is not available, boiler efficiency can be assessed by a loss method 
based essentially upon a flue gas analysis. The losses are subtracted from the heat in
put giving the output, and efficiency is expressed as the ratio of output to input. 
Losses that are measured are losses owing to sensible heat in the exit gases, losses 
owing to latent heat in the exit gases, losses owing to incomplete combustion, losses 
from external surfaces of the boiler, and losses owing to boiler blowdown. 

Instrumentation used is similar to those for determining combustion efficiency. Addi
tional instrumentation is required to get data relating to radiation losses from the ex
ternal surface of the boiler and to obtain information to estimate the blowdown rate 

from the boiler. 
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Radiation losses occur because the outer surfaces of the boiler are at a higher tempera

ture than their surroundings. It is necessary to measure the temperature of the surface 

of the boiler and the ambient air temperature. Because boilers operate at fairly con

stant pressure/temperature, the radiation loss is essentially a constant quantity of heat 

irrespective of load. As a percentage of the heat input, the radiation loss varies in

versely with the load, so this form of loss becomes larger at low loads. For example, a 
I-percent radiation loss at full load becomes 2 percent at half load and 4 percent at 
a quarter load. Exhibit 4.4 shows the efficiency variation with load. The effect of 

radiation loss begins to become significant at loads less than 25 percent of the full load. 

Typical blowdown losses can be determined from the dissolved solids level of boiler 

feedwater and boiler shell or drum water. Dissolved solids in boiler water form scale 

on heat transfer surfaces of a boiler, thereby reducing heat transfer from products of 
combustion to the water. Boilers are fitted with blowdown valves that are opened at 
regular intervals to remove water directly from the shell of the boiler to reduce the 

level of dissolved solids. Obviously, a compromise between the amount of blowdown 
and dissolved solids is required for efficient operation. Recommended standards for 

different boiler operating conditions are shown in Exhibit 4.5. 

Boiler water and feedwater conditions are checked using an electrical conductivity de

vice. It is necessary to cool the boiler water sample to the same temperature as the 

feedwater, as conductivity varies not only with dissolved solids concentration but also 

with temperature. 

FURNACES
 

Function 

The function of a furnace is to heat materials. There are two distinct purposes for 

operating furnaces. One is to bring about a chemical change or change of state in 
the material. The second purpose is to heat the material to a temperature where physi

cal but not chemical changes occur. Examples of the first type of furnace operation 
include glass smelting, vitrification of ceramic products, or coking of coal. Examples 

of the second type include heat treatment furnaces. 
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Exhibit 4.4 

Boiler Efficiency - Load Curve 
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Exhibit 4.5
 

Recommended Total Dissolved Solids (TDS) 


Type of boiler 

Packaged firetube 

Vertical 

Watertube Psi 

0-200 

201-600 

301-600 

601-900 

901-1,10 

1,100-1,500 

Levels for Boilers 

Tr3S (ppm) 

3,500 

Bar 

3,500 

0-13.8 

13.8-20.7 

20.7-41.4 

20.7-62.1 

62.1-75.9 

75.9-103.5 

4,000 

3,500 

3,00-2,000 

2,000-1,400 

1,400-1,000 

1,000-750 



Furnaces operate at relatively high temperatures. The temperature used depends partly 
on the material being heated and, for a given material, partly on the purpose of the 
heating process and subsequent operations. 

Furnaces use two methods of obtaining high temperatures: combustion of fuel and con
version of electrical energy into heat. Fuel combustion is the more common method 
because of relative fuel cost differences. However, electricity can offer advantages 
that cannot be measured in terms of fuel cost, including faster heating (and thereby 
production rates), reduced fouling and slagging heated material, and easierof control. 

Electricity is used in the following manner: 

" Material to be heated acts as a resistance heater 
" Separate resistance heaters use traditional heat transfer methods to trans

fer heat 

" Material is heated by induction. 

This session covers the use of thermal equipment only, so electrical furnaces are not 

discussed further. 

Furnaces are classified as either batch or continuous on the basis of operation. Batch 
furnaces operate at a constant furnace temperature, with the material or stock (in the 
same position throughout) the heating cycle, whereas continuous furnaces move stock 
through the furnace during the heating cycle. Specific furnace types and their operation 
are discussed in detail in Session 12. 

Furnaces are constructed in a similar manner. They have a hearth, on which the stock 
is heated, walls, and a roof. To prevent overheating of the furnace foundation and 
the hearth, often the hearth is ventilated. In continuous furnaces, the means of passing 
t:', material through the furnace forms an integral part, if not all, of the hearth. An 
example is the deck of a kiln car on which stock is placed. The deck is of remade 
fractory, and adjacent cars abut to form a continuous hearth. Fuel and air are supplied 
through burners or through ports. Burners fire through burner tubes, and combustion 
products are exhausted via vents and flues to the stack. Furnaces are built using 
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firebrick and insulating materials or lightweight firebrick that can be used to reduce 

heat losses. 

Efficiency 

A similar measure of efficiency to that of a boiler is used for furnaces. Furnace effi

ciency is defined: 

Ef ficiency = Heat in 
Heat input 

stock 
from fuel 

The heat in the stock is calculated from stock temperature -- measured by pyrometer 

-- the thermal properties, and mass of the stock. This information is related to the 
fuel consumed to calculate the efficiency. Thermal efficiencies or heat balances are 

often presented pictorially in a Sankey diagram. An example is shown in Exhibit 4.6. 

Calculating furnace efficiency yields low thermal efficiencies when compared to other 
equipment. Typical boiler thermal efficiencies can range from 60 to 90 percent, whereas 

furnace efficiencies can be as low as 5 percent and typically range from 15 to 45 per

cent. A better indicator of furnace efficiency is the energy consumption per unit of 

output.
 

One of the main reasons for the relative inefficiency of furnaces is the relative tem

perature differences involved in the material heated. Heat transfer can only take place 
from a hot to a cold sink; hence, furnace exit gases must be at a high temperature if 
the stock is to be heated to a high required temperature. Exhibit 4.7 indicates typi

cal heating temperatures in furnaces. The range is 149 0 C to 1,427 0 C, whereas process 

boilers operate primarily at temperatures of 1490 C to 2600C. 

Alternatively, furnace efficiency can be calculated by estimating losses, namely flue 

gas and walls losses. The heat content of furnace exhaust gases can be determined by 
flue gas analysis and an air flow measurement. Care must be taken when making a 
gas analysis of furnaces because high excess air rates are sometimes used in furnace 
operations. Excess air levels of 200 percent and above cause inaccuracies in the gas 

4-14
 



Exhibit 4.6 

Sankey Diagram 
of 

Furnace Heat Balance 

Radiation/Other Losses = 44 kW 

Wall =800 M 

Heat Inputs= 

3066 kW 

Furnace Exhaust= 

1207 kW 

Heat to Billet 
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Exhibit 4.7 

Temperature Requirements in Furnace Operations 

Heating process or 

subsequent operation 

Drying steel wire 

Drying lacquer 

Tempering in oil 
Tempering high-speed 

Annealing aluminum 

Cracking petroleum 

steel 

Heating aluminum 

Annealing glass 

Annealing copper 

Strain relieving 

Heating brass for 

for rolling 

rolling 

Annealing high-carbon steel 
Glazing porcelain 

Glost-firing porcelain 

Bisque-firing porcelain 

Calcining limestone 

Burning firebrick 

Burning portland cement 

Glass melting 

Highest temperature 
during heating process 

oc (OF) 

149 (300) 
149 (300) 

260 (500) 
332 (630) 

399 (750) 

399 (750) 

454 (850) 
621 (1,150) 

621 (1,150) 

649-704 (1,200-1,300) 
787 (19450) 

816 (1,500) 
999 (1,830) 

1,121 (2,050)
 

1,232 (2,250)
 

1,371 (2,500)
 

1,315-1,482 (2,400-2,700)
 

1,427 (2,600)
 
1,427 (2,600)
 



analysis. When these conditions occur, a direct measurement of flue gas flow rate and 

temperature must be done. 

Wall losses are dependent on furnce operation. If a furnace operates continuously, 
steady-state heat transfer conditions exist. The heat loss can be calculated as follows: 

Q = C (Ti - T,) K (To - Ta) 

where Q = heat transmitted (W/m2 ) 
Ti = temperature of inside wall (oc) 

To = temperature of outside wall (OC) 

Ta = air temperature (oc) 

C = conductivity of wall material (W/m OC) 
C = coefficient of heat dissipation from outer surface (W/m2 oC) 

S = wall thickness (m). 

Because of the relative importance of furnaces and common construction materials, 

charts have been developed based on various inside wall temperatures. A sample is 
shown in Exhibit 4.8, where wall losses can be predicted by measurement of the inside 

wall surface temperature. 

The wall Furface temperature can be measured using an infrared pyrometer. Pyrometers 

are hand-held instruments that measure radiation from hot surfaces. They can measure 
tempe.ratures in the range of 1,6490 C to 2,7600 C. The pyrometer is pointed at the 
hot surface, and the radiant energy from the surface acts on a sensitive actuating 
thermocouple, thereby causing a small voltage to be generated. The voltage is given 
directly by the instrument as a temperature. 

When using the instrument, care must be taken to ensure that potential radiation 
absorbers such as the furnace gas atmosphere or glass in spy holes do not absorb too 
much radiation or that non-black-body radiation conditions do not exist. Pyrometers 
must be handled very carefully, kept clean, and calibrated at regular intervals. Care 
must also be taken not to overexpose them to radiation. 
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Heat losses from the structure of the furnace also occur owing to intermittent operations. 
The furnace structure stores a certain amount of energy that does not dissipate when 

the furnace is in continuous operation. This is reduced by limiting the thermal capacity 
of the structure. Furnaces that are operated for a short periods followed by long idle 
periods can be built with thin walls of insulating refractory. 

Estimating this loss requires consideration of furnace cycle time and the ratio of oper

ating hours to idling hours. An exact calculation is complex, and in practice is rarely 
completed. An approximation can be made by using a chart from a chart, such as 
that shown in Exhibit 4.9, that shows intermittent loss as a percentage of steady-state 
wall loss. The chart shown uses certain parameters (i.e., a time ratio and a physical 

property ratio) that can easily be calculated and expresses their relationship graphically. 

The ratio of time is calculated on a cyclic basis such as weekly or monthly. The ratio 

used is: 

Ratio - Operating time 
Operating time + dead time 

where dead time = hours that furnace is shut down or idle. 

The numbers on the curves denote the dimensionless physical property ratio: 

Diffusivity of wall material x length of cycle 

(Wall thickness) 2 

Properties of refractory materials are contained in Exhibit 4.10. 

Two other areas of loss from a furnace are losses owing to radiation from openings 
and losses owing to furnace gases escaping around doors. These losses are usually small 
and are controllable, to a certain extent. Openings can be kept to a minimum and 

door seals kept in a good state of repair. 
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Exhibit 4.9 

Estimating Intermittent Wall Loss Chart 
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lExhibit 4.10 

Properties of Refractories 

Brick type 

Fireclay brick 

Silica brick 

Red brick 

Silicon carbide 

Magnesite 

Sillimanite bricks 

Mullite bricks 

Averge 
density, pcf 

120-130 

105-125 

(110 soft burned) 
(139 hard burned) 

130-155 

160-165 

150-156 

135-180 

Specific heat at 
temperature T, 

or (mean between) 
0°F and T°F) 

(0.20 + 0.000035 T) 

(0.19 + 0.000039 T) 

0.200 at 500°F 

0.18 at room temp. 

(0.255 + 0.000033 T) 

0.20 at room temp. 

Diffusivity, ft2 /hr 

0.0204 at 1,400OF 

0.0262 at l,400°F 

0.233 at 2,000°F 

0.0455 at 1,4000 F 

Kaolin bricks 

Chrome bricks 

Concrete bricks 
(tamped, 1:2:5) 

Diatomaceous bricks 

130 

180-195 

150 

25-30 

(0.20 + 0.000031 T) 

(0.18 + 0.000019 T) 

(0.156 at 140 0 F) 
(0.219 at 770°F) 

0.18 at 1,000°F 

0.023 at 1,400°F 

0.0304 at 4000 F 

0.017 at 700°F 

Calcined 
bricks 

diatomaceous 
36-44 (0.17 + 0.00003 T) 0.0193 at 1,000°F 

Lightweight (insulating)
firebricks 32-55 Same as fireclay 

T = temperature, OF. 

Zonversion factors: Btu/lb 
ft 2 

= 
= 

2.328 kJ/kg 
0.0929 m 2 

OF = °C; subtract 32; multiply by 5/9. 



DRYERS
 

Function 

The basic function of a dryer is to remove volatile substances from materials by thermal 

means to: 

* 	 Produce a material in a desired condition for further processing, han

dling, or sale 
e 	 Reduce its bulk or weight for economic further processing, handling, or 

transportation 

* 	 Recover byproducts from slurries or solutions 

* 	 Sterilize or preserve the product. 

Drying is completed in several ways: 

* Evaporation, either by direct heating or by air drying
 

e Dehydration and freeze drying
 

* 	 Dielectric drying. 

Many materials are dried, including paint, paper and fiberboard, foodstuffs and phar
maceutical products, ceramics, cement, enameled products, and textile goods. 

Dryers operate either on a batch or continuous basis. Essentially, dryers can be classi
fied either as convection dryers, or contact or conduction dryers. Examples are given 

in Exhibit 4.11, and are discussed in more detail in Session 13. 

Convection dryers are sometimes referred to as direct dryers because the evaporating 
medium, usually air or hot gases, impinges upon or makes direct contact with the ma

terial to be dried. Contact or conduction dryers are occasionally referred to as indirect 
dryers because evaporation takes place after heat has been supplied by conduction 

through a metal wall or plate. The classification system is a broad one, and some dry
ers are a combination of both categories. 
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Exhibit 4.11 

Types of Dryers 

Dryer type 

Convection dryers 

Drying rooms 

Cabinet dryers (tray, etc.) 

Conveyor dryers 

Tunnel dryers (truck) 

Rotary dryers 

Vertical cylindrical dryers 

Spray dryers 

Air-swept rotary mills 

Pneumatic dryers 

Contact dryers 

Platen dryers 

Cylindrical dryers 

Vacuum dryers 

Freeze dryers 

Specialized dryers 

E.g., fluidized-bed, radiant, high-frequency dryers 

Principal mode of operation 

Batch, continuous, semi-continuous 

Batch 

Continuous 

Continuous, semi-continuous 

Continuous 

Continuous 

Continuous 

Continuous 

Continuous 

Batch 

Continuous 

Batch 

Batch 

Batch, continuous, semi-continuous 



There are two other types - the radiation dryer and the dielectric dryer, but these 

are not discussed here. Because most dryers deal with evaporation of water from a 

material, the efficiency presented is one for those evaporating water by thermal means. 

Efficiency 

The thermal efficiency of a dryer is expressed as: 

Efficiency = Heat required to evaporate fluid from materialFuel input 

In drying operations, heat must be supplied to: 

" Heat the incoming air 

" Warm the material being handled 

* Heat up the water in the incoming material and evaporate it as required 

* Make up for heat losses by convection, radiation, and air leakage. 

When efficiency is considered, only heat used to remove water from the material is 

useful. 

Dryer efficiency is sometimes expressed in terms of mass of water evaporated per unit 

of energy consumed. This definition can be misleading because final moisture contents 

vary with product specification. One of the major causes of energy waste is overdrying 

of product. 

Dryer efficiency is determined by completing an energy or heat balance for the dryer. 

Completing a dryer heat balance involves measuring a number of different items and 

knowing certain properties of the material being dried. Information required includes: 

* Material moisture content before and after dryer 

o Fresh air dry bulb/wet bulb temperature 

o Exhaust air dry bulb/wet bulb temperature 

o Heat supply to heat fresh air 

* Air flow rate 
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" Material specific heat 

* Material throughput
 

" Material temperature before and after dryer.
 

Using the above information and psychrometric charts, it is possible to balance mass 
and energy flows through the dryer. Psychrometric charts are compilations of the 
properties of mixtures of air and water. 

Psychrometric charts detail the following properties: 

e Dry bulb temperature 

e Wet bulb temperature 

* Moisture content 

* Percentage saturation 

* Total heat of mixture 

* Specific volume of mixture
 

e Dew point
 

e Vapor pressure.
 

Sample charts are presented in Exhibits 4.12 (with temperature scale in degrees 
Fahrenheit) and 4.13 (with temperature scale in degrees Celsius). The various curves 
shown enable other properties to be determined, provided two conditions are known. 

Heat losses from the drying process are balanced by heat input. Hence, it is possible 
to determine the losses from the structure of the dryer by the difference. 

Drying is a relatively common industrial process, and information on materials being 
dried is available from standard texts. Some specific heats of common materials are 
given in Exhibit 4.13. The moisture content of the material can be determined by taking 
a representative sample of the material before and after the dryer and weighing them. 
Both samples should then be dried until no more moisture can be remov2d from them. 
They are then reweighed. Hence, moisture contents for both samples can be determined. 
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Exhibit 4.12 PSYCHROMETRIC CHART 
High Temperatures 
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Exhibit 4.12
 
Psychrometric Chart (based on a Barometric of 1013.25 mbr)
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Exhibit 4.13 

Specific Heats of Common 

Material 

Air 
Alumina 
Alumina 
Aluminum 
Brickwork 
Carborundum brick 
Cellulose (dry) 
Cement 
Chalk 
Charcoal 
Clay (dry) 
Coal 
Coke 
Concrete 
Concrete 
Copper 
Cork 
Firebrick 
Flue gases (average) 
Fuel oil 
Gas oil 
Glass silicate 
Glass silicate 
Glass wool 
Graphite 
Ice 
Ice 
Iron 
Kerosene 
Leather 
Limestone 
Magnesia brick 
Magnesia brick 
Mercury 
Quartz 
Rubber (vulcanized) 
Rubber (loaded) 
Salt (rock) 
Silica brick 
Silica (fused) 
Silk 
Steam 
Stoneware 
Sugar 
Sulfur 
Tin 
Water 
Wood (soft) 
Wood (oak) 

Materials 

Temperature 
°C 

Up to 3000 C 
1000 C 

1,500 0 C 
Up to l00°%, 

Up to IO0°C 

Up to 100°C 
Up to 100 0 C 
Up to 100°C 

== 

Up to 156 0 C 
Up to 800 0 C 
Up to 600 0 C 

Up to l,0000 C 
Up to 350 0 C 

Up to 100 0 C 
Up to 7000 C 

-10° C 
-60 0 C 

Up to 400 0 C 
-= 

=-

100 0 C 
1,5000 C 

350 0 C 

Up to 450 C 
Up to 1,5000 C 

Up to 600 0 C 
Up to 100 0 C 

200 C 

150 C 

Specific heat at
 
constant pressure cal/g/K
 

0.248 
0.23 
0.27 
0.23 
0.2 

0..' -0.20 
0.32-0.37 
0.19-0.20 

0.19 
0.16-0.24 

0.22 
0.25 
0.26 
0.16 
0.22 
0.102 
0.49 

0.23-0.26 
0.24 

0.4-0.46 
0.48-0.49 
0.19-0.20 
0.24-0.26 

0.16 
0.2 
0.53 
0.39 
0.13 
0.47 
0.36 
0.22 
0.22 
0.20 
0.033 
0.28 
0.42 

0.27-0.48 
0.22 

0.20-0.23 
0.32 
0.33 
0.48 
0.19 
0.27 
0.20 
0.055 
1.00 

0.42-0.65 
0.57 

http:0.42-0.65
http:0.20-0.23
http:0.27-0.48
http:0.24-0.26
http:0.19-0.20
http:0.48-0.49
http:0.4-0.46
http:0.23-0.26
http:0.16-0.24
http:0.19-0.20
http:0.32-0.37


Moisture contents can be expressed in terms of either the "wet" or "dry" basis. However, 
the "dry" basis is a much less confusing indicator and should be used. The difference 
in moisture contents of the material samples is indicative of the amount of moisture 
removed in the dryer. 

Air temperatures are measured using dry and wet bulb thermometers. A wet bulb 
thermometer is basically a dry bulb thermometer that is covered with a wet cloth (see 
Session 9). The wet bulb temperature is the dynamic equilibrium temperature reached 
by a water surface exposed to air when the transfer rate from the air to the water 
equals the rate at which the latent heat of water evaporated is carried back to the 
air stream. 

Air flow in the dryer can be measured by use of a pitot tube. The pitot tube is basically 
a velocity measuring device and measures the impact pressure of the air flow as the 
difference between the sum of static and impact pressure and static pressure alone. 
Because the velocity profile is not uniform across a duct, it is necessary to traverse 
the duct and take a series of point readings, which are then averaged. By virtue of 
knowing the velocity and the duct geometry, the air flow rate can be determined. 
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Steam generation
 

Industrial boilers:

What's happening today
 

Pollution control, operator training, and fuel handling are just some of the
 
problems generated by the massive move to coal and waste fuels
 

oal. coal. and vet more coal is 

what's happcning to industrial 
boilers today. While existing oil-

designed industrial packaged boilers arc 
unsuitable for burning this fuel. coal-
designed boilers that 15 years ago were 
converted to oil or gas are fast reverting 
to the lower-cos: fuel. But wherever new 
steam-gencrating facilities are planned. 
the economics of coal is overwhelming, 
Even a petroleum-relining facility has 
installed its first coal-fired unit. 

This rush to coal is not without its 

problems, however, not the least of 
which is the absence of coal-firing expe-
rienzc among today's operators and 
supervisors, most of whom were raised 
on oil. Two papers at the ASME Indus-
trial Power Conference address this 
problem, while still another covers expe-
rience firing the still more difficult 
refuse-derived fuel. In this latter case. 
the boiler is also designed to burn coal, 
which now becomes the premium fuel. 

Oil refinery iftall-s 
coal-fired boiler system 

By W R Ketlerman, CRA Inc, and D A Heinzmann, McBurney Corp 

A coal-fired steam plant is a different 
kettle of fish to build and operate from 
one firing oil or gas In 1977, CRA Inc 
decided to proceed with the installation 
Of a 10(0.000-lb,,hr. 650-psig. coal-fired 
boiler at its Cofcvville (Kan) refinerv to 
replace oil and gas tiring for the produc-
lion of slean 

Specifications were initiall% prepared 
I'or two 150.000-lb/hr boilers and quota-
tion requests made to ftirms that would 
engineer and construct the boiler-related 
equipment. while CRA personnel re-
tained control for installation of feedwat-
er. vard coal handling, site preparation. 
and utilitN tie-ins. The quoted cost for 
two boilers was too high. and a revised 
project bid was requested for one 
I90..000-lbihr. 650-piegiSQ6F steam 
generator 9ccause of the lower cost for 
one largcr unit. a single boiler was select-
ed atnd ai turnke, eninccrine'construc-
tion order placed 

The boiler systcm included a coal-yard 
hopper for truck unloading. a coal silo. 
coall scaile boiler. travelinu-Lrate 
Reprinted from
Power oclobe" i982 

spreader stoker, pneumatic ash disposal. 
fabic filter, and ash silo. Additional 
equipment included deacrator, boiler-
feed pumps, rail unloading system, and a 
dragline coal-storage/reclaim system. 

Provisions in the plot plan were made 
for a future boiler and for future dry SO: 
re.noval. 

Spreader stoker vs pulverized coal. It 

U -

L 

was decided that the added first cost 

involved with a pulverized-coal-fired 
plant over a spreader-stoker-fired plant 
could not be justified by the difference in 
,oal costs and the higher efficiency nor
mally expected with a pulvcrizcd-coal 
unit. In addition. CRA had been firing 
the easy fuels of natural gas, refinery 
gas. and fuel oil in its steam plant. and 
the switch to coal tiring by spreader 
stoker was felt to be less prone to disas
trous explosions in the ductwork and 
firebox than a pulverized-coal system. 

Fabric filter vs precipitator. The
 
installed costs for a Fabric filter were
 
determined to be lower than for an elec
trostatic precipitator. In addition, per
formance of the bag filter for coal with 
varying sulfur content was expected to 
be superior. At the time that CRA pre
pared specifications, the coal source was 
not known, and four different coals with 
vrying properties were specified for 
use. 

In addition to major equipment and 
systems, the following items are perti
nent to the installation: 

An economizer is used to reduce boiler 
exit-gas temperatures to 336F at the 
190.000-lb/hr rating. There is no air 
heater. The stack temperature is as low 
as was felt practical without causing 
sulfur corrosion in the economizer, duct
work. and fabric filter. Provisions were 
made for future air preheat with boiler 
blowdown or exhaust steam. 

Steam turbines are used extensively in 
the installatitn and include: induced
draft-fan drive. forced-draft-fan drive. 
one feedwater-piimp drive, backup drive 
on hvdraulic system to power traveling 
grate, and backup drive for coal distribu
tors. 

There is no mechanical collector 
included in the installation The collector 
would have added pressure drop to the 
system without adding to the particulate
removal elficienc%. The flue Las from the 

( 



economizer enters directly into the fabric 
filter, 

The stcam-plant installation is out-
doors, with only the control-room enclo-
sure to house items of instrumentation 
and control. 

A steam-jet ejector, rather than a vac-
uum pump, was selected to establish a 
vacuum on the ash-handling system. 
Uncertainty of vacuum-pump durability 
in the ash service, together with higher 
initial cost. entered into the decision for 
use of a steam ejector. 

The gas-to-cloth ratio on the fabric 
filter with all the modules in service is 
1.65:1. With one module in cleaning with 
reverse air, the gas-to-cloth ratio is 
2.28:1. This gas-to-cloth ratio is conserv-
ative and was expected to provide moder-
ate pressure drop and full capacity with 
one compartment off line. 

Four different coals were specified by 
analysis as the design basis for the unit. 
The boiler manufacturer based the 
design on the worst coal in terms of ash 
content, heating value, slagging, and 
fouling conditions. The stack is 150 ft 
above grade and gunnite lined to reduce 
corrosion. Stack material is Corten. 
Sample ports and platforms are located 
at 60 ft and 100 ft. 

The coal-fired boiler was placed in 
operation in June 1981. after approxi-
mately two months of startup, testing, 
and checkout of all equipment. One 
delay that was much longer than 
expected, and not foreseen originally to 
be a problem, was the testing of steam-
drum relief valves. Relief-valve seats 
were damaged and had to be remachined 
before reseating could be accomplished, 
The delay afforded several weeks of 
opeirator instruction while final details of 
the boiler system were completed. 

Refinery steam balance is afTei:ted 
substantially by the introduction of 650-
psig steam into a plant system that was 
formerly operated on 275-psig. I50-psig, 
and 10-psig steam. Eight turbines were 

installed to drive continuously onerating 
equipment and to reduce 650-p,,ig steam 
to 150 psig. A pressure controller for 
650-psig to 27 5-psig steam was installed 
to supplement the 275-psig boiler svs-
tem. It appears that the originally 
planned steam balance may be nearly 
correct. 


However. if operating problems or 
other factors cause the 650-psig boiler 
supply to be shut down, the disruption of 
operations would he substantial. 
Changes would have to be made to 
standby equipment, not operating at 
650-psig. in order to maintain operation 
of the refinery. Dual-pressure turbines 
have solved a part of this problem, but 
quick respinse with manual changing of 
large valves is a must to maintain the 
process operation. 

Operating and maintaining a coal-
tired boiler is more complex and expen-
sive than operating a gas- or oil-fired 
unit. The fabric-ti!ter system has been 
exceedingly effective. Only five of 1I 16 
bags have failed in 10 months. Pressure 
drop is nominal. The stack gases are not 
visible, having a normal opacity of 2-
3%. 

The boiler is completely instrumented 
and has a full complement of shut-down 
devices intended to provide safety to the 
equipment and operators. This high 
degree of instrumentation created a need 
for more instrumentation maintenance 
and attention than would be normal on a 
less completely instrumented installa-
tion. 

During the nine months the boiler 
system has been in operation, operators 
who had never seen a coa!-fired boiler, 
and only one of whom had operated a 
boiler system before, have received a 
liberal education in the operation of the 
system. It is apparent that the tempering 
period over the past year has produced a 
capable. experienced operating group 
that reacts to system demands to main-
tain competent operation. 

Training is key to sartup 

of new coal.fired powerhouse 


By F W Scott and H G Ruiter, Du Pont Co 

A high degree of teamwork between Du 
Pont Co's Central Engineering Dept and 
its local operating department was essen-
tial for the successful installation of a 
new $40-million pulverized-coal-tired fa-
cility at Cape Fear. NC T.%,o IS5.t0(-
lb/hr. 7n0-psig. field-erected boilers 
were planred to replace packaged boilers 
burning No. 6 oil. 

Normally. local operatini, depart-
ments do not have the responsiblit, nor 

the expertise to design this kind of facili-
tv. The Central Engineerirg Dept was 
responsible for design of th,. powerhouse. 
But as design neared completion. the 
operating department participated in 
design reviews and vendor selection The 
actual situation at a plant ho, i good 
de:il of impact on design. For example. 
at Cape Fear. the second am.; third shif'ts 
.are without supervision, And only t small 
maintenance crew co'crs the entire site. 

Obviously, this situation has an impor
tant bearing on design, which must 
incorporate enough redundancy in 
pumps, controls. etc. to provide continu
ity when something malfunctions. 

A second example has to do with 
control schemes. In the marketplace 
today, a varying degree of automation is 
available on burner-management sys
tems and boiler controls. The operating
department philosophy needs to be con
sidered as decisions are made about 
these systems. 

A good job in design liaison requires a 
careful balance between too mrch and 
too little involvement. Too much can 
quickly run up costs and delay schedules. 
Too littletard'y involvement haveor can 
the same effect because of" late design 
changes. 

Training of operating and mainte
nance personnel is the most important 
prestartup task. \ perfectly designed 
and constructed I'acility will have prob
lems with safety and continuity if the 
people ope-ating and maintaining itare 
not properly trained. This was the largest 
task at Cape Fear since there was very 
little coal-burning expertise among su
pervisory personnel and no previous coal
burning experience among operators and 
mechanics. 

The approach and commitment to 
training was to assign p,iple to the proj
ect early and to seek the best training 
available. Supervisors were assigned 12
18 months prior to startup: mechanics 
and operators were available for training 
nine months before startup. 

The first step in organizing training 
was to develop individual technical 
development programs for each member 
of the supervisory stall assigned to the 
startup team. The individual, together 
with his supervisor, developed this pro
gram and reviewed it monthly to monitor 
progress and make refinements as more 
information became available. Next. 
training programs were developed for 
operators, control technicians, and me
chanical technicians. Each program con
sisted of some 400 hours of organized
tramnn.
 
The supervisoryatain v.sited similar
 

nstallaions to 'get ideas or design
 
improvement. Most facilities visited were 
owned by companies other than Du Pont. 
and these organizations were very willing 
to share information. Design and con
struction engineers also participated in 
these tours. In some cases. aIsecond visit 
was made to observe a pulveri'er over
haul or some other significant event that 
offered a learning opportuiit. 

Vendors offer goad training 
%lost companies spplying equipment 

for the project have formal (rainiie 'ro
grais tvailablc. (ape Fcar personnel 
participated in these programs to the 



maximum extent possible. Bcfore an 
ordcr for equipment w's placed. the sup-
plier's service arrangements and qualit. 
of trainine were analy7ed. The Cape 
Fear plant had traditionally trained onl 
supervisors in the vendor schools. then 
used these people I0 train opcrators and 
mechanics on the same subject in-plant. 
As training needs for the coal conversion 
were analyzed. it became apparent that 
this approach would not take advantage 
of the best training available, so the 
decision was made to send not only 
supervisors but also operators and 
mechanics to training programs for cer-
tain equipment. 

Training that could be el'ectivel%con-
ducted in-plant was held there. This 
included packaged "power-operator" 
training, consisting primaril\ of pro-
grammed-instruction courses. Such 
courses are designed to give operators 
and mechanics fundamentals of power-
house operation and maintenance 
through self-taught, self-paced instruc-
tion. These courses, developed by Du 
Pont personnel, can be used at any pow-
erhouse location. 

Man\ manufacturers have developed 
video tapes that teach operation and 
maintenance of their equipment. Several 

werc purchased prior to startup. This 
training material has the advantage of 
providing retraining at any time. The 
video tapcs and viewing equipment are 
kept in the powerhouse operating area. 
w%,here operators and mechanics are 
encouraged it)view them as needed. 
Also. as preparations are made for over-
haul of a pulverizer. for example. the 
group to do the work will review appro-
priate video tapes. 

As startup approached. every major 
system was checked out by the manufac-
turcr's startup engineer. While the engi-
neer was on location, his services were 
used to do some training, which ranged 
from four hours to two days. and was 
usuallv a combination of hands-on and 
classroom training, 

Supervisors and mechanics partici-
pared in the functional testing of instru-
ment panels prior to shipment from the 
manufacturer's plant This was a valu-
able training opportunit, for the people 
who will later be involved in faclits, 
checkout and startup. The testing also 
proves that the panel will do what Itwas 
designed to do. If problems are encoun-
tered. troubleshooting and correction al 
the manufacturers facility are com-
plctcd under the best conditions, 

refuse.derived fuel 
By C Stodolka, Hooker Chemical Co, 
and P J Adams, Foster Wheeler Ltd 

industrial 
built to operate on refuse-derived fuel 
IR DF prepared on site is nom operating 
continuousl\ ai Hooker Chemical Co. 
Niagara Falls. \Y \,fan\ problems 
Involved in burning this dillicult fuel 
have no\%been substantiall\ solved. 

The prima r\ cause of the problems 
experienced during st.hrtup of the steam 
plant was the dilference between the 
specilfied Iuel and the actual fuel 
received from the refuse-preparation 
plant. \nother problem was the high 
,luanrit\ of ash in RDF. which affectcd 
the system because of its volume and 
because of the wear it caused. Large 
quantities of .%ire and rags in the fuel 
presented another potentiml problem. 
This inihi have been worse if an carl\ 
decision had not been made to pick out 
houschold appli nccs. truck tire,,. and 
sot.,. before shreddine 

The Ito IHooker steam generalors ire 
conerltriali tfp-,upported. t\ o-drum. 
batllcless unis, lired b\ spreader stokers 
\witin cutrntlrtil-,h-tli-eharc, c rates 
The front will of each unit INcquippcd 
wit Ih rms of cigch Iccder, each, the 

The first boiler designed and 

ito 

lower row consisrtng of pneumatic dis-
tributors for refuse distribution. The 
upper row consists of mechanical distrib-
utors for coal. The units were designed to 
be fired to full capacity with either coal 
or RI-)F or a combination of both The 
furnaces are also equipped with oil and 
gas burners in the rear wall Some 
hydrogen may also be burned 

Furnaces arc of'weldcd-wall construe-
tion, and boiler convectiu-, banks consist 
of 2.5-in.-diameter tubes. swaged top 
and bottom. The system includes econo-
mi7ers, hot electrostatic precipitators.
and recenerative air heaters. Based on 
worldwide experience in burning munici-
pal refuse, considerable conservatism 
was speceilied in the design. 

Fuel distribution. While RDF is rca-
sonabl\ homogeneous, there isate nden-
c.\for the heavier particles to fall close to 
the front of the grate., while lighter parti-
cs _,encrAlt burn .ihovc thc grate 

('inkcrtr'.2 w;as experienced ,is.I result of 
the poor front-to-back distribution To 
,olvc this. under-distributor ir lets were 

utors to loft the fuel towards the rear. 
Care must be taken that too much fuel 
does not hit the rear wall. 

The fuel-feeding system must be tai
lored to the fuel, particularly the large 
quantit% of wire and rags. Live-bottom. 
bin screws are cleaned weekl% at Hooker. 
Chutes between live bottom bins and 
stoker distributors are being enlarged. 
Wire is regularly removed from under
neath the stoker grate. Rotary valves 
under the stoker sifting hoppers have 
been replaced by slide gates. 

A grate speed of up to 30 ft/hr has 
been found necessary to handle the 
extreme quantity of ash. Grate wear is so 
heavy that a replacement grate may be 
needed every Year. instead of the 
expected live-year interval \sh hoppci! 
and ash-handlinu system have rquirt,; 
considerable labor. 

Combined coal/RDF i;ring has beei 
sc rousl\ all'coted by the large quantit\ 
or ash. Since grate speed must be kept 
high to handle RDF ash, unburned coal 
is dropped into the ash pit This problem 
has been resolved b% simpl, tiring the 
fuels separatelN. that is.firing RDF until 
it is exhausted, then properl\ adjustrini, 
for tiring coal alone. This is satisfactoiv 
because it is desirable to burn all avail
able RDF before tiring coal. 

Superheater erosion has resulted from 
the combined etrect of sootblower use 
and the highly erosive ash quantity. Thi 
retractable sootblower picks up particles
from the furnace arch and blasts adja
cent tubes. To solve this. sootblower 
pressures and blowing frequency havc 
been reduced as much as possible. and 
sootblower alienment is carefullv 
checked. Special provisions have asu 
been made for warmup and draining of 
the sootblower svstem. In addition, open
ings in the arch tide. designed for drain-
Inc of ash, have been enlared. and thrc'r 
shields have been installed 

Corrosion of side-wall and rear-wall 
furnace tulbes has been considerable. 
While taborator\ anailsis indicates that 
the \astage results from chlorine corro
sion, itis noted that the major metal loss 
is in areas where the fuel is blasted 
against the wall. This problem has been 
tackled with plasma spray coatings, pro
visions for admission of boundar\ air 
along the affected walls at grate level, 
and readjustment of the stoker 

While these and other problems pre
sented sonic dillicuties with shakedown. 
the steam-gencrating plant is now oper
ans daill,. and all coals have been met 
or surpassed. .\s of1nid-.lu!, IN)X2. the 
plant has qua likied I.i, I cogeneration 
.iclit tinder fedcral Public I. tlitct:s 
Rc2'U;itors Policies \et I[urpa ) regula
i ns It i,row desirable and possible to 
pcr;". t he turbine contlntioustx at ma,.

set to their rmaxlnium position. and ,ki 1nu1111 or dchvcr% of power tor;tin, 
lumps were instaIled In the distrib- \ uacarl\lta,,k Power Corp 
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SESSION 5: POWER GENERATION AND ELECTRICAL EQUIPMENT PERFORMANCE 

Equ'pment for the generation of electrical power and electrical energy-using equipment 

are presented in this session. 

In the first part of the session, the main types of power generating equipment are dis

cussed, together with their performance factors. In the second part, the major industrial 

users of electrical energy-transformer motors and lighting systems are detailed. Parame

ters impacting on their performance are given. 

Electricity is normally the most expensive energy source for an industrial pianit, and 

savings in energy use can bring major cost benefits. 

The discussion on power generation is confined to the production of electricity from 

the combustion of fossil fuels. No mention is made of power generation from other 

sources, such as nuclear power. More power is generated from the combustion of fuels 

than other sources, and so it is appropriate to focus on them rather than on other sources. 

POWER GENERATION 

Electric power can be ,,-_nerated in two distinctly different types of systems: power

only generation and cogeneration. In a power-only system, fossil fuel is burned to drive 
a turbine or shaft that is in turn connected to an alternator (or electric generator) to 

generate electricity only. A cogeneration system, on the other hand, uses the heat of 

combustion to produce a combination of electric power and process steam. Normally 

used in industrial applications, the basic function of a cogeneration system is to produce 

process steam with electrical power representing a by-product. Cogeneration systems 

are discussed in detail in Session 19 and hence will not be dealt with in this session. 

There are several systems used for combustion of fossil fuel for power generation: 

* Boiler 

o Gas turbine 

* Reciprocating engine. 
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These systems and associated components are discussed in the following paragraphs. 

Boiler Systems 

Boilers are used to generate steam at high pressure, which in turn is used to drive a 
steam turbine, connected via a shaft to an alternator. High-pressure steam increases 
the overall thermal efficiency of electrical power production. 

Water tube boilers are generally preferred to fire tube boilers for large stationary in
stallations because of high pressure requirements (up to and above critical point condi
tions 3740 C, 221 bar). Water tube boilers also convert water to steam more rapidly 
than fire tube boilers. 

When it passes through the turbine, the steam pressure falls at or below atmospheric 
pressure. The low-pressure steam is then condensed to water in a condenser. Water 
is then pumped back into the boiler and the cycle repeated. 

Overall plant efficiency is governed by the individual efficiencies of the equipment 
used, and is therefore a function of the boiler efficiency, turbine mechanical efficiency, 
and generator/alternator efficiency. 

The net effect is to reduce the plant efficiency considerably. Typically, steam generating 
plants operating using the steam cycle shown in Exhibit 5.1 would have overall plant 
efficiencies on the order of 25-30 percent for medium and large capacities (e.g., greater 
than 5 MW) and 15-25 percent for small capacity (100 kW to 5 MW). The reason for 
the low efficiency is that the cycle thermal efficiency used for power generation is 
itself limited to less than 40 percent because of the limits imposed by: 

* Metallurgical properties of turbine blades and boiler tubes 

* Condensing temperature -- 27 0C 
* Maximum cycle temperature -- 627 0C. 
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Thermal efficiency can be raised by the following: 

* Superheating steam 

* Superheating steam and reheating steam 
* Superheating steam, reheating steam, and regenerative feedheating. 

Superheating steam has two major advantages. First, it significantly increases the 
steam temperature above that of its saturated conditions, while staying within the lim
its imposed by the metallurgical materials. It has the second advantage of improving 
the dryness of the steam. Steam is not completely dry when evaporated from a boiler. 
Water droplets are entrained in the vapor, causing a condition known as "wet" steam. 
Superheating will help by evaporating some of the water droplets and effectively drying 

out the steam. 

Reheating involves using two turbines. The steam is expanded through a high-pressure 
turbine and is then reheated at constant pressure back to its original pressure. The 
steam is subsequently expanded through a low-pressure turbine down to condenser pres
sure. Superheaters and reheaters are usually incorporated as integral parts of the boiler 

plant. 

Regenerative feedheating involves "bleeding" steam from or more positions alongone 
the turbine expansions and using this steam to preheat the water in feedheaters before 
it recycles to the boiler. 

Gas Turbine Systems 

Gas turbine systems designed for electric power generation fall into two categories, 
open-cycle and closed-cycle systems. In the open-cycle system, combustion air is com
pressed in the compressor stage and passed into the combustion section of the gas tur
bine where it mixes with fuel. Combustion takes place and hot exhaust gases are ex
hausted through the turbine section. The rotating turbine is connected via a shaft to 
the alternator that produces the electric power. Even after passing through the turbine, 
the exhaust gases contain a lot of heat, and it is common to recover the heat via a 

regenerator or waste gas boiler. 
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If the exhaust gases are recycled back to the inlet of the gas turbine, the system is 

a closed-cycle gas turbine. However, the exhaust gases contain excess heat that must 

be removed before they enter the compressor inlet. This is done using a precooler in 

the line between the turbine and compressor inlet. The combustion section is replaced 
by a surface heat exchanger similar in design to a water tube boiler. The air for use 

in the gas turbine cycle is passed through the tubes and heated by fossil fuel combustion. 

The air then passes through the turbine section, through a regenerator, before entering 

the precooler 'co recommence the cycle. Because air is precooled, its pressure can be 

increased. By using higher pressure air, the size of the compressor, intercooler, re

generator, and turbine can be reduced. However, the combustion section and the 

precooler must be increased in size. 

Gas turbine system efficiency is affected by: 

* Inlet air temperature to compressor
 

e Turbine inlet temperature
 

* Pressure at compressor inlet 

* Pressure at compressor outlet. 

Simple open-cycle gas turbines have operating efficiency between 20-25 percent. With 

a regenerator, efficiency can be increased to about 32 percent. 

Adding an intercooler and using two-stage compression also increases the thermal effi

ciency to close to 30 percent when compared to the simple open cycle. 

The operation of gas turbines is affected to some degree by the ambient air temperature, 

and they tend to operate less efficiently in summer than in winter, when air is colder 

and hence more dense. 

Gas turbines are normally operated for meeting peak load demands as they can be 

started and reach full output in relatively short time periods, unlike steam-based power 

generation systems. However, the efficiency of gas turbine systems is relatively poor, 

typically 25-30 percent in comparison to 32-35 percent for modern steam-generating 

systems. 
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Reciprocating Engines 

Reciprocating engines can be used for power generation. The most common reciprocating 

engine used for power generation is the diesel engine. 

Air for combustion is compressed by the action of a piston and becomes heated. Fuel 

is then injected into the piston chamber and ignites on contact with the air. The com
bustion process forces the piston down. By connecting a number of pistons via a shaft, 

the compression and expansion cycles can be used to turn the shaft that is connected to 

a generator to produce electric power. 

The diesel engine design offers a high compression ratio (ratio of maximum and minimun. 

piston cylinder volume) for high efficiency. Combustion air is compressed to about 30 
bar for stable ignition to occur (535 0 C). Compression ratios in excess of 30 bar do 
not increase efficiency very much, and typical pressures are between 30-40 bar. Actual 

temperatures and pressures used in diesel operations for a given compression ratio de

pend on engine speed, cylinder size, and other design factors. Smaller, high-speed en

gines generally have higher compression ratios than large ones. 

In practice, the number of pistons and cylinders govern how a diesel engine "breaths" 

(how air at.d exhaust gases enter and leave the cylinder). The breathing system itself 

is not perfect, and the weight of air or air-fuel mixture the cylinder receives is less 
than it can theoretically hold. Breathing system performance is measured by volumetric 

efficiency. The volumetric efficiency is the ratio of air drawn in divided by the volume 

swept by the piston. 

Two methods are used for increasing the amount of air intake: supercharging and tur

bocharging. In supercharging, air is blown into the cylinder using a blower. Turbo

charging uses the gas turbine principle. Exhaust gases are passed into a turbine con

nected via a shaft to a compressor. The exhaust gases thereby compress the inlet air, 

which in turn sweeps the exhaust gases from the cylinder. 

Air compression increases air temperature, which in turn increases heat stresses in the 
engine. Therefore, it is common to use an intercooler to cool down the compressed 

air before it enters the cylinder. 
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Diesel generators generally operate at thermal efficiencies in excess of 30 percent and 
sometimes above 40 percent. Although there is little change in efficiency with size, 

large lower-speed diesels tend to be more efficient. 

Stationary diesel engines are used predominantly for stand-by power applications, or as 
direct drives for compressors, pumps, etc. They are also used in utility applications, 

but predominantly to meet peak load dernands. 

ELECTRICAL ENERGY-USING EQUIPMENT 

This section deals with three major types of electrical energy-using equipment in indus

try: transformers, motors, and lighting systems. The most common electrical user is 
the alternating current (AC) motor, which provides motive power to a variety of equip

ment. 

Transformers 

Function 

Transformers transfer electrical energy at some value of current and voltage from one 
circuit to another circuit at some other value of current and voltage. Basically, trans
formers consist of two or more coils wound around one laminated core (see Exhibit 
5.2). In operation, one of the coils (known as the primary circuit) draws power from 

a power source; the other, or secondary circuit, delivers power to the load. The amount 
of power transferred from the primary to the secondary is determined by the current 
flow in the secondary circuit. The current is itself dependent upon the power require

ments of the load. Hence, power transfer from the source to the load is regulated by 
the transformer in response to the load requirements. 
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Exhibit 5. 2 

Sketch of Transformer and Schematic Symbol 
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Efficiency 

Transformers have no moving parts and require only routine maintenance. They are 

simple, rugged, and fairly efficient. Their performance is determined by the efficiency 

of the power transformation, or: 

Power out
Efficiency - Power in 

Losses are usually small for transformers, resulting mainly from heat generated in the 

coil windings. Transformers are either air-cooled or cooled by insulating oil. Because 

of their relative high efficiency (0.6-2 percent loss at full load), transformers are not 

usually tested as part of a plant energy audit. However, they should not be neglected 

as part of the overall efficiency project. 

Motors 

AC motors are the most common electrical energy user in plants. For this reason, 

the paragraphs below will cohcentrate on AC motors, although many of the comments 

made can apply to the other types of motors as well. 

Function 

The AC motor is used to provide motive power to a variety of equipment in industry 

(e.g., fans, pumps, compressors, conveyors). It is available in a wide range of sizes 

from fractional to very high horsepower. Similarly, motor duties vary considerably; 

some motors are required to operate continuously, while others operate intermittently 

but drive heavy loads. 

Because AC motors come in numerous models to meet very diverse applications, it is 

necessary to consider the following items to choose the proper type of motor: 
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" Duty 

* Power supply -- voltage, phase, frequency, regulation and continuity 
" Mechanical arrangement - motor and shaft position, bearing type 
" Speed requirements 

* Power requirements
 

" Torque
 

* Inertia 

* Frequency of starting
 

" Ventilation requirements.
 

The above characteristics are often depicted in graphic form (see Exhibit 5.3). These 

curves can be used to ensure that a motor is suitable i:jr its potential application. 

Efficiency 

The efficiency of a motor is defined as: 

Efficiency = energy output 
energy input 

or horsepower x 746watts input 

There are several factors that affect motor efficiency, but the most important are: 

* Sizing the motor to the load 

* Type of motor 

* Speed. 

Exhibit 5.4 shows the importance of correct motor sizing: the lower the Inad, the 
lower the efficiency. Oversizing will therefore result in efficiency losses. However, 
modest oversizing may not cause too great a decline in efficiency. While deliberate 
oversizing is not recommended, it should be borne in mind that an oversized motor is 
more capable of dealing with momentary overloads without burning out, and it will run 
cooler. Poor loading, however, can adversely affect power factor. 
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Exhibit 5.3 

MOTORS
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The type of motor selected is important because of the relative differences in efficiency 

between motors (for example, a capacitor-start/capacitor-run motor is inherently more 

efficient than a capacitor-start or split-phase motor). 

The speed of the motor is of importance because of the relationship between power 

consumption and speed. Certain types of machinery consume power in proportion to 

the speed. Others, such as fans, blowers, and centrifugal pumps draw power in proportion 

to the cube of the speed. For example, if the spped of a fan could be reduced in a ratio 

of 6 to 5, the savings in power would be 42 percent (see Exhibit 5.5). 

Determining niotor efficiency is not easy, and specialized equipment is required. How

ever, much information is available from manufacturers. Care must be taken to ensure 

that motor efficiency is determined by similar methods. For example, the United 

States, United Kingdom, and Japan have differing standards for testing motor efficiency, 

so when comparing motors, it is important to check what standard was used (see Exhibit 

5.6 for an example). 

Lighting 

Function 

Artificial lighting is provided to permit people to carry out tasks safely and with rela

tive ease where insufficient or no natural lighting is available. Artificial lighting from 

electrical sources is provided by three types of lamps: 

* Incandescent lamps
 

e Fluorescent lamps
 

* Discharge lamps. 

Each type of lamp has its own operating characteristics that affect its use, and thus 

its choice: 

* Efficiency 

* Life 
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Exhibit 5.5 

POWER SAVINGS
 
BY
 

SPEED REDUCTION
 
FOR
 

OVERSIZED MOTORS
 

Speed Reduction Ratio = 6: 5
 

(Speed Variation) 3 04 Power Requirements
 

Power Now 6 X 6 X 6 216
 

New Power =5 X 5 X 5 125
 

Saving 91
 

%Saving 942%

-216 



Exhibit 5.6 

MOTORS 

Standard Full Load Efficiency 

7.5 HP 20 HP 

International (IEC 34-2) 82.3% 89.4% 

British (BS-269) 82.3 89.4 

Japanese (JEC-37) 85.0 90.4 

U.S. (IEEE-1 12, Method B) 80.3 86.9 



" Color - both chromaticity and rendition 

* Ballast requirements. 

Types ot lighting sources and their characteristics are discussed below and in Session 
20. When artificial lighting is used, it should be remembered that one should not judge 
the efficiency of the individual lamps only but should judge the overall system efficiency.
 
Too many lighting systems have 
been designed based on levels of illumination that over
light the work area and also cause glare from lamp fixtures directly or reflect off
 
other surfaces. Hence, lighting systems have to be judged both from the amount of
 
energy consumed as well as from the quality of light produced. An essential element
 
of operating the lighting system is a knowledge of the work or task that 
 is to be per
formed in the illuminated area. Standards for illumination have been determined by 
authorities in most countries. However, these standards do not always take into account 
areas where special lighting requirements for color rendition are required (e.g., textile 

mills, retail stores). 

Efficiency 

Judging the efficiency of a lighting system can be difficult because of locations with 
special needs, but energy conservation opportunities often exist whereby lighting stan
dards can be improved and energy consumption can be reduced. To better understand 
this situation, a review of the three main sources of electric light are presented. 

Incandescent. Incandescent bulbs produce light by passage of an electric current through 
a very thin wire filament. The filament heats to a point of incandescense, producing 
light. Incandescent lamps are not as efficient in terms of light output as other sources 
but have some advantages: they cost less to purchase initially or to replace; they are 
easily controlled, and do not require ballasts for operation; and the light produced by 
these bulbs is used by many people as the basis for comparing color renditioning of 
other sources. The retail trade in particular believes that incandescent lamps provide 
the most suitable lighting for display and atmospheric conditioning. Normal incandescent 
bulbs have shorter lives than other sources and lose light output over the life of the 
bulb. Special tungsten halogen bulbs do have a long life and maintain light output over 

the life of the bulb. 
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Fluorescent. A fluorescent lamp is a discharge source that is widely used. Light is 

produced by an electric arc, causing ultraviolet rays to strike a phosphor coating on 

the inside of the lamp. The ultraviolet rays are converted into visible light. A ballast 

is required to regulate the current and to supply the starting voltage necessary to 

strike the arc if supply voltage is too low. Fluorescent lamps have a higher efficiency 

and a longer life than regular incandescents. Also, because the tube uses a coating 

to produce light, the type of coating can be changed in different bulbs to produce 

changes in chromaticity and color rendition. However, their initial cost is higher than 

that of incandescent bulbs of similar characteristics. 

Discharge. Discharge lamps operate in a similar fashion to fluorescents, using a ballast 

to strike an arc and produce visible light from a coating. There are two major types: 

high-intensity discharge and low-pressure sodium. High-intensity discharge lamps use 

mercury, metal halides, or high-pressure sodiuro for coatings and produce high efficiency 

lighting, with good color rendition. Low-pressure sodium lamps give the highest effi

ciency, but give a monochromatic yellow light that can be unsuitable in some instances. 

For example, a copper wire and cable plant replaced its fluorescent lighting systems 

with a system using low-pressure sodium for purpose of energy conservation. However, 

the plant personnel found that they were unable to see the copper wire in the cabling 

department as it was wound onto cabling machines. Because this represented a. danger 

to safety, they had to replace the low-pressure sodium in that particular area of the 

plant. Discharge lamps are more expensive but more efficient than other lighting sys

tems. 

Hence, assessing lighting system efficiency is not simple. It must be done by first using 

a light meter to measure the light provided by the lighting system. In addition, the 

geometry of the location must be measured, and the use of the space must be considered. 

A lighting budget for the space can then be determined, and a comparison with standards 

can determine whether lighting levels can be reduced. 
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Calculate KVAR and 
power factor with a 
programmable calculator 
A programmablecalculatorprogramthat calculatesKVAR and 
powerfactor without the use of clumsy nomographsandcharts 

By FREDERICK J. SEUFERT, PE, 
Principal, Fredeeick J. Seufert & 
Ansociatee, Inc., Bahamia, N.C. 

Are you tired of calculating capac-
itor KVAR and power factor from 
clumsy nomographs and charts? 
Here's a program for the TI 59 pro-
grammable calculator with PC-
100A printer that makes the whole 
task quick and easy and provides
for the successive iterations neces-
sary in real life. 

An engineer can expect increased 
interest in correcting his overall 
plant power factor as utilities 
around the country tighten up their 
power factor requirements. Proba-
bly a majority of the utilities set a 
0.85 power factor as the number be-
low which adverse penalties apply. 
A number of utilities are now in-
creasing this factor to 0.90 or 
higher. From the utility point of 
view and from that of their cus-
tomer base as a whole, this is a good 
move. It will insure better use of the 
utilities' transmission facilities. For 
example, a utility that can increase 
the average power factor on its 
transmission lines from 0.80 to 0.90 
will, in effect, increase its power 
transmission capabilities on a given 
line by 12.5 percent at no cost to 
itself-the customers will pay the 
costs! 

One of the big utilities in the mid-
South, TVA, is expected to increase 
its power factor requirement from 
0.85 to 0.90 in October 1984. The 
plant engineer will probably get an 
anxious call from his financial offi-

cer inquiring what can be done 
about the situation when the in-
crease notice from the power corn-
pany arrives. Some measures taken 
in an orderly fashion can olve the 
problem. 

The primary cause of poor power 
factor in an industrial plant is un-
derloaded motors. A perfectly re-
spectable 100 hp motor operating at 
90 percent load can be expected to 
have a power factor of 0.85. The 
same motor operating at 20 percent 
load will have a power factor near 
0.44. Unlikely? Not at all. There are 
plenty of 100 hp motors operating in 
air compressor service that see this 
typical condition as Example 2 will 
make clear. 

The first thing to be done is to 
downsize all motors to the correct 
size taking all factors into account. 
For the typical application, we rec-
ommend sizing the motor at 110 
percent of the known load. As-
suming a service factor of 1.15, this 
provides a margin of about 25 per-
cent for overloads and unusual con-
ditions without stressing the motor. 
It also provides for operating the 
motor at or near its optimum effi-
ciency point. Generally speaking, a 
large motor of modern design will 
have a flat efficiency curve from 
about 70 percent to 115 percent 
load, not varying more than 0.1 per-
cent from its expected nominal effi-
ciency of 93.7 percent. 

Proper sizing of the motors in a 
plant can typically be expected to 
bring the average power factor to 
about 0.85. Improvement of the 
power factor to 0.90 or highier will 

require specific measures. 
The easiest method is to add ca

pacitors. The utility companies are 
generally very careful about power 
factor on their lines, and, without a 
doubt, the utility representative 
will be happy to show you the capac
itors on the lines, or you can see 
them in most substations. They are 
the square or rectangular cans ar
ranged in banks and connected to 
the utility lines. 

The next questions are how many 
capacitors are needed, where should 
they be placed, and how much will 
they cost? Working through a cou
ple of examples will answer these 
questions. 

Example 1 
Let's look at the whole plant

problem first. The utility company 
bas measured the demand at 2000 
KW and the plant power factor at 
0.83. The electric bill is $82,000. The 
utility has just increased its power 
factor requirement from 0.85 to 0.90 
and proposes to assess an addi
tional adverse power factor charge. 
It calculates the charge by dividing 
0.90 (their requirement) by the ac
tual measurement (0.83) and multi
plying the bill by this factor, re
sulting in a surcharge of 8.4 
percent-an actual charge of $6888! 
The plant had previously been pay
ing a surcharge of $197b per month, 
which was burdensome, but nothing 
had been done about it. The con
troller wants some action. What can 
be done, and how much will it cost? 

To solve this problem, we use the 
program shown in Fig. 1. Enter the 
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Calculate KVAR and power factor 0. ,8:3 
'1_. t1 2 Output for 

Example 1 (Key A). 

program as shown in the figure. To 
save the program, you will need to 

record it on only one side of a mag
entic card. 2A_-10. -ICI 2.:Iit-i. I 

Cod KytI I " 

1 7-0 LBL 
13:1 11 

,
71 E:F 
003 t99 DI' 
00'4 1'' E 
0'5 76 LEL 
001 E'-1 r' 
17 5, F 1:: 
I:'' 

IIIH Ill i±, 
010 ' : 
1:1 '91 F.: 
"12 -'- FF T 
013 4- :TO 
1114 11 111 
0 1 04 4 
S16 :3, F:
4 

'1 -7 F' 
I I 

1 ' 4 TO 
020 02 1-

,. - FFT 

1:21 ::2 1H0221-'9 C0 : 

S 4 ,TO 
U,24 :-: 

0-. 0i'9 ' 
122 4 R 

IV' 1 F 
0. 	 F RT 
29 42 :TO 
':_ i-. IIS0 
1'3,1 4- FI-:L_0
n~:'-:
02:-: 


I:::TAH:-:0 
03"4 6.
0:.5 4:' F IL 

l: '-'61 '',1IT:-','95 =1
0:-, 4": -T
1. 4 T4 

1l::'i.'i4
Il4 


-2
I40 FT 
'4 1 7 LEL 
I14: . E 
'44 F' L 
044 0 1 CI 
h.5 .-
,-'4'. 4 ::L 
I,4 ,1-2 ,'2 
"4' 4 T 

I..11 ., 1:1, 
,.._, 4 -L
I-

._: UP 


I 
' 54 -' 1: 
C54 4 -0 

05IF. 0;"-7'? 
055 7 F Trit 
".- L05F CLa' 


4 L' T0 

After the prograia is entered, ini-
SI~ , I "y tiate it by pressing Key A.The dis-

play will show 1.00. Then proceed as 

I 3 ,,-- follows: 

C'64 4:'-I 

F:': 0 Enter the demand (P): 2000,

Ci06 1:14 ,:'a R/S 


AE. 0 Enter the existing power fac-

'7" : L 

' 
0 4:3 tor: 0.83, R/S 

0 	 Enter the desired power fac-
70. 	4' ':;TO tor: 0.91, R/S 
-: 0'9 The tape will echo the inputs as 

l72 ': H'~ shown in Fig. 2. The program will 
, it', 

i74 C?" then perform its calculations and 
07. 42 '-.7 print out the following: 
CI7 ,E,0 0 Power in Kw: 2000III: 
077 011 0 Existing power factor: 0.83 
17'8 42 '.;T0 * Power factor angle in degrees: 
0 '9 1it I' 
O'RD 76 LEL 33.90 
0'1 17 E' 0 Reactive power in KVAR (Q): 
'' 7 FC - 1344.01 
0:3- 1" 10 * KVA: 2409.640 8,:4 9 9 F'R:Ti -3'5UI F 0 Desired power factor: 0.91 

I .'6 44 U-;ir,1 0 New power factor angle in de-
i" i'.'1010 grees: 24.49 

?7 New 
'' -o 1: U' 911.23 
1-4CI 17 

0: 9v i: Z 	 reactive power (Q,): 

CI1I x. ' 0 Capacity required in KVAR: 
9'8' Di'-' 432.78 

3 58 F I: The program calculates a re-
0--94 "" quirement for 433 KVAR on ann, 5 '1 F:"_' 
'-Y6 76 LEL overall plant basis. Note that we 
0I 2 E', have entered the desired power fac-
11-- 71 SB P. tor at 0.91 instead of the utility re-D 

1:199 19 D quirement of 0.90 to provide a small n0 5,.',:
101 5:-3,, margin of reserve. The solution of . 433 KVAR is an odd size. We find 
1li .7
 

1j,1 4 D'P:CL that the nearest capacitors available 
1-4 '4 '4 are rated at 450 KVAR. If these ca-

'' ,': L pacitors are installed, what will be 
0i L?,.4 the effect? This program will pro-

10,7 I6 i
1,', .4 vide the answer. 
1,? -5 To initiate this part of the pro-
11,' 4-4.FI:L gram,press Key B. Then do the fol-
11 4 lowing (Fig. 3): 

Enter P: 2000, R/S 
1t4 :'-:0 0TFH Enter the existing power fac-
115 54 tor: 0.83, R/S 
1 55i = Enter the available capacitors:

11 '-: I %'., 
-"-'112' 450, R/S 

F'RT The output will be as follows: 
1 ".-:,0- 0 New phase angle in degrees: 
1 1 ' FT 24.08F21'.:F
::: 

- 0 New power factor: 0.91 
124 9 1 F-S This is a perfectly acceptable an-

1 Program listing. 

.187. 	 -

'-"-' 
 -


144. 01
 
24 09.64
 

I-I. 91 	 03 
"24.49 24. I

0. 	1 

4:-. Of 
Eampe3Outputfor 

swer. Note that the absence of a 
negative sign in front of the phase 
angle is an indication that the phase 
angle is lagging, which is desirable. 

Where should the capacitors be 
placed? There are three possible lo
cations: outside on the transmission 
lines after the meter but before the 
lines enter the plant, at the central 
switchgear station inside the plant, 
or at the individual motors. The 

first location will require working
with the utility. If the loads are con
stant, it may well be the best lo. 
cation. Outside capacitors may also 

represent the lowest cost solution. 
Location at the central switch

gear station inside the plant in
volves additional switchgear to in

sure that safety requirements are 
met. Large capacity capacitors rep
resent a substantial threat to hu
man life if handled carelessly. Also, 
if the load varies, it will be necessary
to switch the capacitors in and out 

automatically. This is a complex 
area, and the plant engineer would 
be well advised to seek the assis
tance of a consulting engineer. 

Location at the individual motor 
loads is usually preferred. This au
tomatically takes care of the varying 
load problem because the capaci
tors are placed on the load side of 
the contactor and switch on and off 
with the load. Placement of the ca
pacitors on the load side insures 

that they are grounded through the 
motor windings when the motor is 
shut off. Additionally, capacitors 
designed for this service usually in
corporate resistors to insure bleed
down if inadvertantiy disconnected.

Costs of the capacitors vary
widely. The following costs are 
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* 18. 00 
0.20 
0.991 4 Outputfor
 

Example 2 (Key A).
 

70. 00 unsatisfactory ard must be cor- tors. Too large a capacitor will over

1 . 0 0._ .1 rected to 0.91 without the possi- correct the problem resulting in a 

0. 	 200 1 bility of their going negative or lead- poor power factor on the negative 

What amount of capacitors side. 
-7 	 00. 00 ng. 
" 1 ,- should be added? To illustrate that, suppose that in 

E38 AThe unloaded condition will be the above example that instead of 
110. 00 	 attacked first. Initiate the program the correct 80 KVAR, the only ca

..91 by pressing Key A. Then proceed as pacitor available was a 120 KVAR 

, 0 shown inFig.4: unit and it was installed.4."-9 	 9. 


2-0 o Enter P in KW: 18, R/S To see the results, initiate the pro
'9, 98 5 Output for 0 Enter existing power factor: gram by pressing Key B. Enter the 

Example 2(Key B). 0.20, R/S parameters as shown in Fig. 6: 
o Ente-r the desired power fac- * Enter P in KW: 70, R/S 

probably typical: tor: 0.91, R/S 0 Enter existing power factor: 

0 Outside, pole mounted: $4 per The output will be as follows: 0.61, R/S 
0 Power in KW: 18 a Enter availabie capacitors:KVAR 

* Inside, motor mounted: $10 o Existing power factor: 0.20 120, R/S 

per KVAR o Power factor angle in degrees: output is as follows:'I ,.: 
Inside, variable, switched: up 78.46 	 0 New phase angle in degrees:* 

to $100 per KVAR * Reactive power factor in -22.55 

In the case just cited, the engineer KVAR (Q): 88.18 0 New power factor: 0.92 

could probably count on solving the a KVA: 90.00 We note that the power factor is 

problem with individual motor ca- 0 Desired power factor: 0.91 close to the desired 0.91, but the 

pacitors for something 1:ke $4300 * New power factor angle in de
plus installation labor to avoid the grees: 24.49 

adverse power factor charge of * New reactive power (Q): 8.20 
$6888. 	 -• Capacity required in KVAR: 

The solution of this type of prob- 79.98 
lem is straightforward with the pro- An 80 KVAR capacitor is avail
gram presented in this article. Ad- able, but a second question must be . 

ditionally, the program gives the answered. What effect will the 80 

capability to deal with a varying KVAR capacitor have on the loaded 
load, such as an air compressor of power factor? 
the type that loads and unloads in Initiate this part of the program 
response to thJ air demand. Exam- by pressing Key B. Then proceed as 
pIe 2 (based on an actual case) will shown in Fig. 5: 

6 Output for Example 2 solution check.* Enter loaded P in KW: 70, R/Sclarify this. 
* Enter existing power factor: 

Example 2 0.61, R/S negative sign in front the the new 

An air compressor powered with a 0 Enter available capacitors: 80, phase angle indicates that it is lead

150 hp motor supplies compressed R/S ing! 
air to a printing plant. When the air The output is as follows: We then enter the data for the 

pressure falls to 80 psi, the primary * New phase angle in degrees: unloaded condition: 

valve closes, and the air compressor 8.88 0 Enter P in KW: 18.00, R/S 

pumps air until the pressure 0 New power factor: 0.99 0 Enter existing power factor: 

reaches 90 psi. At this point, the The addition of the available ca- 0.20, R/S 

valve opens and the compressor pacitor will correct the unloaded 0 Enter available capacitors: 

idles. power factor to 0.91 and will correct 120, R/S 
The input power and the power the loaded power factor to 0.99, The output is: 

factor are measured. For the loaded both of which are acceptable num- 0 New phase angle: - 60.50 
* New power factor: 0.49condition: 	 bers. 

• The power input is 70 KW. 	 There is a tendency in industrial The power factor is now 0.49 lead

* The power factor is 0.61. plants to think that ifa little is good, ing! This illustrates the necessity 

For the unloaded condition: more has got to be better. That kind for careful calculation of capacitor 

* The power input is 18 KW. of thinking accounts for so many size. If it is necessary to use an avail

* The power factor is 0.20. motors being oversized for their ap- able size rather than the correct 

The power factors under both plications. However, that kind of size, it is wise to recheck the calcu

loaded and unloaded conditions are thinking doesn't work with capaci- lations. 
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SESSION 6: INDUSTRIAL ENERGY MANAGEMENT 

INTRODUCTION 

As a consequence of the more than tenfold increase in petroleum prices in the 1970s, 

most coun.cies, including developing countries, have initiated policies and programs 

aimed at increasing domestic production of petroleum and alternative sources of energy. 

In most developing countries, initial efforts to reduce the cost of imported energy have 

focused principally on the energy supply side, and except for attempts to increase en

ergy prices and the temporary rationing of energy supplies, relatively little has been 

done on the energy demand management side. However, many industrial countries have 

accomplished significant savings through energy demand management. In most developing 

countries, the opportunities to improve the energy situation by more efficient utilization 

of energy are substantial and are normally more economically attractive than increasing 

supplies. More efficient energy consumption is often also the fastest way to achieve 

improvements in the energy balance of a country. Policies aimed at increasing domestic 

energy supply normally take several years to yie'd significant results, whereas energy 

conservation/demand measures, particularly in industry, which is the single largest con

sumer of commercial energy in most developing countries, can produce immediate re

sults. Therefore, appropriate management of energy consumption in industry should be 

a critical element of an overall national energy program. 

CONCEPTS 

Energy conservation is defined as energy demand management activities that aim at 

increasing the efficiency of use. The efficiency of use has two different, although 

not separate, components: technical efficiency and economic energy efficiency. 

The first component, technical efficiency, is often measured by the first law of thermody

namics, which provides a quantitative estimate of the ratio of useful energy output (of 

*This concept is not related to the concept used in physics of "conservation of energy," 
which states that energy cannot be created or destroyed, although it can be changed 
from one form to another. 
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a given process or piece of equipment) to energy input. For example, the first law 
of thermodynamics indicates that the technical energy efficiency of most boilers ranges 

between 70 and 85 percent. However, the first law is of limited interest, as it generally 

provides high technical efficiencies that do not indicate the real potential for improve
ment. The second law of thermodynamics, which considers the quality of energy, is 

often preferred when value judgments in energy efficiency must be made. Efficiency 

under the second law is defined as the ratio of the least amount of energy necessary 
to achieve a particular objective to the amount of energy actually used to attain this 

objective. Using this law, energy efficiencies of most industrial processes range between 

a few percent (e.g., grinding) to 45 percent (cogeneration of heat and electricity), as 

opposed to 40-90 percent using the definition of efficiency under the first law. 

Because second-law efficiency computation is a rather complex exercise that is seldom
 
required for the typical industrial energy user, energy efficiency will be considered
 

as technical efficiency according to the first law. 

The second component, economic energy efficiency, is not a well-defined concept in 

absolute terms. Rather, one often refers to relative economic energy efficiency when 

an energy-related decision such as switching fuel in a sector results in providing the 
same energy service (e.g., producing steam at given temperature and pressure conditions) 

at a lower cost. The practical implications of this definition are not simple, as most 

energy-related decisions involve other production factors such as labor, raw materials, 

or capital. Rather, economic efficiency must be viewed in the global context of invest
ment efficiency and optimal resource allocation. Consequently, economic energy effi

ciency is better measured using conventional investment theory under adequate pricing 
assumptions. Similarly, the macro measurement of a nation or a sector's energy effi

ciency, often measured as the ratio of total or commercial energy used to GDP, is of 
limited value in international comparisons because it fails to point out the specificities 

of the nations or the sectors. 

*Second-law computations are routine in engineering firms that design new processes 
and equipment. 
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Energy savings are the measure of increased energy efficiency, either in technical terms 

(e.g., toe saved annually in a given industry or operation) or economic terms (cost sav

ings at the enterprise level or the national level). In this session, energy savings will 

be measured in technical terms, or physical quantities. 

The energy conservation potential for a given activity (industry, process, or plant) over 

a given period can be defined as the maximum amount of energy -- computed either at 

the primary energy or end-use level -- that could be saved using specific technologies 

under specific economic conditions. In the case of LDCs, these technologies are gen

erally well known, and have been extensively demonstrated and used in industrialized 

countries. In most cases, the economic conditions require short paybacks (i.e., less than 

5 years). Therefore, in estimating the potential, it is necessary to identify all options 

that meet the selected technological and economic criteria. 

For example, cement manufacturing requires between 0.1 and 0.2 toe/ton in LDCs; in 

Sri Lanka, for example, specific energy consumption is about 0.17 toe/ton, compared 

with the best world performance of 0.1 toe/ton. Sri Lanka would set itself an ambitious 

goal if it we-e to strive for an energy consumption level of 0.12 toe/ton over the next 5 

to 10 years. 

APPROACHES 

There are two approaches to estimating energy conservation potential. The micro ap

proach (which can also be called the "bottom-up" approach) consists of estimating at 

the plant level cumulative energy savings resulting from the implementation of all pos

sible conservation measures corresponding to the selected technological and economic 

conditions mentioned above. The other approach, or macro approach, uses a baseline 

ratio of energy to economy indicator (e.g., toe/thousand dollars of GDP) and projects 

it into the future according to recent past trends. By comparing this trend (for example, 

an energy/GDP elasticity of 1.1) to other countries or any other reference, it is possible 

to set a macro goal (e.g., to reach an energy/GDP elasticity of 0.8 in 10 years). 

While the macro approach has the advantage of being easy to implement, its value is 

highly questionable. as it is difficult to take into account the country- or the sector
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specific characteristics (e.g., industry mix, equipment age). The micro approach provides 

more use-ful results but requires a larger amount of resources in time and manpower 

to implement. For example, a representative number of plant audits must be conducted 

to provide basic data. Because of these constraints, a rough macro approach may be 

preferred to launch a program, and the potential estimate may be refined later by 
using the micro approach. Once the approach has been selected and the conservation 

potential estimated, one can attempt to project how much can be saved under specific 

conditions. 

Projected savings are that part of the potential that can be reasonably achieved. The 

full realization of the energy conservation potential is prevented by social, institutional, 

and financial factors. In many industries in LDCs, the energy conservation potential 
exceeds 50 percent of the current energy consumption (e.g., textile finishing, bricks), 

while projected savings range between 10 and 15 percent over a 5-year period and 

between 25 and 30 percent, at best, over a 10-year period. 

COV.SEP.VATION AND DIVERSIFICATION 

LDCs car, reduce energy costs in industry in two generic ways: 

" Through conservation. Energy conservation is an energy demand manage

ment function that aims at reducing the quantity of energy currently 

used. Such reduction can be achieved at low cost by modifying operating 

practices or at higher cost by modifying the equipment and the process. 

All actions belonging to this group result in an actual reduction of energy 

consumption at the national level. 

" Through fuel diversification, also called fuel switching, which entails the 

conversion of energy-using equipment from one fuel to another form of 

energy (e.g., coal, electricity). Switching to a cheaper fuel, such as coal 

or noncommercial fuel (e.g., bagasse, wood residues), does not generally 
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reduce the quantity of energy used.* It does, however, improve the na
tional energy situation by displacing higher value fuels (oil or gas). 

CATEGORY OF ENERGY MANAGEMENT MEASURES 

Depending on the level of effort required, energy conservation measures are often 
grouped into three categories: 

I. 	 No-cost/low-cost measures, often called "housekeeping" measures, which 
can be implemented very quickly and easily and at very small expense 
(e.g., shutting down equipment when not required, reducing excess air in 

boilers). 
2. 	 Minor capital investments, which require only limited expenditures, have 

paybacks of less than 2 years, and can be implemented w'thin a few 
months (e.g., installing simple heat exchangers, replacing burners). 

3. 	Major modifications, which require relatively large capital expenditures, 
have longer paybacks, and require detailed feasibility studies prior to im
plementation (e.g., boiler replacement, steam system rehabilitation,, 

ENERGY SAVINGS POTENTIAL IN INDUSTRY 

This session attempts to provide quantitative estimates of current industrial energy 
consumption patterns and savings potential in LDCs. The savings potential (or energy 
conservation potential) is defined here as the maximum practical amount of primary 
energy that could be saved using well-known technologies and practices and under spe
cific economic conditions (see above). Technologies and practices considered here are 
those that are applicable to LDCs.** Economic conditions have been arbitrarily limited 

*Coal and waste fuel combustion is less efficient than oil or gas. Consequently, more 
input energy is required for a given end use. 

*Advanced, not yet proven technologies, such as dry forming process in the pulp and 
paper industry or direct reduction using coal as a fuel in the steel industry, are not 
included. 
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to a maximum simple payback -- that is, the number of years of energy savings that 

equal total modification cost -- of less than 5 years. 

Under these conditions, the key factors that influence the magnitude of the savings 

potential are: (1) the amount of energy used in the sector; (2) the industry mix; (3) 
the processes used in each industry; (4) the level of energy use efficiency in each pro

cess; and (5) the type of fuel used. Precise estimation of the potential is not possible, 

owing to severe data limitations in most LDCs. 

Amount of Energy Used in Industry 

Total 1980 commercial primary energy consumption in LDCs is estimated at approxi

mately 1,350 million toe (mtoe).* The industrial sector of all LDCs combined used an 
estimated 600 mtoe, or approximately 45 percent of the world total, and represents 
the major energy-consuming sector. The share of industry in total commercial energy 

consumption varies from country to country, owing to a number of factors, including 
the relative size of the industrial sector compared with the other sectors of the economy 

(transportation, residential, agriculture, services) and the energy intensity of each sector 

of the country in question. In most industrialized countries the share of industry in 

energy consumption is generally in line with its share of GDP, whereas the pattern is 
significantly more varied in LDCs. In a number of low-income LDCs, industry's share 
of energy consumption far exceeds its share of GDP, reflecting not only the high energy 

intensity of these countries' industries, but also the lower income levels and milder 

climates (which reduce the use of commercial energy in households), and the propor

tionately low energy intensity of the agricultural or transportation sectors (e.g., China, 
India). In energy-rich countries, however, the opposite is true, as the share of total 

industry in national GDP exceeds its share of energy consumption (e.g., Indonesia, Mexi

co, Nigeria). If manufacturing only is considered, the relative patterns are more in 

line with each other (see Exhibit 6.1). 

*World Bank, The Energy Transition in Developing Countries, August 1983, page 5. 
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Exhibit 6.1 

Comparative Share of Industry in Total Energy Used 
and GDP in Selected LDCs (1981) 

Percent of primary 
energy used in industry 

Comimercial Total, including 
Country only noncommercial 

Bangladesh 42.5 N/A 
Bolivia 18.0 16.9 
Brazil 51.6 40.7 
China 69.2 50.9 

Dominican Republic 28.2 29.1 

India 53.8 N/A 
Indonesia 15.6 N/A 

Korea, Republic of 50.3 47.6 
Mexico 21.8 19.4 

Morocco 36.3 ,,.6 

Nicaragua 25.6 16.4 
Nigeria 24.6 N/A 

Peru 22.5 19.1 
Senegal 12.5 13.1 

Sri Lanka 19.9 22.4 

Sudan 16.1 4.1 
Turkey 45.9 36.0 
Uganda 11.4 4.4 
Uruguay 34.8 31.5 

Zimbabwe 41.4 30.0 

'From World Bank Development Report, 1983, p. 153. 

Percent of GDP 1 

generated by industry 

Manufacturing 
only 

Total 
industry 

8 
14 
22 

N/A 
15 

14 
27 
37 
146 
27 

18 
12 
28 
22 
18 

26 
42 
39 
37 
34 

26 
6 

25 
25 
16 

33 
37 
41 
37 
28 

6 
23 
4 

26 
27 

14 
32 
4 

33 
37 



Industry Mix, Process, and Energy Efficiency 

The type of industries predominating in a country has an important impact on the over
all energy intensity of the industrial sector of that country. Some industries consume 
large amounts of energy per ton of product, therefore increasing the energy intensity 
of the industrial sector. For example, the production of one ton of ammonia from 
natural gas or naphtha requires about I ton of oil equivalent (toe) as feedstock and 
fuel; aluminum can require up to 5.4 toe per ton. In contrast, construction materials 
generally consume less than 0.2 toe per ton of product, and electrical and mechanical 
equipment manufacturing requires less than 0.1 toe per ton. In some industries (e.g., 
cement), where energy consumption per ton of product is low, production volume is 
high, the total amount of energy consumed by the industry can be large, and energy 
can represent a substantial portion of the total cost of production. Petroleum refineries 
are another good example: they consume significant amounts of energy, because the 
refineries themselves consume as fuel about 5 to 9 percent of the total crude processed 
by them. These industries provide significant opportunities for energy savings. 

Energy consumption per unit of output (specific energy consumption) varies widely not 
only with the type of industry, but also with the process used. For example, modern 
and efficient steam reforming of natural gas for the production of one ton of ammonia 
requires 0.7 toe, whereas the older steam reforming processes require approximately 
1.2 toe. Similarly, efficient new dry processes for cement manufacture require less 
than 0.08 toe per ton of cement, while most older wet processes require approximately 
0.20 toe per ton. Other factors affecting the energy intensity of industry in countrya 
include the age of the plants (owing to wear and tear, plant efficiency declines with 
age), the climatic conditions (e.g., in Korea, manufacturing during the winter months 
consumes significantly more energy than in tropical countries, owing to space heating 
requirements), and the general operating practices and skills of the plant operators 
(maintenance and down-time losses). Ranges of typical specific energy consumption in 
LDCs are provided in Exhibit 6.2. 
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Exhibit 6.2 

Specific Consumption Levels in Selected Energy-Intensive Industries in LDCs 

Specific 
energy consumption1 

Industry Process (10- toe/ton, 1982) 

Steel Raw steel 450-1,400 
Metal finishing 300-400 

Aluminum Hall-Heroult smelting 4,500-5,400 

Petroleum Refining 35-100 

Fertilizers Ammonia 800-1,100 

Glass Flat and containers 250-600 

Construction materials Bricks 90-200 

Cement Dry process 80-160 
Wet process 130-210 

Pulp and paper Integrated chemical 250-950 

Food Raw cane sugar 02-850 
Cane sugar refining 02-195 

Edible oil 80-335 

Textile Finishing 950-2,500 

1Total commercial energy (fuel + electricity).
21n cases where only bagasse is used. 

SOURCE: Hagler, Bailly & Company and World Bank estimates. 



Fuel Used 

The type of fuel used in industry affects the savings potential for two reasons. First, 
the efficiency of utilization varies with the type of energy used. Coal is generally 
less efficient to burn than oil and gas,* and electricity (accounted in primar, energy) 
is less efficient than direct fuel use for thermal operations, especially when it is gener
ated from fossil fuels. Second, countries using primarily oil and gas (e.g., Peru, Argen
tina) have a great potential for switching to cheaper and more reliable sources of ener
gy, such as coal. However, with the exception of such countries as China and India, 
which consume primarily coal as industrial fuel (74 percent and 70 percent, respectively), 
most LDCs meet the energy requirements of their industries predominantly with pe
troleum products (fuel oil, naphtha, and gas oil). 

The fuel mix used depends on economic and technical factors. Economic factors include 
the relative value of each form of energy and the capital cost of the required equipment, 
which is significantly cheaper for oil or gas than for coal or other fuels. Technical 
factors also influence the choice of fuel. For instance, oil or gas is required to manu
facture petrochemicals. Some :ndustries, such as glassmaking, consume oil and gas al
most exclusively because of the process requirements for clean burning and high tempera
tures (1,500 0 c). Other industries, such as cement and steel, can use almost any fuel, 
depending on its costs and availability. Noncommercial fuels also play an important 
role in some industries in LDCs. Bagasse is a major fuel source for alcohol and cane 
sugar manufacturing, and wood residues and black liquor are extensively used in the 
pulp and paper industry. 

Energy Saving Potential by Industry 

While there are up to 250 major industrial products consuming significant amounts of 
energy, a few of them consume most of the total energy used in the industry sector. 
Major energy-intensive industrial products in LDCs are: 

Except in large high-pressure boilers. 
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" Steel
 

" Cement
 

" Fertilizers
 

* Sugar
 

" Pulp and paper
 

" Glass
 

" Aluminum
 

" Bricks
 

" Finished textiles.
 

Petroleum refining, which generally is not considered part of manufacturing, also con
sumes an amount of primary energy comparable to these processes. 

As shown in Exhibit 6.3, a substantial fraction of the world production of these products 
occurs in LDCs. For example, almost 90 percent of total world cane sugar production 
and 37 percent of total world cement production occur in LDCs. Using the average 
energy efficiency ratios of Exhibit 6.2, total commercial energy consumption in 1980 
for all LDCs has been estimated. The results indicate that steel is by far the major 
energy-using product in LDCs, with a total of 79-89 mtoe. Next is cement, with 42
57 mtoe, and petroleum refining (which does not belong to the traditional manufacturing 
sector, but is shown here because of the similarity of energy conservation with other 
industrial activities), with 40-45 mtoe. The pulp and paper industry consumed an esti
mated 21-31.6 mtoe, while all other energy-intensive products or processes used less 
than 25 mtoe in 1980. Other energy-intensive processes not shown on Exhibit 6.3 in
clude primarily chemical intermediary products (e.g., ethylene), metallurgy (e.g., found
ries and nonferrous metals other than aluminum), and some food processes. 

An analysis of the candidate conservation measures for each of these industries shows 
that the savings potential is substantial in all industries, although conservation opportu
nities -- and thus the savings potential -- tend to be industry-specific. A summary of 
the findings is provided in Exhibit 6.4, where the conservation measures have been con

solidated into two groups: 

Short-term measures requiring small investments and consisting mostly 
of combustion efficiency improvements, insulation, steam system 
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Exhibit 6.3 

Primary Energy Consumption in Selected Energy-Intensive Industrial Processes, All LNCs, 1980 

Industry 


Iron & steel 


Petroleum 


Cement 


Chemicals 


Food 


Pulp & paper 


Construction materials 


Electrometallurgy 


Construction materials 


Textiles 


Total 

Product/process 


Raw & finished steel 


Refining 


All processes 


Ammonia 


Cane sugar refining 


All grades 


Glass 


Aluminum (from alumina) 


Bricks 


Finishing 


World 

713.0 

2,920.5 

867.7 

71.3 

55.6 

166.5 

99.3 

16.1 

97.4 

18.9 

Estimated production 
(million tons)a 

LDCs 

100.7 

691.8 

319.4 

15.4 

48.0 

21.1 

38.7 

2.4 

22.8 

3.2 

Percent 

13.9 

23.7 

36.8 

21.6 

86.3 

12.7 

39.0 

14.9 

23.4 

40.0 

Estimated commercial 
energy consumption

(million toe)b 

79.0-89.0 

40.0-45.0 

42.0-57.0 

15.5-18.5 

14.5-24.0 

21.0-31.6 

13.5-19.2 

11.0-12.0 

2.5-3.5 

3.8-5.7 

242.8-305.5 

aAll production figures based on latest validated international statistics (1980), including UNJ and World Bank's commodity and ex
port divisions.
 

bCommercial energy consumption by product has been 
estimated using specific energy consumption by unit of OUtDut within range
provided in Exhibit 6.2. 

-- SOURCE: Hagler, Baillv & ComDanv. 



Exhibit 6.4 

Potential Energy Savings and Typical Energy-Saving Measures in Selected Energy-Intensive Industries in LrlCs 

Potential savings 

rate (percent) Examples of major energy-saving measures 

B2Industry Process Group Al Group Group Al 	 Group B2 

Steel Raw steel metal finishing 5-7 5-13 	 Combustion controls, insulation, iron ore Waste heat recovery, replace inefficient 
pellets equipment 

Aluminum Hall-Heroult smelting 2-4 10-15 	 Combustion controls in remelting furnaces, Install process controls, increase waste heat 
insulation, power factor improvement recovery and aluminum recycling 

Petroleum Refining 7-12 15-25 	 Combustion controls, increase steam con- Waste heat recovery, replace inefficient 
densate return equipment 

Fertilizers Ammonia 	 2-5 20-25 Insulate primary reformer, various house- Waste heat recovery in. reformer, hydrogen 
keeping measures and CO recovery, replacement of compressors 

Glass Flat and containers 10-12 15-20 	 Combustion controls, insulation Install efficient recuperators, waste heat 
boilers, increase boosting 

Construction Bricks 10-15 15-20 Flue gas recirculation, combustion con- Stack gas recuperation, kiln rebuilding
 
materials trols, kiln
 

Cement Dry and wet 	 10-20 10-30 	 Process optimization such as improved Install high-efficiency heat exchanger sys
combustion, insulation, etc. tems, process controls, convert from wet todry process
 

Pulp and Integrated chemical 12-14 14-16 Boiler improvements, steam system and Increase use of waste fuels, black liquor, 
paper Other 10-15 10-15 insulation reconditioning increase cogeneration, waste heat recovery

from dryers 

Food 	 Raw cane sugar 16-18 Up to 85 Improve boiler combustion efficiency, Increase use of waste fuels (e.g., bagasse),
Cane sugar refining 16-18 15-30 steam systems and insulation, and waste heat recovery, add up effects on 
Edible oil 8-10 12-15 evaporator management evaporators 

Textile Finishing 	 12-15 15-17 Improve boiler combustion efficiency Install waste heat recovery devices, re
and steam distribution, increase return 	 place old, inefficient boilers, improved water 

and liquor systems 

Other 	 Metal works, mining, 5-10 10-15 Combustion improvement, insu'ation, Waste heat recovery, replace energy
chemical products, operation scheduling, maintenance inefficient equipment, lower 	 temperature,
wood products power factor correction 

t Group A: 	 short-term measures (i.e., housekeeping and minor modifications). 

2Group B: 	 redium-term measures (i.e., retrofitting and process modifications). 

0S1JRCE: Hagler, Bailly & Company. 



efficiency improvements, and other housekeeping measures, including bet
ter energy management, measurement, and control (Group A) 

a Medium-term measures requiring larger investments in retrofits of existing 

plants and additions to facilities, including waste heat recovery, combined 

heat and power generation, increased use of waste fuels, simple process 

controls, some process modifications, and replacement of inefficient equip
ment (Group B). 

Based on detailed energy conservation reports prepared by the World Bank and surveys 
of LDCs' industrial energy conservation programs, it appears that the potential for sav
ings varies greatly by industry. It is estimated that only 2 to 7 percent of the primary 
energy used in the primary metals industry (e.g., aluminum, steel) can be saved by low
cost measures (Group A), whereas up to 10-18 percent would be saved by the same type 
of measures in processes using essentially low-temperature heat (e.g., in the form of 
steam). Such processes include pulp and paper, and textile productsfood, (see Exhibit 

6.4). 

Similarly, the potential for energy savings by implementing more capital-intensive 
measures (Group B) is estimated to vary from 10-15 percent in metal-related industries 

to 15-25 percent in industries such as fertilizers, cement, and sugar, where waste heat 
recovery and use of waste fuels offer considerable savings potential in LDCs (see Exhibit 

6.4). 

It is estimated that as a group, the LDCs could save approximately 35 to 66 mtoe per 
year through short-term measures (Group A), and an additional 59 to Ill mtoe per 
year through medium-term measures (Group B). In perceitage terms, these figur s 
correspond to savings of 6 to 10 10 to 18 ofpercent and percent total industrial energy 
consumption, respectively. The largest energy conservation jotential lies in steel, petro
leum refining, cement, and chemical industries (see Exhiui. 6.5). 

NATIONAL ENERGY EFFICIENCY IMPROVEMENT PROGRAMS 

Despite the generally high economic attractiveness, at least from a national standpoint, 
of the energy conservation potential discussed earlier, actual energy savings may not 
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Exhibit 6.5 

Potential Cumulative Energy Savings and Investment Required in Selected Energy-Intensive Industries in LPCs 

Industry 


Iron and steel 


Petroleum 


Cement 


Cl-'icals 

Food 


Pulp and paper 


Construction materials 


Electrometallurgy 

Construction materials 


Textiles 


Total 10 products 


Other products (estimated) 


Total all products, all LDCs 


Product/process 

Raw and finished steel 

Refining 

All processes 

Ammonia 

Cane sugar 

All grades 

Glass 

Aluminum (from alumina) 

Bricks 

Finishing 

NOTE: A = short-term, low-cost measures; B = medium-term, 

IFrom Exhibit 6.3. 
2 Using savings rate from Exhibit 6.4.
3 Based on World Bank reports and review of industrial energy

4 Range of estimates depends on assumptions made about total 

SOURCE: Hagler, Bailly & Company. 

Estimated 
commercial 

energyconsumption 1 

(million toe) 

79.0-89.0 

40.0-45.0 

42.0-57.0 

15.5-18.5 

14.5-24.0 

21.0-31.6 

135-19.2 

11.0-12.0 

2.5-3.5 

3.8-5.7 

242.-305.5 

322.7-323.5 

565.5-6?9.04 

moderate-cost 

Potential energy savings2 Typical payback 3 

(million toelyear, rounded) (years) 

A B Total A B 

5.0-7.0 5.0-13.0 10.0-20.0 1.0-1.5 4.0-5.0 

3.0-5.0 6.0-11.0 9.0-16.0 1.0 2.0-2.5 

4.0-7.0 6.0-14.0 10.0-21.0 1.0-1.5 3.5-4.6 

0.5-1.0 3.0-5.0 3.5-6.0 1.0 2.0-3.0 

2.0-4.0 2.0-7.0 4.0-11.0 1.0 3.0-3.5 

2.0-5.0 2.0-5.0 4.0-10.0 1.5-2.0 2.5-3.0 

1.0-2.0 1.0-4.0 2.0-6.0 1.0-1.5 2.0-3.5 

0.0-1.0 1.0-2.0 1.0-3.0 1.0-1.5 2.0-3.0 

0.5-1.0 0.5-1.0 1.0-2.0 1.0-1.5 2.0-3.5 

0.5-1.0 0.5-1.0 1.0-2.0 1.0-1.5 2.5-3.5 

18.5-34.0 27.0-63.0 45.5-97.0 1.0-1.5 3.0-4.0 

16.0-32.0 32.0-48.0 48.0-80.0 1.0-1.5 2.5-3.5 

34.5-66.0 59.0-111.0 93.5-177.0 1.0-1.5 3.0-3.5 

measures. 

conservation programs and projects in various industries and LDCs. 
primary energy consumption and share of industry. 

http:565.5-6?9.04


en

ergy savings stems from a number of technical, financial, economic, and institutional 
barriers to energy conservation that are often encountered in LDCs. Major examples 

of such barriers are presented in Exhibit 6.6. 

materialize to the full extent desirable. This failure to achieve the full potential 

Main Elements of Industrial Energy Savings Programs 

To surmount these barriers and capture most of the potential for energy savings, an 
integrated energy savings program must be designed and implemented at the national 
level. Key elements of such programs include appropriate measures for (a) energy pric
ing, (b) technical assistance, (c) financial assistance, and (d) institutional and regulatory 

support. 

Energy Pricing 

To provide enterprises with adequate incentives for improving their energy efficiency 
through both conservation and fuel conversion measures, appropriate industrial energy 
pricing policies must address both the absolute and relative price levels of the various 
energy sources commonly used by industry (fuel oil, gas, coal, power) and, where rele

vant, a rate structure (electricity and natural gas rate schedules). Although the pricing 
strategy will depend on country-specific parameters, there is ample evidence to suggest 
that domestic prices for industrial energy need to be at least equal to international 
prices to provide adequate incentives for energy conservation at prevailing international 

prices for equipment. Rate structures for power gas are also important in that reor 

spect. For example, declining block-rate structures may provide disincentives for energy 

conservation. Some countries, such as China and Romania, use quota systems for key 
energy products, with consumption above the quota carrying a substantially higher price. 
In any case, it is of the utmost importance that the government's energy pricing policy 

be announced in clear terms. 

Experience from a number of countries suggests, however, that adequate energy pricing 
is a necessary - but generally not sufficient - condition for an efficient energy savings 
program. Energy pricing needs to be examined within the context of the overall pricing 
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Exhibit 6.6 

Common Barriers to Industrial Energy Conservation 

Technical barriers 

" Lack of suitable equipment 

Economic barriers 

* Domestic energy prices below international levels 
" Cost plus price control system for manufactured products 
* Energy costs only a small percentage of production costs in some industries 

Financial barriers 

* Limited capital availability 
* High interest rates 
" Lack of simple, accessible medium-term financing for energy-saving equipment changes 

Institutional barriers 

* Inadequate decision-making structure 
* Unfavorable legislation and regulations 
" Other national and industrial priorities 
" Lack of information 
" Lack of energy auditing capabilities 
" Lack of energy management expertise in plants 

SOURCE: Hagler, Bailly & Company. 



policy for industry. In countries with a cost plus price control system for manufactured 
products, there is often real to save energy.no incentive In addition, a policy of high 
or increasing energy prices will have its full effect only the extent that enterto most 
prises are adequately aware of and informed about the various energy-saving measures 
that are technically and economically feasible. Finally, energy costs account for varying 
shares of total production costs, depending on the industry concerned (see Exhibit 6.7). 

In industries such as metallurgy, textiles, and food pricessing, where energy costs are 
proportionally modest, enterprises might give higher priority to investments designed 
to improve their productivity or competitiveness through means other than energy con
servation. It is important to design an integrated energy conservation program that 
includes an array of nonpricing measures and programs. The primary nonpricing measures 

and programs are discussed below. 

Technical Assistance 

Technical assistance primarily involves promotion, training, and plant auditing. 

Promotion and information campaigns help create an awareness on the part of industrial 

managers, employees, and the public in general of the benefits of energy savings. The 
campaigns include brochures, pamphlets, general or industry-specific seminars, and energy 
savings contests. Training programs in energy conservation or auditing can be addressed 
to several different groups, such as energy auditors, energy managers of enterprises, 
boiler operators, and maintenance engineers, with good results. Technical assistance 

can be provided either in the form of free audits or audit assistance, technical advisory 
services, and referral services. All of the above services can be provided through ap

propriate institutions. 

Energy audits of large and medium-sized energy-intensive facilities constitute the core 
of any industrial energy savings program. Energy audits necessary to estimate theare 

energy savings potential, identify the individual energy savings measures to be taken, 
and estimate their investment cost and impact on operating costs. Depending on the 
energy consumption level of each facility, the complexity of the in-plant energy 
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Exhibit 6.7 

Typical Shares of Energy Costs Within Total Production Costsl 

Share of 
energy cost 

(percent) 

Highly energy-intensive products 

Ammonia 
Cement 

40-50 
40-55 

Energy-intensive products 

Aluminum 25-30 
Fertilizers 20-25 
Steel 17-30 
Glass 15-25 
Paper 15-25
 

Other products 

Ceramics and construction materials 12-20 
Metallurgy 3-15 
Textile finishing 6-12 
Food products 3-10 

'Expressed as ratio of total energy cost (i.e., fuels and electricity) to 
total production costs, including depreciation. 

SOURCE: World Bank. 



distribution and utilization systems, and the objectives pursued, several types of audits 

can be designed. 

Energy audits can be performed either on a voluntary or a mandatory basis. The latter 

case is generally used for establishments exceeding a certain energy consumption thresh
old (e.g., 1,000 toe per year). Some countries also provide subsidies for energy audits 

or provide free brief audits, often with the help of mobile energy diagnosis equipment. 
Crucial to the effective performance of an overall energy auditirrg program is the de

velopment, through training, of domestic energy auditing capabilities. 

A useful complement to an energy auditing program is the training and appointment 

of energy coordinators or energy management teams in the major energy-consuming 

enterprises to ensure a follow-up of the energy audits and to help introduce better en

ergy management practices throughout the facility. The role of the coordinators or 
teams can be either voluntary or mandatory. 

A 	 typical training program incorporates at least the following elements: 

1. A 2-day seminar for senior officials of the ministries concerned, senior 

managers of public- sector corporations, and general managers of major 

energy-consuming industries and power plants, to create of theawareness 

importance of energy efficiency in industrial management. 

2. 	 A workshop (about 3-4 days) for energy coordinators and energy managers 

to develop awareness and provide understanding of energy coservation 

activities. 

3. 	 On-the-job training of government staff, energy coordinators, and energy 

auditors. 

4. 	 Seminars for representatives of private-sector industries, trade associa

tions, and the Chamber of Commerce to make them aware of benefits 

from energy conservation activities. 
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Financial Assistance 

Most industrial countries (ICs) -- and some LDCs -- have formulated national industrial 

energy savings programs that provide, at least initially, some financial assistance and 

incentives. Despite the inherently attractive returns on energy savings investments, 

such assistance has proved necessary to overcome the disinclination to make energy 

conservation investments, even where energy prices constitute an adeqkiate incentive. 

Owing to their relatively modest size and impact on total production costs, many energy 

conservation investments receive a low priority within the enterprises' investment bud

get. In general, grants for energy conservation -- used to some extent in industrialized 

countries -- have been phased out and replaced over time by preferential interest rates, 

accelerated depreciation, and other tax-related incentives, including duty tax exemption 

for imported equipment. Subsidies for energy audits have been maintained in many 

countries. In many LDCs, the prices of the key energy products used by industry are 

substantially below international price levels, and therefore provide little incentive to 

firms to invest in energy-saving facilities. In these cases, some form of financial assis

tance for capital investments might be needed during the transition period, provided 

that its amount is reduced as energy prices are gradually increased. The desirability 

of such a subsidy should, however, be weighed against the merits arid feasibility of a 

policy of faster energy price increases. 

It is also necessary to provide adequate access to medium-term financing for energy 

savings investments, particularly in the case of small or medium-sized enterprises wch 

only a few relatively small energy conservation projects. Normal banking channels 

might entail unduly cumbersome and time-consuming procedures and collateral for such 

simple investments. Simpler forms of medium-term financing that are worth studying 

in this respect include financial leasing or acceptances. 

Institutional and Regulatory Aspects 

Industrial energy pricing is an integral part of overall energy pricing and should normally 

be handled through the energy pricing framework existing in most countries. There 

are, however, a variety of specific institutional and regulatory mechanisms that can 
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be envisaged for the remaining elements of the industrial energy conservation programs 

mentioned above. 

Since 1973/1974, most LDCs have considered establishing energy conservation centers 
that deal mainly with industry. Such centers emphasize the technical assistance functions 
mentioned above, often in collaboration with other training or technical assistance enti
ties, and sometimes with private-sector participation. However, a few LDCs -- e.g., 
Portugal, Bangladesh, Pakistan, Thailand, Turkey, China -- to date have established such 

centers or are in the process nf doing so. To have maximum impact, the centers should 
be constituted and staffed on the basis of an in-depth review of the nature of the in
dustrial sector in the country, the potential for energy savings, and the capabilities of 
the domestic technical specialists. These centers are only rarely involved directly in 
financial assistance (particularly because energy conservation grants have gradually 
yielded to loans with preferential interest rates and tax incentives, at least in most 
ICs). All of these centers render information and promotion services, and most sponsor 
training programs. Among the latter, the training of plant energy managers and local 

energy auditors is of special importance. 

While the regulatory framework varies from country to country, many ICs and some 
LDCs have enacted a basic energy conservation law of a very technical nature. In 
most cases, energy consumption standards are foreseen for boilers, furnaces, and other 
combustion units, and sometimes for industrial lighting, space heating, and other items. 
Energy consumption standards by product are significantly more difficult to establish 
and administer. The record varies considerably from country to country as to the use
fulness of and compliance with such standards. Other important aspects generally cov
ered by regulations, and of particular interest to most LDCs, are the mandatory ap
pointment of energy managers and the mandatory performance of energy audits in in

dustrial establishments that exceed minimal energy consumption standards. 

The experience of most ICs with energy conservation programs indicates that to be 
successful, energy conservation regulations should be complemented by appropriate mea
sures for promotion, incentives, and free technical assistance. The exact blend of "car
rot and stick" needs to be considered in the light of individual country circumstances 

and likely industry response. 
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EXPERIENCES OF SELECTED COUNTRIES 

A review of past and planned industrial energy conservation programs in several ICs 

and LDCs indicates that the reduction of industrial energy consumption is an objective 

common to most countries. While most industrialized countries initiated efforts to use 

less energy in 1974, only a handful of LDCs -- led by the Republic of Korea (ROK) 

-- reacted equally quickly to the first oil price shock. By the end of the 1970s, other 

LDCs -- mainly in Southeast Asia, North Africa, and South and Central America -

had begun to respond to the second large oil price increase. To date, LDCs ii' the 

Middle East and equatorial Africa (except Kenya) have placed little emphasis on cutting 

energy use.
 

The ICs generally initiated a conservation program that embraced all sectors, with em

phasis on the transportation, residential, and commercial sectors, which offer significant 

short-term energy savings at low cost. LDCs, on the other hand, generally emphasized 

industrial energy conservation, in part because industry in LDCs accounts for a higher 

share of total energy consumption than it does in ICs. 

In their initial phase (1974-1980), these programs have varied widely with respect to 

key program elements such as institutional set-up, energy pricing, legislation and regu

lations, incentives, technical and financial assistance, and financing channels used to 

provide financial assistance. Both results and expected savings are highly country

specific; in addition to the conservation policy itself, they depend on such factors as 

industry structure, industry energy efficiency, and the level of existing legislation and 

regulations on energy conservation. 

Some countries have apparently achieved impressive energy savings (expressed as a 

physical amount of energy per physical unit of output), while others -- in some cases, 

countries with very stringent programs -- have performed poorly. For example, energy

efficiency leaders like Sweden and France achieved only about 6 percent savings over 

the 1974-1980 period, whereas the United States achieved more than 10 percent. 

However, to accurately gauge program succcess, the initial energy efficiency ievel must 

be taken into account. In this case, Sweden and France started with a ratio of industrial 

GDP to industrial energy used of approximately U.S. $2,000/toe (1975 dollars); the 
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United States, on the other hand, began with a ratio of less than U.S. $1,000/toe. 
Although all LDCs started from a low efficiency level, their results have been mixed. 

In the following sections, we first summarize and attempt to analyze the various ele
ments of the IC and LDC programs. Then, we summarize the key lessons that can be 
drawn from the countries' experience. 

Program Initiation 

Most ICs, but only a few LDCs, started industrial energy conservation efforts after 
the first big oil price increase in 1973. Attention in LDCs focused instead on obtaining 
external financing to cover the additional energy costs. By the end of the 1970s, 
however, almost 20 LDCs were designing industrial energy conservation programs to 
counteract the second oil price hike, out of domestic political necessity, and because 
of pressure from international financial organizations. 

Institutional Set-Up 

Both ICs and LDCs implemented energy information and awareness campaigns using 
their appropriate government agency (generally a Department of Energy or a Department 
of Industry). In many cases, efforts to organize the program faltered, usually because 
too many government bodies were involved in the decision and implementation process, 
and sufficient coordination and authority were lacking (e.g., Sweden, Korea). While 
most countries understood the need to create a new organization -- or expand an exist
ing one -- to oversee industrial energy conservation, there have been many "trials and 
errors" with respect to (1) its proper location within the government organization, (2) 
the extent of its role (advice vs. implementation), (3) its staffing (5 or 500 people), (4) 
its responsibility with respect to regulation, legislation, and financial matters, and (5) 
its scope (selected sectors or all sectors). 

On the basis of the experience of the various countries that have been reviewed, the 
best structure appears to be one consisting of three bodies: 
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1. 	 A policy group, placed directly under the appropriate minister (energy, 

industry, planning), whose prime responsibilities are to design the energy 

conservation program, ensure coordination with other entities, and assume 

overall responsibility for energy conservation matters. This policy group 

may also be in charge of program evaluation. 

2. 	 An implementing agency (e.g., AFME in France, KEMCO in Korea), placed 

under the policy group and headed by a director, with or without direct 

industry particpation, whose prime function is to implement the program 

adopted by the government. Its main activities are conducting information 

and awareness campaigns and audits, and promoting and monitoring overall 

energy conservation activities. 

3. 	 A research center, also placed under the policy group, staffed with 10

20 researchers responsible for carrying out all types of studies, data col

lection, and analysis required for policy planning and evaluation. The 

research center can also be in charge of conducting technical research 

and development on energy-saving technologies/equipment to help their 

penetration of the local market. In LDCs with low industrial energy use, 

the research center may not be necessary to get the program under way. 

Program Goals and Scope 

In the early stage of the program, very few countries had set energy conservation goals 

just for industry. Moreover, industrial energy efforts focused on housekeeping measures 

and low-cost energy savings measures. France and Sweden had national goals for in-

Justry, while the United States had a set of voluntary goals in selected energy-intensive 

industries. Although none of the announced national goals for industry has been reached, 

voluntary energy conservation program goals have been exceeded in the three countries 

that had such programs (France,* the United States, Japan). 

*France set both national goals and voluntary energy conservation program goals in 

selected industries. 
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Incentives and Policies 

There has been much talk of the benefit of "market" energy prices, especially since 
1979, but energy markets are far from "free" even now. Most countries embarked on 
conservation programs at a time when price controls and regulations were partic'iarly 
heavy. Domestic oil prices have generally increased to reflect higher acqui-"tion costs,* 
and additional taxes or "surcharges" have been levied on residual oil (e.g., France until 
1980, Sweden). In contrast, much less has been done in other areas such as coal and 
electricity, which remain highly subsidized in many countries (e.g., coal in France, Ger
many, and Korea). The modification of electrical rates (tariffs) has been studied, but 
there is little agreement on how this is to be done.** 

Nonetheless, it is the general belief in ICs and LDCs that energy prices should reflect 
medium- and long-term acquisition costs and that subsidies act as barriers to energy 
conservation. Again, practical implementation of such concepts is difficult because Uf 
the social issues involved. 

In addition to energy pricing, countries with a substantial industry sector have provided 
a broad array of energy conservation incentives. The incentives include direct financial 
assistance (grants) for research, development, and demonstration (20 to 70 percent of 
total project cost) and for audits (100 percent for small and medium enterprises, and 
50 percent for larger plants); soft loans (0.5 points to several points below market or 
prime with or without a grace period) for installing energy-efficient devices or equipment; 
and free technical assistance and information. The experience of the countries reviewed 
for 	the purpose of this report provides two facts worth noting: 

9 	 Countries -- especially LDCs -- with no financial assistance mechanism 
for project implementation obtained poor conservation results (e.g., Korea 
until 1980). 

*Except in oil-producing countries (e.g., Indonesia), where domestic prices are still much 
lower than international prices.
 

**The issue of revenue redistribution through utility rates 
is 	 the focus of many debates 
both in ICs and LDCs. 
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In most countries, but particularly in France and Sweden, grants estab
lished in 1974-1976 were eliminated in 1980 because such programs were 

expensive and inefficient; market prices alone generally made candidate 

projects financially attractive. 

Most ICs offer additional financial incentives such as tax credits, accelerated deprecia
tion, easier access to credit, and nonrefundable funds in case of project failure. LDCs 

also generally consider or provide duty tax exemptions for improved energy savings 
equipment. In most ICs, but in very few LDCs, energy conservation equipment manufac

turers enjoy substantial public aid and preferential tax treatment. Exhibit 6.8 provides 
a summary of the financial incentives made available for industrial energy conservation 

in selected ICs and LDCs. 

Technical Assistance Program 

Developed countries required several years to recognize the need for, and subsequently 
organize, an auditing program in industrial facilities. A key reason for the delay was 
the lack of quz!_ied auditors (prior to 1974, there was no such job). In addition, indus
try was sometimes reluctant to have outside people gathering detailed operating infor
mation on their processes (particularly in the case of chemicals). With the exception 

of the United States,* all countries reviewed had a national auditing program, often 
mandatory, especially for large oil users (generally above 500-1,000 toe/year). For 

small and medium users, audits are voluntary, and often provided free of charge. 

With respect to industrial energy auditing, LDCs have made audits mandatory for so

called "designated facilities" (e.g., Korea, the Philippines). Less stringent approaches 
(e.g., Thailand) have not been successful. 

All ICs and LDCs have strongly emphasized energy awareness and information, relying 
on conventional media (e.g., booklets, pamphlets, television spots, forums, conferences) 

*There is no federal audit scheme in the United States. In some cases, however, there 
are audit programs at the state level. 
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Exhibit 6.8 

Experience from DCs and LDCs: Financial Assistance 

Grants Loans Other 

Developed cou-Atries 
United States 

Japan 

Germany 

France 

United Kingdom 

Sweden 

Audits 

X 

X 

X 

X 

X 

Projects 

(X) 

(X) 

(X) 

Pref'-, ential 
interest 

rates 

X 

X 

X 

X 

Extended 
grace 
period 

X 

X 

Tax credits 
and duty 

tax exemption 

X 

X 

X 

X 

Accelerated 
depreciation 

X 

X. 

Developing 

Korea 

Brazil 

Thailand 
Philippines 

India 

countries 

X 

(X) 
X 

X 

X 
X 

(X) 

X 

X X X 

NOTE: (X) = in preparation or limited application. 

., SOURCE: Hagler, Bailly & Company. 



and more innovative vehicles (e.g., the concept of having an instrumented bus travelling 
across the country in Canada and Japan, energy efficiency contests in Korea). 

Technical assistance has consisted mostly of training energy managers and auditors. In 
LDCs, foreign assistance is generally required in this area, except in those countries 
with a broad industrial base and energy experience (China, Brazil, India). Exhibit 6.9 
provides a summary of the technical assistance available for industrial energy conserva

tion in selected ICs and LDCs. 

Legislation and Regulations 

The legislative and regulatory framework can be kept to a minimum in ICs, where 
price signals and financial and technical assistance are powerful enough to ensure signifi
cant savings. However, LDCs' experience provides ample evidence that regulatory 
means are necessary to achieve program goals. Legislation (e.g. energy utilization or 
rationalization law, energy conservation law, or "an act to further promote energy con
servation," as in the Philippines) is generally required. Its implementation may involve 
a large number of government bodies in several ministries, as well as the key components 
of the industrial energy conservation institutional set-up (see "Institutional Set-Up," 
above). Regulations resulting from the law cover a broad range of energy-related ac
tivities and equipment, including lighting and space heating in industrial buildings, com
bustion efficiency of large boilers and furnaces, electric power factor, replacement of 

old energy-using equipment, and fuel diversification (e.g., United States, United Kingdom, 
Sweden). Exhibit 6.10 presents examples of regulations related to industrial energy 

conservation in selected ICs and LDCs. 

Quotas on oil consumption and supply interruptions have also been used in some cases 

(e.g., France, United States, Thailand). 

RECOMMENDATIONS FOR PROGRAM DEFINITION AND IMPLEMENTATION 

The selection of the type of industrial energy conservation program that a country 
might wish to implement depends greatly on the program's ease of implementation and 
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Exhibit 6.9 

Experience from DCs and LDCs: Technical Assistance 

Large plants 

Audits 

Small and medium plants 

Training Other 

Developed countries 
United States 

Japan 

Germany 

France 

United Kingdom 

Sweden 

Mandatory 

X 

(X) 

Voluntary 

X 

X 

X 

X 

Mandatory Voluntary 

X 

X 

X 

X 

X 

X 

Auditors 

X 

X 

Plant 
energy 

manager 

X 

X 

X 

X 

X 

Information 
program 

X 

X 

X 

X 

X 

X 

Developing 
Korea 

Brazil 

Thailand 

Philippines 

india 

countries 

X 

(X) 

X 

X 

X 

X 

X 

X 

X 

X 

(X) 

X 

X 

(X) 

X 

X 

X 

X 

NOTE: (X) = in preparation or limited application. 

SOURCE: Hagler, Bailly & Company. 



Exhibit 6.10 

Examples of Industrial Energy Conservation Regulations 
in Selected Developed and Developing Countries 

Energy 
conservation Combustion 

law standards 

Developed countries
 

United States X (X)
 
Japan X (X)
 

Germany X 

France X X
 

United Kingdom X X 

Sweden X 

Developing countries 

Korea X X 

Brazil X 

Thailand (X) 

Philippines X (X) 

India X X 

NOTE: (X) = in preparation or limited application. 

SOURCE: Hagler, Bailly & Company. 



administration. In turn, the relative ease of implementing and administering a program 
depends on factors such as the need for new legislation and the strength of vested in
terests that would oppose any change in the status quo, as well as the number of people 
or organizations -- public and private -- that must be managed or coordinated to suc

cessfully carry out the objectives of the program. It is therefore essential that a 
country's available institutional and regulatory resources be systematically inventoried 
and evaluated before any decision is made on the management structure. Only when 
this assessment has been carried out and the institutional and regulatory deficiencies 
have been identified can recommendations for modification of the existing institutional 

and regulatory environment be made. 

The institutional assessment should focus not only on government institutions, but on 
the institutional resources available in the private sector (e.g., trade associations, oil 
companies, architect/engineering firms) and quasi-public sector (e.g., nationalized 
companies, utilities, universities). The institutional problems most often encountered are: 

" Lack of clearly articulated objectives
 

" Lack of coordination among government institutions
 
" Conflicting and sometimes contradictory responsibilities
 

" Lack of managerial and technical resources.
 

The successful implementation of any program, measure, or task requires that four fun

damental management functions be carried out: 

" Initiating, which sets the activity in motion 

" Performing, which encompasses the day-to-day management or perfor
mance of the activity 

" Funding, which ensures that the committed funds are delivered in time 

for proper performance 

" 	 Monitoring and enforcing, which involves overseeing other participants' 

performance, adjusting activities to accommodate changing circumstances, 

and enforcing applicable standards or regulations. 

Other criteria must also be considered -- e.g., potential energy savings, degree of pri
vate-sector involvement without government support, direct gross public costs, potential 
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Each of these management functions can be carried out by a different institution. What 

is important is that each function be performed in an effective and timely manner. 

Once the tasks associated with the implementation of a program or a specific conserva

tion measure have been identified, a simple matrix that arrays the four management 

functions with the specific tasks can be used to inventory and define the roles of the 

various public- and private-sector organizations that might be involved in the process. 

The same framework can be used to identify potential coordination problems that might 

exist across conserval.ion measures. 

Exhibit 6.11 presents an example of how the various management functions might be 

assigned in a hypothetical country where public- and private-sector institutions are al

ready in place. For instance, several tasks (e.g., organization and conduct of survey, 

data base development) might be carried out by the National Institute of Statistics. 

A task force composed of representatives from the key ministries, national energy com

panies, universities, and industries could be created to participate in the design of the 

program. Once the energy conservation center has been created, it serves as the focal 

point for carrying out the mandate of the program, although it relies as much as pos

sible on existing entities to perform some of the specific tasks. It can be seen from 

this example that the institutional arrangements are unlimited, and depend on Vhether 

program management is highly centralized or decentralized. 

The existing institutional framework will often dictate the proper management structure. 

In the interests of objectivity and credibility, the experience of various countries has 

shown that the organization(s) pursuing policy development activities should be separate 
from the organizations responsible for policy implementation. 

The degree of management centralization will also be dictated by the existing institu

tional and regulatory environment. In the past few years, many countries have taken 

steps -- albeit limited ones -- toward improving the energy efficiency of their industrial 

sector; in many cases, existing ministries and government institutions have started to 

implement some conservation measures. A successful country-wide energy conservation 

(cont.)
 

for adverse socioeconomic impacts.
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Exhibit 6.11 

Example of Institutional Arrangements 

Management functions 

Phase/task 
 Initiate 	 Perform Fund Monitor 

1. Design
 
Organize and conduct energy survey 
 MOI NIS, E, U MOF MO!

Identify barriers to conservation MO! TF, U MOF MO!Analyze and recommend institutional modifications MO! TF, U MOF MO!Review and propose modifications of existing laws and regulations
and energy pricing policy MOl TF, U MOF MOI 
Process energy survey 
 MOI NIS, E, U MOF MO!

Identify alternative programs MO! 	 MO! MOF MO!Estimate costs and benefits of alternative programs MO! MOl MOF MO!
Evaluate resources needed for each alternative MOi MO!, MOF MOF MO! 

Review options for financing and incentives MOl MO!, TF MOF MO! 

I. Start-Up
Finalize national program MOI 	 MO! MOF MO! 

Set up organization MO! 	 MO! MOF MO!Launch awareness and information campaigns 	 ECC TA, MO! MOF ECC
 
Develop auditing program ECC ECC, U, E MOF ECCRecruit and train auditors ECC ECC, U, E MOF ECCConduct test audits ECC 	 ECC MOF ECC 

Organize financing channels ECC EGG, MOF MOF ECC 
Adapt laws and regulations ECC MOJ MOF r-.. 

II. Implementation
Define 	 and publicize conservation goals and/or standards ECC ECC, MO!, TA MOF

Conduct auditing program 
ECC 

ECC EGG, U, E MOF ECCImplement training program for energy auditors ECC ECC, U, E MOF
Evaluate and implement projects 

ECC 
ECC 	 ECC MOF ECC
 

Monitor results ECC ECC, NIS MOF ECC
Develop data base ECC 	 NIS MOF ECC 

MO! = Ministry of Industry E = Engineering firms 	 NIS = National Institute of StatisticsECC = Energy 	 Conservation Center TF = Task force 	 MOJ = Ministry of Justice
U = Universities MOF = Ministry of Finance TA = Trade associations 

SOURCE: Hagler, Bailly & Company. 



program, however, usually requires one central body to oversee the day-to-day implemen

tation of energy-related activities. 

The focus should be on substance and not form. It is important to involve all key par
ties-at-interest -- both from the private and public sector -- in the planning and (if 

necessary) implementation process. 

In evaluating institutional and regulatory options, consideration must be given to the 

speed at which changes can be made. Any program that requires new legislative authori

ty will generally be more difficult to implement than one that does not. Programs 

requiring local action (e.g., building code amendments) will be even more difficult to 

adopt nationally because of the numerous jurisdictions involved. Other less serious ob

stacles to implementation are requirements for new administrative regulations or rules, 

and requirements for agency reorganization. But perhaps the most important imple

mentation criterion is the existence of public and political support for a program, or 

at least the absence of opposition. Political acceptance is as critical to tactical plan

ning as it is to strategic planning. 
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SESSION 7: 	 ENERGY CONSERVATION POTENTIAL
 

IN MAJOR ENERGY-INTENSIVE INDUSTRIES
 

In this chapter, we present briefly the production characteristics of selected energy

intensive industrial products (i.e., steel, ammonia, bricks, cement, textile, cane sugar, 

vegetable oil, and paper) and estimate their conservation potential in LDCs. 

STEEL 

Steel production in LDCs was approximately 120 million tonnes in 1981. The annual 

growth rate in steel production has averaged 7.2 percent since 1974. Although 50 
LDCs produce steel, five countries account for over two-thirds of all production: China, 

Romania, Brazil, Spain, and Korea. 

Processes
 

There are four steel-making processes in use today: 

* Blast furnace/basic oxygen furnace 

* Blast furnace/open hearth furnace 

* Direct reduction plant/electric arc furnace 

* Electric arc furnace. 

The first three processes are used in "integrated" steel mills (i.e., mills that integrate 

iron and steel making). The last two processes that employ electric arc furnaces are 
used in so-called "mini-mills," which are growing in popularity in developing countries. 

A mini-mill that incorporates a direct reduction plant is an integrated mini-mill. One 

that employs only an electric arc furnace and steel finishing operations is a non
integrated mini-mill. Mini-mills are typically much less expensive to build and can be 

erected more quickly than blast-furnace iron and steel mills. 

7-I
 



Energy Consumption 

The blast furr,ace/basic oxygen furnace process accounts for 37 percent of steel pro
duction in LDCs. In this process, iron ore, coke, limestone, and oil are fed into the 
blast furnace to produce pig iron. The molten pig iron is then mixed with scrap steel 
in the basic oxygen furnace and converted to raw steel. Total energy requirements 
for this process range from 420 to 470 kilograms (kg) of oil equivalent per tonne of 
raw steel. Coal accounts for 71 percent of the energy requirement, electricity, 16 
percent, and oil and gas, 13 percent. A modern integrated steel mill using the blast 
furnace/basic oxygen furnace process typically has a production capacity of 2 to 3 mil
lion tonnes per year. Some older plants have a capacity as small as 500,000 tonnes 

per year. 

The blast furnace/open hearth furnace prv.'ess, which accounts for 32 percent of LDC 

steel production, uses the same inputs as the basic oxygen furnace, but it is slower 
and less energy-efficient. Energy requirements range from 600 to 1,400 kg of oil 
equivalent per tonne of steel. Typical plant capacity is 800,000 tonnes per year. 

In the direct reduction/electric arc furnace, which accounts for 12 percent of LDC 
steel production, iron ore is processed in a hydrogen atmosphere and converted into 
sponge iron. The sponge iron, along with scrap, is fed into an electric arc furnace, 
where they are converted into steel. Energy requirements range from 430 to 480 kg of 
oil equivalent per tonne of raw steel. Natural gas accounts for 53 percent, electricity, 
32 percent, and oil, 15 percent of the energy requirement. A typical capacity of a di

rect reduction steel mill is 500,006 tonnes per year. 

The electric arc furnace using only scrap metal as an input accounts for 19 percent 

of LDC steel production. Energy requirements are 150 to 210 kg of oil equivalent per 
tonne. Electricity accounts for 59 percent of the energy input, and oil for 41 percent. 
A typical electric arc furnace steel mill produces 400,000 tonnes per year. 

Steel finishing is the collection of processes used to convert raw steel (in the form of 
billets, slabs, and blooms) into finished products (e.g., pipe, tube, plate, coil, wire, 
structural forms). These processes include reheating, hot rolling, cold rolling, forging, 
annealing, and casting. Most of the energy consumed in finishing operations is fuel 

for high-temperature furnaces. 
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The amount of energy used in finishing depends on how many times the steel must be 
reworked, which in turn depends on the type of produict. Steel finishing consumes from 
100 to 300 kg of oil equivalent per tonne of steel. 

In most LDCs, steel production accounts for a significant portion of industrial energy 
consumption. In Brazil and India, steel making uses over 30 percent of total industrial 
energy consumed. In India, the portion attributed to steel production only is 17 percent. 

Energy Conservation 

LDCs should be able to reduce specific energy consumption in steel making by' 3 to 7 
percent by employing measures that either have minimal cost (i.e., housekeeping mea
sures) or a payback of less than 2 years. These measures include: 

* 	 Improving production scheduling to reduce inter-process holding time (thus mini
mizing the need for repeated reheating) 

* 	 Improving monitoring and control of air/fuel ratios in reheat furnaces 

* 	 Adding low-density ceramic fiber insulation to cycling furnaces 

o 	 Repairing skid pipe insulation in reheat furnaces 

* Improving flue gas recirculation in all high-temperature furnaces 

e Undertaking external desulfurization of blast furnace pig iron 

e Switching from sintering to pelletizing as a means of agglomerating iron ore. 

Medium-term measures that require larger investments can be expected to reduce spe
cific energy consumption by an additional 15 to 20 percent. These measures include: 

o 	 Using high-temperature recuperators in soaking pits and annealing and forging 
furnaces 
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e Using waste heat boilers on reheat furnaces 

e Modifying blast furnaces 

- direct injection of powdered coal 

- dehumidification of blast air 

- top pressure recovery turbine 

e Modifying coke-making plants 

- pieheating coal prior to coking
 

- dry quenching to reuse the sensible heat in hot coke.
 

In addition, both the continuing replacement of open hearth furnaces by basic oxygen 
furnaces and the iiicreased recovery and reuse of scrap steel by steel manufacturers 
will help to reduce specific energy consumption. 

Exhibit 7.1 provides information on investment costs and potential energy savings for 
these conservation measures. 

AMMONIA 

Worldwide production of fertilizer in less developed countries (LDCs) was approximately 
35 million tonnes in 1980. Nitrogenous fertilizers, which include ammonium nitrate, 
r itric acid, and urea, are all derived from ammonia, the parent compound. About 95 
percent of the energy consumed by the production of nitrogenous fertilizers is used in 
the synthesis of ammonia. 

Processes 

The most commonly used process for ammonia production is steam reforming of light
hydrocarbons. This process, which accounts for 80 percent of worldwide production, 
consists of the following steps: 
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Exhibit 7.1 

Costs and Benefits of Selected Energy Conservation Measures 

Industry: Iron & Steel Typical range of specific primary energy 

Procoss: Raw Steel consumption (SEC) 

Energy saved 
(F = fuel, 

Measure/description E electricity) 

A.* Short-Term/Short-Payback 

1. Pelletize iron ore instead of sintering F 

2. External desulftirization of blast furnace iron F 

3. Re..over basic oxygen furnace off-gas F 

4. Air dehuinidificaticn, system for blast furnace F 

Total (all measures not additive) 

B." Medium-Term/Medium-Payback 

I. Dry coke quenching F 

2. Preheat roal prior to coking F 

3. Inject pulverized coal into blast furnace F 

4. Recover and use surplus blast furnace gas F 

Total (all measures not additive) 

E.g., housekeeping, minor equipment retrofitting.
 
*E.g., equipment retrofitting, process modifications.
 

SOLURCE: Hagler, Bailly & Company. 

in LDCs (in toe/ton): 0.8-1.1 

Specific Investment 

cost (installed) 


(1982 U.S. $Itoe saved) 


300-350 

150-250 

250-350 

250-300 

250 150 

800-900 

800-1,200 

900-1,200 

900-1,200 

450-550 


Potential 
energy savings 

(% of SEC) 

1.0-2.0 

2.0-3.0 

0.5-1.0 

1.0-2.0 

3.0-7.0 

8.0-12.0 

4.0-7.0
 

3.0-8.0 

3.0-7.0 

20.0-25.0 



" Desulfurization of the feedstock 

" Steam reforming 

" Secondary reforming 

" High-temperature and low-temperature carbon monoxide shift 

" CO2 removal 

" Methanation 

* Compression and ammonia synthesis. 

Energy Consumption 

Specific energy consumption for ammonia production from light hydrocarbon feedstock 
ranges from 800 to 1,100 kg of oil equivalent per tonne of ammonia. The average spe
cific energy consumption is 1,000 kg of oil per tonne of ammonia. Approximately 94 
percent of the energy input and 6 isis fuel, percent purchased electricity. 

Ammonia plants range in capacity from 200 to 1,000 tonnes per day. 

Energy Conservation 

Specific energy consumption in ammonia production can be reduced by as much as 5 
percent by housekeeping measures that require little capital investment. These measures 
include repairing and upgrading the thermal insulation on primary reformer surfaces, 
tuning the reformer burners, and fine-tuning the steam/carbon ratio to minimize steam 

cons um pti on. 

Energy consumption in most ammonia plants can be reduced by an additional 20 percent 
by the implementation of measures that are more capital-intensive but still pay back 
within 4 years. These measures include: 

" Addition of a combustion air preheater to the primary reformer, using 
stack exhaust as a heat source 

" Substitution of a physical process for CO 2 removal for the conventional 
MEA wash 
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" 	 Recovery of hydrogen from the purge gas stream by hollow fibre separators 

* 	 Replacement of older gas compressors by more efficient compressors 

(particularly by substituting modern centrifugal compressors for recipro

cating compressors in larger plants) 
* 	 Installation of modern automatic control systems in the byproduct steam 

generation system. 

Because approximately 35 percent of the hydrocarbon input to an ammonia plant is 

burned to heat the primary reformer tubes, there is some potential for substitution of 
pulverized coal for oil and gas. There is also a potential for substituting a combustion 
turbine for the primary reformer burners. The turbine exhaust gases are ducted to 

the 	reformer tubes, and the turbine shaft power is used to drive the synthesis gas com
pressor. This system can eliminate the need to purchase electricity for ammonia pro

duction. 

Investment costs and potential energy savings on short-term and longer-term conservation 

measures are shown in Exhibit 7.2. 

BRICKS 

Worldwide production of bricks in LDCs is estimated at 75 million tons in 1980. 

Processes 

Bricks are manufactured by one of three processes: the soft-mud, stiff-mud, or dry

press process. The stiff-mud process, which now predominates, extrudes clay containing 

15 percent water into columns. The columns are then wire-cut into appropriate lengths, 
and the bricks repressed to make face brick. The wet bricks are dried and then fired in 
a kiln, generally at 980 0 C to 1,2000C. 

The basic steps in brick-making are: 
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Exhibit 7.2 

Costs and Benefits of Selected Energy Conservation Measures 

Industry: Chemicals 
Typical range of specific primary energy


Process: Ammonia 
 consumption (SEC) In LDCs (in toelton) 0.8-1.! 

Energy saved Specific Investment Potential(F = fuel, cost (installed) energy savingsMeasureldescription E = electricity) (1982 U.5. $/toe saved) (% of SEC) 

A.' Short-Term/Short-Pakyback 

1. 	 Improve insulation of primary reformer 
 F 50-150 1.3-2.5
 
2. Insulate steam piping 

F 50-150 	 0.5-1.5 
3. Use physical solvent for removalC0 2 E 200-250 0.5-2.0 

Total (all measures not additive) 
175-200 	 2.0-5.0 

B." Medium-Term/Medium-Payba&c 

I. Recover H2 from purge gas by hollow fiber membrane F 400-600 	 10.0-I15.0 
2. Add combustion air preheater to primary reformer F 600-700 	 10.0-15.0 

3. Modify process (e.g., more efficient burners, gas turbine, changing steam/carbonratio, replacing small turbines with electric motors) F 450-550 	 15.0-20.0 
Total (all measures not additive) 

450-550 	 20.0-25.0 

Fuel Substitution 

Subs'itute coal for natural gas in steam generation F 400-500 

E.g., housekeeping, minor equipment retrofitting.

E.g., equipment retrofitting, process modifications.
 

SOURCE: Hagler, IBailly & Company. 



" Mining the clay 

" Crushing and grinding the clay 

" Mixing the clay with water and forming bricks 

* Drying bricks 

" Firing bricks. 

Energy Consumption 

About 95 percent of the energy used in brick-making is consumed in the firing step. 

Approximately 90 percent of the total energy used is fuel (natural gas is the preferred 

fuel); 10 percent is electricity. 

Specific energy consumption in brick-making ranges from 90 kg to 200 kg of oil equiv
alent per tonne of bricks. The average specific energy consumption is about 120 kg of 

oil per tonne. 

Energy Conservation 

Energy use in brick-making can be reduced by 10 to 15 percent by short-term measures 

that require modest capital investment. These measures include: 

" Using kiln exhaust gases for drying (if not already done) 

" Installing fans to recirculate kiln exhaust gases 

" Adding insulation to ductwork and other hot surfaces not adequately in

sulated 

" Adjusting kiln burners. 

Measures that reduce energy consumption by an additional 50 percent require large 

capital investments that can be implemented in the medium-term. These measures in

clude: 
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" Replacing older batch kilns with modern, continuous tunnel kilns 
" Installing recuperators to recover waste heat for preheating combustion 

air. 

There is considerable potential for fuel diversification in brick-making. Coal or biomass 
can be substituted for gas or oil. This substitution, however, may require substantial 
modification of the kiln, or even replacement of the existing kiln with a unit especially 

designed to burn coal or biomass fuel. 

The investment costs and potential energy savings of conservation measures are shown 

in Exhibit 7.3. 

CEMENT 

Cement production in LDCs amounted to 373 million tons* in 1980, or 42 percent of 
total world production, estimated at 879 million tons. Of the LDCs, China is by far 
the major producer, with 73.5 million tons in 1980 (20 percent of total LDC production). 
Of the other major cement producers, Brazil is next (27.2 million tons), followed by 
India (17.8 million tons), Mexico (16.3 million tons), Romania (16 million tons), Korea 
(15.6 million tons), and Turkey (11.9 million tons). Most other LDCs produce less than 

6 million tons per year. 

There are two basic processes in cement manufacturing: the wet and the _y process.** 

In the wet process, the raw materials (mostly clay and limestone) are first crushed and 
proportioned and then ground with water, thoroughly mixed, and finally fed into a rotary 
kiln in the form of slur -y, where the high-temperature chemical reaction called 

*"Energy Efficiency in the Cement Industry," draft report. The World Bank, 1982. 

**Other intermediary processes, called semi-dry and semi-wet, are also referred to,
but are less common in LDCs. Semi-dry and semi-wet processes differ from conventional 
dry and wet processes by the adjunction of a grate preheater. Multistage (2-4) preheaters
with or without precalciner are the most energy-efficient of recent process developments. 
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Exhibit 7.3 

Costs and Benefits of Selected Energy Conservation Measures 

Industry: Brick manufacturing 

Process: All 

Measure/description 

A.* Short-Term/Short-Paybadc 

I. 	 Simple combustion controls 

2. 	 Add ceramic fiber insulation to kiln 

3. 	 Recirculate kiln gas 

4. 	 Recovery kiln gas for use in dryer 

Total 	(all measures not additive) 

B.* 	 Medium-Term/Medium-Payback 

1. 	 Stack gas recuperation 

2. 	 More sophisticated control system (e.g., moisture) 

3. 	 Kiln rebuilding 

Total (all measures not additive) 

2 E.g., housekeeping, minor equipment retrofitting. 
E.g., equipment retrofitting, process modifications. 

SOURCE: Hagler, Bailly & Company. 

Typical range of specific primary energy 

consumption (SEC) In LDCs (in toe/ton. 0.09-0.20 

Energy saved Specific Investment Potential 
(F = fuel, 

E = electricity) 
cost (installed) 

(1982 U.S. $/toe saved) 
energy savins 

(% of SECJ 

F 100-200 2-3 

F 100-200 2-3 

F 150-250 3-7 

F 250-350 10-20 

200-300 10-15 

F 400-600 10-15 

F 500-650 5-10 

F 400-803 5-10 

45D-650 15-20 



"pyroprocessing" or "clinkering" takes place. The ofresult the reaction is called 

"clinker." After cooling, clinker is mixed and ground again with additives to form cement. 

The dry process differs from the wet process primarily in its preparation stage. In the 

dry process, the raw materials are ground and predried with recovered hot kiln gases, 

homogenized, and fed into the kiln in their dry state. The remaining steps are similar 

to those of the wet process. 

The share of the wet process in LDCs is currently -- and is expected to remain -- 30

35 percent of total cement production. 

Energy Consumption 

While cement is less energy-intensive than many other basic industrial products such 

as steel, glass, petroleum products, and chemicals, cement manufacturing consumes a 

larger portion of total commercial energy than any other industry in LDCs.* The 

reason is that the quantity produced is much larger than in most other industries. 

Based on an annual production of 373 million tons and an average specific thermal ener

gy consumption of 0.12 toe/ton of cement, total fuel consumption for cement manu

facturing amounts to 45 million toe. More importantly, oil is the major fuel used, ex

cept in China, India, and Argentina, which burn mainly coal. Electric power consumption 

is also significant. Total electricity consumption for cement manufacturing is estimated 

at 37 billion kWh, using an average specific e!ectricity consumption of 100 kWh/ton.** 

Specific energy consumption depends primarily on the process used: 

*It is estimated that the cement industry consumes 2 to 6 percent of total commercial 
energy in most LDCs. However, in some countries, this percentage is much higher 
(e.g., 40 percent in Togo). 

Equivalent to 10 million toe of primary fuel consumption at the thermal power plant. 
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Total energy 
consumption Energy 

(kcal/kg efficiency 
Process of clinker) (%) 

Wet 1,400 30 

Semi-wet (grate preheater) 950 44
 

Semi-dry (grate preheater) 835 50
 

Dry (long rotary kiln) 965 43
 

4-stage preheater 800 52
 

4-stage preheater/precalciner 750 56
 

SOURCE: Lafarge Cimenterie. 

Other factors influencing the specific energy consumption include the age of the plant, 

the raw material characteristics (which dictate the process to be used), the type of 

operation, and the type of fuel used. 

Energy Conservation 

Specific energy consumption is typically 10-20 percent higher than that of industrialized 

countries, indicating substantial potential for conservation, given that the cement 

industry consumes a large percentage of commerc;al energy, and oil is the major fuel 

used in that industry in most LDCs. 

Short-Term Measures 

There are several typical measures that can be implemented in LDCs to reduce energy 

consumption at low cost and within a short time frame. Such measures are listed be

low for both wet and dry processes: 
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" Improve combustion efficiency (e.g., reduce excess air) 
" Improve raw material preparation (increase homogeneity) 

" Reduce primary air leakage 

" Increase kiln thermal insulation 

" Install auxiliary burners in crude preheating zone (dry process only) 
" Reduce excess water content in slurry (wet process only) 

" Reduce heat losses 

* Produce hot water from exhaust gases 

" Improve kiln heat transfer 

" Improve cooler waste heat recovery 

" Use fly ash 

" Increase additive content in cement 

" Increase power factor. 

Representative costs and benefits of these measures are shown in Exhibit 7.4. Based 
on the hypothetical case of an average LDC, a representative combination of all of 
the above measures is likely to result in approximately 9 percent energy savings in the 

dry process and I percent in the wet process. 

Longer-Term Measures 

Other measures that can reduce energy consumption involve substantial capital expendi

tures. These measures are process-specific 

e Dry process 

- increase waste heat recovery for crude preheating 

- install/increase stages in suspension preheater 

- install flash furnace 

- install process controls 

modify/replace grinders (roller mills) 

- use oxygen enrichment techniques 

- cogenerate electricity (topping or bottoming) 

- increase kili capacity 
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Exhibit 7.4-

Costs and Benefits of Selected Energy Conservation Measures 

Industry: Cement 

Process: Wet and dry 


Measure/description 

A.' Short-Term/Short-Payback 

I. 	 Improve kiln combustion efficiency (burner modification and controls, reduce excess air)
2. 	 Increase kiln insulation (and fix leaking sea.s)
3. 	 Install auxiliary burners in crude preheating zone 
4. 	 Install/improve WHR boiler combustion controls" 
5. 	 Use fly ash as a raw material (also bottom ash, slag)
6. 	 Increase additive content in cement 
7. 	 Reduce water content in slurry; nse surface active agents and 
S. 	 Produce hot water from exhaust gases
9. 	 Increase power factor and other housekeeping measures 

Total (all measures not additive) 

B."' Medium-Term/Medium-Payback 

Wet process 

1. 	 Increase waste heat recovery for crude preheating
2. 	 Install process controls 
3. 	 Modify grinders (from ball to roller) 
4. 	 Increase kiln speed, length, capacity 
5. 	 Convert from oil/gas to coal or waste fuels 
6. 	 Cogenerate electricity (topping or bottoming system)
7. 	 Convert to dry process (all sources) 


Total (all measures not additive) 


Dry process
 

1. 	 Increase waste heat recovery for crude preheating (all sources)
2. 	 Install/increase stages in suspension preheater 
3. 	 Install flash furnace (precalcination)
4. 	 Install process controls 
5. 	 Modify grinders (roller mills) (all)
6. 	 Increase kiln capacity (length, speed) 
7. 	 Convert from oil/gas to coal 
8. 	 Oxygen enrichment 
9. 	 Cogeneration (topping or bottoming) 


Total (all measures not additive) 


E.g., housekeeping, minor equipment retrofitting.
 
Mostly on wet kilns.
 
E.g., equipment retrofitting, process modifications.
 

SOURCE: Hagler, Bailly & Company. 

' .-. 

filter press 

Typical range of specific primary energy
consumption (SEC) in LDCs (in toe/ton) 0.09-0.21 

Energy saved Specific investment Potential 
(F = fuel, cost (installed) energy savings 

E = electricity) (1982 $/toe saved)U.S. 	 (% of SEC) 

F 150-350 1.5-5.0 
F 200-800 2.0-5.0 
F 350-450 1.5-2.5 
F 	 200-250 
F N/A 8.0-1 5.0 
F Negligible 5.0-10.0 
F N/A 2.0-5.0 
F 100-200 
E 200-300 1.0-5.0 

225-275 9.0-11.0 

F 300-800 10.0-32.0 
F 200-600 1.0-3.0 
E 600-2,000 0.5-2.0 
F 	 600-1,000 1.0-5.0 
F 	 400-1,000 

E, F 400-800 2.0-5.0 
1,000+ 20.0-40.0 
700-800 15.0-20.0 

F 	 500-700 10.0-25.0 

E, F 400-500 1.0-3.0 
F 900-1,000+ 2.0-3.0 

E, F 800-1,000+ 1.0-3.0 
E 400-800 
E 600-1,000 3.0-11.0 

E, F 	 400-600 2.0-5.0 
750-850 20.0-25.0 

http:0.09-0.21


* Wet process 

- increase waste heat rezovery for crude preheating 

- install process controls 

- modify/replace grinders (roller mills) 

- cogenerate electricity 

- increase kiln capacity (speed, length) 

- convert to dry process. 

This last option, which is widely contemplated in LDCs, is a major capital expenditure. 
Conversion can be full or partial. A full conversion requires a drastic modification in 
the raw material preparation, which can be feasible only at the cost of installing expen
sive handling and preparation equipment. Full conversion can be made according to one 
of the three following alternatives: 

* Long dry kiln 

* 1- or 2-stage preheater kiln 
* 4-stage preheater or precalciner kiln. 

For a 1,000-tpd kiln, capital costs would be approximately U.S. $17 million, $45 million, 
and $55 million, respectively. The corresponding fuel savings rates would be approximate
ly 35 percent, 38 percent, and 41 percent, respectively. 

Raw material characteristics may prevent full conversion (e.g., extremely high natural 
moisture content). In this case, only partial conversion is possible. There are three 
basic alternatives: 

" Grate preheater with filtration 

" 2-stage preheater with filtration and dryer 
" 4-stage preheater/precalciner with filtration and dryer. 

Typical fuel savings are 30 percent, 35 percent, and 39 percent, respectively, or only 
slightly less than the savings achieved under full conversion. Capital costs are on the 
same order of magnitude as full conversion. 
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Conversions from wet to dry should not be contemplated for energy savings alone, 
which would not generally justify the investment.* The major benefit of conversion is 
the ability to significantly increase plant output (by 10 percent, 30-60 percent, and 50
80 percent for each alternative, respectively). 

For a typical LDC cement plant, medium-term energy conservation alone can save an 
estimated 15 percent of the fuel used in a wet process plant and 20 percent of the 
fuel used in a dry process plant. Conversion from wet to dry can save an average of 
approximately 35 percent. 

Switching from oil or gas to coal also represents a major opportunity to cut energy 

costs. Successful examples of such large-scale programs exist in France and Japan. 
The problem facing LDCs when considering conversion to coal are (I) coal availability 

and delivered price** and (2) the large capital cost of the conversion (U.S. $1.5-5 mil
lion for a 1,000-tpd kiln). 

TEXTILES 

The production of textiles in LDCs was approximately 12 million tonnes in 1981. The 

textile industry has been on the rise in LDCs because the labor-intensive technology 
provides a good match with manpower availability. 

Processes 

In the textile industry, finishing equipment is among the major energy-consuming machin

ery. Approximately 60 percent of the total energy used in the textile industry is con
sumed in the finishing process, also known as the wet process. During this process, 
the yarn or fabric is prepared, dyed, coated, and waterproofed or otherwise finished. 

Assuming a conversion cost of U.S. $20,000/tpd, the payback would be roughly 6-7 years. 

**The price differential between oil and coal has substantially decreased since 1979. 
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Energy Consurption 

Wet processes predominately use thermal energy for heating water, fixing and curing 
chemicals, dyeing, and heat setting. Energy is either transformed and used indirectly 
as steam (e.g., in heating dye liquors) or used directly by fuel combustion (e.g., in dry
ing operations). Specific energy consumption in textile production ranges from 950 kg 
to 2,500 kg of oil equivalent per tonne of textile product. The average energy con
sumption is 1,600 kg of oil equivalent per tonne of textiles. 

Energy Conservation 

Specific energy consumption in the textile industry can be reduced by about 6 percent 
by housekeeping measures requiring little financial investment. These measures include 
the maintenance of steam traps, an increase in the power factor on electric motors, 
and improved operational control in terms of lighting, scheduling, and maintenance con

trol. 

Energy consumption can be reduced further using more capital-intensive measures that 
have a payback of less than 2 years. The measures apply to either the boilers or the 
steam system. For the boilers, these measures include: 

* Installation of air-fuel ratio control
 

e Installation of waste-heat recovery from blowdown.
 

For the steam system, these measures include: 

* Repair or installation of insulation on steam lines and tanks 

• Addition of a condensate return system. 

In the longer term, specific energy consumption could be further reduced by approxi
mately 50 percent using energy conservation measures having a payback period of over 

2 years. These measures include: 
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" Replacement of existing boilers with newer, more efficient gas/oil boilers 
" Installation of waste-heat recovery devices on such equipment as dye 

baths and dryers 

* Modifications in bleaching and dyeing processes 

" Use of waste as fuel 
* istallation of back pressure turbines to generate electricity in large 

plants, primarily when burning coal or waste fuels 
" Installation of economizers on boilers. 

Costs and benefits of these various measures are presented in Exhibit 7.5. 

FOOD 

Although reliable statistics do not exist. the amount of energy used in food manufacturing 
appears to be relatively high in LDCs. Whereas beet sugar, milk, and animal feed tend 
to be the major food products in DCs with respect to total energy used, cane sugar, 
vegetable oil, and canned products are the major energy-intensive food products in LDCs. 

Cane Sugar 

Raw Sugar 

More than 90 percent of total sugar cane production occurs in LDCs. Most of the 
plants processing raw cane to produce raw sugar do not burn commercial fuels, but 
bagasse -- which is the cellulosic combustible by-product of cane crushing. Although 
plants often have excess bagasse, it is important to ensure that the bagasse is burned 
efficiently. Any energy saving in the process results in additional bagasse: for other 

uses and saves commercial fuels at the national levei. 

On-site power generation (topping cogeneration) represents the most powerful means of 
achieving commercial fuel savings and should be encouraged. Other measures that can 
result in savings should be estimated from both the enterprise perspective and the na
tiunal perspective. In cases where bagasse has no potential economic application in 
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Exhibit 7.5
 

Costs and Benefits of Selected Energy Conservation Measures
 

Industry: Textiles 
Typical range of specific primary energyProcess: Finishing 
co..umption (SEC) in LDCs (in toelton): 0.95-2.5 

Energy saved 
 Specific investment Potential 
Measureldescrlptic. (F = fuel, cost (installed) energy savingsE = electricity) (1982 U.S. $/toe saved) (% of SEC) 

A.* Short-Term/Short-Payback 

I. Boiler: install air/fuel ratio control 
F 200-300 
 2-5
 

2. Boiler: install waste-heac recovery from blowdown F 200-400 
 1-3
 
3. Steam system: repair/instali insulation on steam lines and tanks F 	 100-200 up to 5 
4. Steam system: add condensate return system 

F 200-300 
 5-10
 
5. 	 Steam system: repair leaks in steam traps 


F 
 100-200 
 2-4
 

6. All other housekeeping measures (operation, scheduling,increase power factor 	 lighting, maintenance,on electric moto-s) 
F 100-300 
 3-5
 

Total (all measures not additive) 
225-275 
 12-15 

B.** Medium-Term/Medium-Payback 

I. Replace existing boiler with more recent, more efficient boilers (gas/oil) 	 F 300-500 
 10-15
 
2. Install waste-heat recovery devices in process - liquid-to-liquid 	 F 300-600 
 5-15 
3. Process modifications (dyeing, bleaching, etc.) F 400-650 
 5-20
 
4. Install hackpressure turbine to generate electricity (cogeneration) 	 F 600-800 
 10-20
 
5. Boiler: install economizers 

F 400-600 
 5-10
 
Total (all measures not additive) 

550-650 
 15-17 

*E.g., housekeeping, minor equipment retrofitting.
 
E.g., equipment retrofitting, process modifications.
 

SOURCE: Hagler, Bailly & Company. 



other plants,* however, the enterprise perspective -- based on financial value - will 
result in very limited opportunities. Nonetheless, in most cases such applications exist, 

and should be subjected to careful economic analysis. 

Cane Sugar Refining 

In contrast, cane sugar refining makes extensive use of commercial fuels, primarily oil. 
Short-payback and longer-payback measures that can be taken in cane sugar refining 

are listed below: 

9 Short-term/short-payback measures 

- increase boiler combustion efficiency 

- install preheaters/economizers in boilers
 

- recover waste heat from boiler blowdown
 

- repair and increase steam system insulation
 

- increase condensate return to boiler
 

- recover flash steam.
 

* Medium-term/medium-payback measures 

- increase bagasse utilization 

- install bagasse dryer 

- install additional evaporator effect(s) 

- install vapor recompression systems 

- install cogeneration equipment 

- convert crystallization from batch to continuous operation. 

*The economics of bagasse are heavily dependent on the transportation cost, because 
bagasse has a low heat content per unit of weight and volume, owing to the high mois
ture content. In addition, special boilers and handling equipment are necessary. 
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The costs and benefits of these measures are presented in Exhibit 7.6. 

Vegetable Oil 

Vegetable oil is another important energy-consuming industry in LDCs. A large portion 
of peanut oil, palm oil, olive oil, coconut oil, and cottonseed oil is produced in LDCs. 

While there are some variations in the manufacturing processes, depending on the raw 
materials, the generic process involves the following common steps: 

" Raw product cleaning (and eventually drying) 
" Dehulling, cracking, or chopping 
" Oil extraction (thermal or mechanical) 

* Cooking
 

" Filtering.
 

Solvent extraction processes encompass an additional step of solvent recovery. 

Typical specific fuel consumption ranges from 0.04 co 0.24 toe/ton of oil, with an aver
age of approximately 0.08 toe/ton. Total primary energy used in LDCs for vegetable 
oil production averages 0.12 toe/ton of oil. With an estimated production of 17.3 mil
lion tons in 1980, total energy consumption is approximately 2 mtoe, which is relatively 
small. 

Short-term measures, consisting primarily of combustion and steam system improvements, 
have the potential to save 8-10 percent of this energy. Medium-term/longer-payback 
measures can save up to 15 percent of this energy. These measures include waste 
heat recovery and boiler replacement. 

PULP AND PAPER
 

Pulp and paper production in LDCs was approximately 24 million tonnes in 1980, or 
14.2 percent of total world production (170.7 million tonnes). The major producers 
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Exhibit 7.6 

Costs 	 and Benefits of Selected Energy Conservation Measures 

lncstr .- Food 

Process: Cane sugar processing (raw and refining) 

Measure/description 

A.* 	 Short-Term/Short-Payback 
I. 	 Boilers: instrumentation - air/fuel ratio controls replace burners-
2. 	 Boilers: install economizer/air preheater 

3. 	 Boilers: recover waste heat from blowdown 

4. 	 Steam: repair/increase steam line and tank insulation; fix traps 
5. 	 Increase condensate return 

6. 	 Recover flash-vented steam 

Total (all measures not additive) 

n. Medium-Term/Medium-Payback
 
!. Install efficient bagasse dryer (eventually using boiler flue gases) 

2. 	 Install additional effect(s) on evaporator 


3. 	 Install vapor recompression system 


4. 	 Install process controls 


5. 	 Install/increase cogeneration 

6. 	 Modify batch crystallization to continuous crystallization 

7. 	 Increase bagasse utilization by installing new boiler 
8. 	 Increase power factor (when electricity is cogenerated) 

9. 	 Modify operation by lengthening season (syrup storage) 
Total (all measures not additive) 

"E.g., 	 housekeeping, minor equipment retrofitting. 

E.g., 	 equipment retrofitting, process modifications. 

SOIIRCE: Hagler, Bailly & Company. 

Typical range of specific primary energy 

consumption (SEC) in LF)Cs (in toelton): 0.3;-0.80 

Energy saved Specific Investment Potential 
(F = fuel, 

E = electricity) 
cost (installed' 

(1982 U.S. $/toe saved) 
energy savings 

(% of SEC) 

F 100-400 2.0-10.0 

F 300-500 5.0-10.0 

F" 250-400 0.5-3.0 
F 100-200 1.0-15.0 

F 50-150 1.0-15.0 
F 300-600 2.0-5.0 

175-225 16.0-18.0 

F 350-450 5.0-20.0 

F 400-500 4.0-7.0 

F 600-1,000 4.0-f.0 
E, F 400-500 1.0-5.0 

E, F 500-700 --

F 600-1,000 1.0-3.0 

F 300-500 0.0-50.0 
E 400-500 1.0-10.0 

F N/A 

600-700 15.0-30.0 



were China and Brazil, with 22 percent and 14 percent of total LDC production, respec

ti vely. 

Pulp Paper 

Million Million
Country short tons % of LDCs* short tons % of LDCs* 

China 5.19 31.6 5.35 22.1 
Brazil 3.51 21.4 3.47 14.3 
Mexico 0.73 4.5 1.90 7.8 
Korea 0.19 1.2 1.69 7.0 
Taiwan 0.28 1.7 1.48 6.1 

Subtotal 9.90 60.4 13.90 57.3 

Other 6.50 39.6 10.31 32.7 

Total LDCs 16.40 100.0 24.2 100.0 
DC 115.40 146.5
 
Total world 131.80 
 170.7 

* All LDCs, including China, plus Czechoslovakia, Hungary, and Yugoslavia. 

SOURCE: Pulp and Paper International. Annual Review, July 1982. 

Processes 

Papermaking involves the mechanical or chemical treatment of biomass,raw mostly 
wood, to produce an intermediary product, pulp. Pulp, which can be bleached or un
bleached, is then mixed with other qualities of pulp, drained, dried, and calendered to 
produce paper or paperboard. 

Pulp and paper manufacturing processes offer a much greater variety than other energy
intensive industriF. (i.e., steel, cement, bricks). They can be classified along two di

m ensi ons: 

e The horizontal integration level
 

e The pulping process.
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Other subcategories in the classification include the drying process and the type of 

final product (e.g., writing paper, wrapping paper, paperboard, specialty papers). 

Integration 

Plants starting from raw wood and producing pulp only are called pulp mills or nonin

tegrated pulp mills. Plants starting from raw wood and producing the final product 
(i.e., paper or paperboard) are called integrated paper mills. Finally, plants buying pulp 
as their feedstock and producing the final product -- paper or paperboard -- are called 

nonintegrated paper mills. 

Most LDCs, with the exception of China and Brazil, do not produce sufficient pulp for 

their needs. Consequently, they operate essentially nonintegrated paper mills. 

Pulping Process 

LDCs produce only 16.4 million tonnes of pulp, compared with 24.2 of paper, and rely 
mostly on chemical pulping, i.e., kraft, sulfite, and soda (56 percent). Mechanical 

pulping accounts for only 14 percent of the pulp produced, while 30 percent is made 

by other hybrid processes (e.g., thermomechanical). 

Energy Consumption 

Total LDC fuel and electricity consumption for pulp and paper making is not known, 

but based on average specific energy consumption, it is estimated that between 10.9 
mtoe and 36.3 mtoe of purchased energy are used.* The amount of noncommercial 

energy used (wood, sawdust, bark, bagasse, and black liquor) is not known. 

*Based on the assumption that most plants are nonintegrated, small to medium-size 
paper mills with a specific energy consumption ranging from 0.45 toe/ton to 1.5 toe/ton. 
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Specific Energy Consumption 

Specific energy consumption varies widely by product, process, and country, from 0.2 
toe/ton of pulp to 0.5 toe/ton of pulp, and 0.4.5 toe/ton to 2 toe/ton in the worst 
cases. The average consumption of purchased energy is around 0.7-0.8 toe/ton of paper. 

Energy Conservation 

As suggested by the broad range of specific energy consumption, there is considerable 
room for energy savings in LDCs. Typical short-term/short-payback mer-,ures and 
longer-term/longer-payback measures are presented below: 

* Short-term/short-payback measures 

- improve boiler efficiency by reducing excess air
 

- replace burners by more efficient ones
 

- recover waste heat from boiler blowdown
 

- increase condensate return to boiler 

- improve steam system by increasing insulation, repairing leaks, and 
fixing steam traps
 

- increase power factor
 

- recycle hot water for pulping
 

* Longer-term/longer- payback measures 

- install waste heat recovery devices on paper machines 

- install air preheater/economizer on boilers 
- install automatic controls on large energy-using equipment 

- improve evaporation of black liquor by installing supplemental effects, 
thermocompression system, or mechanical compression system 

- retrofit water demineralization plant 

- retrofit press section for higher pressure 
- produce or increase on-site power (cogeneration). 
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The costs and benefits of the above measures are presented in Exhibit 7.7. 

The pulp and paper industry also offers opportunities for switching from oil and gas to 

coal or, preferably, noncommercial fuels. Most pulp mills and integrated paper mills 

generate large quantities of byproducts that can be used as fuel. These include: 

" Bark and sawdust (approximately 10 percent of the raw wood used) 

" Bagasse dust when bagasse is used as raw material (e.g., in Peru) 

" Black liquor in kraft and sulfite pulping. 

While the use of coal is always technically feasible for boiler applications, it may not 

be practical for the lime kiln, which consumes 5-10 percent of all fuel used at the 

mill. The use of biomass byproducts can generally displace 10 to 15 percent of all 

commercial fuel used. However, capital requirements (and additional operating and 
maintenance costs) are substantial, generally ranging from U.S. $100,000-140,000 per 

tonne of steam produced per hour (low pressure) to $200,000 per ton of steam produced 

per hour (high pressure suitable for cogeneration). For a 1,000-tpd plant, a typical 

high-pressure boiler burning noncommercial fuels and sized at 100 tons of steam per 

hour would cost U.S. $14-20 million, with associated fuel storage and handling equipment. 
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Exhibit 7.7 

Costs and Benefits of Selected Energy Conservation Measures 

Industry: Rlp and paper 
Typical range of specific primary energy


Piocess: Integrated mill - chemical pulping (includes kraft and 
 sulfite pulping) 	 consumption (SEC) in LDCs (in toelton) 0.25-2.0 

Energy saved Specific investment Potential 
Measure/description 	 (F = fuel, cost (Installed) energy savingsE = electricity) (1982 U.S. $/toe saved) (% of SEC) 

A.* Short-Term/Short-Payback 
I. Boilers: install efficient combustion controls F 200-400 1.0-5.0 
2. Boilers: replace burners by more efficient ones 
3. Boilers: recover waste heat from blowdown F 	 100-400 1.0-3.04. Steam: increase condensate return 

F 200-600 1.0-5.05. Steam: recover vented steam (blow tank and paper machine) F 	 200-400 3.0-10.06. 	 Steam system: install/repair line tank insulation; steam traps 
 F 300-400 
 2.0-5.07. Lime kiln: install air/fuel ratio control/air preheater F 	 300-500 0.5-1.0S. 	 Lime kiln: increase insulation thickness 

F 200-600 0.5-1.0
9. 	 Generate hot water from waste heat 

F 200-500 3.0-10.0
10. 	 Repair compressed air leaks 
E Negi. 0.5-1.0

II. Switch off equipment/lights when not necessary, and other operation measures (alsoimprove power factors, but savings in toe are impossible to generalize) 
Total (all 	

F, E Negl. 1.0-5.0measures not additive) 
300-350 12.0-14.0 

B. Medium-Term/Medium-Payback 

I. Install waste heat recovery devices on paper machine ** 	 F2. Install air preheater/economizer on boilers 	 400-800 2.0-8.0 
3. 	 F 400-800Install automatic controls (digesters, bleachers, paper machines) 	 2.0-5.0 
4. Convert batch digesters to continuous digesters F, 	E 400-500 1.0-3.0 
5. 	 F 400-600 1.0-3.0Add up effect(s) on black liquor evaporator6. Increase black liquor recovery (additional boiler) 	 F

F7. Increase use of waste fuels/convert to coal 	 (400-500) (5.0-10.0) 
8. Install backpressure steam turbine cogeneration 	 F 500-800 N/A

E9. Replace water demineralization 	 400-1,000 5.0-20.0plant by a more effective one E, F 	 10. Replace press section by a more efficient one 	 1.0-2.0(higher pressure) F -	 3.0-6.0 
Total (all measures not additive) 

i00--600 10.0-15.0 

*E.g., housekeeping, minor equipment retrofitting.
E.g., equipment retrofitting, process modifications. 
Feasible only on closed hoods. 

~ SOURCE: Hagler, Bailly & Company. 



SESSION 8: INTRODUCTION TO ENERGY AUDITING IN INDUSTRIAL PLANTS 

The industrial plant energy audit is the most important element of any energy conserva

tion and management program. The purpose of the energy audit is primarily to determine 

where energy waste occurs and to develop strategies for elimination of that waste. 

However, the audit is not the only step taken in an energy conservation program. To 

be effective, such a program must also involve plant and corporate technical and man

agement personnel at all levels and indicate a corporate commitment to the reduction 

of energy waste on a continuing basis. 

In this session, we will place the auditing activities in the overall framework and organi

zation of a typical energy management program as well as describing the steps taken in 

an energy audit program. Finally, basic requirements for implementing a successful 

energy management program will be presented. 

Establishing an energy conservation and management program indicates a commitment 

to achieving certain goals. To achieve these goals, basic management techniques 
the same used to solve any management program -- are brought into play. These man

agement techniques include: 

e Planning and organizing 

* Information gathering 

* Decision-making 

* Implementation of action plan 

* Verification of plan success. 

All of these techniques depend on info,'mation provided by the energy audit process. 

The energy audit is a study that determines how well energy resources are used and 

provides management with the information needed to develop strategies for controlling 

energy waste. The energy audit: 

* Identifies area3 of high energy use 

* Identifies areas where energy waste occurs 
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# Allows energy waste reduction priorities to be developed 

* Provides an index from which improvements may be measured. 

An energy management program should be organized in a logical sequence. One such 
organization is presented in Exhibit 8.1. As shown, the energy audit is at the center 

of the energy management program. 

Completion of a successful audit requires following a procedure that has proved successful 
in the energy audit process. This step-by-step process is described in this session. With
in the energy audit process are two separate but consecutive activities: 

" Preliminary Energy Audit 

" Detailed Energy Audit. 

These activities are the key elements of the procedure, and the activities are discussed 

below. 

PRELIMINARY ENERGY AUDIT 

The Preliminary Energy Audit (PEA) is essentially a preliminary data gathering and 

analysis effort. It uses only available data and is completed without sophisticated in
strumentation. The PEA is conducted in a very short time frame (i.e., within a few 
days), during which the energy auditor relies on his experience to gather all relevant 

written, oral, or visual information that can lead to a quick diagnosis of the plant's en
ergy situation. The PEA permits the identification of obvious sources of energy waste. 
Examples of easily identified waste are missing insulation, steam and compressed air 
leaks, inoperative instrumentation, and equipment operating unnecessarily. The typical 

output of a PEA is a set of recommendations on immediate low-cost actions that can 
be taken, and usually a recommendation for a more extensive plant energy analysis 

the detailed energy audit. 

The PEA generally has five steps, as shown in Exhibit 8.2. The PEA outline presented 

assumes that the energy auditor has no prior knowledge of the structure of the facility 
to be audited and has no details of any energy management program that may exist. 
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Exhibit 8.1 

Steps in an Energy Conservation Program 

I. 	 Appoint energy coordinator 

2. 	 Define scope and objectives of program 

3. 	 Conduct preliminary energy audit 

" Organize resources 

" Collect energy consumption data 

" Analyze data 

" Develop action plan for detailed energy audit 

4. 	 Conduct detailed energy audit 

" Collect energy performance data 

" Analyze data 

" Determine potential for conservation 

* Develop action plan for implementation 

5. 	 Implement strategies 

6. 	 Monitor savings achieved 



Exhibit 8.2 

Steps in a Preliminary Energy Audit 

1. Organize resources 

* Manpower/time frame 
* Instrumentation 

2. Identify data requirements 

9 Data forms 

3. Collect data 

a. Conduct informal interviews 

- senior management 
- energy manager/coordinator 
- plant engineer 
- operations and production management and personnel 
- administrative personnel 

b. Conduct plant walkthrough/visual inspection 

- material/energy flow through plant 
- major functional departments 
- installed instrumentation, including utility meters 
- energy report procedures 
- production and operational reporting procedures 
- conservation opportunities 

4. Analyze data 

a. Develop data base 

- historical data for all energy suppliers 
- time frame basis 

.- other related data 
process flow sheets 

- energy-consuming equipment inventory 

b. Evaluate data 

- energy use -- consumption, cost, and schedules 
- energy consumption indices 
- plant operations 
- energy savings potential 
- plant energy management program 



Exhibit 8.2 (continued)
 

Steps in a Preliminary Energy Audit
 

5. 	 Develop action plan 

" Conservation opportunities for immediate implementation 

* Projects for further study 

* Resources for detailed energy audit 

- systems for testing 
- instrumentation - portable and fixed 
- manpower requirements 
- time f rame 

" Refinement of corporate energy management program 



DETAILED ENERGY AUDIT 

The Detailed Energy Audit (DEA), which must always be conducted after a PEA, is an 
instrumented survey followed by a detailed plant energy analysis. Sophisticated instru
mentation, including flow meters, psychrometers, flue gas analyzers, and infrared scan
ners, is used to enable the energy auditor to compute energy efficiences ar d balances 
during typical equipment operation. The actual tests performed and the instruments 
required depend on the type of facility under study and the objective, scope, and level 

of funding of the energy management program. Thus, a detailed energy a.;dit can take 
as little as I man-week in a light manufacturing building or as much as several man
years in a sophisticated plant such as a petrochemical complex, where expected savings 
justify such an effort. A typical detailed energy audit in a plant using 1,000 to 5,000 
TOE annually is likely to require and justify an audit period of I to 6 man-weeks. 
Types of tests conducted during an energy audit include combustion efficiency tests 
and measurement of temperatures and air flows of major fuel-using equipment, deter
mination of power factor degradation caused by various pieces of electrical equipment, 

and tes ting of process systems for operation within specification. 

The energy auditor needs to check and validate his test results by using preliminary 
computation and existing support materials (tables, charts, manual computers). He uses 
the results to build energy balances, first for each major piece of equipment tested 
and then for the plant as a whole. From such balances, he can determine how efficiently 
each piece of equipment is actually operating and whether there is room for savings. 
Next, he analyzes the data, concentrating on identifying costs and benefits of selected 
options (actions, investments) for each opportunity. In some cases, the energy auditor 
will be unable to recommend a specific investment because of its magnitude or associated 
risk. In such cases, the auditor will recommend specific feasibility studies (e.g., boiler 
replacement, furnace modification, steam system replacement). The energy audit process 
stops at this point; its final output is a detailed report presenting the auditor's recom
mendations, together with their associated costs, benefits, and implementation charac
teristics (e.g., timing, impact en production). 
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STEPS IN A DETAILED ENERGY AUDIT PROGRAM 

The major steps of a DEA program are shown in Exhibit 8.3. The audit program is 
designed to increase energy efficiency and reduce energy-related costs without adversely 

affecting a facility's ability to produce quality products. 

Although sophisticated instruments are used to collect data, energy auditing is not an 
exact science. The energy auiditor must also use his knowledge and judgment in col

lecting and interpreting data on energy use. 

Step 1: Review Energy Management Program to Date 

The first step is to review the existing energy management program, if any, with senior 
corporate staff. The energy auditor can then decide what changes may be needed in 

the scope of the proposed energy audit. 

Step 2: Conduct Preliminary Energy Audit 

If a preliminary energy audit (PEA) has not been previously done, it should be dune 

after the review. 

Step 3: Develop Action Plan, Including Detailed Energy Audit 

On the basis of the review and the PEA, the energ." auditor should develop an action 

plan, including a detailed energy audit. The action plan should take account of: 

* 	 The management of energy-related matters within the facility 

* Monitoring and reporting considerations
 
WoRelationships with manufacturers' representatives
 

* 	 The availability of resources for implementing the action plan
 

- money
 

- personnel (in-house and external).
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Exhibit 8.3 

Major Steps in Implementing Detailed Energy Audit Program 

Step 1: Review energy management program to date 

Step 2: Conduct preliminary energy audit 

Step 3: Develop action plan, including detailed energy audit 

Step 4: Select scope of detailed energy audit 

o Manpower 
o Testing procedures 
o Instruments
 
0 Costs
 

Step 5: Complete preparatory work 

" Instrumentation repair/purchase 
" Install test points
* Time frame 

Step 6: Carry out detailed energy audit field work 

" Conduct selected tests
 
" Collect data
 

Step 7: Evaluate collected data 

Step 8: Identify conservation opportunities 

" Operation and maintenance changes 
" Capital-intensive measures 

Step 9: Develop action plan for implementation 

o Timetable
 
e Feasibility studies
 

Step 10: Continue to monitor energy use 

Step 11: Refine overall energy management program 



Step 4: Select Scope of Detailed Energy Audit 

The next step is to determine the scope of the detailed energy audit. This step is 

necessary to finalize resource requirements in four areas: 

" Manpower 

" Testing procedures 

" Instruments 

* Costs. 

Manpower should be selected on the basis of a review of internal and external sources. 

Several agencies throughout the world have standard testing procedures for evaluating 

equipment performance, and the energy auditor may want to use these procedures as 

a guide. For example, the U.S. Association of Mechanical Engineers provides methods 

for testing steam generating plant and other mechanical equipment. British standards 

are laid down for testing many industrial process plants. 

Instrument needs will be dictated by the extent of information needed, the testing pro

cedures used, the equipment to be tested, and the location of proposed measuring posi

tions. The auditor must often compromise on the number and accuracy of the instruments 

at his disposition because of lack of funds. Typical instruments for energy auditing 

are listed in Exhibit 8.4. Exhibit 8.5 contains a list of U.S. suppliers of instruments. 

The cost of the audit should be estimated. The cost will depend on the use of internal 

or external staff, the time required to complete the audit, and the sophistication of 

the instrumentation used. Typically, an energy audit by outside consultants in the 
United States costs between $20,000 and $40,000 for a plant with an energy bill of $1

$2 million. 

Step 5: Complete Preparatory Work 

The next step is to complete all preparatory work. All instruments to be used should 

be serviced and/or repaired, additional instruments purchased, and all test measuring 

positions and connections completed. 
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Exhibit 8.4 

Detailed Energy Audit Instrument Kits 

Instrument Number required 

Tape measure - 30 meters 1 
5 meters I

Flashlight 3 
Stopwatch/chronometer 1Pedometer 1
Gas analyzer, chemical I

Spare parts for above 2 
Gas analyzer, chemical
 

(Includes tubes) 
 I
Smoke test kit ITemperature indicator I 

(Probes for above) - Immersion 1 
300 mm I 
600 mm 1 
surface probe I

Manometers - 0-75 mm 1 
0-350 mm I0-1200 mm I

Velometer and probes I
Psychrometer - electric I 
Psychrometer - mercury-in-gla:s 4 

Spare thermometers 4
Total dissolved solids meter I
Clamp-on ammeter I
Watt meter I
Power factor meter I
Light meter 1 
Stethoscope 
 I
Infrared pyrometer I 

Plus: assorted tubing and hand tools. 



Exhibit 8.5 

U.S. Suppliers of Portable Industrial 	Instrumentation 

The following list is by no means comprehensive, but indicates some available suppliers of industrial 
instrumentation in the United States. The United States itself is not the only supplier of instrumenta
tion, and equipment may be available from other countries. The prices shown are best estimates 
for purchase in the United States. Some equipment may not be available locally. We do not endorse 
any instrumentation supplier and do not accept any responsibility for any problems with any in
strumentation that may be purchased from any of the listed suppliers. 

F.O.B. price 
Type Supplier (U.S. dollars) 

Flue gai analyzers 

Chemical C0 2, 02 concentratin Bacharach Instruments 300 
combustion test kit, including 301 Alpha Drive 
smoke gun Pittsburgh, PA 15238 

Telephone: (412) 782-3500 
Telex: 866407 

Electrochemical digital Fyrizer 	 Bacharach Instruments 2,500
Model 10 	 301 Alpha Drive 

Pittsburgh, PA 15238 
Telephone: (412) 782-3500 
Telex: 866407 

Electrochemical fuel efficiency Neotronics N.A. Inc. 1,470 
monitor P.O. Box 370 

411 Bradford Street, NW
 
Gainsville, GA 30503 
Telephone: (404) 535-0600 

Temperature measurement 

Digital temperature indicator Tesoterm, Inc. 200 
Model 9300 P.O. Box 111509 

Nashville, TN 37211-1509 
Telephone: (615) 834-5082 
Telex: 55-5112 

Probes for above 	 Tesoterm, Inc. 60-100 
P.O. Box 111509
 
Nashville, TN 37211-1509 
Telephone: (615) 834-5082 
Telex: 55-5112 
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Exhibit 8.5 (continued) 

U.S. Suppliers of Portable Industrial Instrumentation 

Type Supplier 
F.O.B. price
(U.S. dollars) 

Temperature measurement 
(continued) 

Digital temperature indicator -- Omega Engineering Inc. 275 
Digital Series 450 One Omega Drive 

Box 4047 
Stamford, CT 06907 
Telephone: (203) 359-7700 
Telex: 996404 

Probes for above Omega Engineering Inc. 75-150 
One Omega Drive 
Box 4047 
Stamford, CT 06907 
Telephone: (203) 359-7700 
Telex: 996404 

Infrared pyrometer - Model 
80 HT-3CPH (1,100°C-
1,750 0C) 

Mikron Instrument Company 
P.O. Box 211 
Ridgewood, NJ 07451 

Inc. 1,700 

Telephone: (201) 891-7330 

Infrared pyrometer -- Model 
80 DHS - 19XC (600°C-
1,7000 C) 

W. Wahl, Export Manager 
Wahl International Ltd. 
5750 Hannum Avenue 

2,250 

Culver City, CA 90230 
Telephone: (213) 641-6931 
Telex: 66-4406 

Infrared pyrometer --
80 OS-2000A (-30°C-
1,4000C) 

Model Omega Engineering Inc. 
One Omega Drive 
P.O. Box 4047 

1,900 

Stamford, CT 06907 
Telephone: (203) 359-7700 
Telex: 996404 

Infrared pyrometer 
8500 (0°C-7000 C) 

-- Model Tesoterm, Inc. 
P.O. Box 111509 

1,125 

Nashville, TN 37211-1509 
Telephone: (615)
Telex: 55-5112 

834-5082 
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Exhibit 8.5 (continued) 

U.S. Suppliers of Portable Industrial 

Type 


Humidity measurement
 

Electronic psychrometer 
Model 6400 


Mechanical psychrometer 

Air/gas flow measurement 

Alnor velometers, Series 6000P 

Hot wire anemometer 

Pitot tube and manometer, 

Series 400 


Draft measurement 

1'U" tube manometers 

TDS meter -- conductivity 
meter 

Instrumentation 

F.O.B. price 

Supplier (U.S. dollars) 

Tesoterm, Inc. 675
 
P.O. Box 111509
 
Nashville, TN 37211-1509
 
Telephone: (615) 834-5082
 
Telex: 55-5112
 

Vista Scientific Corporation 125
 
85 Industrial Drive
 
Northampton Industrial Park
 
Ivyland, PA 19974
 
Telephone: (215) 322-2255
 

Alnor Instruments Company g00
 
7301 North Caldwell Avenue
 
Niles, IL 60648
 
Telephone: (312) 647-7866
 
Telex: 72-4458
 

Alnor Instruments Company 1,000
 
7301 North Caldwell Avenue
 
Niles, IL 60648
 
Telephone: (312) 647-7866
 
Telex: 72-4458
 

Dwyer Instruments Inc. 300
 
P.O. Box 373
 
Michigan City, IN 46360
 
Telephone: (219) 872-9141
 

Dwyer Instruments Inc. 25-100
 
P.O. Box 373
 
Michigan City, IN 46360
 
Telephone: (219) F72-9141
 

John J. Berg, Export Manager 150
 
Myron L. Company
 
6231C Yarrow Drive
 
Carlsbad, CA 92008-4893
 
Telephone: (619) 438-2021
 
Telex: 695009
 

4



Exhibit 8.5 (continued) 

U.S. Suppliers of Portable Industrial 	 Instrumentation 

F.O.B. price
Type Supplier (U.S. dollars) 

Electrical measurement 

Clamp-on ammeter 	 Epic, Inc. 285 
150 Nassau Street 
New York, NY 10038 
Telephone: (212) 349-2470 

Clamp-on power factor meter 	 Epic, Inc. .450 
150 Nassau Street 
New York, NY 10038 
Telephone: (212) 349-2470 

Clamp-on wattmeter 	 Epic, Inc. 450 
150 Nassau Street 
New York, NY 10038 
Telephone: (212) 349-2470 

Clamp-on ammeter, Model 1000 	 T.I.F. Instruments, Inc. 175 
3661 NW 74th Street 
Miami, FL 33147 
Telephone: (305) 696-7100 
Telex: 512302 

Clamp-on wattmeter, Model 2000 	 T.I.F. Instruments, Inc. 400 
3661 NW 74th Street 
Miami, FL 33147 
Telephone: (305) 696-7100 
Telex: 512302 

Clamp-on power factor meter, 	 T.I.F. Instruments, Inc. 400 
Model 1000 3661 NW 74th Street 

Miami, FL 33147 
Telephone: (305) 696-7100 
Telex: 512302 

Light meter 	 Simpson Electric Company 350 
853 Dundee Avenue 
Elgin, IL 60120 
Telephone: (312) 697-2260 
Telex: 72-2416 



The energy auditor should make sure that the time frame selected for the audit does 

not conflict with the operation of the equipment to be tested or the plant in general. 

The chosen testing date should also be representative of normal plant operation. 

Step 6: Carry Out Detailed Energy Audit Field Work 

The field work consists of two main tasks. The first task is to perform the following 

tests on selected equipment to evaluate its efficiency: 

" Combustion efficiency tests of boilers and other direct-fired equipment 

" Measurement of temperatures and air flows in equipment such as kilns, 

dryers, and air handling units 

* Examination of steam distribution systems for failed steam traps 

" Verification of proper flow rates in fluid handling systems to determine 

pump performance 

" Determination of power factor degradation caused by various pieces of 

electrical equipment 

" Testing of process systems for operation within specification. 

The second task is to gather data enabling the energy auditor to evaluate all energy 

aspects within a facility. The energy auditor should use the PEA as a starting point, 

expanding on it to fill data gaps and to learn more about the operation of the plant. 

He should conduct interviews with selected personnel, examine records, observe opera

tions, and monitor and check conditions. In this step, the energy auditor will often gath

er data, review them, gather data again, and review them again. 

Step 7: Evaluate Collected Data 

There are several areas in which energy data can be evaluated, such as energy purchasing 

and energy use. However, the main purpose and function of the analysis will be to 

evaluate energy conservation opportunities by following the steps presented in Exhibit 8.6. 
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Exhibit 8.6 

Evaluation of Energy Conservation Opportunities 

1. Evaluate existing operating conditions 

* Hours of operation 
* Method of operation

9 Energy requirements

* Initial product specification
* Final product specification under existing conditions 

2. Identify alternative operation conditions 

" Hours of operation
 
" Method of operation
 
6 Energy requirements
 
• Final product specification under alternative operating conditions 

3. Calculate energy consumption under alternative operation conditions 

4. Determine feasibility of alternative operation conditions 

" Product quality 
* Cost 

5. Estimate savings from switching to alternative operation conditions 

" Difference in energy consumption 
" Energy cost savings 

6. Next steps to implement alternative condition operations 

" Capital needs
 
" Feasibility studies
 

7. Implement 



Step 8: Identify Conservation Opportunities 

The results of the evaluation step can be used to identify two types of conservation 

opportunities: 

" Operation and maintenance (O&M) changes 

" Capital-intensive measures. 

O&M opportunities are those that require little or no major capital investment and 

have rapid returns on investment. On a simple payback basis, O&M changes have pay

backs of 1 year or less. They are sometimes called no-cost/low-cost or housekeeping 

measures. 

Capital-intensive measures require large capital investments (typically in excess of 
$25,000). Simple payback periods are usually more than I year. The energy auditor 

should use payback periods as a guideline when making his list of recommendations. 

He! should also identify the company's attitude on capital-intensive projects as part of 

his detailed energy audit activities. 

Step 9: Develop Action Plan for Implementation 

The energy auditor will probably not have the authority to implement the measures 

identified, especially if capital requirements are large. Instead, he will complete a re

port for corporate decision-makers. The report, which will present the findings of his 

audit, should include an action plan. 

The action plan should contain a timetable for implementation. It should be possible 

to implement O&M changes immediately. However, major capital-intensive measures 

may require feasibility studies before a decision can be made to implement them. The 

energy auditor should indicate the overall time frame to give decision-makers an idea 

of when energy cost savings will begin to show positive cash flow, 

An action plan often includes a recommendation for a self-financing program. In a 

self-financing program, O&M changes are implemented, and the resulting cost savings 
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are invested directly in lower-cost capital-intensive measures to bring even more savings. 
Eventually, cost savings are available to pay for the most costly capital-intensive mea
sures. 

Step 10: Continue to Monitor Energy Use 

Energy efficiency in a company should not begin and end with the detailed energy 
audit. To sustain its energy efficiency, a company must continue to monitor its energy 
use. 

The detailed energy audit report should recommend improvements to the existing moni
toring and reporting procedures for energy use. Very few, if any, companies have an 
adequate system of procedures in place. Without such a system, it is hard to spot 
changes in consumption that result from increases or decreases in efficiency. 

Possible improvements that can be made to monitoring and reporting procedures include: 

" Upgrading of instrumentation 
" Introduction of energy reporting procedures 

• Development of energy consumption iidices
 
" Development of energy models.
 

Step 11: Refine Overall Energy Management Program 

The major recommendations of the energy audit should be refinements to the overall 
corporate energy management program. Because energy affects many aspects of a 
company's operations, improvements in energy use will not take place without commit
ment at the highest levels of management. Management's perception of the state of 
energy use will determine the success of any energy management program. The require
ments for a successful overall corporate energy management program are detailed in 

Exhibit 8.7. 
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Exhibit 8.7 

Basic Requirements for Successful Corporate Energy Management Program 

* Commitment at corporate level to energy conservation 

- resources, personnel, funds
 
- goals
 

* Optimum use of resources 

- intercompany information system
 
- centralized technical support
 
- facilities management training
 

* Identification of opportunities 

- quick-payback items
 
- capital-intensive projects
 
- evaluation and relationship to production
 

* Implementation of projects 

- self-financing program
 
- capital project selection
 
- specifications and bid
 

* Establishment of operational criteria 

- optimum production/energy targets 
- operations and maintenance procedures 

* Monitoring and targeting 

- evaluation
 
- reevaluation
 



Recommendations for changes may include: 

" Appointing personnel to be responsible for energy 

" Formally structuring a corporate energy management program 

• Training staff and employees in energy awareness. 

SUMMARY 

The energy audit procedure described has proved successful worldwide, since Reliance 
Energy Services first developed the technique in 1966. To date, Reliance has conducted 
more than 4,000 energy audits for clients in all industrial sectors in deveioped and de

veloping countries. 

However, it should be remembered that an energy audit alone does not produce energy 

savings. Energy savings are not realized until the recommendations of the audit are 
implemented. There are many examples of successful audits that did not achieve sav
ings because of the failure of management to take the next and vital step of implemen
tation. Where management has made that step, energy cost reductions and subsequent 

increased profitability have been documented. 

Also, an energy audit is not a one-time, on-off action. Industrial facilities are dynamic; 
thus, energy requirements today may not be the same as energy requirements in 2 or 
3 years. Technological changes may take place that can lead to conservation opportu
nities not ,et anticipated. The energy audit process should be an ongoing activity in 
an industrial facility in the same fashion as equipment maintenance functions. 
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SESSION 9: INDUSTRIAL ENERGY AUDITING - INSTRUMENTATION 

INTRODUCTION 

This session covers the use of fixed and portable instruments to gather data to determine 

energy performance of various types of plant equipment. The session deals with the 
actual gathering of data only; Session 10 covers the data analysis step. 

In Session 8, two different types of energy surveys were defined. These were the pre
liminary energy audit and the detailed energy audit. I. is only in the detailed energy 
audit that sophisticated instrumentation, such as those about to be described, is used. 

The types of test instrumentation introduced and described in this session are used for: 

* Temperature measurements
 

e Electrical measurements
 

* Flow measurements 

* Combustion efficiency measurements 

* Light level measurements. 

Each of the above categories are discussed below. 

TEMPERATURE MEASUREMENT 

Probably the most important category of instruments used in the conduct of a detailed 

energy audit is instruments for temperature measurements. There are many types 
available for use in different temperature ranges, varying accuracy, speed of response, 

cost, and maintenance requirements. Three types of instruments are discussed in more 

detail below: 

* Thermometers and thermocouples 

* Pyrometers 

o Psychrometers. 
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Thermometers and Thermocouples 

The simplest type of temperature measuring device is the liquid-in-glass thermometer. 
A liquid is enclosed in a sealed glass capillary tube. Temperature is sensed by measuring 
the volume change of the incompressible liquid that accompanies any temperature 
change. The most common is the mercury-in-glass thermometer (see Exhibit 9.1). 
These thermometers are generally usable over the temperature range -350 C to 650 0 C 
with an accuracy of plus/minds 0.5 0C-0.75oC over the range. 

Liquid-in-glass thermometers immersion instruments,are type which means that the 
sensing portion of the thermometer must be in intimate contact with, or immersed in, 
the object under study. Mercury-in-glass thermometers are used by immersing the bulb 
at the bottom end in the fluid to be measured (liquid or gas). The major disadvantage 

relatively response The isis its slow time. glass tube also rather fragile; care should 
be taken when handling the thermometer. 

A similar type of temperature measurement device is the dial thermometer. The dial 
thermometer consists of a direct reading dial with a stem attached. The stem is sealed 
and contains a helix made uf two laye'rs of dissimilar metals. Changes in temperature 
cause the metals to expand or contract at different rates, imparting motion to the 
dial. These thermometers are also of the immersion type and are available in a large 

temperature ranges. 

While these thermometers are useful for portable measurements, they can also be used 
for permanent installation. This involves mounting a thermometer well into a pipe or 
wall that contains the fluid to be measured. The thermometer well can be installed 
either with pipe thread connection or welded flange. Proper selection of thermometer 
well materials is required to afford protection from corrosive materials, high pressure. 

or flow. 

A more sophisticated temperature measurement device is the thermocouple. A thermo
couple consists of a pair of conductors of different metals or alloys, joined together 
at both ends. One end is placed in the area where temperature is to be measured. 
The difference in temperature between endthat (the measuring junction) and the other 
end (the reference junction) causes a voltage to be generated. The magnitude of the 
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Exhibit 9.1 
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stopper holes and the scale starts unobscured above the 
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voltage is a function of the difference in temperatures between the measuring and the 
reference junctions. The thermocouple is also an immersion-type instrument. 

Various combinations of metals can be used in the manufacture of thermocouples. The 
choice of thermocouple depends on the application (see Exhibit 9.2). Seven types have 
been given letter designations by the Instrument Society of America, and temperature/ 
voltage correlations have been published and recognized by standards organizations 
throughout the world. The seven types are described below. 

The Type B thermocouple consists of two platinum/rhodium conductors (one at 6 percent 
rhodium, the other at 30 percent rhodium); it can be used over a temperature range 
of O°C to 1,820 0 C in an oxidizing or inert atmosphere (continuous service) and in a 
vacuum (short service). It produces a low voltage output and cannot be used in a re
ducing atmosphere (hydrogen or carbon monoxide) or in the presence of metallic or 
non-metallic vapors; it cannot be used with a metallic protection tube or in a ther

mometer well. 

The Type R thermocouple consists of platinum and platinum/rhodium (13 percent) con
ductors and can be used over a temperature range of -500 C to 1,768 0 C. In other re
spects, it is similar in application to the Type B thermocouple; its chief advantage 
over the Type B thermocouple is its higher voltage output. 

The Type S thermocouple consists of platinum and platinum/rhodium (10 percent) con
ductors. It can be used over the same range as the Type R and is similar in application 
to the Type B and Type R thermocouples. This type is the original thermocouple, and 
is the standard for measuring temperature between the melting points of antimony and 

gold (630 0 C to 1,064 0 C). 

The ",ype 3 thermocoupie consists of an iron conductor coupled to a conductor made of 
an alloy of 35 percent copper and 45 percent nickel. Its effective temperature range 
is -210 0 C to 760°C; above 540 0 C, the iron wire tends to oxidize and heavy gauge wire 
is required. This thermocouple type is satisfactory for continuous use in o:,idizing, re
ducing, or inert atmospheres, but should not be used in high-temperature sulfurous at
mospheres. These thermocouples are very commonly used chiefly because of their rela

tively low cost. 
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Exhibit 9.2 

Standard Thermocouple Application Chart 

Thermocouple 
Atmnosphere 

type Temperatur-e range R 0 1 V Millivolt output 

B 0°C to 1,8200C X X X 0 to 13.814 
32 0 F to 3,310°F 

R -50 0 C to 1,768 0 C X X -0.226 to 21.108 

-60°F to 3,210°F 

S -500C to 1,7680 C X X -0.236 to 18.698 

-60°F to 3,210°F 

-210°C to 760 0 C X X X X -8.096 to 42.922 
-3500F to 1,400°F 

K -270 0 C to 1,372 0 C X X -6.458 to 54.875 

T -270 0 C to 4000 C X X X X -6.258 to 20.869 
-450°F to 750°F 

E -270 0 C to 1,000 0 C X X -9.835 to 76.358 
-450°F to 1,830°F 

R = reducing 

0 = oxidizing 
I = inert 
V = vacuum. 



The Type K thermocouple is also known as a ChromeJ!Alumel thermocouple. Chromel 
is an alloy of 10 percent chromium and 90 percent nickel; Alumel is an alloy of 95 per
cent nickel plus aluminum, silicon, and manganese. They can be used over a range of 
-270 0 C to 1,372 0 C in oxidizing and inert atmospheres; they are not suitable for inuse 

reducing atmosp',, res. This is the most popular thermocouple used in industry.
 

The Type T thermocouple is of copper and constantan construction and is usable over 
a temperature range of -270 0 C to which limits its400 0 C, industrial uses. It can be 
used in continuous service in a vacuum or in oxidizing, reducing, or inert atmospheres. 

Finally, the Type E or Chromel/constantan thermocouple, is effective over a range of 
-270 0 C to 1,000°C and has the highest voltage output of any standard type of thermo
couple. It can be used in oxidizing and inert atmospheres. 

Thermocouples are available in a variety of configurations and designs for a large num
ber of applications. Thermocouple probes (consisting of the thermocouple sheathed in 
a protective metal case and a handle) are available in various lengths and shapes. 

The thermocouple itself must be used with a device that converts the voltage produced 
into a reasure of temperature. A simple voltmeter can be used in conjunction with 
calibration curves for a particular thermocouple, but this is an unwieldy procedure since 
the reference junction temperature must be known. Special thermocouple thermometers 
are available that provide direct digital readout of measured temperature (see Exhibit 
9.3). These devices automatically compensate for reference junction temperature. 

Pyrometers 

The liquid-in-glass and thermocouple temperature measurement systems described in 
the previous section depend on being in contact with the object whose temperature is 
to be measured. Another type of temperature measurement instrument does not require 
physical contact; these are thermal radiation sensors or pyrometers. 

Thermal radiation is a part of the electromagnetic spectrum that incluoes infrared and 
part of the visible light range. Visible light range extends from wavelengths of about 
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Exhibit 9.3
 

THERMOCOUPLE AND MATCHED THERMOMETER
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0.4 to 0.75 microns; the infrared band extends from 0.75 to 1,000 microns. For a 
given wavelength, the intensity of thermal radiation emitted increases with temperature. 

A perfectly radiating material is known as a "black-body." It is a surface that absorbs 
all radiant energy that falls on it and radiates the maximum thermal energy possible for 
a particular temperature. There is no "perfect" black-body; it is a concept. Real bod
ies do not absorb all the energy falling on them and do not radiate the maximum ther
mal energy possible. The ratio of the thermal energy radiated by the object to be 
measured to that expected by a black-body is called the emissivity. The value of 
emissivity can range between 0 and I and, in practice, is always less than 1. Emissivity 
depends on the finish of the surface being measured, and on the material of which it 

is made. 

Because emissivity is less than 1, a radiation pyrometer will receive less than the max
imum radiation that could be radiated by the surface being measured. To compensate, 
the pyrometer has an emissivity control to account for this. To achieve accurate tem
perature measurements, the emissivity of the surface to be measured must be known. 
In Exhibit 9.4, emissivity values for a variety of materials are presented. 

It is possible to "fix" the emissivity of an object whose tem Jerature is to be measured. 
Manufacturers of radiation pyrometers offer paints that can be applied to the object 
under study. The paint provides a dull black finish of known emissivity, and is most use
ful for measurement of fixed or moving bodies. 

There are four types of radiation pyrometers: 

e Broadband pyrometer 

* Optical pyrometer 

* Bandpass pyrometer 

* Ratio pyrometer. 

The broadband and optical pyrometers are the most common pyrometers and are discussed 
in more detail than the bandpass and ratio pyrometers. Each type is discussed in the 

following paragraphs. 
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The broadband pyrometer (see Exhibit 9.5) is the simplest pyrometer both in design and 
use. It measures radiation in all wavelengths in the visible and infrared regions, and 
is suitable for use in a temperature range from less than 0°C to over 3,OOOOC. The 
emissivity of the material to be measured is set on the emissivity control. The object 
is sighted in the same manner as a gun (some models use optical sighting instead of 
bead and groove sighting). The trigger is depressed, and a reading is indicated in the 
display. The model shown in the exhibit has a digital display; some models use a dial
type display. 

An optical pyrometer (see Exhibit 9.6) measures by comparing the brightness of visible 
,adiation from the object being measured to that of a reference. It operates over a 
narrow wavelength band and is useful in the temperature range of 600 0 C to over 
3000 0C. The optical pyrometer is slightly more complex in operation than the broadband 
pyrometer. The instrument depends on the ability of the human eye to discern the 
difference in brightness between two sources of light. As with tile broadband pyrometer, 
the object to be measured is sighted. The adjusting control is rotated until the bright
ness of the object measured equals that of the reference as viewed through the eyepiece. 
The adjusting control is c,-upled to a temperature scale for direct reading. This instru
ment is used in high-temperature applications where the emissivity of the object being 
measured is close to unity. No provision is normally made for adjustment of emissivity. 

A bandpass over selected ofpyrometer operates a range wavelengths by use of special 
filters to eliminate undesired wavelengths. These devices are useful in measuring such 
materials as glass or plastic films. Since glass is not transparent to wavelengths above 
about 2.8 microns, the pyrometer must be sensitive only to those wavelengths to avoid 
measurement of the temperature of materials behind the glass. 

The ratio pyrometer measures the intensities of radiation emitted by the object at two 
wavelengths, using the ratio to compute the object's temperature. 
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Exhibit 9.5 
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Exhibit 9.6 

OPTICAL PYROMETER
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Psychrcf,;,eters 

Psychrometers are used to measure air flow temperature. They provide information 

not only on the dry bulb temperature of the air flow to be measured, but indicates its 

wet bulb emperature, or relative humidity, as well. 

Two types of psychrorneters are available (see Exhibit 9.7). The first is a mechanically

aspirated psychrometer. This device consists of two mercury-in-glass thermometers, 

one of which is covered about the mercury reservoir by a wick. The wick is wetted 

by water and indicates wet bulb temperature. Relative humidity is determined by ref

erence to a psychrometric chart or by use of built-in scales. Other psychrometric 

properties may be determined by reference to a psychrometric chart. A built-in fan 

pulls air over the thermometer bulbs to speed response time. 

The second type of psychrometer is the sling psychrometer, which is twirled to provide 

rapid response. It is electronic in nature and yields temperature and relative humidity 

information directly. 

Psychrometers are used by immersion of tha entire psychrometer (mechanically aspirated) 

or probe (electronic) in the air stream to be measured. After allowing the needed 

measurement time to elapse, readings are taken from the instrument. Psychrometers 

are used to test air handling units, dryers, and combustion systems. 

ELECTRICAL MEASUREMENT 

There are four electrical measurements of particular interest in the conduct of a de

tailed energy audit. These are: 

" Amperage 

" Voltage 

" Wattage (or instantaneous demand) 

" Power factor. 
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Amperage is a measure of the flow of electrons in an electric current. The current 

carrying capacity of the conductor is called ampacity. Standard tables are available 

that show, for a given conductor size and insulation system, the maximum allowable 

current that will not cause damage to the insulation due to heat generated. 

Amperage is measured using an ammeter. Several types of ammeters are available. 

The most common used are the clamp-on type and the recording ammeter. 

The clamp-on ammeter (see Exhibit 9.8) is a portable instrument providing direct readout 

of the current flowing thrug' a. conductor. The recording ammeter (see Exhibit 9.9) 
is similar in operation, but it provides a graphical presentation of amperage in a circuit 

over a period of time. Both ammeters consist of a current transducer (the toroid) that 

is connected to the display portion of the device. 

A current flowing in a conductor sets up a magnetic field at right angles to the con

ductor. The current transducer is placed within that magnetic field, and a current is 
induced in it. The magnetic field strength is proportional to the current in the conduc

tor; the induced electric current in the current transducer is proportional to the magnetic 

field strength. The current induced in the current transducer is measured by the amme

ter; the ammeter is a calibrated device that gives the actual current in the conductor. 

Both types of ammeters are easy to use. These devices may have different scales for 

measurement (e.g., 0-300 amps, 0-1,000 amps); the proper scale should be selected. 
The current transducer should be properly selected, based the magnitude of the curon 

rent to be measured. The current transducer must close around the conductor under 

study and be slipped over the conductor feeding the load under study to ensure proper 

readings. For polyphase power systems, it is sometimes useful to obtain amperage 

readings on all phases to determine imbalances. 

Safety precautions must be observed when measuring any electrical system. Care should 
be taken in any attempt to use a current transducer on any bare (uninsulated) electrical 

conductor. Insulated gloves should always be worn. 

Voltage is a measure of the force used to move electrons in an electric current, and 
is generally constant. While voltage is not of primary importance in the conduct of 
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Exhibit 9.8
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Exhibit 9.9 
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an energy audit, it should be measured to ensure the proper operation of facility voltage 

reduction and distribution systems. 

The instrument used to measure voltage is the voltmeter. In some cases, voltage mea
surement is combined with amperage and/or resistance in a device called the electrical 
multimeter. An example of a digital multimeter is shown in Exhibit 9.10. The in
strument is used by connecting the voltage probes to the conductor (not the insulation) 
under study. Voltage is read directly on the appropriate scale on the instrument. 

Safety precautions must be observed when measuring any electrical system. Care must 
be taken in the presence of uninsulated electrical conductors to avoid shock. Insulated 

gloves should always be worn. 

Wa.tage is a measure of electrical power in a circuit. The wattmeter is used to deter
mine the amount of power used by a piece of equipment. The recording ammeter or 
clamp-on ammeter can also be used to determine power consumption indirectly, since 
the apparent in circuit ispower a equal to the product of times voltagecurrent times 
the square root of the number of phases in the power system. (The actual power in 
a circuit is the product of apparent power and power factor). 

The wattmeter consists of three clip-type terminals, one of which is distinguished by 
a mark (#1), a current transducer, and a display. The waitmeter is used by making 
one connection to each leg of the polyphase power system at the device being measured, 
and connecting the current transducer around the same legs as the marked clip. Power 
in the circuit is read directly from the instrument. A sample wattmeter is shown in 
Exhibit 9.11. The wattmeter shown is of the instantaneous clamp-on type. Wattmeters 
are also available that provide records in the form of graphs or as a summing meter. 

The wattmeter is used in a different manner for each type of power supply encountered. 

Some combinations are described below (see Exhibit 9.12). 

Active power, no neu.ral, balanced load, three phase: clips are clipped 
in arbitrary sequence onto each leg; current transducer is clipped onto 
the same leg as the marked terminal. The instrument directly indicates 

active three-phase power. 
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Exhibit 9.10
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Exhibit 9.11
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Exhibit 9.12
 

EXAMPLES OF WATTMETER USAGE 

ACTIVE POWER NO NEUTRAL 
BALANCED LOAD THREE PHASE 
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" Active power, neutral, unbalanced load, three phase: the marked clipped 
and the current transducer are connected to one of the three legs and 
the clip marked #2 is clipped to the neutral. The third clip is not used. 
The instrument measures the active power of one phase only; the process 
must be repeated for the other phases. The measured values are added. 

" Active power, single phase: use the same procedure as described imme

diately above. 
" Active power, no neutral, unbalanced load, three phase: two clip-on 

wattmeters is needed. Clip #2 for both meters are connected to the 
same phase. The marked clip and current transducer for the first watt
meter are connected to one of the remaining phases, while the marked 
clip and current transducer for the other wattmeter are connected to 
the remaining phase. Clip #3 for both meters is unused. The measured 

values are added. 

" Reactive power, no neutral, balanced load, three phase: the marked clip 
and clip /2 are cunnected to two phases; the current transducer is con
nected to the remaining phase. Clip 13 is not used. The reactive power 
is determined by multiplying the reading by .73. 

* Reactive power, no neutral, unbalanced load, three phase: this mea
surement requires two wattmeters. The three terminal clips on the 
wattmeter are indicated as 1/I (the marked clip), #2, and #3. The clips 

for each meter are connected as follows: 

Phase Meter #1I Meter #2 

1 Clip Il Clip //3
2 Clip #2 Clip /2
3 Clip /3 Clip 1/I 

The current transducer for each meter is connected to the same phase as 
clip #/3 for that meter. The reactive power is found to be the difference 
between the two readings divided by 1.73. 

Safety precautions must be observed when measuring any electrical system. Care should 
be taken in any attempt to connect a current transducer or clip to any bare (uninsulated) 
electrical conductor. Insulated gloves should always be worn. 
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The last electrical measurement to be covered here is power factor. A power factor 
meter is used for this measurement; an example of a clip-on power factor meter is pre
sented in Exhibit 9.13. Physically, the clip-on power factor meter is very similar to the 
wattmeter previously discussed. The power factor meter incorporates part of the watt
meter mechanism. The instrument incorporates a current transducer and three clip-type 

terminals, one of which is distinguished by a mark (#1). A direct reading display is also 

provided. 

The marked terminal and the current transducers are connected to one of the three 
phases; the other two clips are connected to the other phases in phase order. The instru
ment indicates improper connection if the indicating needle deflects in the wrong direction 
when activated (before connection of current transducer). In this case, exchange clips 

#2 and #3. The current transducer is connected to the same phase as clip #1. For the 
meter shown, a reading is obtained by rotating the knob until the indicating needle is 
centered. The power factor scale is coupled to the knob, and a direct reading is taken. 

It is recommended that separate power factor measurements be made for each phase 
when there is a gross imbalance in phase current. The power factor in the three phase 
system is then computed by taking a weighted average of power factor in relation to 

phase 	 current: 

Three 	 phase = (A, x PF 1) + (A2 X PF?) + (A3 x PF 3 ) 
power 	 factor A1 + A2 + A 3 

where 	 A = amperage in each phase 

PF = power factor in each phase. 

Safety 	precautions must be observed when measuring any electrical system. Care should 

be taken in any attempt to connect a clip or current transducer to any bare (uninsulated) 

electrical conductor. Insulated gloves should always be worn. 

FLOW 	 MEASUREMENT 

There are several different instruments available for use in energy auditing for measure

ment of gas and liquid flow. 
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Exhibit 9.13
 

POWER FACTOR METER 



The simplest flow measurement device is the pitot tube, used in conjunction with a 
manometer. The pitot tube is inserted into the air stream whose velocity is to be mea
sured. It operates on the principle that an air flow across the end of an open tube causes 
a pressure drop. That pressure drop can be measured with the manometer. 

The manometer is a U-shaped tube that is partially filled with so ie liquid, generally 
water or mercury. One end is generally open to the atmosphere, while the other end is 
connected to pitot The drop is athe tube. pressure indicated by difference in height 

between the two liquid columns of the U tube. 

When using a water-filled manometer, velocity is calculated using the following equation: 

V = 420.4 x (hid) 1/ 2 

where 	 V = air velocity, meter per minute 

h = height difference between columns, millimeter 

d = density of air, kg per cubic meter. 

This expression can be used with any system of measurement by application of the ap
propriate conversion factors. An illustration of a pitot tube and manometer appears in 

Exhibit 9.14. 

The velometer operates on the same principle as the pitot tube. This instrument is general
ly sold as a kit, with a number of probes available for use under different flow conditions. 
Instead of requiring the use of a manometer for measuring pressure drop, a built-in direct 
reading 	 meter is provided. A velometer is illustrated in Exhibit 9.15. 

The use of pitot tubes or velometer probes for flow measurement has a serious drawback: 
velocity is measured at only one location. In practice, the velocity of a gas in a duct is 
not uniform across any section. Hence, a traverse is usually made to determine average 
velocity. The best method for velocity measurement is the equal area traverse method. 

With a circular duct, the cross-section is divided into six or eight concentric rings of 
equal area (see Exhibit 9.16). Measurements are taken at specified locations across two 
diameters at right angles to each other. For a rectangular duct, a similar approach is 
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Exhibit 9.16 
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taken by dividing the duct into 16 to 64 equal rectangular areas and taking measurements 
at the center of each rectangle (see Exhibit 9.17). For either duct, the bulk velocity is 
found by using either the average of individual velocity readings, or the average of the 
square roots of manometer indication; it is not proper to average manometer indication 
directly. The volumetric flow rate through the duct be determinedcan by multiplication 
of average flow rate by the cross-sectional area of the duct. 

Easily usable and portable instrumentation for liquid flow measurement is not as readily 
available. One type, the ultrasonic flow meter, consists of a set of transducers that are 
coupled with a display computer (see Exhibit 9.18). The transducers are clamped onto 
opposite sides of the pipe containing the liquid under study. One transducer sends an 

ultrasonic signal into the fluid that is detected by the other transducer. Velocity is de
termined either by measurement of time required to receive the transmitted signal or 
by measurement of the signal's frequency change owing to the Doppler effect. 

The equipment is expensive to acquire and may be limited in application. Very dirty 
liquids (those with large quantities of suspended solids) cannot be measured accurately. 

A less expensive and easy to use metering instrument is the rotameter, illustrated in 
Exhibit 9.19. The rotameter consists of a float that is free to move vertically in a trans
port tube. The fluid to be measured enters at the bottom of the tube and passes through 
the annulus formed between the float and tube well. At any particular flow rate, the 
float will assume a defined position in the tube. The rotameter may be obtained pre

calibrated for specific fluids and in a range of sizes. 

For permanent installation, positive displacementv.ieters are available (see Exhibit 9.20). 
These instruments are useful for metering the flow of liquids and gases. The fluid being 
measured flows into compartments of definite sine. As the compartments fill, they rotate 
to allow the fluid to leave the meter. The flow rate through the meter is equal to the 
product of compartment size, number of compartments, and rate of rotation of the rotor. 
These meters are particularly useful in determining flow over long periods of time. 
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Exhibit 9.18
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Exhibit 9.19
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Exhibit 9.20
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COMBUSTION EFFICIENCY MEASUREMENT 

The measurement of combustion efficiency requires temperature measurements, psychro
metric measurements, and the analysis of the products of combustion. The following 
paragraphs focus on combustion efficiency measurements of boilers. However, the prin
ciples, procedures, and instruments described for boilers may be applied to other combustion 
systems such as kilns and direct-fired dryers. 

Boilers operate at different efficiencies, depending on their load. To determine boiler 
combustion efficiency in an accurate manner, boilers must be tested over the whole range 
of load operating conditions. At a minimum, boilers should be tested at low-fire, medium
fire and high-fire conditions (at about one-third, two-thirds and full load). To cover the 
complete range of boiler operating conditions, they should be tested at increments of 10 
percent of full load. 

Before testing a boiler, it should be allowed to operate at the load to be tested for 15 to 
30 minutes prior to testing to achieve steady-state conditions. Three sets of tests should 
be made at each load condition. The measurements taken at each load condition are used 
to calculate combustion efficiency individually; the three efficiencies for each load are 

then averaged.
 

Combustion system testing requires acquisition of the following data: 

" Temperature of entering combustion air 

" Temperature of combustion gases 

" Composition of combustion gases 

- carbon dioxide (C0 2 ) 

- carbon monoxide (CO) 
- oxygen (02) 

" Amount of smoke in combustion gases 

" Firebox and stack draft 

" Aiount of dissolved solids in boiler water. 

Temperature measurements for entering combustion air and combustion gases are required 
to determine the "net stack temperature." Any appropriate temperature measuring device 
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may be used. It is recommended that a mercury-in-glass thermometer be used to determine
 
entering combustion air temperature, while an appropriate thermocouple be used to measure
 

the temperature of the combustion gases.
 

Entering combustion air temperature should be measured at the point where it enters the
 
system. In the 
 case of a forced draft boiler, for instance, combustion air temperature
 
is measured at the fan inlet. Combustion gas temperature should be measured at a point
 

as close to the heat transfer section of the combustion system as possible. In a boiler,
 
access to the stack at as close a 
point as possible to the breeching is recommended. The
 
net stack temperature is the 
 difference between the combustion gas temperature and
 
entering combustion air temperature.
 

Combustion gases are sampled at the same point the flue gas temperature is taken. Be
cause some flue stacks may have 
 "dead spots," it is useful to make measurements with
 
a velometer or other flow measurement device to ensure that the gas samples are indeed
 

well mixed.
 

Combustion gases are analyzed for three components: carbon dioxide, carbon monoxide, 
and oxygen. With good mixing, perfect combustion is obtained when (a) the combustion 
gas analysis shows no carbon monoxide or oxygen, and (b) the maximum amount of carbon
 
dioxide for that fuel 
 type and flow rate. In practice, however, the two conditions are 
rarely met. 

A number of instruments can be used for analyzing combustion gases. These may be di
vided into two categories: 

" Chemical analysis 

" Electrochemical analysis. 

Chemical analysis devices include the Orsat apparatus and Fyrite analyzer. The Orsat 
apparatms is the traditional instrument used for combustion gas analysis. This instrument, 
illustrated in Exhibit 9.21, is very fragile, not particularly portable, and requires a great 
deal of skill in use. A measured amount of combustion gas is induced into the instrument. 
The combustion gas reacts with various chemicals that cause the various components of 
interest -- carbon dioxide, carbon monoxide, and oxygen -- to be absorbed from the gas. 
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The successive volume changes of the gas indicate the amounts of carbon monoxide, car

bon dioxide, and oxygen in the gas sample. 

A more portable chemical analysis kit is the so-called Fyrite analyzer, illustrated in Exhib

it 9.22. Fyrite analyzers are available for carbon dioxide and oxygen analysis. As with 

the Orsat apparatus, a chemical reaction with the gas component being measured causes 
a volume change that, in turn, indicates the quantity of that component in the gas sample. 
In the paragraphs below, the use of the Fyrite analyzer for measurement of oxygen and 

carbon dioxide is discussed (see Exhibit 9.23). 

The Fyrite should be in proper operating condition, with the proper amount of chemicals 

added. Before beginning a series of tests, the zero scale should be adjusted. Holding 

the Fyrite upright, depress the valve on the device top and release. Turn the indicator 
bottle upside down until all the fluid has run down and then turn the bottle right side 
up again. Repeat this operation three more times. Then, hold the bottle at a 45-degree 

angle for about 5 seconds to drain fluid droplets from the inside surfaces. Hold the bot
tle level and depress and release the valve again. Adjust the zero scale to correspond to 

the top of the liquid column. (Note that if the liquid level drops more than 1/2 inch 

(1.25 cm) after depressing the valve, repeat the procedure.) 

The aspirator assembly consists of a length of tubing, filter, and a rubber bulb. onea At 

end of the tubing is a metal pipe; at the other is a rubber connecting tip. Tile open end 

of the metal tube is inserted into the gas stream to be measured. After insertion and be

fore sampling, the rubber bulb should be squeezed about 20 times to purge the aspirator 

assembly of ambient gases. 

To begin sampling, place the rubber connector flat against the valve on top of the Fyrite 

bottle. Depress the valve and steadily squeeze and release the aspirator bulb 18 times 

for oxygen analysis or carbon dioxide analysis. On the lath squeeze, before releasing 

the rubber bulb, remove the connector from the top of the bottle and release the valve. 

The sample is then trapped for analysis. 

Invert the bottle and reverse four times for oxygen and twice for carbon dioxide. This 

forces the gas sample through the absorbent chemical. Allow all the chemical to run 
back into the bottom of the bottle by holding it at a 45-degree angle for about 5 seconds. 
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Exhibit 9.22
 

FYRITE GAS ANALYZER 



Exhibit 9.23 

Use 	of Fyrite Gas Analyzer 
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Holding the bottle upright, read the percent oxygen or carbon dioxide content of the gas 
from the scale. Before taking the next sample, depress the valve on top of the bottle 
to dispel the ga, sample. 

The Fyri'.e bottles are used for carbon dioxide and oxygen measurement only. Carbon 
monoxide readings should also be taken with certain types of fuels to ensure that complete 
combustion is taking place. Carbon monoxide content can also be determined by chemical 
means, For this purpose, a monoxide indicator such as that shown in Exhibit 9.24 is used. 
A gas sample is drawn into contact with a chemical reagent in a glass tube. Carbon 
monoxide causes a stain to appear in the indicator tube; the length of the stain is com
pared with a ca'ibrated scale to determine percentage carbon monoxide content. A new 
indicating tube must be used for every measurement. 

Electrochemical devices (also called combustion computers) are also used for combustion 
efficiency measurement. These devices incorporate the temperature measurement and 
gas analysis functions described previous!y and directly calculate_ combustion efficiency. 
The instrument incorporates a microprocessor which allows the user to set the instrument 
to the type of fuel used. An example of an electrochemical combustion analyzer is illus
trated in Exhibit 9.25. 

Electrochemical instruments are faster and easier to use An electhan chemical devices. 
trochemical analyzer consists of a gas sampling probe that is placed in the flue gas 
stream. The probe is connected to the analyzer by a length of tubing. The probe also 
contains a thermocouple that measures stack temperature. Gas samples are drawn through 
the probe by a pump. There is also a thermocouple present in the analyzer for determina
tion of combustion air temperature. Hence, net stack temperature is automatically com
puted. 

In use, the probe is placed in the flue gas stream, and the device is activated and set to 
the proper fuel type. At the end of a sampling cycle, the device decermines: 

* Oxygen content of gas sample
 

9 
 Carbon monoxide content of gas sample 
* Net stack temperature 

• Carbon dioxide content (computed) 
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Exhibit 9.24
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Exhibit 9.25
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" Percent excess air (computed) 

" Combustion efficiency (computed). 

Measuring smoke in combustion gases can be performed with a smoke test pump as illus
trated in Exhibit 9.26. Special filter paper is placed in the pump sampling port. The sam
ple probe is placed in the combustion gas stream, and the pump handle is pulled through 
ten strokes to draw a measured amount of gas through the filter paper. The filter paper 
is removed from the pump and compared with a comparative scale to determine the 
extent of incomplete combustion. The ten spots on the scale range in equal photometric 
steps from white (spot 0) to black (spot 9). Burners firing No. 2 oil should not present 
a filter darker than spot #2, while a measurement comparable to spot #3 is acceptable 
for heavy fuel oils. The built-in pump of an electrochemical combustion gas analyzer 

can also be used for smoke testing in a similar fashion to the smoke test pumped discussed 

above. 

It is important determine the draft at firebox and at thealso to the stack. The draft 
indicates the pressure at which the combustion system operates. The intensity of the 
draft determines the rate which combustion pass through boilerat gases the or furnace, 

and the amount of air provided for combustion. Excessive draft can increase the stack 
temperature (causing incomplete heat transfer), while insufficient draft may cause smoking 

owing to insufficient combustion air. 

Draft is measured with a pressure measurement device. The manometer, illustrated in 
Exhibit 9.14, may be used. Alternatively, special draft gauges, as illustrated in Exhibit 
9.27, may be used. The draft gauge is used by inserting the probe into the area where 
draft is to be measured (either the firebox or the flue). The draft is read directly from 

the scale. 

The last measurement to be covered in this discussion is a measure of dissolved solids in 
the boiler water. While this is not a combustion test, the amount of dissolved solids in 
boiler water is an indication of boiler heat transfer capability. High concentrations of 
dissolved solids i:i the boiler water indicates the potential for fouling of boiler heat trans

fer surfaces.
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Exhibit 9.27 
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A conductivity meter, or total dissolved solids (TDS) meter, is used to determine the 
concentration of dissolved solids in the boiler water. An example of a conductivity meter 
is illustrated in Exhibit 9.28. The meter measures the electrical resistance (the inverse 

of conductivity) of a liquid sample. Since pure water is not a conductor, its electrical 

conductivity is zero. However, solids dissolved in water will increase its conductivity. 

The meter shown is calibrated to give a direct reading of dissolved solids in parts per 

million. 

A sample of boiler water is taken from a blowdown point. This sample is used to wash 

the sample cup on the meter. The cup is washed several times before filling wi h the actu
al sample to be measured. The cup is then filled with the sample to a point above the 
top electrode. The measurement button is depressed and the meter directly indicates 

the total dissolved solids concentration in the sample. 

Other chemical tests of boiler water and boiler feedwater may be performed to determine 

the concentration of various ions. These tests can be performed as part of a program 

to specify proper water treatment for the boiler plant. 

LIGHT LEVEL MEASUREMENT 

Determining proper illumination levels involves: 

e Definition of space served by luminaires 

* Identification of type of luminaire in use 

* Measurement of light level on task. 

An example of a data form for light level survey measurements is presented in Exhibit 

9.29. Each discrete area in the facility surveyed is indexed in Column I of the form. 

The location and principal use are noted in Columns 2 and 3, respectively. 

The dimensions of the area, including actual length and width, are recorded in Column 

4. The height refers to the height from the luminaire to the floor; this may be different 

from ceiling height if the lighting fixtures are suspended from the ceiling. 
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Exhibit 9.29 
 PAGE OF
 

LIGHTING SURVEY DATE:BY: 

SITE NAME: 

OUTSIDE -CONDITIONS: 

ITEM LOCATION 
AREA 

PRINCIPAL 
NUMBER 
OF 

NO. USE DIMENSIONS 

_ FT. X FT. X FT. 

COL (1) COL (2) COL (3) COL (4) COL (5) 

L x W X H 

L x W x H 

L X W x H 

BUILDING: 

START TIME: 

LAMP/LUMINAIRE 

DESCRIPTION 
*1, 2, 3 

COL (6) 

LUMINAIRE 

STYLE 

LAMP 

NOMEN. 

OBSERVED 

LIGHT 
LEVELS 

(F.C.) 

COL (7) 

ANNUAL 
HOURS 

OF 
OPERATION 

(HRS) 

COL (8) 

COMMENTS 

COL (9) 

DIFFUSER 

LUMINAIRE 
STYLE 

LAMP 

NOMEN. 

DIFFUSER 

LUMINAIRE 
STYLE 

LAMP 
NOMEN. 

DIFFUSER 

LUMINAIRE 

STYLE 

L.AMP 
NOlIEN. 

OIFFUSER 



The number of each type of luminaire serving the space is recorded in Column 5. The 
luminaire type is described in Column 6. For each luminaire, describe the fixture type 
(e.g., recessed, suspended), the diffuser type, and the type of lamp (e.g., wattage, incan

descent, fluorescent). 

Measured light levels are recorded in Column 7. "rhe annual hours of use of each area's 
luminaires are recorded in Column 8. Any additional information may be recorded in 
the last column, Column 9. 

Observed light levels can be measured with a photometer. This device operates on the 
photoelectric effect, whereby the intensity of certain wavelengths of light on certain ma
terials causes a proportional voltage to be generated. A photometer incorporating a 
digital readout is illustrated in Exhibit 9.30. 

The photometer provides a direct readout of light intensity, measured in foot-candles. 
Measurements are taken by positioning the photometer at the point where tasks are per
formed. For instance, readings in an office would be taken on desktops. In a plant, the 
readings would be taken at an operator's station or at a critical location adjacent to a 
machine. When using the photometer, the energy auditor must avoid shading the sensor 

with his own body. 

Suggested illumination levels for various tasks are presented in Exhibit 9.31. 
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Exhibit 9.31
 

SUGGESTED LIGHT LEVELS FOR VARIOUS TASKS
 
TYPE, OCCUPANCY & AREA FOOTCANDLES 


(MIN.-14AX.) 

PROCESSING AND 

MANUFACTURING
 

Bulk Unloading 30 


General Process Equip- 

meit Areas 50 
mx, ArWeas g 50


Hixi~g, Weighing, & 

Blending, Processing 

Bins & Tanks, Equip-

ment Rooms 30 


Refrigeration Compress-

ors, Fans, Pumps & Air 

Compressors, Freezer
 
Tunnels 
 5 


Palletizing Equipnent Area 30
 
Cleaning, Grading &
 

Inspection of Raw 

Materials 
 70
 

Preliminary Sorting. 

Cutting Final 
Sorting.
 
Inspection 100 


Color lnspection & 

Appraisal 
 100-200
 

Machine Composition, 

Composing Room & 

Presses 
 100 


Loading, Rail & Truck 20 


Inside Truck Bodies &

Freight'Cars io 


PACKAGING
 

Filling, Labeling, 

Packing, Wrapping 50 


STOR.AGE 


Rough Bulky (spare 


equipment) 10 

Medium (spare parts) 20 

Fine (bins & racks) 50 

Picking Stock, Classi-
fying 30 


WAREHOUSES 


DSSD Warehouse IS-zs 

Cold Storage Warehouse 


TYPE. OCCUPANCY & AREA FOOTCANDLES 
(MIN.-MAX.) 

UTILITY 

Boiler Plants, Compressors,
 

Pump Rooms, Auxiliaries
 
Condensers, Deaerator,
 
Evaporator, Heater,
 
Floors 
 30


Cool s 50
 
Control Panels 50
 
Utility Tunnels 5
 
Cooling Tower 5
 

MAINTENANCE SHOP
 

All Work Areas 50
 

LABORATORIES
 

All Work Areas 100
 

ELECTRICAL EQUIPMENT
 
TNSUMENT
 

Switchgear, Indoor. Unit
 
Substations 20
 

Motor Control Center,
 
Central Control Room
 

Aisle Lighting 50
 
Instrument & Repair Sho,. 100
 
OFFICE
 

General Office 
 70-100
 
Private Office,
 
Conference Room 
 70
 

Data Processing &

Teletype 
 150
 

Drafting Rooms 150
 

Telephone Switchboard SO
 
Reception 30
 
Library - General 30
 

Reading Rooms 70

Rest, Toilet, & Locker
Rooms 
 30
 
Aisles, Corridors &
 

Stairways 
 20
 

Product Display Area 100
 
Night Lighting (Security) 1
 



SESSION 10: DATA ANALYSIS 

The two preceding sessions described the preliminary and detailed energy audit process 

(Session 8) and the use of instruments to measure energy and material flow characteristics 

(Session 9). At this point, the major energy-using processes and operations are identified, 

and measurements of energy and material flows are available. This session will describe 

the most important tool used in industrial energy auditing, the energy balance. Next, 

the use of energy balances to evaluate energy efficiency will be covered. Finally, ener

gy consumption norms and standards will be discussed. From norms and energy balances 

established by the industrial audit, it is possible to estimate energy savings potential 

and identify candidate projects for further evaluation. 

THE ENERGY BALANCE 

The energy balance is basically the global equation(s) that translates the principle of 

conservation of energy (first law of thermodynamics) applicable to a given operation, 

process, plant, sector, or even country or group of countries. Although energy balances 

can also be created according to the second law of thermodynamics, in entropy or any 

other thermodynamic state, we will concentrate this session on the enthalpy balance 

(first law) which is generally sufficient when dealing with industrial energy auditing 

and conservation. 

The basic energy balance equation is: 

Heat in + work in = heat out + work out. 

The energy balance is a useful guide to the efficient operation of process plant and 

other industrial equipment. Its final objective may be to indicate the scope for energy 

conservation, as its value is in identifying and evaluating the ways in which energy is 

consumed in each step of the process. 
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Energy balance: are generally built: 

1. 	 To evaluate losses and inefficiencies in operation of existing plant and 

equipment 
2. 	 To evaluate the energy use in each process stage for comparison with 

an alternative system or known energy consumlftion. 

The first evaluation often results in identifying improvements in the efficiency of exist
ing equipment by operational changes (no or low capital expenditure). The second eval
uation is used when a comparison is to be made with a new plant or system, and is usual
ly associated with large capital expenditure projects. 

The data given in this session will assist in the formulation of procedures for building 
energy balances and identifying areas for energy use improvements. In building energy 
bF.lances, a detailed knowledge of the process is essential theoperations in determining 

type of measurements to be taken and their interpretation.
 

Energy balances are multiform and may answer a large variety of questions, such as: 

* 	 How much heat is currently used to dry a given product, and what would 
be the minimum theoretical requirement for this operation? By taking 
the right measurements (e.g., mass flows, temperatures of product in, 
product out, drying air in, drying air out, dryer surface) and using the 
right tools (such as steam table or psychrometric charts; see Session 4), 
it is possible to answer these two questions. 

* 	 What would be the optimum amount (from an energy consumption stand
point) of cooling water required to reduce the temperature of a hot organ
ic liquid stream from T2 	 to TI? By knowing the characteristics of the 
heat exchanger (heat transfer coefficients and available heat transfer 
surface area), organic liquid flow rate, specific heats, and temperature, 
it is simple to determine this optimum value for the cooling flow.water 

Providing answers to such questions often raises other questions. In the above examples, 
the following questions could be asked: 
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1. 	Could the initial moisture content of the product to be dried be reduced 
before processing? 

2. 	 What is the amount of heat being transferred from the organic liquid to 
the cooling water, and can this heat be used elsewhere in the manufactur

ing operation? 

Building an Energy Balance 

The first step is to identify the st bject of the energy balance. For reasons of simplicity, 
we will assume that energy balances must be established for each major energy-using 
piece of equipment as identified during the audit (see Session 8) (i.e., boilers, steam 
systems, furnaces, kilns, ovens, dryers, large mechanical systems, air conditioning sys
tems, and lighting). The second step is to identify what is needed to build the required 

energy balance; that is: 

* 	 Identify all operations in which energy (heat or work) is either introduced 

or removed from the balance object
 

" Identify each input and output energy stream.
 

The third step is to gather the data necessary to build the balance. Some data may 
already be available; some may never have been gathered. In any case, it is highly 
recommended to make all required instrumented measurements within as short a period 
of time as possible, which must be as close as possible to "normal operation," although 
this concept may be hard to define in some cases. For example, if the object of the 
energy L:.Aance is a furnace, the following measurements should be made: product flow 
and temperature, combustion product composition, flue gas composition and temperature, 
combustion air temperature, furnace surface temperature, and mechanical equipment 
electric consumption (e.g., fans, drive). The appropriate instruments should be selected 
according to the guidelines provided in Session 9. 

When all data have been collected, the energy balance building process can start. To 
illustrate how energy balances are built, we will use three examples. 
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Example 	 I: Heat Balance for a Heat Exchanger 

In the case of the shell-and-tube heat exchanger, construction of a heat balance is 
relatively simple (see Exhibit 10.1). In this example, water is being used to cool an 
organic liquid, benzene, which is entering the exchanger at 900C and a flow rate of 
100 m3 /hr. The heat lost by the hot benzene equals the heat gained by the cool water, 

plus any heat that might be lost via convection to the surroundings. The fundamental 
equation for determining the heat gained or lost by a fluid stream is: 

q = mCpdt 

where 	 q = the heat gained or lost (kJ/hr)
 

m = the mass flow rate (kg/hr)
 

Cp =the specific heat (kJ/kg 0C)
 

dt = the difference in inlet and outlet fluid temperatures (oc).
 

For the 	 sake simplicity, fluid density specific heat are assumedof the and constant 
over the temperatures involved. The heat balance indicates that roughly 81 percent 
of the heat transferred by the hot benzene is captured by the cooling water. The re
maining 19 percent of the heat is lost to the surroundings. (Heat exchangers are dis
cussed in more details in Session 14.) 

Example 	 2: Hot Water System in a Textile Plant 

A second 	example shows how the use of a simple heat balance and the addition of two 
exchangers tc capture waste heat led to improved energy efficiency in a textile plant. 
This plant produces and finishes woven apparel fabric. The plant operates 24 hours 
per day, 6 days per week, 51 weeks per year. The wet processing operations at the 
plant are batch and continuous washing and jet dyeing. The combined wastewater dis
charge from m3these operations is 128 per hour at an average temperature of 600C. 
The original operation of the plant called for this water to be discharged to a drain 

(see Exhibit 10.2). 
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Exhibit 10.1 
Shell-and-Tube Heat Exchangers 

B. Benzene D. Water 
100 m3 /hr 50 m3 /hr
40 0 C Heat 50 0 C
Cp = 1.76 k Losses Cp 4.2 kU= 

kg °C kg oc 

SC. Water A. Benzene 
50 m3/hr 100 m3/hr 

200C 900C 
Cp = 4.2 k Cp = 1.76 

kg°C kgC16 

Heat Balance 

q = mCp dt 

q (Benzene) = q (Water) + q (Losses)
 

m Cp dt = m Cp dt + qL
 

qb:
 

(100 m3 /hr) x (879 kg/m 3) x (1.76 kJ/kgOC) x (900C - 400C) = 7.74 x 106 kJ/hr
 

qw:
 

(50 m3 /hr) x (1,000 kg/m 3) x (4.2 kJ/kg °C) x (500C - 200C) = 6.3 x 106 kJ/hr
 

qL: 

qL = qb - qw 

(7.74 x 106 kJ/hr) - (6.3 x 106 kJ/hr) = 1.44 x 106 kJ/hr 



Exhibit 10.2
 

Textile Plant Energy Balance
 

60 0C
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The jet dyeing machines are heated and cooled by means of an adjacent heat exchanger. 
During the heating cycle, steam passes through one side of the heat exchanger, and 
the dyebath flows at a daily average of 8 m 3/hr until its temperature reaches 1000C 
through the other side. During the cooling cycle, 12 m 3 per hour of filtered water 
flow opposite the dyebath. The cooling water is heated from 150C to 50 0 C during 

this process. 

The batch and continuous washers discharge wastewater at an average rate of 120 m 3 

per hour at 60' . The jet dyeing machines discharge wastewater at an average rate of 

8 m 3 per hour at 80 0 C. 

A rudimentary heat balance around the entire process shows that there is clearly room 
for energy improvement in this process. The energy efficiency of this operation can 
be improved significantly by introducing a wastewater heat recovery system (see Exhibit 

10.3). Wastewater from the jet dyeing machines, batch washers, and continuous washers 
is piped into a collection system. From there, the water is pumped through a shell
and-tube heat exchanger, reducing its temperature from 600C to 400C. The wastewater 
is then discharged to the process drain. Incoming filtered water at an average 
temperature of 150 C is passed through the opposite side of the heat exchanger, exiting 

at an average temperature of 300C. 

A second integrated loop of the waste heat recovery system uses thermal energy re
jected from the dyebaths during the cool-down cycle. Cooling water at 150C is circu
lated through one side of the closed heat exchanger attached to the jet dyeing machines. 

The hot dyebath, at a temperature of 100 0C, flows continually through the opposite 
side of the heat exchanger until the temperature is reduced to 800C. The dyebath is 
then discharged to the wastewater collection sump. The cooling water is raised to an 
average temperature of 500C, even though fresh water is being added constantly to 

the heat exchanger. Approximately 4.73 m 3 of cold water are required to cool e- i 
dyebath from 1000C to 800C. 

The cooling water is collected in a storage tank. Hot water circulating pumps draw 
from the storage vessel and circulate water either directly into the plant hot water 
systems or back into the jet machines as dyebath fill water, as required. A separate 
heat exchanger sub-loop is also provided to maintain the temperature of the water in 
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Exhibit 10.3 

WASTEWATER HEAT RECOVERY SYSTEM 

60°C 
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storage by using the plant steam supply. Hot water from storage and tempered water 
from the low-temperature system can be mixed, if necessary, to meet temperature re
quirements prior to return to the plant hot water system. 

Introduction of the wastewater recovery system reduces steam requirements by 33 per

cent, from 25.54 GJ/hr to 16.97 GJ/hr (see Exhibit 10.4). 

Example 3: Cake Baking 

A good example of the use of a heat balance in a low-temperature process is the baking 
of cakes. The cake-baking process is direct and simple. An electric oven is used, with 
the cake being continuously circulated through the oven orn reusable steel trays. Each 
steel tray weighs 15 kg and holds four 0.5 kg cakes. Twelve trays and 48 cakes go 
through the 10-kW oven every hour. The cake is baked when the dough temperature 

reaches 150 0 C. 

The dimensions of the oven are I m by 3 m by 4 m; during operation, its surface tem

perature is 300 C (room temperature is 200 C). The specific heat of the dough is known 

to be 3.34 kJ/kg °C. 

The process energy balance takes into account heat losses to the surroundings, the heat 
required to bake the cake and heat the steel trays, and an estimated air change once 
every hour (see Exhibit 10.5). These results show two important energy inefficiencies 
in the process: the amount of energy required to heat the steel tray and the energy 
losses are too large. The overall efficiency of the process -- that is, the heat used to 

bake the cake divided by the energy input -- is only 36 percent. Improvements to the 
process can be made by reducing the weight (but maintaining the strength) of the steel 
trays, insulating the oven, and reducing the number of air changes in the process. It 
should be noted that the loss of moisture in the dough during the baking process was 
not considered in this example, but could be an important consideration. 
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Exhibit 10.4 
Calculations for Textile Plant 

Steam input to original plant: 

For batch and continuous washers: 

q = (120 m 3 /hr) x (1,000 kg/m 3) x (4.2 kJ/kg °C) x (60 0 C - 150C) x 10- 6 

= 22.68 GJ/hr. 

For jet dyeing machines: 

q = (1,000 kg/m 3 ) x (8 m3 /hr) x (4.2 kJ/kg °C) x (100°C - 150 C) x 10- 6 

= 2.86 GJ/hr. 

Total steam input = 25.54 GJ/hr (assuming no heat losses) to original plant. 

Steam input to plant after addition of waste heat recovery system: 

For batch and continuous washers: 

q = (120 m3 /hr) x (1,000 kg/m 3 ) x (4.2 kJ/kg °C) x (600 C 300 C) x 10- 6 

= 15.12 GJ/hr. 

For jet dyeing machines: 

q = (8 m 3 /hr) x (1,000 kg/m 3) x (4.2 kJ/kg °C) x (100°C - 45 0 C) x 10 - 6 

= 1.85 GJ/hr. 

Total steam input = 16.97 GJ/hr after addition of waste heat recovery equipment. 
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Exhibit 10.5 
Energy Balance of a Cake-Baking Oven 

10 kW 	 Moisture 

(1) Cake at 2 kg/tray Cake 	 at 2 kg/tray
(2) -Steel 13 kg/tra I m x 3m x 4m Steel "3 kg/tray

20 0 C oven 150 0 C 

(3) 	 air in, (3) air out 
20 0 C L 150 0 C 

Surface Temperature 	 (4) Heat Loss 
300 C 

A. Energy in: 

Electricity 10 kW = 36,000 kJ/hr. 

B. Energy out: 

Notes Step
 

I 	 Cake = (0.5 kg/cake) x (4 cake/tray) x (12 trays/hr) 
x (3.34 kJ/kg °C) x (150 0 C - 20 0 C) = 10,421 kJ/hi 

2 	 Steel = (15 kg/tray) x (12 tray/hr) x (0.46 kJ/kg oC) x (150 0 C - 20 0 C) = 10,759 kJ/hr 

3 	 Air = (12 m 3) x (I airchange/hr) x (1.18 kg/m 3 )
 
x (1.0 kJ/kg °C) x (150 0 C - 20 0 C) 
 = 1,847 kJ/hr 

24 	 Heat loss = (41.8 kJ/hr m °C) x (26 n, 2) x (30 0 C - 200C) 	 = 10,868 kJ/hr 

Total 33,895 kJ/hr 

C. Energy balance = energy in - energy out = 36,000 kJ/hr - 33,895 kJ/hr = 2,105 kJ/hr (5.9%). 

Notes
 

I. Assumes a constant cake weight and specific heat. 
2. Assumes specific heat of steel is 0.46 kJ/kg °C. 
3. Assumes one air change per hour. 
4. Assumes a heat transfer coefficient of 41.8 kJ/hr m 2 oC. The oven has an external surface area 

of 26 m2. 
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Finalizing the Energy Balance 

The first balance built from measurements, or preliminary balance, must be validated, 
which is in fact rather simple; the basic equation (energy in = energy out) must be 
satisfied by computing independently each member of the left and the right side of 
the equation. If this is done honestly (do not compute a term of this equation by 
using differences!!), and the balance is within I or 2 percent, the balance can be consid
ered as valuable. 

However, it may happen that incorrect computations or measurements compensate each 
other and still allow the basic equation to be balanced. To ensure that this is not the 
case, expertise and experience are required. 

In most cases, however, common sense is enough to indicate if something is wrong in 
the computation. Another, more expensive way, to validate and check the accuracy of 
an energy balance is to have it done by two different individuals at different dates 
but under similar conditions. This would be justified in extreme cases only (i.e., when 
the balance cannot be established the first time, -- 10 percent difference or more) or 
when common sense cannot be satisfied by the results. 

The Use of the Energy Balance 

Energy balances are primarily used to evaluate energy efficiencies as illustrated in the 
examples above. From the energy balance of a boiler, the following efficiencies can 

be computed: 

" Combus-ion efficiency 

" Heat to steam efficiency 

* Overall boiler efficiency. 

Sessions 2, 4, and 11 through 14 provide detailed information on the concepts of effi
ciency and their application to major energy-using equipment. 
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ESTIMATING ENERGY CONSERVATION POTENTIAL 

The efficiency computations are the basis for estimating energy-saving potential. The 
basic method is to compare the efficiency computed from the balance to what a good 
performance should be. Such a performance is often referred to as a "norm" or a 
"standard." For example, a 50-tsh, 45 bar watertube boiler operating at 80 percent of 
its rated capacity and burning furnace oil should have an efficiency of 82-84 percent. 
If the balances gives an efficiency of 79 percent, 3 to 5 percentage points translate into 
4 to 6 percent potential fuel savings. However, norms and standards are not easy to 
find or to establish. Such a norm can be established for a given piece of equipment 
(e.g., a boiler, a dryer, an electric motor), a given operation (e.g., drying in a cement 
kiln), or a given product (e.g., raw steel). In the case of drying, the norm can be 
either 2,508 k3/kg of water evaporated (theoretical minimum) or 3,135 kJ/kg of water 
evaporated (good average performance). In the case of steel, the theoretical consumption 
is 7.1 GJ/ton, and a good performance is 25.1 GJ/ton. Both numbers can be used as 
norms, as most plants in LDCs consume between 33.4 and 50.2 GJ/ton. 

There is no such thing as a "directory" of norms. Rather, technical manuals and equip
ment suppliers' brochures should be used to define them. In addition, norms are not 
fixed nor constant over time and across processes. They must take into account such 
factors as actual operating procedures and technological evaluations. 
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SESSION 11: COMBUSTION EQUIPMENT AND BOILERS 

INTRODUCTION 

This session will focus on the use of combustion equipment (burners) and boilers. Various 
types of burners will be presented, together with housekeeping measures designed to 
maintain efficient operation. 

Common types of boilers and their operation will be reviewed, together with outlines 
for housekeeping steps for optimum performance. Modifications and improvements 
through equipment replacement will be discussed. 

The basic functions of a burner were reviewed in Session 4 and hence will not be re
peated in this session. The session will concentrate primarily on oil burners, with 
reference to gas and solid fuel burners (solid fuel burners ai'e presented in more detail 
in Session 15). Mention will be made of a developing technology, the fluidized-bed 
combustor, which has good potential for maximizing energy release from solid fuels. 
Firetube and watertube steam boilers will be covered in some detail. Finally, costs 
and benefits of typical conservation measures will be presented. 

BURNER TYPES 

Burners evolved because of the combustion characteristics of various available fuels 
and the widely differing equipment on which burners are used. Improvements in 
efficiency and operation have been spurred by competitiveness between the major fossil 
fuels and anti-pollution laws enacted in the major industrial nations of the world. 

Different types of burners are used for combustion of the three major sources of fossil 
fuel -- oil, solid fuel, and gas. All three types are discussed in the following paragraphs. 
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Oil Burners 

Oil burners are mechanical devices used to prepare oil for burning in a combustion 

chamber. Burners deliver the oil in a state that will promote good combustion. Good 
combustion is aided by intimate mixing of the fuel and combustion air. 

A burner may consist of a total packaged unit including associated equipment such as 
filters, pumps, and fans. However, many large burners consist of only the basic elements 

that give the burner its individual characteristics. 

The basic elements of a burner are: 

* Air register 

* Atomizer 

* Throat
 

e Stabilizer.
 

Burners are made up of a combination of these basic elements. Modifications to one 
or more of these elements can greatly affect the type of flame produced. Because of 
the relevance of these elements, they are described as opposed to specific burner appli

cations. 

Air Registers 

There are three broad groups of air registers used in oil burners: (I) the swirling type, 
(2) the intermediate type, and (3) the axial flow type. Examples of the three types 

of registers are shown in Exhibit 11.1. 

The swirling type of register is used to give the fuel a strong swirl before it passes 
through the throat of the burner. The swirl-type design produces a strongly divergent 
flame and promotes central recirculation for good flame stabilization. However, fan 
power requirements are high with this type of register. They are used primarily where 
intense short, wide flames are required. 

11-2 



Exhibit 11.1 
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The intermediate type of register was once used universally throughout the burner in
dustry. It is based on a cylinder whose periphery was made up of a series of pivoting 
slots that could be opened or closed to control the amount of "wirl produced with the 
corresponding change in flame properties. 

The axial flow type of register is now the most common type of register used, as it 
offers the most efficient method of producing required aerodylamic characteristics. In 
the axial flow register, air is delivered along the same axial path as the fuel travels 
from the burner atomizer. Air is usually introduced through slots to mix with the 
fuel. Flame shape and intensity are controlled either by modulating the speed of the 
combustion air fan or by dampers that affect delivery air pressure and volume. Swirl 
is imparted to the fuel/air mixture by use of differing tvpes of swirlers. 

Atomizers 

Oil must be vaporized prior to combustion, and atomizers are used to aid rapid vapor
ization. Atomizers are the most important element of the burner. 

Burners are often distinguished by the type of atomizer that they use. Industrial burn
ers use one of the following atomizing methods: 

* Medium-pressure air (MPA) 

* Low-pressure air (LPA) 

* Spinning or rotary cup 

* Pressure jet
 

* Spill or return flow
 

# Assisted pressure jet
 

* Twin fluid atomizer. 

Other types of atomizers (e.g., emulsifying or ultrasonic atomizer) are less common 

and will not be discussed. 

The MPA atomizer is generally a two-stage atomizer. Atomization is produced from 
the blast effect of primary air supplied at pressures between 0.2-t bar (3-15 lbs/ in 2 ). 
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Primary air accounts for approximately 5 percent of the combustion air. Further 

atomization takes place after the oil/air mixtiire leaves the burner tip. A supply of 

secondary air from a forced draft fan at a pressure of 1.25-2.5 mbar (0.5-1 inch water 
gauge) breaks up the fuel still more. This type of atomizer is used predominantly for 
burners using light fuel oil for firing heating plants and low-pressure steam plants. 

LPA atomizers use primary air at pressures of 5-6 mbar (2-2.5 inch water gauge). Pri
mary air accounts for 25 to 30 percent of the overall combustion air. Atomization 

takes place by swirling primary air causing acceleration cf the oil through the atomizer. 

The primary air/fuel mixture is further accelerated by a secondary air supply. This 
essm!ntially varies the amount of swirl and contr -Is the flame shape. Complete atomiza

tion occurs when fuel passes into a tertiary air supply that enters the burner through 

air registers. As with -me MPA, this type of atomizer is used in burners for small boil

er plants firing lighter grades of fuel oil. 

The spinning or rotary cup atomizer consists of a spinning hollow divergent cone. Oil 

is distribu'ed evenly onto the inside and travels outward .long the spinning cone. In 
traveling along the cone, the oil film breaks into linear components and droplets and 

is finally thrown from the tip of the rotating cone. Combustion air passes around the 

cone and completes the atomization of the fuel. Power to drive the cone is supplied 

by either motor or air turbine at rates of between 4,000 and 6,000 revolutions per min
ute. To ensure that correct atomization takes place with this type of atomizer, the 

oil used should have a viscosity o* about 100 centistokes (cSt) (400 sec Redwood No. 

1). This type of unit is used predominantly on firetube boiler plants operating with ex

cess air levels of about 10 percent. 

In pressure jet atomizers, oil is injected at high velocity through tangential slots into 

a swirl chamber where it rotates at high speed. It then passes through an opening where 

it forms a hollow conical sheet (see Exhibit 11.2). Combustion air is supplied around 

the pressure jet. Because of their relatively simple design, pressure jet atomizers are 
available in a wide range of capacities. They are capable of burning all types of fuel oil. 

When burning bunker oil, it is necessary to operate at viscosities ranging between 13 

and 24 cSt (60 to 100 Redwood No. 1). Oil flow to the burner is controlled by the 

operating pressure of the oil supply. Typical pressures may range from 28 to 80 bar 
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Exhibit 11.2 

Courtesy Wayne Home Equipment Co., Inc. 

Solid sprmy cone pattern. 

90o 807 60° 45o. 300 

Courtesy Wayne Home Equipment Co., Inc. 

Varieties of spray angles. 
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(400 to 1,200 lb/in2 ). The typical pressure/quantity relationship for this type of atomizer 

is shown in Exhibit 11.3. 

Spill or return flow atomizers attempt to overcome the drop in performance of pressure 

jet atomizers at reduced loads. With the pressure jet atomizer, swirl chamber activity 
is reduced at low load operation, thus reducing the efficiency of the atomizing mecha

nism. In the spill or return atomizer, oil flow is maintained, thereby sustaining swirl 
chamber activity at all times. Oil not needed to sustain the prevailing firing rate is 
c--:ulated (see Exhibit Two methods used the11.4). common are for controlling rate 
of spill or return. One system uses a constant supply pressure to the burner. As the 
spill system closes, total system resistance increases and less oil is fed to the burner. 

The other system uses a constant volume approach. 

Operating viscosities and pressures are similar those of theto pressure jet, but the 
spillback system increases the range of turndown. Turndown is the relationship between 
maximum and minimum oil consumption for a given burner. Pressure jets typically 
have turndown ratios on the order of 1.4 to 1. Spill and return systems have turndowns 

of about 4 to I. 

The assisted pressure jet is essentially a pressure jet tip with a series of atomizing 
ports arranged to inject steam or air into the root of the fuel spray ("-e Exhibitcone 
11.3). This burner is another attempt to improve the limited turndown capabilities of 
the pressure jet burner by providing a supplementary atomization medium at low oil 
pressures. Typical turndown ratios are 4 to I. These atomizers often the supplemenuse 
tary atomizing medium throughout the operating range. Operating fuel characteristics 

are similar to the pressure jet, but maximum oil Pressures are usually lower. 

Twin fluid atomizers initiate atomization inside a chamber or series of ports within 
the tip through the combination of oil and steam (see Exhibit 11.6). The oil/steam 
mixture expands as it leaves the tip, thereby causing atomization. Correct port design 

ensures high-quality atomization with minimum steam consumption. 

Fuel oil viscosities are higher than with pressure jet atomizers, typically 30 to 36 cSt 
(120 to 150 sec Redwood No. 1). Operating pressures are much lower than pressure 

jets -- 5.5 to 20 bar (80 to 290 lb/in 2) -- but turndown ratios can be as high as 20 to I. 
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Exhibit 11.3 

TYPICAL CHARACTERISTIC OF 

PRESSURE JET ATOMISER TIP. 

QUANTITY 



Exhibit 11.4 
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Throats 

The throat of the burner is important in promoting good mixing of fuel and air. It is 
impossible to generalize about throat design, as the burner throat is basically a chamber 

whose profile is shaped to produce a desired flame shape. Its design also can increase 
recirculation, thereby improving fuel air mixing, with corresponding improved combustion. 

Stabilizers 

The final component of an oil burner is the stabilizer. Stabilizers are used in conjunc

tion with the air register and throat to create the ignition front of a flame. Without 
a stabilizer, problems may occur with maintaining a constant flame front, causing prob
lems in sustaining ignition. However, burners that operate at very low throat velocities 

often do not use stabilizers. 

Although the four elements categorize ourner type, operation is dependent to a great 
extent on the fuel oil system to deliver oil to the burner in satisfactory condition for 
combustion. Fuel oil systems vary widely according to the plant served, but because 
of their relative importance, a brief mention is made in the following paragraphs. 

Fuel Oil Systems 

There are three common types of fuel oil systems: 

" Gravity feed 

" Circulating ring main at atomizing temperature 

" Circulating ring main at storage temperature. 

Gravity feed is used to supply one or two burners. Oil is stored in an overhead tank 

and fed through gravity alone to the burner. Gravity feed is used with lighter grades 

of oil that do not require heating for correct atomization. 
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The other two common types of systems involve the use of a circulating ring main. 
The difference b-tween the two systems is essentially the operating temperature of 

the system. The one system maintains oil at atomizing temperature; the other circulates 

oil at storage temperature. 

With the system operating at atomizing temperature, oil from the storage tank passes 

via outflow heaters to oil pumps and final heaters, where the temperature is raised to 
atomizing temperature. The heated oil circulates via the ring main from which oil is 

tapped off to the various burners. Surplus oil is returned to the inlet of the final pre

heaters. 

With the system operating at storage temperature, the oil is pumped and supplied to 
the burners through heaters that are mounted close to or form an integral part of the 
burntr. The heaters are used to give the temperature required for good atomization 

characteristics. 

Solid Fuel Burners 

Solid fuel burners are mechanical devices used to burn solid fuels in a combustion 

chamber. Solid fuel properties vary more than those of liquid and gaseous fuels, and it 
is difficult in this session to do more than outline some of the more common types of 

solid fuel burner. 

Solid fuel burners seek to duplicate the requirements of any burner system: mixing 
fuel and air together so that the combustible matter in the solid fuel (carbon and hy
drogen) can combine with oxygen and maximize the amount of heat released. 

Solid fuels contain materials other than carbon and hydrogen such as sulfur, chlorine, 
oxygen, water, and mineral matter of various sorts described collectively as ash. As 
with liquid fuels, the combustible components must be vaporized or volatilized before 
combustion takes place. However, the effect of heat on the solid fuel can cause the 

fuel to swell and retard combustion. 
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Because solid fuels vary so much, differing types of burners or stokers have developed 
together with various systems to prepare the solid fuel for combustion. An exhaustive 
discussion of the properties of solid fuel is beyond the scope of this session, but it is 
imperative to have the right type of burner for the fuel whenever solid fuel is considered 

for combustion. This cannot be emphasized too strongly. Combustion engineers use 
solid fuel combustion characteristics as an integral part of designing boilers. 

The following paragraphs outline some of the more common types of solid fuel burners 
or stokers used by industry. To simplify matters, the combustion of one type of solid 

fuel -- coal -- will be discussed. 

Coal 

Solid fuel or coal combustion usually takes place on a grate. Three notable exceptions 

are when coal is burned in suspension (as in a pulverized fuel burner), as a fluidized bed 
in a fluidized-bed combustor, or as a slurry when mixed with oil or water. 

Essential to all types of combustion is combustion air supply. However, because of 
the need to volatize cral, the amount and timing of air supply is critical to solid fuel 

firing. 

Combustion air is usually referred to as primary, secondary, or tertiary. The term used 
is dependent on when the air is supplied to the burner. Primary air is usually supplied 
through the grate bars into a firebed or used to convey pulverized fuel; secondary air 
is supplied over a firebed or around pulverized fuel. Tertiary air, if used, is supplied 

after the secondary air to complete combustion. Combustion air is supplied to stokers 
at pressures and in quantities to create sufficient turbulence to enhance mixing of fuel 

and air and to shape the flame. 

Common types of stokers for coal combustion include: 

* Gravity burner 

* Underfeed stoker
 

9 
 Coking stoker 
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" Chain or traveling grate stoker 

* Vekos system 

" Octopus system 

" Trickle feed stoker 

" Pulverized fuel burner 

" Fluidized-bed boiler. 

These are discussed below. 

Gravity feed burners are not mechanical stokers but offer similar efficiencies to mechan
ical stokers. In the gravity feed burner, fuel gravitates from a hopper onto the fire, 
where its rate of combustion is regulated by a thermostatically controlled forced draft 
fan that provides both primary and secondary air. Gravity feed burners are used on 
a range of equipment from boilers rated at 600 kW through kilns and furnaces up to 
750 kM. They are normally used to burn lower grades of coal and anthracite. 

An underfeed stoker is shown in Exhibit 11.7. Combustion takes place at the end of 
a retort fed with fuel from a hopper or bunker by means of a rotating screw or re
ciprocating ram. Underfeed stokers are electrically driven, usually by constant speed 
AC motors; the same motor is used to drive both the forced draft fan and, through a 
reduction gear, the feed screw. If the screw feed becomes jammed, a shear pin or 
breaking linkage fails, preventing major mechanical failure. 

Air for combustion is supplied by the forced draft fan via tuyeres in the upper part of 
the retort. The majority of the combustion air is supplied as primary air. Combustion 
air is regulated at the fan inlet or by damper in the forced draft duct, which in turn 
is connected to the coal feed regulator to ensure that fuel/air ratios are correct at 

all times. 

Underfeed stokers can be controlled using a simple pressurestat or thermostat to provide 
on/off control, or as a fully automated modulating system including air/fuel ratio con
trol. Turndown ratios of about 5 to I are possible. Underfeed stokers are usually used 
on small furnaces or boilers. Typical size ranges are 30 kW to 5 MW. 
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Exhibit 11.7 
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A coking stoker is shown in Exhibit 11.8. Coking stokers use a flat reciprocating ram 
to supply fuel to the grate. Fuel is deposited on a coking plate. Some volatile matter 
is driven off by heat; before fresh fuel falls on the plate, coal is pushed onto the 
grate, which consists of a series of reciprocating firebars. Through a series of cams, 
firebars move approximately 75 mm (3 inches), thereby moving the fire along the grate. 
Then, alternate bars return to their former position, followed within a few seconds by 
the remaining bars. With correct fuel selection, fuel is completely burned as it reaches 
the end of the grate, and ash discharged from the grate into an ash pit. 

Coking stokers use induced draft to supply combustion air. Primary combustion air is 
drawn through the firebars. Dampers are often provided control the amount ofto air 
drawn through the firebars. Some secondary air is drawn around the sides and ends of 

the grate. 

Coking stokers are controlled by timer or by automatic combustion controls that regulate 
either the grate speed or the travel and speed of the feed ram. These stokers are 
used widely for firetube boilers, small watertube boilers, and kilns. Unit sizes typically 

range from 0.9 MW to 7.4 MW. 

In the chain or traveling grate stoker, fuel is fed by gravity from a hopper onto a 

continuous traveling grate (see Exhibit 11.9). The grate carries the fuel through the 
furnace, where it burns completely. Residual ash is discharged at the end of the length 

of travel. 

Air for combustion is supplied from a forced draft fan and passes to the underside of 
the grate, where it rises through the firebed. The relative amount of air is controlled 

by baffles. Secondary air is supplied over the top of the bed. Ignition of the fresh fuel 
is aided by the use of a refractory arch that emits radiant heat. 

Firebed thickness is controlled by use of a guillotine, and throughput rate is controlled 
by altering the grate speed. Normal firebed thicknesses range between 100 and 125 mm 
(4 and 5 inches). Chain grate stokers are widely used for boiler plants and come in a 
range of sizes, from 90 kW to power station units with boiler ratings of more than 70 MW. 
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Exhibit 11.8 
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The Vekos combustion system forms an integral part of a Vekos boiler, which is manu
factured in a range of outputs from 0.6 MW to 8.5 MW (see Exhibit 11.10). An unusual 
feature of the Vekos boiler is its multi-fuel capabilities; it can fire a number of solid 
fuels -- including coal, wood, and waste paper -- as well as oil and gas. 

When firing solid fuels, the fuel is fed via a screw conveyor to the crown of the boiler 
and then falls down a drop tube onto a fixed grate. Fine particles burn in suspension; 
the remainder of the fuel burns on the fixed grate. Primary combustion air is fed to 
the grate by a combustion air fan. Secondary air is supplied via the drop tube previously 

mentioned. 

Grit arrestors at the back of the boiler gather any fine particles of coal that are car
ried away with the exhaust gases. The fines collected are fed via an injector back 
into the combustion chamber using a supply of tertiary air. 

The Vekos system can be automatically controlled by modulating the coal supply and 
combustion air. If low ash content fuels are used, de-ashing is required only once per 
day and can be completed in less than 90 seconds. 

The octopus and trickle feed systems were both developed for the heavy clay industry 
for use on tunnel and continuous chamber kilns. The octopus system is so named be
cause of its appearance. Burners are simply lengths of 50-mm (2-inch) diameter steel 
pipe inserted through holes into the top of the kiln. The number of tubes and their 
disposition is dependent on the width of the firing zone in the kiln. 

Fuel is supplied to the burners after being prepared in a high-speed pulverizer. Pulverized 

fuel is stored in a silo, from where it is sent to conveyor pipes. The conveyor pipes 
contain air that entrains the fuel. 

The carrier or primary air represents approximately 5 percent of the combustion air 
requirements and carries the fuel to the center of a distribution unit. The distribution 
unit divides the coal/air mixture into a series of separate flows by means of a cone divid
er or electrically-driven paddle wheel. From there, the fuel flows are directed to the 

burners. 
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Exhibit 11.10 

Vekos Boilers
 

Coal 

The coal version is unique. The pneumatic feed system 
delivers coal through a small bore pipe from bunker or 
hopper (remote) to boiler. The Vekos Multi fuel is 
well proven, efficient and clean, giving coal firing a 
modern concept. 
This boiler mav in addition be arranged for burning the 
other fuel options, i.e. oil or gas associated with coal. 

Oil 

The boiler may be provided for burning any grade of 
fuel oil. The furnace is of large dimensions and easily 
able to ensure early completion of combustion. 
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This boiler may in add,:ion be arranged for burning 
the other fuel options. 

Gas 
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cial grade of gas Its large furnace ensures raoid com
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The trickle feed stoker is simply a hopper from which coal gravitates onto a rotating 
feeding table. From there, coal is injected into a feed hole leading to the kiln. These 
burners are small and are used in barks over the firing zone of the kiln. By connecting 
a number of the burners via electrically-operated chains, the fuel feed can be auitomati

cally controlled. 

Hoppers are either filled by hand or by mechanical means, depending on the type of 
kiln being fired. On continuous kilns, the burners must be moved, as the fire moves 
around the kiln and as they are normally hand-filled. 

A typical pulverized fuel burner is shown in Exhibit 11. 11. Coal is first milled to a 
line powder and conveyed by primary air into the combustion chamber, where it burns 
entirely in suspension. Secondary combustion air is supplied at the burner to create 
turbulence after ignition is established, thereby promoting more intense and efficient 

com bustion. 

Pulverized fuel burners are more reliable than the other mechanical stokers, but -- be
cause of the requirements for milling -- can have higher operating costs than comparably 

sized stokers. 

Burners using pulverized fuel can be fired in a number of ways (see Exhibit l1.12): 

e Vertical firing 

e Horizontal firing 

@ Tangential firing. 

Vertically firing burners fire downward, creating a long flame path. combustionThe 
products eventually reverse their direction and exit the combustion chamber at high 
level. Horizontally firing burners fire through the side walls of the combustion chamber, 
producing short turbulent flames. 

Tangentially firing burners are at corners the chamber!ocated the of combustion and 
are positioned so that flames form tangents to an imaginary circle at the center of 
the combustion chamber. The center of the chamber is thereby maintained in a high 
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Exhibit 11.12 

METHODS OF FIRING
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state of turbulence. Tilting mechanisms are often incorporated so that the combustion 

zone can be moved about the combustion chamber. 

Pulverized fuel burners are used predominantly on large watertube boilers in power sta

tions and on cement kilns. 

Fluidized-bed combustors are commercially available to burn solid fuels. In a fluidized 

bed, the firebed is made to behave as a fluid by passing air through it. Solid fuel par

tides that make up the firebed are mixed turbulently, leading to very intense combustion. 

Boiler tubes or material to be heated can be submerged in the fire bed, thereby provid

ing excellent heat transfer rates. 

Typically, air is supplied at pressures up to about 0.03 bar (0.36 lb/in 2), and the bed 

temperature is maintained at about 900 0 C (1,650 0 F). The reasons for the upper tem

perature limit are: 

" Materials such as sodium do not form deposits at this temperature. 

" The bed will not sinter. 

" Sulfur-reactive compounds can be used in the bed to prevent formation 

of sulfur oxides. 

* The fuel composition in the bed can be varied. 

Because of the advantages of high heat transfer rates, fluidized bed combustors and 

their associated boilers are smaller in size than equivalently rated conventionally fired 

units. 

Gas Burners 

Gas burners fall into three basic types: 

" Neat gas 

" Low-pressure aerated or natural draft 

" Forced draft. 
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Neat gas burners consist essentially of a jet or jets through which gas is ejected to 

burn with a luminous flame. The simplest type of this burner is the drilled bar, which 

consists of a bar with holes drilled along its length. Required heat release rates govern 

the number dnd size of the holes. 

Low-pressure aerated burners are used as an improvement on the neat gas burner. A 

neat gas burr r is subject to flame retention problems, and improvements can be made 

by increasing aeration provided by the burner. In its basic form, the low-pressure aera

tion burner consists of an injector mounted on a drilled bar. Air is entrained by tile 

injector assembly and mixes with the gas supply. The air/gas mixture passes along the 

burner bar to the holes through which it is combusted. 

The above system does not adequately meet the requirements for intense combustion. 

Combustion intensity is controlled by the amount of air and gas that can be burned at 

one point. Increasing aeration increases the intensity of combustion, but with low

pressure aeration systems operating at about atmospheric pressure, the maximum level 

of primary aeration is limited to about 60 percent of the ideal air/fuel ratio. By using 

forced draft burners, the level of primary aeration is not limited, and improved fuel/air 

mixture ratios are achievable with improved combustion efficiency. 

Forced draft gas burner systems are classified as either high-pressure gas or air blast. 

High-preisure burners use gas at pressure to entrain extra quantities of air. Air blast 

burners can be categorized as either premix or nozzle mix burners. These terms relate 

to where the mixing of the gas and the combustion air occurs. 

In premix burners, gas is entrained by pressurized air, rather than air being entrained 

by gas. Gas is normally at about atmospheric pressure. Air pressures are typically 

70 mbar (1 lb/in 2 ). Gas/air ratios are controlled by using an injector coupled with at 

zero pressure gas governor. The governor regulates the gas at zero pressure, and hence 

gas is released through suction caused by air flow. 

Nozzle mix burners do not mix the fuel and air until they both reach the burner head. 

However, the orifices through which both fluids pass are designed to provide mixing as 

they leave the burner head. An example of a nozzle mix burner is shown in Exhibit 11.13. 
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Combination Burners 

Burners are manufactured that are capable of firing different types of fossil fuels. 
The most common combination burner is the oil/gas burner, which is designed to burn 

either oil or gas, as appropriate. These burners are usually similar in construction to 
the burner types described earlier. Typically, a pressure jet is used for oil burning, 
and gas is supplied through an annular tube or jets surrounding the oil burner. 

Combination burners are used most widely where fuel interruptions occur in the supply 

of the main fuel source. Because of their similarity to oil and gas burriers, they will 

not be discussed in detail. 

BOILER TYPES 

There are two predominant types of boilers used in industry: the firetube or shell boil

er, and the watertube boiler. Other sorts of boilers exist, but they will not be discussed 
in this session. The basic function of the two types of boilers was outlined in Session 4 

of this seminar, and hence will not be repeated in this session. 

Firetube Boilers 

Firetube or shell boilers are boilers in which heat transfer surfaces are all contained 

within the steam-water drum or shell. They are called firetube boilers because the 

products from fuel combustion pass through tubes forming the heat transfer surfaces. 
The firetube boiler is used in industry predominantly to produce steam for process re

quirements. Firetube boilers can raise steam or heat water from all fossil fuels or 
alternately by burning waste products. An example is shown in Exhibit 11.14. 

Combustion takes place in a furnace tube sized according to the fuel type. The burner 
fires horizontally along the furnace tube. Hot gases formed by combustion enter a 

steel combustion chamber lined with firebrick. If the chamber is surrounded by water, 
the boiler is called a wetback boiler. If the chamber is not surrounded by water, the 

boiler is called a dryback. 
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On exiting the combustion chamber, combustion products pass horizontally through a 

series of smoke tubes contained in the steam-water shell. Combustion gases pass 
through the smoke tubes, reversing their flow at the end of the boiler. In some boilers, 

the gases pass through the s;iell three times before exiting via the stack, and hence 

the boilers are known as three-pass boilers. More recent designs have four passes, re

sulting in a corresponding increase in boiler efficiency. Firetube boilers are therefore 

called both wetback or dryback and three- or four-pass. 

The firetube boiler is used to generate steam up to 24 bar (350 lb/in2 ). At greater 

pressures, the shell size becomes too large, and pressures on the furnace tube become 

too great. The maximum shell diameter used is about 4.27 meters (14 feet). Maximum 

steam generation rates are equivalent to 28,800 kg/hr (63,500 lb/hr). 

Firetube boiler efficiency is dependent on the basic design of the boiler, fuel used, op

erating conditions, and whether any auxiliary heating surfaces such as economizers and/ 
or air preheaters are used. Efficiencies typically are around 80 percent of the gross 

calorific value of the fuel. 

Generally, boilers fired on oil are more efficient because of better heat transfer charac

teristics associated with oil flames, provided that good, clean combustion is maintained. 

Gas-fired boilers are slightly less efficient but tend to burn cleaner, so over an extended 

time period they may not foul heat transfer surfaces as much as oil-burning systems. 

Thus, their efficiency may be better than that of an oil-fired plant. 

Watertube Boilers 

A watertube boiler is a boiler in which water circulates through tubes connected directly 

to a steam drum, a steam and water drum, or headers. An example is shown in Exhibit 

11.15. Watertube boilers raise steam by combustion of fossil fuels or, alternately, by 
burning waste products. Fuel is burned in a combustion chamber that is surrounded by 
the tubes that contain the water. These tubes in turn are normally enclosed in a 

brickwork structure, thermally insulated, and encased in an outer metal casing. 
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Heat transfer occurs through two ways, radiation and convection. The tubes that are 

heated by radiation are known as waterwalls and are exposed directly to the flame or 
fuel bed. Sometimes the waterwalls are located about the combustion chamber walls. 

Tubes that are primarily heated by convection are usually grouped together in nests 

and shielded from the burning fuel. Radiant tubes absorb more heat than the convection 

tubes. 

Water circulation is of prime importance in a watertube boiler; without circulation, 

heat cannot be carried away from the combustion chamber. Local hot spots can lead 

to rupturing and tube failure can occur. Water circulation is either completed by natu

ral circulation or forced using a pump. 

In the natural circulation boiler, steam bubble formation in the water causes a lowering 

of density in comparison with water alone. This density difference provides the driving 

force for natural circulation to occur. 

Resistance to circulation is caused by friction losses in the boiler tubes, headers, and 

return pipes, which tends to reduce the amount of circulation. However, as more heat 

is applied and rece, ved by a tube, the greater the steam formation and, hence, the great
er the water circulation rate. The natural circulation boiler is inherently self-adjusting 

to the heat input. 

Pump-assisted boilers permit greater flexibility in the design of a boiler, allowing more 

choice for location and size of the tubes. However, they are more mechanically com

plex, resulting in greater maintenance requirements. In addition, the pump reqires 

energy to run. Unlike the natural circulation boiler, the circulation balance does not 

adjust itself to the heat input pattern. Watertube boilers can produce as much as 1.8 

million kg/hr (4 million Ib/hr) of steam at pressures in excess of the critical steam 
pressure of 221 bar (3,205 lb/in 2). Because of this, watertube boilers are used in power 

stations as well as in industrial facilities. 

Watertube boiler efficiency is comparable to that of the firetube boile-. However, 

watertube boilers are much more likely to use '-conomizers, superheaters, and air pre

heaters to capture waste heat from the flue gases. 
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HOUSEKEEPING MEASURES
 

The operation of burners and boilers is affected by a number of factors. This section 

of the session will indicate some of the more common items that have adverse effects 

on combustion equipment and boiler operations. Major mechanical failure will always 

have a negative impact on efficient opration but will not be considered in the following 

paragraphs.
 

To ensure that any maintenance and housekeeping measures are successfully followed, 

it is necessary to keep records of work completed in addition to monitoring operational 

conditions at regular intervals and maintaining a log. By monitoring, any changes can 
be detected that potentially influence the performance of either a burner or boiler. 

A listing of relevant information for recording in a boiler log is shown in Exhibit 11.16. 

Maintenance of a burner or boiler system at optimum efficiency is usually one of the 

most cost-effective steps that can be taken. Often these systems are the single largest 

energy users at industrial facilities. 

Because boilers normally use burners as their source of heat, maintenance measures 

will be presented for a boiler system only, but will incorporate housekeeping measures 

that can be applied to oil-, solid fuel-, and gas-fired burners to ensure optimum com

bustion performance at all times. 

For good boiler operation, the following systems must function correctly: 

* Fuel handling system
 

" Burner mechanical air supply and electrical systems
 

" Boiler feedwater systems.
 

Housekeeping measures can be applied to all systems and are outlined in the following 

paragraphs. 
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Exhibit 11.16
 

Boiler Information to Be Logged 

General data to establish unit output 
Steam flow, pressure 
Superheated steam temperature (if applicable) 
Feedwater temperature 

Firing system data 
Fuel type (in multifuel boilers) 
Fuel flow rate 
Oil or gas supply pressure 
Pressure at burners 
Fuel temperature 
Burner damper settings 
Windbox-to-furnace air pressure differential 
Other special system data unique to particular installation 

Air flow indication 
Air preheater inlet gas 02 
Stack gas 02 
Optional: air flow pen. forced-draft fan damper position. 

forced-draft fan amperes 
Flue-gas and air temperature 

Boiler outlet gas 
Economizer or air heater outlet gas 
Air temperature to air heater 

Unburned combustion indication 
CO measurement 
Stack appearance 
Flame appearance 

Air and flue-gas pressures 
Forced-draft fan discharge 
Furnace 
Boiler outlet 
Economizer differential 
Air heater and gas-side differential 

Unusual conditions 
Steam leaks 
Abnormal vibration or noise 
Equipment malfunctions 
Excessive makeup water 

Blowdown operation 
Soot-blower operation 



Fuel Handling System 

The following checkpoints should be considered: 

Oil Storage and Handling 

" Drain water from oil tanks monthly. 

" Check operation and clean filters and pumps monthly.
 

" Test fire valves for correct operation weekly.
 

" Monitor oil temperature before and after line heaters daily for correct
 

heater function.
 

" For insulated tanks, check coodition of insulation.
 

Coal Storage 

e Maintain coal storage supplies on concrete to reduce breakdown. 

e Turn stored coal regularly to prevent risk of spontaneous combustion and 

to prevent bridging. 

e Keep areas around coal storage bunkers clear of foreign objects that 

could cause damage to coal handling equipment. 

e Mix fresh coal with old to ensure that old stock is used regularly. 

* Keep coal as moisture-free as possible. 

* Inspect coal handling systems weekly for correct operation. 

Gas 

* Check supply pressures daily. 

* Check governor valve operation by monitoring pressure daily. 

* Test shut-off valves for correct operation weekly. 

11-35 



Burner Mechanical Air Supply and Electrical Systems 

There are several measures that must be considered for correct maintenance of burner 

systems. They include correct starting and stopping procedures, routine maintenance 

of safety controls, and monitoring of combustion conditions. The measures are outlined 

in the following paragraphs. 

Start-Up Checklist 

Whenever the burner is started after routine shutdown, the following items should be 

checked. This list is not meant to replace manufacturers' start-up procedures, nor is 
it presented in a sequence that must be followed. It is presented for information only. 

* 	 Place all electrical switches and fuel shut-off values in "OFF" position. 

* 	 Check combustion chamber for soundness and cleanliness. Make certain 

that there are no signs of seam or weld separation. 

" 	 Inspe":t the refractory around the burners, ascertaining that there are no 

cracks or other deterioration that may cause air leakage or flame distor

ti on. 

" 	 Check fan belts for proper tautness, alignment, and soundness. Make 

certain that belti: and sheaves are properly aligned and that all set screw 

are secure. 

" 	 Make sure that motors and blowers are lubricated. Manually turn blowers, 

fans, and motors to check for lubrication and ease of movement. Also, 

inspect any auxiliary equipment such as mechanical timers for lubrication. 

* 	 Inspect flue passes and economizer tubes for possible blockage, dust, dirt, 

or 	scale.
 

" 	 Make certain that dampers are in proper position. 

* Check flue pipe for corrosion and general repair.
 

" Check for availability of combustion air supply to boiler room.
 

" Observe (c:nirol settings. Switch should be in the automatic position for
 

normal operation. If unit is equipped with mechanical purge-timing device, 

check its setting. 
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" Press reset buttons at main burner relay, motor overload resets, and 
overload relay in line starter. Reset electronic relay (safety pilot). 

" Make certain that fuel supply lines are all open. 
* 	 Ensure that the flame rod or thermocouple in the pilot assembly is pro

perly positioned and intact. 

• 	 Generally observe the installation in its entirety, making a concentrated 
effort 'o note any irregularity or discrepancy before fire-up. 

* 	 Check fuel piping and connections for leaks.
 

• 	 Check electrical wiring and connections for intactness and security.
 
• 	 Make certain that all accessible relay contacts are clean.
 

* Lubricate components as necessary.
 

" Ensure that inlet and outlet air dampers are not jammed, damaged, or
 

otherwise impaired.
 
* 
 Check blowers, burner head, inlet screen, or filter for dirt blockage. 
" Conduct concentrated inspection of all controls, valves, linkages, weather

proofing, and the unit in its entirety to note any irregularity. 

The following is a list of routine maintenance procedures by time frame for burner 
systems. It is not designed to replace recommended manufacturers' maintenance instruc
tions, but serves as a guide for efficient operation. 

Weekly: 

* 	 Inspect fan belts, shaft set screws, and sheaves for tightness and align

ment.
 

" Check burner pressure and fuel temperature.
 
* 	 Check burner head for leaking oil, which can cause excessive carbon 

build-up on 'urner tile. 

* Check flame characteristics,
 

" Observe stack temperature.
 

* 	 Compute boiler/combustion efficiency. 
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Monthly: 

" 	 Check lubrication of fan shaft bearings. 

* Check all valves, piping, and connections for leaks.
 

" Check damper settings.
 

" Remove pilot assembly and check spark plug, flame rod, electrical leads,
 
and pilot head. 

* Check orifices, air passageways, and fan blades for cleanliness. 

Every three months: 

" 	 Check stack condition, stack connections, support, and draft. 
" 	 Relubricate all ball bearings wit[ a good grade of ball-bearing grease. 

* 	 Check combustion efficiency, making certain that fuel-air ratio and input 
at least approximate optimum conditions. 

Yearly: 

" Remove economizer tube access plates below control box and remove 

swirler baffles from tubes. Clean economizer tubes with stiff brush and 
air hose. 

" Inspect refractory around burner. If there are any signs of cracking or 

damage, repair or replace. 

* 	 Clean air exhauster, fan wheels, and vanes. 
" 	 Turn off main disconnect switch and open control box. Make certain 

that controls are clean and free from dust and grease. Check and clean 
relay starter contacts and inspect for any loose contacts or wiring. Use 
nothing more abrasive than a business card in cleaning contacts. 

" Clean fuel supply system and shut-off valves. If possible, check vable 

for tightness. 

" Lubricate tan motor as directed by motor manufacturer. 
* 	 Check condition of combustion chamber. Attend to any areas where 

there is evidence of any incipient failure or undue wear or distortion. 
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Boiler Feedwater Systems 

The boiler feedwater system needs specific attention. Water properties vary, and water 

treatment may be required "or a number of reasons. Factors that affect the operation 

of boilers include: 

" Dissolved solids and salts, including hardness 

" pH 

" Dissolved gases 

" Suspended matter. 

Water conditioning is designed to condition boiler water to 	 prevent the following: 

" Scale formation 

* Corrosion 

" Production of wet steam. 

Various methods of treatment are used to overcome the factors affecting water use, 

including external treatments such as: 

" 	 Clarification 

o 	 Coagulation and flocculation 

* Filtration 

" Precipitation softening 

* Ion exchange 

" Degassing and aeration. 

Internal treatments are used to prevent foaming and priming, as well as to neutralize 

condensate. Because of the range of treatments that can be 	applied, no specific recom
mendations are made except the following: 

e 	 Check the condition of water quality daily to see if it conforms with 

recomrm ended specifications for total dissolved solids, alkalinity, chlorides, 

etc. 
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* 	 Operate water treatment plant in accordance with manufacturer's recom

mendations. 

Boiler Plant 

The actual boiler requires specific attention to ensure optimum efficiency. A boiler 
functions by transferring heat to a fluid; hence, there are two prime areas that must 
be maintained -- the heat transfer surfaces on the gas and water sides. By ensuring 
that all firing equipment is serviced and combustion testing with subsequent adjustment 
of fuel-air ratios is conducted on a regular basis, gas side heat transfer should be op
timized. Correct water treatment, coupled with the proper amount of blowdown for 
removal of sludge from the boiler, should maintain "clean" heat transfer surfaces on 

the water side. 

Routing cleaning of the boiler should be done on an annuial basis, when the boiler should 

be taken off-line and stripped down for annual inspection. At this time, all controls, 
valves, fitting;, etc. should be thoroughly inspected and repairs made as necessary. 

Detailed annual maintenance procedures are not presented but are available from manu
facturers, and should conform to any safety or insurance requirements as necessary for 

boiler operation. 

Energy Conservation Measures 

Identifying which measures or investments can be made to improve a boiler performance 
is the result of the establishment of the energy balance (see Session 2 for a detailed boil
er energy balance). When losses have been identified, then specific action or projects 
can be evaluated. Major types of conservation measures are presented that can be ap
plied to reduce energy consumption by burners and boilers without adversely affecting 
their operation. The section is presented in two parts. A brief review is given of some 

no-cost/low-cost operating and procedure changes, and then equipment modifications, 
replacements, and retrofits are outlined. 
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Operating and Procedure Changes 

The following checklist indicates conservation opportunities for combustion equipment 
and boilers that can be implemented with little or no capital expenditure. 

* Regular tuning of fuel/air ratios will maintain high combustion efficiency. 
This should be performed quarterly by qualified combustion engineers; in 
the United States, it typically costs $400. Savings from tuning range 
from t percent to 3 percent of the fuel input. 

o 	 Derate oversized burners to prevent excessive cycling and high radiation 
losses during off-cycle. Berating an oil burner can be done by selecting 

a smaller-sized burner tip. 
e Fuel/air ratios and damper controls should be adjusted so that proper 

draft conditions are used at all rates of firing. Incorrect quantities of 
draft can lead to too much or too little combustion air being used, with 
a corresponding reduction in combustion efficiency. The effect of excess 
air (oxygen) on boiler efficiency is shown in Exhibit 11.17. 

* 	 Reduce boiler operating pressure to lowest required for satisfactory dis
tribution and process requirements. Care must be taken when reojucing 
pressure, however, as overreduction of pressure can cause water carryover 
from the boiler into the steam distribution system. Boiler pressure can 
be reduced whenever the boiler is at standby, or should be shut down 
completely if there is no standby requirement. Savings from reducing 
pressure are shown in Exhibit 11.18. This measure can be implemented 

by 	altering boiler pressure stats and costs nothing to implement. 
* Review boiler size with respect to steam load. Operate smaller plant 

wherever possible to reduce radiation losses from the boiler. The effect 
of radiation losses and low load factor on boiler efficiency can be seen 
in Exhibit 11.19. The cost of implementing this measure depends on 
available plants and thus is not presented. It may even be economic to 
install a smaller boiler. 

a 	 Blowdown should be reduced to the minimum required to prevent excessive 
scale formation. The percentage fuel savings from reducing blowdown 
are shown in Exhibit 11.20. It is necessary to know the boiler operation 
pressure and the current blowdown rate to estimate the savings. 
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Exhibit 11.17
 

Variation in Boiler Efficiency Losses with Excess 02 
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Exhibit 11.18
 

Efficiency Improvement from Reducing Boiler Operating Pressure 
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Exhibit 11.19
 

Variation in Boiler Efficiency Losses with Firing Rate 
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Exhibit 11.20
 

Fuel Savings from Blowdown Heat Recovery 
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Reduction in blowdown costs nothing to implement and can save water 

chemical treatment costs. 

Missing or damaged insulation should be re'placed on the boiler plant and 

ancillaries, as well as on steam and condensate distribution systems. Ex

hibit 11.21 shows heat loss from a bare surface based on the difference 

in temperature between the hot surface and the surrounding air tempera

ture. Costs for insulating boiler surfaces depend on the thickness of in

sulation plus the cost of labor used. One square meter (10.7 square feet) 

of 25 mm (0 inch) thickness of insulation typically costs $100 (installed) 

in the United States. The major portion of this cost is the labor element, 

which normally represents more than 70 percent of the cost. 

Modifications, Replacements, and Retrofits 

The following checklist indicates conservation opportunities that can be employed with 

combustion equipment and boilers to reduce energy costs. These r asures require 
equipment modifications, retrofit, or replacement, and can involve major capital expen

ditures. Before contemplating any of these measures, it is recommended that a full

evaluation be completed, including testing and energy-saving and cost-benefit analysis. 

* 	 Install flue gas analysis equipment to monitor flue gas conditions. Flue 

gas analysis equipment should measure, at a minimum, temperature and 

the percentage of oxygen or carbon dioxide. If these conditions are mon

itored on a regular basis, changes such as increasing flue gas temperature 

can readily be identified. Increasing flue gas temperature is an indication 

that heat transfer surfares are becoming dirty, with a corresponding de

cline in efficiency. The effect of increasing stack temperature on effi

ciency is illustrated in Exhibit 11.22. Costs for flue gas analysis equipment 

depend on the sophistication of the equipment and the parameters that 

are to be monitored. An oxygen analyzer and temperature indicator can 

be purchased and installed for approximately $3,500 in the United States. 

* 	 Fit an oxygen trim system to the burner's fuel/air ratio contrul to reduce 

excess air levels. Typical U.S. installed cost for firetube boiler rated 

11-46 



Exhibit 11.21 

Heat Energy Loss from a Bare Surface 
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Exhibit 11.22
 

Efficiency Loss from Stack Temperature Increase 
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at 2.9 MW (10,000 lb/hr) is $10,000. Efficiency improvement is normally 
1 to 3 percent. Simple payback is less than 2 years. The effect of 
e-:cess oxygen on efficiency is shown in Exhibit 11.23. 

" Recover heat from blowdown to preheat feedwater using a blowdown heat 
recovery system. Typical U.S. installed cost for equipment is approxi
mately $15,000 to $20,000. Savings usually pay back in less than 3 years. 

" Replace inefficient burners. Installed costs depend on replacement burner. 
They can range from $5,000 to $30,000 for boiler plant. Efficiency im
provements can be high, more than 10 percent. Paybacks range from I to 
3 years. 

" 	 Replace inefficient boilers. Capital costs can be high (more than $100,000 
for a 10 MW oil-fired boiler), but savings can make the measure financially 
attractive. When completing evaluation, all aspects of boiler plant oper

ation should be considered: loading, combustion and heat transfer effi
ciency, fuel type, planned expansions, process changes. Boiler plants 
typically have a life expectancy of more than 25 years; therefore, all 
factors must be considered before changing boilers. It is impossible to 

predict costs and savings. 

* 	 Convert on-off burners to fully modulating boilers to reduce cycling. It 
may be possible to do so only by replacing the burner. Costs and savings 

would thus be dependent on this factor. 

" 	 Convert manual control burners to automatic combustion control. Im
plementation of this measure may require replacementa burner, and 

again, costs and savings would depend on this factor. 
" Install turbulators in firetubes of two- and three-pass boilers. Turbulators 

increase the heat transfer from combustion gases to the water side. 
Installed costs range from $3,000 to $5,000 for a 2.9-MW (10,000 lb!hr) 
boiler. Savings of I to 3 percent are common, with typical paybac.< peri

ods of less than 2 years. 

" Preheat combustion air using hot flue gases; applicable mainly on very 
large boilers. Efficiency improvements are shown in Exhibit 11.24. Costs 
range from $10,000 to $100,000, depending on boiler size. Typical effi

ciency improvements range from 2 to 5 percent. 
" 	 Fit economizers. Economizers heat boiler feedwater indirectly, using 

flue gases. Costs range from $10,000 to $100,000, depending on boiler 
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Exhibit 11.23
 

Variation in Boiler Efficiency Losses with Excess 02 
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Exhibit 11.24 
Efficiency Improvement from Combustion Air Preheating 
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size. Typical efficiency improvements are 3 to 5 percent, and payback 
periods of 3 to 5 years are common. See Exhibit 11.25 for savings poten

ti al. 

* 	 Use heat extractor system. The heat extractor recovers latent and sen
sible heat from flue gases by direct contact with an alkaline solution. 
The heated solution is then used to preheat water via a secondary heat 
exchanger. Capital costs can be very high because of the need to use 
stainless steel and other noncorrosive materials for all heat exchange and 
piping connections. Energy savings can be as high as 7 to 10 percent, 
so major capital expenditure may be worthwhile. 

* 	 Return condensate under pressure direct to boiler. For plants with one 
major source of steam consumption (e.g., a corrugated paper machine), 
condensate at high temperature can be returned under pressure directly 
to the boiler, with subsequent energy savings owing to the increased feed
water temperature. Typical condensate pump prices can be $10,000 to 
$20,000. Savings can be 3 to 5 percent, and payback periods are typically 
less than 2 years. 
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Exhibit 11.25 

Efficiency Improvement from Feedwater Preheating 
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HOW TO GET A 5'; REBATE ON 
BOILER OPERATING COSTS 
By David Dyer, P.E. 

Part I1of a four-part series on boiler 
efficiency improvement 

What would a five-percent rebate on your 
boiler fuel costs add to your company's 
bottom line? Thats how much fuel savings 
Nye have found can be obtained in a typical 
plant by emploving boiler heat recovery 
techniques. And the average payback on 
the combination of necessary modifica tionus 
is usually less than one year. For example. 
improving boiler efficiency by five percent. 
a continuous load boiler producing 40.000 
pounds of steam per hour at an averaTe 
boiler fuel cost of S4.00 per million Btu 
can save, conservatively, over SI00.000 
annually. 

There are numerous opprtunities for re
covering waste heat from the following 
major components of a boiler: 

* The boiler itself 
* Steam lines and reducing stations 
* The deaerator 
o The condesate reciever 
* The blowdown system 

This article will discuss waste heat recovery 
approaches and the types of 
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you generally need about .02 square process and preheating feedwater. 
foot to handle one pound per hour of Such a system could recover 50 to 0 
steam. percent of the energy released in blow-

Assuming an equipment price of down. 
$80 per square foot, the cost of con- When pressures are less than 200 
densing 1000 lbs./hr. of vented steam psi, however, we find the most eco
would bL: (1000 lb./hr. x .02 nomical heat recovery approach is 
sq.ft/lb./hr. x S80/sq.ft.) or $1600. If usually just to u3e '1shell-and-tube or 
we estimate the value of the steam at plate type heat exchminger, without a 
$6 per 1000 lbs., the condenser would flash tank. 

For boilers with higher pressures. a 
combination flash tank/heat ex.. 

TABLE 6 - Economic changer(as shown in Figure 4)may be 
Analysis of a Blowdown ustified. Figure 5 indicates the per-

Heat Recovery Project* 	 :entages of efficiency (ererg\) loss 
that result from various amounts of 
blowdown at different boiler pres-

Boiler size - 800 hp sures. A heat exchanger.' flash tank 
Fuel cost - $0.39 per therm system can eliminate about 90 percent 
Boiler total dissolved solid, - 2500 ppm of this loss. 
Makeup total dissolved solids - 250 ppm In general, a blowdown heat recov-
Percent condensate return - 50 percent cry system is one of the most attractive

investments you can make in a boilerBlowdown recovery heat exchanger-ro.uulyaheigpyaki 

used without flash tank 	 room. usually achieving payback in 
less than one year. A cost-savings ana-Efficiency of energy recovery - 93 percent lysis of a typical blowdown recover, 

Blowdown rate- 6.7 m heat exchanger project, without the 
Energy recovery rate - 11.86 therms per hr use of a flash tank, is presented in 
Dollar saving per year -$27,752 Table 6. In this example, the rate of 
Equipment cost - $6,635 return (RO) on an investment of 
Payback - 3 months $6,635 is calculated to be 418 percent 
ROI - 418% - for a payback in only three months. 

*Based on data supplied by Sentry Figure 6 shows a hypothetical 
Equipment Co. and isused with permission, boiler plant in which all the various 

opportunities for capturing waste heat 
have been applied. Not all of these 
opportunities, of course, are applica

achieve an annual savings of: ble in every situation. We have found. 
($.006/lb. x 1000 lb./hr. x 8000 however, that the typical plant, by em
hr., yr.) or S48.000. It would be diffi- ploying several of the appropriate
cult to find a more cost-effective in- techniques. can save at least five per
vestment, cent of its boiler fuel costs.. 

Recovering heat from blowdown 
All boilers having continuous skim- . - 'r " 

ming blowdown and requiring signifi
cant makeup water (say 5 percent) are Daid Dyer. Ph.d.. P.E.. is a professor 
good candidates for blowdown waste oltmechanicalengineering at Auburn 
heat recovery. Blowdown contains a UniversitY and president oite Boiler 
significant amount of heat energy. Elficiencv Institute. He has con
most of which can be captured and suited e.vtensivelv with industry on 
reused. combustion technolog.v. has devel-

If ,ou have a boiler pressure over Oped new equiPment .1or burning 
100 psi and a direct process use for "ood. and has desti,,ned and imple
flash steam. you Nhould consider using meited telfictencV improtentent pro
a flash tank. This tank causes some of iranis .or hotler and )ther CoM
the blowdown water to flash to iteam. bustt m equipment for urimeraus 
which can then be used for boib the industrial cancerns 
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.... 
 _ _ __ _ TABLE 2-Annual Dollar Savings InTypical Economizer Installations* 
TABLE1-Acid Dewpoint Levels Fuel 
(Minimum Stack Temperature Gas #6oil Coal 
To Avoid Acid Condensation) Boiler Size ($6/million Btu) ($4.5/million Btu) ($2.00/million Btu) 

Minimum Stack 100 HP 8,106 3,754 1,669
Fuel Temperature 500 HP 40,531 18,768 8,343 

" 1,000 HP 81,061 37,536 16,687Propane or Natural Gas 250 F 50,000 lb/hr 117,480 54,500 24,222
Low Sulfur Oil* 275 F 100,000 lb/hr 234,960 109,000 48,444
High Sulfur Oil** 320 F 500,000 lb/hr 1,174,800 545,000 242,222
Coal" 325 F 1,000,000 lb/hr 2,349,600 1,090,000 484,444
Wood 310 F  *Assumes: Initial boiler efficiency 75%, apressure of 85 psi, stack temperature*Sulfur less than .5% 100 Fover steam temperature, economizer outlet temperature mini
*Sulfur levels from .5to 2% mum, load 66% of maximum, 8000 hours of operation. 

FIGURE 2 Finned Tube Economizer TABLE 3-Power Output From aBa !, 
Pressure Turbine inBtu/lb. of Steam" 

Flue exhaust Outlet Turbine Inlet Pressure 
.00 Pressure, Psi 200 psi 400 psi 600 psi 800 psi 

from deaerator 50 psi
100 psi 

81.1 
42.2 

119.2 
82.5 

140.3 
105.0 

11,3I.6 
1 J3 

200 psi 
300 psi 

43.1 
18.2 

66.8 
43.0 

2. 
9 4 

*Assumes a75% turbine efficiency. 
Finned tube 0 rumeconomizer , 

t t f needs to be added to the makeup wa
500 F ter. you should use an air preheater

Boiler One more approach to lowering flue 
exhaust "gas temperature and indirectly cap

turing waste heat for firetube boilci 
is to use turbulators -twisted strips 

Steam 
 of metal inserted into the tubes of a 
rete drum firetube boiler (see Figure 3). These 

strips increase turbulence and hea: 
transfer in sonic cases, thereby toy, 
ering stack temperatures. They a I.,, 
offer resistance to flow and about 
equaize flow rates through the tubes.

U 7%which further increases heat transfer 
efficienc. .\lthough turbulators have 
the effect of" reducing excess air and 
lowering stack temperature, the re
suiting savings cannot be attributed 
compihtel% to the turbulators since 
dampe: adjustment w.ould accomplish 
the same effect. 

which it is installed, and more testing sider using an economizer, Sonic turbulator manufacturers 
of this type of economizer needs to be In higher pressure boilers or situ- claim savings oflI5 percent or more. 
done. ations where little makeup water is but these claim,,are not valid because 

When determining whether an needed for the boiler, you can use an the% can be achieved onl, b%making
economizer is required. you must rec- air preheatc . The same guidelines for adiustrents D)ter[ata we've ob

ognize that high stack temperatures energ,N savings and minimum stack taned at the Boiler Efficienc-, Insti
can result From fouling on the fire or temperatures that applx to econo- tute indicatC 1 rinaXIMurn .,avings po. 
water side of the boiler, excess air. or mizers also appl. to air preheaters. tential ol1three percent ---and t. 
an insufficient heat transfer surface. L sually. an economizer is the least onl\ under the right conditions. \We've 
Only in the last case should you con- expensive heat exchanger per unit of Found that turbulators achieve their 
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best results in single or double-pass vented due to flashing from various shell-and-tube or plate-type heat exnatural gas-fired boilers with tube di- pressures to atmospheric, based on the changer that preheats water or airameters in excess of two inches. They addition of different amounts of 70F while condensing the vented steam.also tend to alleviate the problems of makeup water. This type of equipment typically costs
deposit buildup and corrosion. One way to capture this vent steam $20 to $100 per square foot of heat 

from a deaerator or condensate re- transfer surface depending on overallRecovering heat from a reducing ceiver is to use a vent condenser - a size. materials and other factors, and 
station 

Many plants have reducing stations "... ".
 
or boilers capable of generating steam
 
at pressures higher than process re- F RE 3 Twbuilators Installed inFiretube Boiler
 
quirements. In such cases, you can ' -....
 
install a back pressure turbine to drop
 
the pressure to the level needed for the
 
process and also produce power that 

_can be used to generate electricity or
 
directly drive a load.
 

For a back pressure turbine to be 1
 
profitable the power output and all the
 
exhaust steam from the turbine must
 
be utilized. We've found numerous
 
turbine applications where exhaust
 
steam is used for the deaerator. then 

much of it is allowed to vent. In such 

,
 

instances, the economic value of the
 
back pressure turbine isnegated.
 

Table 3 shows the amount of power

that can be generated with a back
 
pressure turbine given various inlet FIGURE4 
 n System with Flash Tank and Heat Exchanger
and outlet pressures This table as- ......... 
 ... ... 
sumes a 75-percent turbine efficiency 
but does not take into consideration 
the extra steam energy that mutbe 
produced to satisfy process require
ments when a back pressure turbine is 
 ,

used. A typical example of the eco
nomics of a back pressure turbine ap
plication is presented in Table 4.In 
this example, the cost of the turbine 
generator installation is paid back in \

about eight months in the value of 
usable electric power produced. " t -

Recovering heat from deaerators I 
and condensate tanks tank Strainers 

g
Any time the pressure of hot con- Cold s 
densate is reduced, such as when it is Fow control makeup ,
brought back to a low pressure con- valves 
densate receiver or deaerator, a cer
tain amount of the hot liquid will flash 
to steam. The amount of steam yen
ting from acondensate receiver or de- '!k.,o 
aerator depends on the condensate /I out 
pressure, the pressure to which it is 
dropped and the amount and temper- i seown 
ature of the makeup water added to toswer 
the condensate. Table 5 gives an indi- 
cation of how much condensate is .......... ....... 
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TABLE 4-Economics of a
 
Back-Pressure Turbine
Application* 

Boiler pressure - 650 psig 
Process pressure - 50 psig 
Process requirement - 35,000 lb/hr 
Additional steani required due to 

installing turbini - 276nl lb/hr
Steam cost -$4.50/100 lb-Makeup* 
Annual cost of additional steam - $101,105 

•o
 

FIGURE 6 Typical Flow Diagram for Boiler nt with Heat Recovery (not to scale) 
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%lue of electric power produced 
per year at 3.5¢/KWi- $282,100 

Energy saving per year - $181.,995 
Cost of turbine/generator - $125,000 
Payback period - 8 months 

*Based on data supplied by Terry Steam 
Turbine, Windsor, Conn., and used withpermission. 

FIGURE 5 Efficiency Loss
 
Due to Blowdown
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mmTABLE 5-Percent of Condensate 
Flashed Due to Dropping Pressure 

- toAtnn pheric
t heric 

Condensate (Saturated Liquid) 
- Pressure, psi 

50 100 150 200 250 300 
- - -

0 7.2 12.2 15.5 18.1 20.2 22:1 
20 4.4 9.4 12.7 15.3 17.4 19°3 
40 1.6 6.6 9.9 12.5 14.6 1f'. 
60 3.8 7.1 9.6 11.8 1i 7 
80 1.0 4.3 6.9 9.0 1U.9 
0 1.5__41 6.241 8.1 

M ,,. 1 . " lbofmakeupXM,9 =, O r~mison.*%Makeup lbOmaep 100 
3~lbI condensate 

•~~~-.~4. .. . . :... . . .......... ...... .. :,, l..!.' ,.-' .... '.... .+ .... , .
 

LMakeup water 
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equipment available, including an 
evaluation of their advantages, lim-
itations and approximate energy say-
ings. In each case, careful engineering
is required to insure the appropriate-
nessand proper application of the heat 
recovery equipment. 

Capturing radiation loss 
A simple approach to recovering

heat from the boiler itself is to capture
radiation loss, the heat that builds up 
on the outside surface ofa boiler and is 
lost to the surroundings. 

The amount of radiation loss varies 
widely by boiler design. If the boiler is 
designed so that water circulates be-
tween the hot combustion gas and 
boiler outer surface (a "wet back" 
boiler), radiation losses are typically 
one percent of fuel input at full load. 
On the other hand, dry back boilers 
which utilize refractory lining show 
radiation losses typically ranging
from two to four percent of fuel input 
at full load. As the load decreases, this 
loss percentage becomes much larger. 

Air heated by radiation loss rises to 
the top of the boiler room. Con-
ventional boiler room designs make it 
difficult to recover this waste energy. 
Such designs (as shown in Figure IA)
usually include ceiling vents, for ex-
hausting the hot air, and combustion 
air inlet vents located at a lower el-
evation. Figure IB -,hows a more effi-
cient alternate arrangement in which 
the upper vents are closed. com-
bustion air is brought in at an inter-
mediate level, and a duct isconnected 
to the boiler combustion air intake to 
pull in the air heated by radiation loss 
from near the boiler room ceiling, 
Each 40F the combustion air is pre-
heated by this energy recovery process
yields approximately a one per-
centage point increase in boiler effi-
ciency. 

Even more heat can be recovered if 
you place the duct. used to draw hot 
air from the ceiling area in to the 
boiler, around the stack as shown in 
fligure I C. Using this approach, how-
ever. you must be careful not to drop 
the stack temperature below the "acid 
dewpoint" levels shown in Table I. You 
must also make sure the duct is de-
signed to provide sufficient com-
bustion air for maximum boiler load. 
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FIGURE I Captuing 
Radiat Loss.Recovering heat from flue gas 

Flue gas leaving a boiler is usually
 
hotter than the minimum allowable
 
temperature, which means the energy 
 stack Heatedaircontent of the flue gas dumped to the
 
atmosphere is higher than necessary.
 
You can use an economizer or an air
 
preheater to reduce the stack temper
ature and recover this waste heat. .
 

When using conventional heat re
covery equipment, such as the finned- Boiler Outii
tube heat exchanger shown in Figure ai 
2,it is necessary to hold exhaust tem- air 
peratures above the acid dewpoint, A. Conventional AirFlow
 
(See Table I) to prevent acids from
 
condensing on metal surfaces and cor
roding the recovery systems. Temper
atures indicated in Table I are nomi
nal values. Consult specific vendorsStack
 
regarding exact requirem....s for par- Heated
 
ticular applications. ir I
 

The Fin spacing in a finned-tube
 
device isalso critical in rela.ion to the . ,
 
fuel burned. Fuels such as heavy oil //

and coal, for example. require wider a.r 
fin spacing in addition to soot blowers .o .r ,'to keep the fins clean. Boier 

Table 2shows the annual dollar say
ings possible with typical -conomizer 
installations in different size boilers 
operating on the average of b6 percent 
of rated capacity for 8.000 hours. The 
table assigns fuel prices to gag no. 6 
oil and coal and further assumes a 
pressure of 85 psi. a 7 5-percent initial j Stack 
boiler efficiency, a stack temperature ated 
of IOOF over steam temperature and 71 ,ar 
the minimum economizer outlet tem- ,'7 
perature. Given these parameters, a Outide 
boiler producing 50.000 lbs. hr. of _ _l air 
steam can save SI 17.480 in gas costs. 
S54.500 in 'uel oil and 524.2 Boiler 
coal. Higher loads or pressures than "I 
those assumed in the table would offer 
even greater savings. I Ieat ecmwryOtcting ,Stark

Also available are unconventional ' 
economizers which allow the stack . .'.. '"- ,.......
 

temperature to be dropped below the 
acid dewpoint. Some of these newer 
economizers drop the stack tempera- up when water vapor changes to liq
ture to approximately 150F and re- uid) and sensible ene.rgy from the flue 
move most of the sensible ("tempera- gas by condensing the water vapor
ture") energy from the flue gas. The generated by combustion of the hv
cost of this type of economizer isap- drogen in the fuel. Such a system
proximately the same as the boiler on could also e:::, boost boiler effi
which it isplaced. ciencv by 10 percent - three to seven 

.\nother economizer design sprays percentage point!- more than a con
water into the flue gas and removes ventional econormizer. However. it 
both the latent energy (energy given c6uld alsocost mort than the boiler on 



The usual method used by manage
ment in conducting boiler audits is to 
rely on second-hand information of a 
general nature provided b operating
supervisors, operators and vendors. 
After reviewing over 1,000 boiler 
plants, we find this approach typically
results in a boiler fuel loss of 10 to 15 
percent.


With today's significantly in:creased costs of boiler fuels in relation 
to income and profits, management 
must take control of this situation and 
optimize boiler efficiency. The keN 
weapon in an boiler efficienc% ar-
senal? The Audit. 

Management also needs to recog-
nize that a boiler audit is not some-
thing to be done once, thn forgotten.
Because operating conditions are al-
ways changing, it isnecessary to audit 
boiler plants on a continual basis. The 
first audit may need to be more exten-
sive, since it is the basis for bringing
boilers to peak efficiency. But sub-
sequent audits are essential to main-
taining this efficiencN. 

From actual field audits and tests, 
we find the following actions offer the 

greatest opportunities for improving
the energy efficiency of your boiler 
operations. Tabl,: I shows ho, much 
moneN can be saved annually b%in-
proving the efficiency of a boiler bN 5 
percent. 

Reduce combustion excess air 
Excess air means there is more air 

than necessary for complete com-
bustion. This extra air is heated up
and thrown awaN. usually wasting a 
large amount of energ,. Two separate
actions are required to correct this 
problem: reducing both the amount of 
air supplied for combustion ("min-
imum excess air') and the extra air or 
excess over minimum (the "excess air 
cushion"). (See Figure I.) 

Boiler owners are taking a hard look at ways to hold down energy 
costs. The first step, a boiler ejficiencv audit, mnust also be re-
peated at regular intervals to make sure initial efi'ciencv gainsdon't evaporate. Here are some typical energy-saving oppor-
tunities four boiler audit may turn up. Part Iof a/our-partserieson boiler efficienc , improvement. 

As Figure I shows, for safety rea
sons, a certain minimum amount of 
excess air is required to keep com
bustiblesout ofthe boilerfluegas. The 
closer to absolute minimum excess 
air, the higher the combustion effi
cicnc,. Unless a sophisticated control 
system is usc, it is not possible to 
operate a boiler at "minimum excess 
air." Hence a small "cushion" of ex
cess air must be used. 

The minimum air amount is deter
mined by the design and maintenance 
of the burner/control system as well 
as the boiler settings idampers, ato
mizing pressure. etc.) Using extra air 
results from lack of attention to the 
air;fuel ratio. More frequent moni
toring and adjusting of the air/fuel 
rt'tio will alloy, a smaller excess air 
cushion to be maintained. This could 
be accomplished with an automatic 
trimtrim control svstemn based on the moncon or ombstie Oitoring of oxygen or combustibles. Ox-

Vgen trim systems are usuall eco
nomical on oil/gas-fired boilers 
operating at an average output of'15.000 lb. of steam per hour. Coin
bustible trim systems are economical 

How You Too Can Save 
D D 

in Boiler Fuel bY David D,er 
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TABLE 1at about double this output rate of Dollars Saved Annually by Improving Boiler Efficiency by 5 percentsteam. 
FUEL PRICE

Table 2 indiates possible levels towhich excess air may be controlled in STEAM $3.00' $4.000 $5.000 $6.00well-designed combustion systems $8.00
PRODUCTION or or or or orfired with natural gas. no. 2 oil and no. 45C/gal 60C/gal 75C/gal 90C/gal $1.20/gal6 oil. Certain low excess air systems 100 HPor $ 6,900 $ 9.200 $ 11.500 $ 13,800 4 18,400can perform with even less excess air 3,450 lb/hr
than indicated in the table and some 
 00 HP or $ 13,800 $ 18400 $ 23,000 $ 27,600 $ 36,800systems (such as natural draft air sup.. 46.900 Iblhrply) will require more air. Also, thecloser you try to keep excess air to the 400 HP or $ 27,600 $ 36,800 $ 46,000 $ 55,200 $ 73,600minimum, the oftenmore you must 13,800 lb/hradjust it to avoid sooting. 800 HP or $ 55,200 $ 73,600 $ 92.000 $ 110,400 $ 147,200Typical annual savings you can re- 27,600 lb/hr


alize from a 5-percent reduction in
 excess air range from SI 1.500 on a 40,000lb/hr $ 80.000 $ 106.667 S 133.333 S 160.000 $ 213,334I00-hp boiler to about SI33,333 on a 60,000 lb/hr $ 120,000 $ 160.000 $ 200.000 $ 240.000 $ 320.00040.000 Ib; hr steam boiler, given fuelcostsof55.0Opermillion Btu,.80,000 lb/hr S 160,000 $ 213.334 $ 266.667 $ 320.000 $ 425,668
100.000 lb/hr $ 200.000 S 266,666 $ 333.233 S 400.000 1i 533.332Install economizer 200,000 lb/hr $ 400,000 $ 733,333 $ 66F.667 $ 800,0i $1,466.666For greatest fuel efficiency, flue gasshould exit at the lowest temperature 300.000lb/hr $ 600,000 $ 800.000 $1,000,000 $1.2r'J.000 $1,600,000possible while avoiding corrosion due 400,000 lb/hr $ 800,000 $1.066.666 $1,333,333 1,600.000 $2,133,332to condensation of acids in the stack.This minimum temperature depends 500.000lb/hr $1,000,000 $1,333,334 $1,666,667 $2.000.000on $2,666,668the type of fuel burned. Typical 1,000.000 lb/hr $2.000,000 52.666.667 $3.333.i33 $4.000.000 $5,333,334lower lim its are: 250F for natural gas, ...275 for low sulfur oil and 300F-325F
 

for heavv oil. wood and coal.
Thcre are economizers (heat ex- FIGURE 1.changers) now on the market designed FIGURE 2.Explanation of Excess Air Blowdown Systemto drop stack temperatures to less 
Steamthan I5OF. but there isnot yet enough Eficiency Li...dSteamoperating data available to evaluate i o- . .l 

t h e s e n e w s y s t e m s t h o r o u g h l y . Ll ud 'e yi In general, for each 40F the stack 

temperature is reduced by an econo- M
 

Boiler etering van
mizer. an efficiency, zain of oeprCmsIble Ocefiring drum IContinuious blowdowcentage point will be achieved. If the point Heateistack temperature is high because of'

high excess air or fouled heat transfer 

E 
Minimum makeu


Mud 'aeu0u excess air 3ir 'cusnion*surlaCC-, however. vou should correc: blow, nwn '._Excess air _..othese conditions before considering an water Todrain 
economizer. 

On firtube. one and two-pass boilers with tubes of two inches diameter Control scale for energy savings chemical vendor backed by acompanyor more, turbulators may be able to Scale or deposits serve as an insu- you know to be reputable should beimprove efficiency by 2 or 3 per- lator, and, as deposits build up. they retained to straighten out your procentage points and should be consid- cause increasing amounts of heat gram.ered rather than an economizer. And from the flame to go up the stack The right starting point is to be surean airpreheatercan b.-used in placeof instead of into the water. an economizer on any boiler, 
A rule of that all makeup water is conditionedit it thumb isthat every I164 inch of scale by a sodium zeolite softener or equivproves to be more economical, will reduce heat transfer, and con- alent. The cleanest system resultsA typical efficiency improvement of sequently boiler efficiency. b%one from usingchelating aets however. 

three Percentage points resulting percentage point,from the installation of an econornizer their corrosiveness mandates they beImproper water treatment leads to carefull, controlled.produces an annual savings of about the formation of scale on the waterS6 .)0Oona 100-hpboiler andS80000 side cfa boiler. If ',our boiler cannot Reduce blowdownon 1 40.000-lb, hr boiler, given fuel be cleaned b%high pressure water. -\nother common area for efficosts o' S5 00 per million Btu. then the treatment is a failure. .\ ciencv loss is the blowdown sstem 
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FIGURE 3. 
Blowdown System with Flash Tank and Heat Exchanger 

R) .. 

Flas 
tank 'Strainers 

Flow control makeup 

valve makup0desinated 

:O"-Flowdown 
to sewer 

FIGURE 4. 
TABLE 2 Schematic of Ducting to 

Control of Excess Air Preheat Combustion Air 

On well-designed systems, the following 
levels of excess air are possible: 

Fuel Excess Air Level 

Natural Gas 100 
No.2 Oil 12 
No. Oil 15%" 

~<Such 

Boiler 
1 

A 

(See Fig. 2). There are two types of of course you install some type of en-
blowdown. Continuous or skimming ergy recovery equipment. Two factors 
blow operates continuallh to remove especiall\ can contribute to excessive 
the light dissolved solids that build up blowdown - use of mud blow only and 
in the boiler near the top of the water poor water quality.
level, at the liquid/vapor interface. Many boilers are blown entirel b\ 
And mud blow, which must be done mud blow because the continuous 
for a fe, seconds every several hours. blowdown system has never been con-
is designed to remove hear., suspended nected. This results in poor collection 
solids that have settled to the bottom efficienc . requiring the removal of 
of the boiler most of the boiler \%ater just to ,et rid 

Excessive blow.do\%n results in the of the light solids near the top.
loss of large amounts of ener,. since An\ boiler %ith 5-percent makeup 
you are actuall\ dumping hot %ater 'kater or more should have a con-
from the boiler into the sewer. unless tinuous skimming blowdown. Boilers 

blown entirel\ by mud blo\k.do%.n lose 

at least one percentage point in boiler 
efficienc\ because of' the excessi~e 
amount of water removed. In lact. for 
the greatest fuel efficien-, : 
should determine %hen mud blov. 
down isactuall%needed by measui ii , 
the amount of "mud" in the water. 
rather than blowing thre system at 
fixed time intervals. 

Another reason for excessive blow.
 
down is that many managements ac
cept water treatment programs de
signed for simplicity and low first cost.
 
This complicates the job of operators
 
%.'ho must maintain water qualit\
 
rameters as close as possible to
 

tolerances Otherwis,
 
'"total dissolved sol ds' (TDS). foi
 
amplc. are maintained at one hall the
 
allowable value, bltmdo~%n will be
 
t\.icc the required amount. Or ifalka
linit, is near its maximum value while
 
TDS is much less than its limit. you
 
can sienificantl, reduce blowdown b.
 
changine the water treatment proct';s
You should consult a water treatnvw,,
 
expert. 

Recover waste heat
 
All boilers with continuous blov
 

down which operate most of the yeii!

should have a blowdown waste heat
 
rcvrsstmashoniFiurc
 
tocapture the heat from the blowdo %ii
 

and use it to heat makeup water.
 
A schematic of a tvpical heat recov.
 

er', system is presented in Figure 3.
 
a system gererall\ improves
 

boiler efficieno, b\ ene to two per
centage points and pa~s back the in
vestment in less than six months.
 

.A different type of heat recover'.
 
which simpl. involves using the natu
ral build-up of heat from the boilers in
 
the boiler room to preheat air coming

into the boiler. %killusuall\ add I to 1.5
 
percentage points in boiler efficiency.
 
Figure 4 shows a typical installation.
 

Note the air intake to the boiler 
should be near the ceiling of the boiler 
room to draw in heat escaping from 
the boiler, heat which naturally tends 
to rise to the ceiling Be careful in 
extending the air intake ducting. how
ever. to assure that sufficient fan ca
pacit\ exists in the face of this added 
resistance. 

Stop on-off operation 
.kan\ boilers are ten to t\kerni 

times larger than necessar\ for thec\ 
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-TABLE-3---

Annual Savings Possible 


With Use of l1" Fiberglass'Jacket Insulation* 

Cost of $2.00 $4.00 $6.00 

.~ 

$8.00 $10.00 
.iNatural Gas Million BTU's Million BTU's Million BTUs Million BTU's Million BTU's 

Cost of 30c 60C 
FuelOil Gal. Gal. 

." .. 31 6 .
2" $6 $1

4" $58 $117 
c~6" $86 $171 

CD$113 $226 
10" $140 1 $281 1 

90C $1.20 $1.50 
Gal. 

$ 93 .$ 2.-control
$93$124$155Without 
$175 $233 $292 
$257 $343 $429 
$339 $452 $565 
$421 $562 $702 

'Similar savings could be expected from valves and fittings of other sizes. Annual Savings were calculatedassuming steam cost at 1.5 times fuel cost due to boiler efficiency, chemical costs, etc. 

stud%, to determine minimum pres-
sures required during different sea-
sons o the year. 

Since.pessure also sets the water 
temperature in a' boiler producing 
saturated steam reducing steam pres-
sure and temperature yields a number 
of savings. These savings include lower 
itack temperature due to impiroved
heat transfer, less heat loss from the 
cooler boiler skin, less heat loss' from 
cooler uninsulated steam pipes and 
fewer steam leaks., 

Process requirements, however. 
.nerallv di.ctatesteam pressure. You 

might consider operating.....with. a slid-- - . .
 

ing pressure il'conditions vary, such as 
in heatin, a building. If the boiler isa 
kwater-tube type. the manufacturer 
should be consulted before you drop 
pressure. It might even be economical 
to redesig-,n a steam distribution svs-
tei to allow one boiler to supply low-
pressure requirements and another 

'hboilerto supply ihe higher-pr,:ssure 
requirements. 

!/ The baffles for directing the flow of'\ 	 onombustion gases become warped on 
ian boilers, allowing gas to bypass '. 

the convection heating area in the. 
boiler.This problem. ilnot co--ected, 
results in his stack temperat. ,es and 
hot Iavers ol -as in the flue. Warped
b 'lls are usuallv the result of' over-
l'iriboilers or bringing them upng 
from a cold start too ripidly. , 

-
SIeaks through the boiler casing. if
not repaired , ill either aillo\n orhotc-old.tocscicinto the boiler r "ts 

da nip Iir to lea k Into he boilL r. In 

"'&i ENERuY %ANALE.NT 

either case. l'ficienc\ is reduced.To 
minimize this effect. adjust furnace 
pressure to near zero. 

You 	should also keep burner tips
clean to minimize the anount ol ex-
cess 	 air required for conlete con-
bustion. In addition, danaged orifices 
or other burner 	parts such as throat 
refractory must be repaired. 

-\n 	 visible leak of'hot water, air or 
steam should bestopped nimdiatelk. 
Likewise, all steam traps should be 
checked and repaired as required to 
stop invisible leaks. Eliminating, these
losses could easily represent the larg-
est potential savings. 

Insulate all hot surfaces 
All surfaces hot to the touch should 

be insulated unless equipment \'ould 
be damaged. This includes hot valves, 
la nges. traps. ends o'boiler drum.s, 

etc. The payback ol'adding one inch of
insulation to. 20OF ba'resurface t.pi-

cally is less than one year. 


Common examples Ol'unin.sulated

surfaces are valves and traps. Because 
these elements must be repaired and
replaced frequently, it is customary 
not to insulate them. We recently con-
dueted a research program to deter-
mine the savings from insulating,
valves with a jacket-type insulation. 
Table 3summarizes the results ol that 
stud. 

Tune deaerator 
Many deaerators are mechanically 

delective.and should be checked often 
andh udarepaired 'as 	 necessar%. t)keAnd,keepaojsttevn 	 youthei 

stelm pl u ie leaving the detterator to 

the minimium levc required to removec 
oN" e 

lnsuilling at%eiid conduenser to) cap 
ure oaste steanm ,eneralI offers 

fast pavback Ii t hose Situ (ions \k here. 
Vent steainis difficult to control. In{
general. it is impossible to properl% 

the vent loss from a deacrator i 
a modulating makeup water 

feed pumip. 
The preceding areas l'ocused onLie 

Lin Indication of1somle :Ictions you
Could take to Improve boiler ef.li 
cienc. l3.conducting the necessar. 
audits. you ca n pinpoint probl'em 
areas that need wt,,ricmediate iid 
continuing tention 

Computerized boiler audits 
\t the BodIer LEl'IcIcnc\ Institute in 

-
\uburn. ;\labama. %%e ha'e developed 
a computerized audit program "'or\
boiler plons. Thi.audit progurim eval 
uate. existin, boiler perf'ormane

based on the input ia I
smal amount 
of data. It then makes an evaluation ol
 
the .a,ving,s and costs that ,%ould result
 
fron variou.s actions: reducin- excess
 
air, recoveringa, waste heat 'romrstack
 
gas. reduci-n: blokdon and recuov
 
ering wa.te heat from bloudo\ n,.


Remember, the ef'icien,, -n 
p r o v e le n t f r o ctio n w,;l !!i e an i l , 

usually be omall, but together they
add up f'aso,ur continued \ ork on 

"l 

all are )tifa boiler operation Will pro
duce significant :ost ,aving, in pur
chased fuel. e 

provement rom in%given ' ..... 

Dr 	t)avid ,,.i,'tr 6.'re.,vor / 'a o 
tvha,va'e'rin, (t -uhurn L nt'n 

"v'rstu landp/resdntI,,i the.Hier h-i 
iCwnci' .nstillie. -/.ter receirini lIu 
8.V. trom the ULniversit r W Tennesse'

adln .. ,dPh.D. fbnim (ie,r;a
 
Te'h. iedid p.t-docwtoral sitr at
 
the L'niversitvot'London.He 1sbeel
 
atiwultvmenherqlfhe.4uhurnwi 
Versity .leciwnical Engineerinmi! De
partment sin(elb6 Dr Dter /i 
exvtensively con.ulted with ndu, tr 
,,,.,,ncwh,:.i 	 tchn,,hv.He !ao,d

.ve..pd Itir /bWrn,ie.equipmient 
wood and has desitv~ild i/
mented chi',iencl impriwtment 1:'pr 
.rn , r ,hcbdl ,ithr4 

industrialci',n es, , 

;EBRUARY 
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ECONOMIC EVALUATION 	OF BOILER EFFICIENCY IMPROVEMENT PROJECTS (BY PLANT) 

ESTIMATED SAMPLE 	 IESTIMATED SAMPLEEFFICIENCY ANNUALIZED IMPLEMENTATION PAYBACK EFFICIENCY ANNUALIZED IMPLEMENTATION PAYBACKIIWROVEMENT SAVINGS COST PERIOD IMPROVEMENT SAVINGS COST PERIODPROJECT (1979 $) (1979 $) (YEARS) PROJECT (1979 $) (1979 S) (YEARS) 

PLANT A (New Uk...-md*I nW 	MM*ubpwatio) ?MS (C wdatt-imc *W 	 aMNWd nbdy operation)

ExcsAir Control 44,718. 50,000 ... 12 +, :." e.o I,. " .
 

.	 .conom-zer/ .',g,:...4... : 127,446 2.32'0 0 10000 0.60 

*jtlrfxek'O540,00 O bO4tD 
u62 . .4 109502 1.60 

U4A.5: 2 1.77237,44 

PLANT B(Connectt - deveoprimTt Lab) 

Excess Air Control 370,834 80,000. 

. 

(Cm ic - ndcmmt oeat
Ecoomier r/ " ":" 0.22 . Management.. 300 0i-

Fouling Removal 110,623 190,000 . 1.72
 

Load Management 77,o 


(mnom 	 +"Loa . and aiby operation) mmed. 

--. Jmied, . .rreat,. • 9,500 5,000 0.53 
Air Atomization 5200 25,000 "0.43 " Airtmization 23,558 15,000 0.64 

Ai tmztin5,0:5,0suitotah: 616,657 295,000 - .. 0,48Sto.3 .Atmzatonib: _____.- __ _3,5__0,0__. 

-.. .. I .... ....I_ _ 
14N C(Cornmtit - decwic 	 mdfctAiw .PLMeTI (Coaw ce. - Tm ,n 	opera })-
Load Management 21,000 - immed. ".cessAir-. 
Air Atomahon 16,443 1,0. Control. .... , 17,46S 15,000 0.86 
Sabtotals: 37,443 LO00 0.03 	 Air Preiel ""iij' " .5,400 5,000 0.93 

AirAto.nizaton 1. 404 10,000 0.61 
W-	 39.,7 30,000 0.76 

11MD (Caada- g MWdasmyop,s r * ) ,.,.. 1Exce z,sAi r ' - +: "'. 
Control 42.788 40,000- 0.93' - .... ..... . .- -PLV4T J(C -- dm~iq-opera tin)


-totals: 
 42,788 40,000 0.93. £xeAir: 

-Contra.. 1.2.00 10.000 0.83, 

Air At mization" . 5,116 10,000 1.95PLANT E(Coniect i -u mac g and anremny operation) .S&btotais: 17,116 20,000 1.17
Excess Air Control 92,035 100,000 LO0 " 
Economizer/ 

Fouling Removal 21,396 40,000 1.87.oad Management 22,000 -. 'mined.;ir Preheating 6,000 5,000 0.83 7LAMM X(Toia-da eel wtcenter) 
.it Atomnization 16800 10,000htatis: 158,231 " . 155,000 0.910.60 Exconmi"Air Ataization 2ir01,0 ID010,000 1.0. 

tmzto6,0 00006 	 ;i ExcAirtan .,.!:: 2::,00J -.- 10,000 3.5 

: , I ta ", -> -•- ... 150 770,000 3.3 

N F(Connecticut - maching and asembtly operabon) - IxcessAir Control 159,114 120,000 "0.75 .conomizer/ PN L (Conimectcut .lectr-rs 	manufachrinl)
Fouling Removal 83,784 80,000 0.96 Economizer/

lowdown Recovery 10,612 10,000 0.94 Fouling Removal 26,250 25,000 0.95
jr Preheating 8,250 5,000 0.61 Blomdown Recovery 5.968 6,000 1.00
irAtomization 12.000 10,000 0.83 Subtotal. 32,218 31,000 0.96 
ubtotalts: 273,760 225,000 0.82 TOTALS 1,729,111 1,939,446 1.12 

I 	 1
 



amount of sLeam required. This re-
suits in extra heat loss from the boiler 
surface and losses due to purging and 
convection cooling of the boiler while 
it is off. If the boiler capacity greatly 
exceeds demand for two or three 

months or more per year, itusually
will be economical to replace the 
larger boiler with a smaller one for 
this period, 

Making certain changes in any
boiler which either stays off a signifi-
cant amount of time or continually 
aries in firing ratte can improve its 

efficiency. For example. changing 
burner tips in boilers that operate in-
termittentlv may reduce the firingrate. But this alone may not improve 
efficiency, if you do not maintain ex-
cess air at the same or lower level. 

Another approach is to set the 
boiler to fire at an inte-.mediate rate.
instead of ata bigh firing rate. This 
illste bolerigh o .t lrnger 
Hwee.o e oier musta be carefulyHeever.excess air must be carefully
controlled. Usually, the most economic action isto purchase a small 

boiler to operate when limited 

amounts ofsteam are required. 


Switch from steam to air 
In some cases, more frugal use of 


the steam itself can increase the fuel 

efficiency of your boiler system. For
air, properly used, producesexample.aio ely use..d 

atomization equivalent to steam. And 

because air contains much less energy 

per pound. switching from steam to 

air atomization generally lowers uel 

costs b one-half to one percentage 

point, even considering that the lec. 

ricitu required costs more thanlo.sl 


I aoit 

It is also wise to consider -wtching 

from steam to har soot-blowin, sowhen 
fhel bncesintoteav e. oicleaninor 
fuels necessitates periodic cleanine of 
heat transfer surfaces. In the case or 
oil-frede oilers it i ner> 
cheaper to use air as the media for 

Reduce steam pressure
\no, boiler being,oe ata pre--sure iler bein- operated .it re 

nuen higers tanotel rocescreure 

b\ rcinit tber,,p resnu re.bt redu .rn boiler prc,ur
e lan 
d110 permdn nh r.c.ir 1r:l'iie ttnnm, 
pressure. anu'eu cud make .m tearul 
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What Boiler Audits Are 
Doing for UTC 

by CharlesF Feledy,

directorofcorporateenergy programs,


United Technologies Corporation
 
g

United Technologies Corporation controls, switching to air atomization, 
(UT) authorized engineering audits reducing excess air and cleaning heat
 

in 1979 and 1980 of 22 boilers located transfer surfaces.in 12 major UTC facilities to identify The number of projects identified 
boiler efficiency improvement per plant ranged from ahigh of five to
projects. This effort represents one of a low of one and totaled 36 in all. With 
the major element in a successful on- a total investment, including capital
going energy management program plus expense dollars, estimated at 
that resulted in UTC's reducing the SI,939.466 for implementing all the 
energy content of its products(mea- rojects, an annual savings of 
suredin Btu per unit of output) by55 1,729,111 was projected.The overall 
percent through 1980 versus a 1972 simple payback period is thus a very
baseline. attractive 1.1 years.The boilers audited collectively rep- It should be noted that UTC uses 
resented a rated steam generation ca- the simple payback period as one of 
pacity of 2.113,000 pounds per hour. the criteria to preliminarily rank pro-They ranged in size from 17,500 to posed capital projects. When it is fi

250,000 pounds per hour. nally decided to prepare a capital
UTC is not an energy intensive appropriation request. discounted

company like those in the steel or cash-flow and return-on-investmentchemical industries, since it spends analysis calculations are used to makeonly about 1.3 cents out of every sales the Final appropriation decision. 
dollaron energy. However, in absolute Ranking the Improvement projects
terms, it does have a large energy bill; indescending order of estimated sayin 1981, UTC spent over $176 million ings, reducing excess air is clearly 

for all forms of energy. To put this first. With estimated savings of 
large number in perspective, these en- $943,957, these projects represent
ergy dollars were 49 percent larger 54.6 percent of total savirgs. Adding 
than UTC's 1981 dividend payments economizer/fouling-removal projectson its common stock. rank second with savings of $306,337When measured in energy units, or 17.8 percent of the total. And air 
UTC's 1981 energy consumption was atomization is third with savings of 
22.2 trillion Btu. It is estimated that $175,321 or 10 percent of the total.
 
boiler fuel represented about 25 per- Of the 36 projects defined, the
 
cent of this, or about $44 million in lengths of the payback periods ranged

1981. 
 from "immediate" for four load man-

Although our divisions and groups agement projects (at Plants B, C. E 
. had already done an excellent job of and H) to 3.5 year- for a reducing
improving the thermal efficiency of excess-air-project (at Plant K). Antheir boilers, in view of this large FueL "immediate" payback means that 
bill, corporate management felt itwas since the- project requires no in
desirable to use-an engineering con- vestment cost to bc implemented, the 
sultant to conduct formal audits of desired results c?,n be obtained imme
boiler operations at selected major fa- diately. And 2e,of the 36 projects, or 
cilities irrorder to ifine-tune" boiler 55.5 perceniof thetotal, have payback

performance upgradeoperatorskills, periods not exceeding one year. Also,
and thus, lower fuel costs -.
,dimprove only one project exceeds a two-year 

corporate profitability. payback.
The Boiler Efficiency Institute of Almost all of these projects are ob-Auburn. Alabama conducted a series viously cost-effective and would meet 

of one-clay audits at each of 12 UTC the capital appropriation "hurdle

facilities. And, based on these audits. rates of most companies for proposedthey made recommendations on eight new investments. The table detailsbasic types of boiler improvement plant by plant the economics of theprojects: load management, air pre- boiler efficiency improvementheating, blowdown recovery, ixing air projects recommended as a result of

leaks, adding improved combustion the boiler audits.
 



Instrumentation and control
 

ow to evaluate lowmexcessmair
controls for packaged boimlers 

Use this handbook-type guide to determine the potential for improving

efficiency of your single-burner boiler. Learn which trim controllers
 

you can trust to maintain setpoint at the capability of your burner and boiler
 

By J Breek" ig and S Londerville, Coen Co 

here are man. types of excess-air 
trim svstems available today in 
what manufacturers view as a 

boom market catalyzed by inflated oil 
prices. For the small boiler owner, deter-
mining wh:ther low-excess-air (LEA) 
firing can be cost-jusitied and what type 
of system would be appropriate is a 
difficult decision requiring a great deal 
of thought and engineering judgment. 
And since no two excess-air trim systems 
are exactly alike in control philosophy, it 
is verv important to select the one that 
best suits your, oarticular boiler and pay-
back requirements. 

Prudent engineers generall, recom-
mend an in-depth evaluation of boiler 
and controls before specification. The 
,t;rting point for an\ evaluation should 
be an anal sis of existing he:,t-iransler 
characteristics within your boiler so that 
a reliable estimate of the etlictenc, gain 
from LEA iring can be determined, 
Recall that heat iranster takes place in 
three main area.s of the boiler the radi--
ant section. convection bank. and heat-
recover' equipment (economizers and 
air heaters). LEA tiring alters the nor-
mal heat-transfer distribution among 
these three areas. 

As a rule of thumb. 50' of the total 
energy released in the combustion pro-
cess is absorbed in the radiant section. 
25' in the convection bank. and 5-15; 
in heat-recover% equipment Firing at 
reduced excess air increases the amount 
of heat transfer in the radiant section 
and decreases transfer to the convective 
,ection. 

A simplified approach to examining 
heat-transfer change, at reduced excess-
air levels is the itack-loss method. Initial 
assumptions are that the burner will per-

Reprinted from 
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form at LEA levels and that the flame is 
si7ed correctly for the furnace. It is 
possible to perform the heat-trarsfer 
analysis for typical packaged boilers and 
generate approximate stack-temperature
reductions as a function of excess-air 
reduction (Fig I). The charts in Figs 2 
and 3 show stack hiat loss as a function 
of excess air and stack temperature. 
From these it is possible to determine 
heat loss as a function of excess air. 
(Simplified heat-transfer equations are 
also available from the authors.)

Be aware that certain boilers mav not 
operate well at LEA levels. The follow-
ing conditions may negate or reverse 
eliciency advantages of LEA tiring;: 

N Boilers with convective superheaters 
may be affected adversely by reduced 
mass flow. Superheat temperature ma'. 
drop. although the amount depends on 
the boiler and superheater design. Con-
suit the boiler manufacturer. 

1 Older boilers, particularl. those 
with tangent-tube walls, ma, be suscep
tible to short circuiting of the Fame into 
the convection section. This situation can 
make LEA firing very diflicult. 

Evaluating control systems 
Knowing about the heat-transfer char-

acteristics of your boiler, you can esti-
mate etficienc,, increases based on boil-
er/burner tuning and burner replace-
ment: the full rewards of LE.\ tiring. 
however. arc unattainable without suit-
able controls. Lnlike most equipment, 
LEA control-s *stcm specificationN can 
be ucd to obtain onl, ballpark perform-
ance Iigures. Reason is that chancim 
environmental and mechanical factors 
affect boiler performance constantl . 

\l combustion controls attempt to 
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1. Heat-transfer analysis should lead off 
any evaluation of LEA firing 

maintain a nominal air/fuel ratio as a 
function of firing rate. This ratio is 
approximately correct only under condi
tions at the time of startup. If all system 
variables and external conditions re
mained constant, and the system had no 
hysteresis or errors, it might be possible 
to adjust the controls to operate near the 
optimum excess-air level 

Other highl,, variable conditions ma., 
affect air./fuel ratio on a daily basis. On 
the air ide. atmospheric changes such as 
barometric pressure. humidity, air tem
perature, and v, ind velocil , mav throe 
calibration off. On the fuel side. slight 
variations in supply pressure. tempera 
ture. and heating value cause changes in 
air.'fuel ratio. 
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2-3. Stack-loss method simplifies examination of heat transfer at LEA levels. Assuming 
that a burner operates at LEA levels and that flame is sized correctly for the furnace, it 
is possible to estimate stack-temperature reductions as a function of excess air for 
boilers firing gas (above) and oil (below). Efficiency can be approximated by adding 2% 
to stack loss and subtracting this from 100% 

50 , / 
45 / 

/. 

40 , ,where/ ./ v' , 

/../ 

35 /plexities 

/ / 
30 /changes. 

In, 
 • ,/
"20
 
20 ' 

. /
LU15 

10 //'trols 

S ,/ ///
,A ." /Newer0 I I I I I I l l I I ." I t it I 

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 
Heat loss, % ot heal input 

Heal losses include htosecaused by heal carried away in dity flue gas. moisturp formed in the burning ofhydrogen
and moisture in ithe combustion air (0013 lb H2O. lb combustion art) 

Even some of the primary elements of 
a combustion-control system may con-
tribute significantly to poor firing condi-
tions. Damper linkages may flex slightly, 
and bearings may wear out over time. 
Even metering systems are susceptible to 
some error, since their flow transmitters 
are operated at temperatures and pres-
sures that vary significantly from those 
at which the transmitters were initially 
calibrated, 

During operation, these potential er-
rors combine randomly to alter the 
expected air/fuel ratio. To ensure that 
the ratio does not escalate to inefficient 
fuel-rich conditions within the boiler, 
most combustion-control systems are set 
up to operate with an excess-air cushion 
to account for the worst possible combi-
nation of errors in the system. 

Hypothetically. if the coinbustion-c'on-
trol system had tth- ability to a,:count for 
momentary variations in operating con-
ditions by adjusting fuel/air ratio, then 
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. / / 
. , 

* / 
/ /oscillate
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the boiler could operate at optimum effi- ive features compensate for system 

sampling systems. Combined dead time 
and response time may result in delays of 
two to 10 seconds at high load, to a 
minute or more at low loads. For this 
reason, excess-air trim-control loops 
must be slow in responding so that they 
match the stack-sampling system, or else 
the entire system will have a tendency to 

about the setpoint. 
Ordinary controllers cannot adjust

their speed of response to boiler load 

conditions. They must be set up with a 
very slow response to match the long 
dead times at lower loads. The result is 
that ordinary trim controllers can correct 
only for relatively slow-changing vari
ables or system disturbances. and cannot 
keep up with fast-process disturbances 
such as rapid load swings. 

For example, hysteresis, errors in the 
damper to valve-stern position, and flex
ing in linkages can result in unacceptable 
excursions of excess air. Since the trim 
controller would not detect this change 
for a period from several seconds to a 
minute or more, the potential for off
setpoint firing is likely -particularly 

the setpoint is near the smoke 
point. Because of these and other com

ordinary trim systems can wan
der. even during the smallest load 

To reduce undesired excursions into
fuel-rich conditions, the excess-air cush
ion may be increased, but this defeats 
the original purpose of a trim system. Ingeneral. all simple feedback trim con

require some amount of cushion,
depending on the accuracy and repeata
bility of the existing control system. 
tes trim systems account for 

problems by using a variety of 
unique control techniques to interface 
with the control system and reduce the
excess-air cushion. They are designed to 

handle transient effects. and their adapt

ciency with ideal flame conditions. This 
is the objective of excess-air trim sys-
tems-to reduce the excess-air cushion 
as much as possible Lnder all operating 
conditions without drifting below the 
smoke point. 
Excess-air trim systems 

s ew 

Nearly all trim systems operate as 

feedback-control loops. sensing stack-gas 
conditions and trimming the combus-
tion-control system's air/fuel ratio to 
maintain a predetermined setpoint. Con-
trol is complicated by boiler dead time 
and probe response time, which cause a 
time delay between actual and sensed 
variations in the furnace's air 'lfuel 
ratio. 

Stack-gas analyzers also have a 
response-time lag, which can be as large 
as one to two seconds for in-situ probes. 
to 10 seconds or more for diffusion 
probes, probes with flame arrestors. or 

errors and probe response problems. In 
effect, lead/lag concepts are used with
out metering elements. The design and 
operation of these units complemert the 
capabiities and operating deficiencies of 
any combustion-control system. 

Microprocessor-based control equip
ment is ideally suited to the control 
concepts nceded for trim control. A com
plete understanding of how the trim
control system interacts with final con
trol elements and control hardware is 
required to match the two systems cor
rectly. No one trim system can be sin
gled out as the best without considering 
ho" it will interface and operate with the 
combustion-control equipment. 

Interfacing trim and control 
Before installation of a trim system on 

a packaged boiler, the following two 
problems common to control systems 
must be resolved: 



2 Errors or hysteresis inthe way air/fuel is con- Forcea-aratt tan ,WinCIox damoer O and CO reaoings andtrolled. Th's includes a care-	 stack temperature. Caution:ful look at mechanical hard-ware as well 	 When iring oil, smokingas controls. 
 0.-trim control armOverall residual errors 	 may occur before reaching 
O rl Master oressure Controller higih CO. If itdoes, record, 

sdl rrthe O: level at this point.should be accounted for in Air-aamoer control snalt If the boiler has a negathe trim system to minimize 
excess-air requirements. tive-pressure furnace, yot, 

10 Trim-system biasing will need to determine the 
technique. Careful consider- amount of air infiltration. 

Trim unit

ation must be given to how 	 Use a water-cooled probe to 

draw an air sample directlythe trim system matches air Diflerentia,- / Main control sna 	 from the flame.and fuel. The trim method 	 This willoil-control valve verify actual 0 level whichshould always produce an Oilsuro/yequal-percentage change 	 can be compared0r level in the stack.with the 
(sometimes called ratio Od return

trim) over the load range, in 	 From the above data it is 
order 	

Oil.return Adlustaote cnaracterstic possible to develop an exto avoid gross sFsoenold control valve pessirIre o e exair/fuel-ratio errors during Less-air ing burner
curve for the exi
to aid in deit,load changes. Air-tmm orote
To gain a better 

rO. 	
mining the economicsinsight controller LEA conversion. The difeiinto what is required from 4. Typical single-point-positioning combustion-control systemthe combustion-control sys- ence between the burnertrims on either air damper, control shalt, or fuel valve characteristic curve 
 andtem, it is important to 


examine the three typical normal control settinis is
 
combustion-control systems used for sin-

the excess-air cushion.

motion that is representative of loadgle-burner boilers: metering, parallel air flow that can 	

or 
positioning, and single-point positioning. 	

be used to apply an Evaluating existing controlsequal-percentage correction. To date. the
Metering combustion controls are 
Probably the best test of your existiii)
most only accurate method of generating a control systemoften considered the optimum system 	 is continuous dav-to-dd.idirect-acting equal-percentage air/fuel monitoring of CO.because they actually measure 	 0,, and opacity, itinstead of correction is trim applied to the fuel firing oil.infer fuel 	 Roler operators are often aand air flow. Unfortunately, train (Fig 4).

the lead/lag technique 	 good source of information, and startupused in most Accuracy and repeatability are also data maymetering systems 	 also be of help. If recordingsupsets trim systems if problems that must and can be overcome
unaccounted for in the trim-system logic, 
cannot be taken, then use the following
with single-point positioning systems. It procedure to determine staticA simple feedback trim system will even 	 andhas been shown that air/fuel-ratioattempt to 	 dynamic errors in air/fuel ratio:remove the lead/lag effect, repeatability of approximately
leading to off-setpoint firing during load 

±2r w Place excess-air trim in automatic.
excess air can be realized by design 0 Withchanges. 	 load constant, record themodifications made to single-point posi- steady-state levels of OMetering systems must be made 	 and CO.tioning systems. 3 Manually increase the load 10,7repeatable and accurate to properlyinterface with trim controls. Install only Testing your burner 	 state Orand CO.above that inthe most accurate fuel- and air-flow In order 	
step 2. Record the steadyto develop baseline data for " Very slowly bring themeasuring equipment. Achieving equal-	 load back tocomparing various trim-system options,trim 	 that of step 2. Record maximum, minipercentage is relatively easy. pro- the first step is an evaluation of existing mum, and steady-state levels of 0. andvided all flow signals are linear. control-system equipment. You will needParallel-positioning control systems 	 CO. 

0, and CO analyzers, stack-temperature 8 Reduce load 10% belowuse separate power units to drive 	 that infuel indicator, and some means of changing steps 2 and 4. Record steady-state levelsvalve and air damper. Specially cut cams 
on 

air flow indepcndently of fuel. The last of O. and CO.
the power units change air.'fuel ratio requirement could be dillicult for single-
to a Slowly 	increase load back to that ofmatch a particular firing rate. Equal- point positioning systemspercentage trim is difficult because, to 
and may step 4. Again. record maximum, minirequire the presence of service personnel mum, and steady-state 0: and CO.
obtain a linear load signal, the two posi- from the burner manufacturer.

tioner cams Some a Repeat 	 entire test for several loadmust be very accurately cut equipment manufacturers canand matched over 	 perform points beginning at step 2.the load range. this evaluation for you.
In There will 	 be a difference in thesingle-point positioning, fuel valve Test the burners first. For each fuel. steady-state 02 levels at each load point,and air damper arc mechanically linked 

and 
place the master controller in manual to depending 	 on whether thisoperated by a single power unit 	 point isin maintain a constant tiring rate. Begin at approached fromresponse to load demand. 	 a lower or higher load.Air/fuel ratios one end of the firing range and change This indicates the amount of hysteresisare set at startup by adjusting a variable the rate by increments of 10'. perform- in the combustion-controlcam arrangement 	 system andon the fucl control ing the following tests at each step: can be used as an indicationvalve. Damper linkage is adjusted to 	 of the 

yield as close to a linear change in 
" Record 0. and CO levels, and ,,tack minimum excess-air cushion required.air temperature for normal control settings. The minimumflow over the firing range 	 and maximum 0. andas possible. You ma,, also want to record radiant- CO levels indicate dynamic errorsOf all the combustion-control systems 	 in thesection outlet temperature.available, single-point positioning has \lanuall% reduce 	

controls and transient conditions III the' 
 air Ilo%, whileproved to be boiler which 	must be compensated for bythe most dilficult to achieve monitoring 0, and CO levels, an intelligent trim systemequal-percentage 	 with lead/lagtrim. This is because u When CO increases to barelythere exists no linear 	 type control. Otherwise, the excess-air (signal or linear acceptable levels (100-300 ppm). record cushion must be increased. 
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Ifan excess-air trim system is already 9fire 
installed, it can be evaluated using 

at low excess air. In man cases. 
folo in the 8 Natural gaspocdue:Iualc,12 2ga burner performance may be improved byOry Oasis having it tuned b%a service engineer.0 Place excess-air trim in automatic / Wet oass Replacement of wornand allow it to reach steady state at 6 

or corroded atonm
ir or aas-burnerconstant load. 


r Increase and decrease 
 load and 
record maximum, minimum, and steady-state 0. and CO as in the combustion-
control procedure above. Do this for 
eightro prode ao . Dom th foreight to 10 load points. Compare the 
steady-state cushion data obtained dur-ing the burner test with the data 
obtained above. 

If a chart of actual operating parame-
ters is available (0, CO. opacity), it can
be used to estimate existing control-
system capability. Observe not only the 
excess-air cushion above burner capabili-
ty. but also dips and spikes that indicate
repe:ntability problems. The worst-case 

dips and spikes determine the minimum 
cushion required for your existing sys-
tem. It may be possible to improve your
control system, but remember that 
repeatability problems are often caused 
by mechanical parts such as dampers,
actuators, linkages, and valves. In many 
cases, it'smore economical to replace
existing controls, particularly for older 
equipment. 

If chart data are not available, the 
excess-air cushion can be estimated from 
test data mentioned earlier. Plot steady-
state 0, levels as a function of load. If 
your system has hysteresis, plot a band 
of 0 rather than a line. Between each 
steady-state data point, add to the line or 
band the maximum excess-air excursions 
obtained during combustion-control-sys-
tem tests. This net band can be used to 
estimate your existing excess-air-cushion 
requirements. If your current control 
system includes excess-air trim, cushion 
requirements may be larger, depending 
on the relative sophistication of the svs-
tem. If the data show excursions into the 
fuel-rich conditions, the cushion should 
be increased further. 

Determining potential savings 


Based on boiler and control-system

data. various options for efficiency

improvement can be evaluated. 
Options
include burner tuning. control-system
tuning, burner replacement. control-sys-
tem replacement, and excess-air trim. 

To establish a baseline efficiency fig-
ure for comparison, first determine your 
average excess-O. level and stack tem-
perature over an appropriate load range. 
Use Fig 5 to determine excess air. then 
use Fig 2 or 3 to determine stack loss. 
Boiler efficiency can be apprcximated by
adding , to stack loss and subtracting
this from 100%. (The exact value is not 
important because we will be comparing
differences.) Then use your average
yearly load plus fuel cost to determine 
yearly fuel cost. 

parts could result in5 5- significant excess-air reductions. This> ]'Fuel8co,8os,,i option should be investigated before con
, e . / C.H,,).D0,,c,, .,9CuHo6 04. C,HO2f9ldrganw sidering a new0 27. C,H 0 02. burner,unr 
3 C2. 213. N2. 0a7 
2 ?Fuei composl,on2by wegrt) C.864: 

0S. 083015 0,.
0 
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Excess air. % 

5. For excess air, intersect oil or gas 
curve from O on abscissa and read down 

Now choose an option for improve-ment. and determine a target excess-air 
level. If the target level is based on 
actual burner test data. then use actual 
stack temperature for the reduced 0, 
level in the test. but if the target level is 
based on a new LE.-'. burner, then the 
expected excess-air level will be lower
than that in the burner test. Use Fig I to 
determine an approximate stack-temper-
ature reduction. 

In a similar procedure. find the stack 
heat loss for this particular option. The 
difference in stack loss can be used to 
approximate the net efficiency gain. Figs
I. 2, and 3 are generic and apply to 
packaged boilers with no air infiltration, 
The boiler manufacturer should be con-
suited, however, for a more accurate 
efficiency estimate. If the boiler has a 
superheater, consult the manufacturer to 
determine the effect on final superheat 
temperature. Do the same for air-heater 
and econorni7er manufacturer to deter-
mine the effects of reduced mass flow on 
heat recovery.. 

One word of caution: For accuracy, 
you should not assume the expected set-
point to be your target excess-air level if 
you are adding an intelligent lead'lag 
trim system.during load Excess air that is addedchanges will push the O, 
average somewhat above the expected
setpoint: how far above is dependent or 
the frequency of load changes and 
amount of excess air required. As a 
rough estimate, add 0.5% excess air for 

infrequent load changes (one every 
 15 

minutes) and 3% excess air for contin-

uous load changes. 


Evaluating burners 
If your existing burner cannot operate

below I% excess 0,, consider replac,:-
ment. The CO0. and data taken at 
different load points during burner tests 
cn be used to evaluate the limitations of 
an existing burner. Stack temperature 
and,'or radiant-section outlet tempe.a-
ture will help you determine the abilit,
of your burner's flame characteristics to 

One of the prime considerations in 
c LEA burners is the guaranealuatirtg
teed excess-air curve, which will deter
mine potential fuel savines. Also consider that some burners require increased 
atomizing steam or air consumption. 
which detracts from fuel savins. 

Evaluating 02 trim systems 
Even the best LEA burner is useless II 

the excess-air trim ,)stom is unable to 
control near setpolnt. Of course, mosttrim i stem. kork reasonabl. well at 

constant load. It is during load changes
that the worth of a ,.stem is really
tested. Evaluation is diflicult. but could 
be one of the more important decisions 
'.ou will ever make on the job. Here are a 
few pointers: 

2 Trim systems based on 0. measure
ment should include an O--,ctpoint func
tion generator. Be sure the function gen
erator can accurately match the combus
tion-control air fuel ratio over the load 
range for each fuel tired. 
" Flue-gas .inal.'ers have been known 

to fail on occasion. Be ,ure to identif' if 
and how the ,sstem detects I'ailures. 

a Control-s~stem failures ,ilso occur. 
Do Iail-safe limits exist to ensure flane 
stability in the case of total failure? 

I Trim systems de,,;ned for mini
mum excess-air need advanced lead,'lag
type control action. Be sure this action 
has logic to prevent windup of excess air 
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SESSION 12: FURNACES AND KILNS 

INTRODUCTION 

The purpose of this session is to introduce various types of furnaces and kilns and pre

sent methods and modifications to improve their energy performance. Kilns are a type 
of furnace primarily used by the ceramic industry. As such, furnaces will be reviewed 
in detail and brief mention will be made of kilns. Specific examples of furnaces and 

kilns used in industry will be presented, together with factors that affect their operation. 

The session focuses predominantly upon furnaces and kilns that use fossil fuels as their 
heat source. Housekeeping measures used to optimize furnace and kiln operation are 
presented, together with examples of energy conservation measures and technology im

provements. 

FURNACES 

Furnaces are equipment used for process heating of manufactured articles. Almost all 
manufactured goods are subject to process heating at some stage of their manufacture, 

so the types and range of furnaces available are extensive. Similarly, conditions and 

efficiencies at which furnaces operate vary with the duty performed. 

It would be impossible to cover all types of furnaces that are used in industry. Hence, 

only the more common types of furnace will be presented. Furnaces basically comprise 

a brick-lined chamber that holds or conveys the materia., to be heat treated. In the 

chamber, heat is applied to achieve desired final results. 

Furnaces can be classified by (see Exhibit 12.1): 

* Fuel used 

* Method of heat application 

* Material handling techniques. 

12-1
 



Exhibit 12.1
 

FURNACE CLASSIFICATION 

Fuel Used 

- liquid 
- solid 
- gas 
- electricity 

- Method of Heat Application 

- direct fired 
- indirect fired 

- Material Handling Techniques 
- batch 

bogie (car) 
cover or bell 

M continuous 
pusher
rollover 
walking beam 
roller hearth 
conveyor
 
continuous bogie 
rotary retort 
rotary hearth 



Fuel Used 

In a fossil fuel-fired furnace, heat is produced by the combustion of a fuel and is then 
transferred by a combination of three modes of heat transfer: radiation, convection, 
and conduction. In this session, no attempt is made to distinguish between the three 
major fossil fuels (oil, solid fuel, or gas), as the net result from their combustion is 
essentially the same (see Session 2). In practice, furnaces are often operated with fuel 
substitution capabilities. 

Method of Heat Application 

The way in which heat is applied to the material (or stock, as it is called) to be heated 
can be defined as either direct firing or indirect firing. 

Direct-fired furnaces are the simplest type of frnace. In the direct-fired furnace, 
the products of combustion come into direct contact with the stock. These furnaces 
have various configurations; burners are mounted on sides, ends, or sometimes the roof 
of the furnace. The products of combustion, or flue gases, are exhausted through flues 
in the roof sidewalls or the hearth of the furnace. 

Low-temperature furnaces (those operating at or below 9000 C) do not often have a 
uniform temperature profile, owing to the relatively large temperature difference be
tween the furnace and flame temperatures. High quantities of excess air are used to 
reduce the flame temperatures to those required and to improve uniformity of the tem
perature profile. Care must be taken, however, because excess, air can promote excessive 
oxidation and scaling of the stock. 

Direct-fired furnaces are modified using baffles and walls to reduce the risk of flame 
impingement. Examples of these types of furnaces are the underfired, overfired, and 

sidefired furnaces. 

In the underfired furnace, the flame is located under the hearth of the furnace, and 
hot products of combustion rise upward through the hearth to heat the stock. Flues 
are usually located in the roof. 
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The temperature below the hearth is high, but the actual furnace temperature can be 
cortrolled by use of excess air. Undefired furnaces offer some advantages over the 
simple direct-fired furn:ce. Stock is protected from direct flame contact, and excessive 
scaling is prevented by ensuring complete combustion before the flue gases enter the 
heating chamber. 

Disadvantages include increased fuel consumption per unit of stock heated because the 
furnace is larger than practically required and because heating times are increased. In 
addition, because both sides of the hearth are exposed to heat, hearth life is usually 
shorter, and the load-bearing capacity of the hearth is reduced. 

In the overfired furnace, the combustion chamber is located above the furnace. Hot 
flue gases enter the heating chamber through a perforated arch in the roof of the fur
nace, discharging through ports at hearth level. Operating characteristics are similar 
to the underfired furnace, but this design is more efficient because of be.ter furnace 
aerodynamics, which imp'ove heat transfer rates. 

In the side-fired furnace, combustion chambers are located on one or both sides of the 
heating chamber. A bridge wall separates the combustion and the heating chambers. 
The bridge wall promotes turbulence, thus ensuring good combustion as well as protecting 
the stock from flame impingement. Fuel consumption rates are similar to simple di
rect-fired furnaces. 

Examples of direct-fired furnaces are shown in Exhibit 12.2. 

Indirect-fired furnaces are used whenever contact between flue gases and the stock 
could potentially cause damage to the stock. There are two basic types of indirect 
heating furnaces: the muffle furnace and the immersion-type furnace. 

In the muffle furnace, the stock or the combustion products are muffled by use of radi
ant tubes; or, alternately, the stock is placed in a refractory or metallic muffle and di
rect heat is applied to the outside of the furnace (see Exhibit 12.3). Material selected 
as the muffle has a large influence on fuel consumption because its thermal conductivity 
will affect the rate of heat transfer from the heat to the stock. Care also must be 
taken to select materials that have relatively long lives. 
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Exhibit 12.2
 
Types of Direct-Fired Furnaces
 

(a) Under-tired type 

C burner 

7/ 

b) Over-fired type 

(c) Side -fired type 

burner 



Exhibit 12.3 

MUFFLE FURNACE (INDIRECT-FIRED) 

-- / (Muffle Type) 

-.Burner 



Immersion-type furnaces are indirect-fired furnaces because the stock is placed inside 

a bath of salt metal. salt metal is in a soor The or bath heated pot, and neither 
the immersion bath nor the stock come into contact with the products of combustion. 

Heating rates are fairly uniform in this type of furnace. Depending on the liquid heat

ing material, the rating of these furnaces can be high. 

Material Handling Techniques 

There are two broad classifications used to describe how stock is handled inside the 

furnace during the heating process: 

" Batch type 

" Continuous. 

In batch furnaces stock is charged either by hand or by a simple machine with arms. 

The stock position is fixed during heating and subsequent heat treatment period. On 

completion of th, heat treatment, the stock is removed. 

There are many variations of the batch types of furnace. Rather than attempt to 

cover them all in this session, three of the more common ones are presented: 

* Bogie (car) type
 

" Cover or bell type
 

" Melting furnace.
 

Bogie (car) furnaces consist of a bogie generally running on rails that is loaded and 

unloaded outside the furnace,. After loading, the car is pushed into the furnace, where 
the bed of the car forms the hearth of the furnace. A furnace door is provided togeth

er with a series of sand seals to prevent air infiltration or gas leakage from the fur

nace, as well as providing p,.'otection for the bogie haulage gear from the heat. These 

furnaces are not designed for underfiring. 
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Bogie furnaces are direct-fired, with occasional use of side firing. Flues are located 

in the side walls at hearth level. Bogie furnaces are used predominantly for heating 

bulky, heavy objects such as large castings or pressure vessels. 

Cover- or bell-type furnaces are a form of muffle furnace. They are made up of a 
fixed refractory base with a removable metal case or inner cover and a removable re
fractory-lined heating cover or bell. The burner forms an integral part of the bell. 

The stock is placed upon the refractory base and covered. The inner cover has seriesa 
of seals to provide a protective atmosphere to t.,e stock (see Exhibit 12.4). These fur

naces are used primarily for annealing strip coils in a controlled atmosphere. 

Melting furnaces are used to prepare materials in a liquid state for subsequent processing. 

The most common types are found in the glass industry, and the following discussion 

is limited to them. 

Glass melting is essentially a three-stage operation. The first stage is fusion or melting 
in which precise armounts of sand, soda ash, limestone, and various components become 
fluid and also go through some chemical reactions, including liberation of gaseous com

ponents such as carbon dioxide, sulfur dioxide, formation of silicates, and mixing of 

the liquid components. The second stage is a refining step in which high temperatures 

are maintained. Essentially, gas bubbles are dispelled by buoyancy from the glass. The 
third stage is a cooling step to increase the viscosity of the liquid glass. 

Two general types of melting furnaces are used: 

" Pot furnaces
 

" Tank furnaces.
 

Pot furnaces are not as common as tank furnaces. They are used predominantly when 

a wide variety of glasses are produced in small quantities. The charge is loaded into a 
pot and kept there during the three-stage cycle. Pot furnaces are hand-made from 
pot clay and have capacities of between 100-1,500 kg of glass. The pot is placed in 
a furnace comprising a combustion chamber with anarcheal roof built of high-grade 
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refractory. Pots can either be covered or left open. Heat recovery devices such as 

recuperators and regenerators are often used to improve fuel consumption. 

Used for very small production rates, pot furnaces have some disadvantages. Fuel con
sumption is relatively high as melting takes place first at the outer walls of the pot 
and proceeds gradually towards the center, resulting in extended cycle times, and heat 
supplied during melting and refining is lost during cold storing. The extreme temperature 
changes also affect the pct material, and pot breakage can occur frequently with subse

quent loss of production. 

Tank furnaces are essentially rectangular in shape and consist of a hearth melting unit 

containing a refractory bath in which the melt is placed, and a combustion chamber 
located above the bath. Heat is supplied from flames directly above the bath. Materials 
are charged continuously or at short intervals at one end and are discharged at the 

other end following the three stages of operation. Although the furnace is an integral 
unit, it is subdivided into zones, which helps to control the three operational stages. 

The melting tank consists of a rectangular bath divided into two separate tanks of un
equal size. Separation is done by a double wall built at right angles to the length of 
the furnace. The double wall is bridged by refractory blocks. Both baths are covered 
by one continuous crown. One tank is used for charging, the other for working. They 

are connected by a channel or throat in the double wall through which glass flows. 

Tank furnaces are either end-fired (along the furnace length) or cross-fired, and many 

fuels are used. Heat recovery equipment, such as recuperators or regenerators, are 

incorporated into the furnace construction. 

Continuous furnaces are used when the furnace forms an integral part of the production 

line and stock is needed at frequent and regular intervals. As opposed to the batch 
furnace, the stock moves as it is heated. The methods of roving the stock vary with 

duty, size, and shape of material that is being treated. 

Continuous furnaces include: 
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* Pusher 

* Rollover 

* Walking beam 

* Roller hearth 

o Conveyor 

* Continuous bogie 

* Rotary retort 

* Rotary hearth. 

The above are described briefly in the following paragraphs. 

In the pusher furnace, the stock is pushed through the furnace directly or in trays. 
The furnace is usually designed with a sloping hearth that reduces the pushing effort. 

These types of furnaces are direct-fired. 

Care must be taken when selecting these furnaces, because stock that has roundcd 
edges or a crooked shape has a tendency to pile upon one another. This is overcome 
by reducing furnace length and by shaping skids on which the stock travels. The use of 
a sloping hearth aids this problem, but can create high furnace pressure at the charge 
end owing to the buoyancy of the combustion products. 

Examples of pusher furnaces are shown in Exhibit 12.5. They are used extensively for 
reheating steel prior to rolling and are capable of handling throughputs in single-zone 

furnaces of about 30 tonnes per hour (34 tons per hour) of 100-mm (4-inch) stock and up 
to 250 tonnes per hour (284 tons per hour) of 300-mm (12-inch) material in five-zone 

furnaces. 

Rollover furnaces consist of an inclined hearth down which the stock rolls by gravity. 
The hearth is flattened at the discharge end to prevent stock rolling completely out of 
the furnace. These furnaces are limited in application, owing to the temperature limit 
at which the stock softens and hence cannot roll. If the stock cannot roll, the furnace 
operator is required to rake the stock out of the furnace. They are used predominantly 

for heating steel billets at temperatures up to 800°C-850 0 C. 
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Exhibit 12.5
 

a Single zone 

b Two zone 

c Three zone 

d Five zone 

Pusher-type furnaces 



Walking beam furnaces consist of a series of alternately arranged stationary and movable 

beams. These form a hearth on which the stock is placed. The stock essentially rests 
upon the stationary beams and is passed through the furnace by the action of the mov

able beams. 

In general, the moving beam operates on a cycle of up, where it contacts and lifts 
the stock; forward, where it moves the stock; down, where it redeposits stock on the 
stationary beams; and back to its original position so the cycle can be repeated. An 

example of a walking beam furnace is shown in Exhibit 12.6. 

Walking beams are usually direct-fired, occasionally side-fired. The stock is spaced 
apart to prevent pile-up, which also permits heating to take place on three or four 
sides, depending on the firing pattern. Increased exposure to heat results in faster and 

more uniform heating patterns. 

Walking beams are constructed from refractory materials, and until 1965 were top

fired only. However, they are now available with tubular water cooling beams, which 

makes top and bottom firing feasible. 

They are used to heat both ferrous and nonferrous materials, and can be arranged with 
several heating zones. Because of their advantages over the pusher type, they are the 

most common type of continuous furnace. 

Roller hearth furnaces use a series of closely spaced rotating rollers to send the stock 
through the furnace. They are usually direct-fired or radiant tube-fired and operate up 

to 1,000 0 C. 

Conveyor-type furnaces use a continuous chain to move the stock through the furnace. 
The chain travels in slots in the hearth of the furnace. Limitations are posed by the 
temperature to which the chain material can be subjected. 

Continuous bogie furnaces consist essentially of a series of bogies that travel through 
the furnace. The stock is placed onto a bogie outside the furnace as in batch operation. 
The bogie is then pushed into the furnace through the front end door, each bogie 
thereby moving through the furnace in succession. The bogie is removed from the 
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furnace when it reaches the other end of the furnace. Stock is then removed, and 

the empty bogie is returned for reloading and subsequently to the front end of the 

furnace for recharging. 

Care must be taken with the sealing between adjacent bogies in the furnace, or hat 

losses can be excessive and lead to failure of the wheels and bearirgs of the bogie. 

These furnaces are usually direct-fired either from the side walls or the top of the 

furnace. Continuous bogie furnaces are used in the metal processing t'Id ceramic indus

tries. 

Rotary retort furnaces consist of a horizontal drum of heat-resistant material that con

tains a screw thread. Heated stock passes through the furnace due to the pitch of 

the thread helix and the speed of the rotating drum. Stock is fed into the furnace from 

a hopper and is discharged from the other end. The burner fires into one end of the 

furnace, thereby providing heat. 

In rotary hearth furnaces, the stock is placed onto a rotating hearth. Stock passes 

through one revolution of the hearth, during which time it is subjected to all heating 

and/or cooling zones that are employed for heat treatment purposes. After one revo

lution, the treated stock is removed through a discharge door adjacent to the charging 

door (see Exhibit 12.7). This furnace has the advantage that the same person can 

charge and discharge the furnace. 

The hearth, which is usually constructed of refractory, rotates on wheels and track or 

ball bearing and is driven through reduction gear by an electric motor. These furnaces 

are usually direct-fired, with the burners aimed tangentially towards a circle of mean 

diameter. 

Rotating hearths can be constructed in a wide range of sizes, from less than 1 meter 

(3 feet) to 23 meters (76 feet) mean diameter. They are used to heat a wide range 

of materials, provided that the stock is kept flat and does not roll about the furnace 

as the hearth rotates. 
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KILNS 

Kilns are basically furnaces used predominantly for heating or firing products made by 
the ceramic industries. In firing clayware, three stages are involved -- drying, oxidation, 
and soaking or finishing. In the first stage, moisture is removed by hot air or gases 
until the ware is dry. The second stage involves the oxidation of carbonaceous matter, 
and the final stage involves maintaining a uniform heating zone so that the required 
amount of vitrification takes place. Modern kilns are designed to minimize heat con
sumption by reusing heat given up during cooling for preheating other fresh stock. With 
certain ceramics, muffles are provided to prevent stock contamination by the combustion 
gases. Kiln performance is affected by draft control through the kiln, the setting of 

stock, and the firing schedule. 

Originally, kilns were mainly batch-type, and no attempt was made to recover cooling 
heat, but increasing fuel costs have led to most kilns now being continuous or semi

continuous type. 

Continuous kilns of types the tunnel kiln,are two -- in *vhich the three zones are fixed 
and the stock moves through the kiln on bogies, or the annular moving hearth type. 

A semi-continuous kiln consists of a series of chambers connected by suitable openings. 
Stock is placed into a particular chamber where it remains for the duration of the 
three-stage firing cycle. Preheating, heating, and cooling zone conditions are applied 
in turn to each chamber. Combustion takes place in the hottest chamber heating zone, 
combustion air being preheated in the preceding chamber. Gases leaving the hottest 
chamber preheat ware in successive chambers before finally passing to the chimney. 

Semi-continuous kilns are known as Hoffman kilns and have compact layouts. Control 
of firing stages can be difficult because the heat is used to preheat several different 

batches of material. 

The cement kiln is used for calcining lime. Cement kilns can be either of the rotary 

type or of a vertical type. 
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Rotary cement kilns are basically a long cylinder supported upon rollers. Their physical 
dimensions vary considerably, but typically the length to diameter ratio is between 30 
and 40 to 1. The rotary cylinder or drum is inclined at an angle (typically 3-50) and 
rotates at about 1-2 revolutions per minute. Stock is charged at the elevated end and 
discharged at the lower end. Combustion takes place at the lower end, so the stock 
flows in the opposite direction of the combustion gases. Only 10 percent of the space 

inside the kiln is occupied by the stock. 

Rotary kilns operate at temperatures between 1,2500 and 1450 0 C. Hence, longer kilns 
tend to be of higher thermal efficiency than short kilns. Typical modern rotary cement 
kilns are fitted with many preheaters, heat exchangers, and coolers and have an energy 

consumption of about 5.7-6.7 GJ/tonne, which is very high. 

HOUSEKEEPING MEASURES 

To ensure that furnaces and kilns operate at optimum efficiency, certain housekeeping 

and maintenance procedures should be followed. 

Problems with furnace operation that cause inefficiency result from one of the following 

areas: 

* Design 

* Construction 

* Operation
 

9 Maintenance.
 

When establishing a maintenance program for the first time, the energy coordinator 

should determine the status of furnaces under consideration. 

The following checklists are presented to indicate some of the information required to 

set up a program of planned maintenance. 
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Design 

The data below are required and should be kept by the energy coordinator as part of 
the overall energy management data base for an industrial plant. Whenever changes 
or modifications are made, these should be recorded together with subsequent operational 

conditions arising from the modificaticn. 

" Main furnace 

- What is the plant used for?
 

- Was it designed for this use?
 

- What fuel is used? 

- Was it designed for this fuel?
 

- What type burner is in use?
 

- Has the burner been changed since design?
 

- What burners were originally installed?
 

- At what capacity or working rate is the plant being operated?
 

- What was its original rating?
 

- How was the original capacity specified, if at all?
 

- Is the present rating:
 

correct?
 

high?
 

low? 

" Modification 

- Ha5 the plant been modified since installation?
 

- If so, how?
 

by rebuilding?
 

by changing firing?
 

by re-rating?
 

by change of use?
 

by adding or removing heat exchangers or ancillaries?
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* Ancillaries 

- Is there any fuel preparation?
 

- What does the preparation plant consist of?
 

- Is it still used:
 

as originally designed? 

effecti vel y?
 

ineffectively?
 

at all?
 

- Are heat exchangers f",ted?
 

- Where?
 

- Are they still in use:
 

effectively? 

ineff ecti vel y? 

- What stack size is being used? 

- Is this the original stack? 

- Is it still necessary? 

- Was it ever necessary? 

- Are the designs of fittings for inspection parts and doors sound? 

- Can they be improved? 

- Are they in good condition? 

Construction 

Records are required on the construction of the furnace. Good furnace construction is 

a fundamental part of furnace operation. 

Any change in construction should be recorded and maintained in the overall energy 

management data base. 

* Building 

- Who built the furnace?
 

furnace builders
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to their own design?
 

to user's design?
 

users
 

to a standard design copy?
 

to their own design?
 
- Was the furnace soundly built in the first place?
 
- Were the refractories and other materials correctly specified?
 

- Was the most appropriate firing equipment correctly chosen?
 
- Was the basis for the choice:
 

engineering?
 

economic?
 

a compromise between both?
 

chance?
 

- Was the firing equipment correctly installed? 
- Were the necessary auxiliaries (e.g., pipework, furnace, doors, dampers, 

pulleys, chains, levers): 

correctly installed? 

connected and -,ested? 
- W-hat records exist recording installation checks and tests? 

Operation 

The most important record and information that should be kept is a monitor of how 
furnaces are operated. Regular checks on the following items are imperative to identify 
decline in performance as well as identification of efficiency improvements. 

9 Conditions 

- What are optimum operating conditions?
 

- What is their basis of specification?
 

- Are these known and understood:
 

by the operators?
 

by management?
 

- Are they followed?
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- Are there any operating specifications at all?
 

- What is the air/fuel ratio in current use?
 

- Is it:
 

fuel-rich?
 

air-rich?
 

- What is the correct air/fuel ratio?
 

- What is the basis for choice?
 

- Is the ai ,'"eel ratio correctly set?
 

- How much air is necessary, by changing fuel rate

alone?
 

with dampers or air supply?
 

with dampers and air supply?
 

- When necessary, is furnace temperature changed by closing: 

air gate on either high pressure gas burners, or burners giving 

pressurized gas/air mixture? 

gas and air cocks on individual burners? 

main manifold cocks? 

with oil burners? 

- Are secondary air slides provided and used on natural draft furnace? 

- Are furnace doors, sighting holes, lighting holes, and inspection ports 

left permanently open? 

- Are furnaces with regenerators being operated with permanently open 

doors? 

e Control 

- Are there any automatic control instruments for:
 

air/fuel ratio?
 

temperature?
 

- If so, are they still operating? 

- Is furnace correctly instrumented for:
 

fuel consumption?
 

air supply?
 

temperature?
 

exit gas composition?
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pressure and draft gauges?
 

steam meter when necessary?
 

automatic recording?
 

- Are automatic controlling instruments being:
 

correctly used?
 

used at all?
 

- Are fuel and/or air supplies individual furnaces, or to separate shops, 

correctly governed? 

* Start and stop 

- Are furnaces lit:
 

too soon?
 

too late and forced?
 

- What is the optimum heating rate?
 

- Is it known to the operators?
 

- Is it known at all?
 

- Are furnaces always loaded to capacity?
 

- If not, is it the fault of:
 

operators?
 

management?
 

unavoidable?
 

- Are furnaces maintained at temperature during standby for:
 

meals?
 

night?
 

plant stoppages? 

- Are furnaces used for undesigned uses such as space heating in cold 

weather? 

- Are molten steel ladles ever heated:
 

too long?
 

until they are too hot?
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Maintenance 

Monitoring and adjusting operating conditions are only part of an overall planned main

tenance program. It is necessary for routine inspection and maintenance to be completed 
so that breakdowns are minimized. The following checklist should be completed once 
a week for a system that operates continuously. All findings should be reported in 
writing and appropriate action taken. Records should be maintained and reviewed on 
a monthly basis to determine whether persistent problems are occurring witn one or 
more items. This will ensure a timely identification of potentially serious problems. 

" Main plant 

- Is the furnace structure and brickwork in good condition? 

- If so, is this: 

good initial construction? 

good maintenance? 

- Are furnace doors and other ports: 

in good physical condition? 

operating as designed, or at all? 

sealing correctly where this is necessary (e.g., sand seals, car 

bottom furnaces)? 

- Are all gas passages and flues: 

in sound condition? 

clear of collapsed brickwork scale and rubble? 

" Ancillaries 

- Are gas and air valves: 

clean? 

dirty and not sealing properly? 

- Are inspirator throats: 

clean? 

choked with oil and dirt? 
- Are burners: 

generally dean? 
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affected by dirt or deposited carbon? 

distorted by overheating? 

- Are pumps, motors, fans, etc.:
 

being kept cleaned and oiled?
 

getting dirty and overheating?
 

still working at all?
 

- Is all thermal insulation: 

still in good initial condition? 

maintained in good condition by repair? 

still in position at all?
 

was it ever there?
 

- Are there any leaks in fuel, air, or steam lines?
 

- Are regenerators still working?
 

- If stopped, is this:
 

because fan motors out of action due to blown fuses not replaced? 

due to having been flooded by condensate from flue gases? 

" Instruments 

- Have instruments been recalibrated recently (see Session 9)? 

- Are instruments regularly checked:
 

for zero errors?
 

for scale errors?
 

for other incorrect operation?
 

" Repairs 

- If errors affecting operation are discovered, what steps are taken to 

get them rectified? 

- What checks are made on other operations (e.g., quality control on 

output from an overheating furnace)? 
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ENERGY CONSERVATION OPPORTUNITIES 

This section of the session summarizes different categories of energy conservation op

portunities that exist on furnaces and kilns. 

The major improvements that can be made are: 

" Excess air control 

* Waste heat recovery 

* Insulation
 

" Openings and leaks reduction
 

* Idle equipment shutdown
 

" Reduction of losses during recycling
 

* Continuous efficiency monitoring. 

Control Excess Air 

The use of exress combustion air can constitute a major energy waste. The use of 

insufficient air is just as wasteful, but is less common. 

Reducing excess air will change the rate at which fuel is fired and result in a higher 

flame temperature, a more rapid heating of the stock, and an energy-saving shorter 

cycle. However, it will also increase the flue gas temperature and therefore affect 

the stack loss. 

If, in addition to reducing air flow, the fuel flow is also reduced to maintain the same 

stack temperature, there will be decreased gas velocity and less turbulence in the fur

nace, with a corresponding increased hot gas residence time within the combustion 

chamber. The exact r-ffect of these latter two changes on heat transfer to the stock 

and to the furnace walls is not always evident or readily estimated. 

In spite of these complexities, excess air control is probably the most important measure 

in conservation in furnace and kiln operation. Two methods of controlling excess air 

are normally used. Both methods involve an analysis of oxygen concentration and 
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temperature in the flue gases. In the simplest method, an audible alarm or signal is 
triggered by a measurement of oxygen outside a predescribed range, and the furnace 
operator then makes a manual adjustment to draft conditions to bring the excess air 
level back to required levels. This method is not particularly sophisticated as it relies 
on machine and man interface. Typical U.S. installed costs for a.- oxygen analyzer 
that can be used for this type of control are $3,500. Energy savings will depend upon 
the sensitivity of the control settings and the response of the operator to the alarm 

signals. 

.iecause of obvious deficiencies, a mor,- sophisticated method is often used and involves 

control systems that respond automatically to the shift in excess air levels outside the 
control range. The automatic system may control supply and exhaust air dampers, fuel 
supply and burner operation, furnace temperature, and furnace pressure. Costs for such 
a system will depend on several factors, including the flue gas analysis required (may 
include oxygen, carbon dioxide, carbon monoxide to low concentrations, and temper
ature to plus/minus 10 C), the number of air dampers, burners, and fuel systems that are 
to be controlled, and requirements for monitoring and reporting furnace operation. 
Microprocessor-based systems that control excess air as part of an overall process con
trol network are becoming increasingly popular. U.S. costs for these systems can rahge 
from $20,000 to more than $1 million, depending on the exact nature of the system 
and elements of the process controlled. Obviously, excess air level controllers on a 
stand-alone basis would not cost as much (typically $15,000 to $100,000 and more). 
Savings from reducing excess air are often significant, as high as 5 to 7 percent ot 
the fuel input. In addition, product quality improvements are often achieved. 

Waste Heat Recovery 

Waste heat recovery is a major way of recovering useful heat from furnace exhaust. 
Exhaust temperatures are often high, and there are many ways in which the heat can 
be reused. Waste heat streams in excess of 814 0 C can be used to generate steam to 
perform mechanical work or to generate electricity. Because of the complexities of 
design of waste heat recovery steam generation units, no costs for their installation 

are presented here. 
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Lower-temperature gas streams can be useful and save money in such applications as 

drying and preheating incoming products (including combustion air), heating water, or 

process heating. If the stream is only a few degrees above the ambient temperature, 

it may still contain much energy; however, it may well be impossible to recover it 

economically. 

Typical waste heat devices are shown in Exhibits 12.8-12.10. 

The three devices illustrated are not the only types of heat recovery systems that are 

used by industry. Other waste heat recovery systems are discussed in Session 14. The 

economic benefits of waste heat recovery for the three devices shown in Exhibits 12.8

12.10 are good. Flue gases from high temperatures usually contain significant amounts 

of energy (up to 40 percent of fuel input). Recuperators can be used to preheat air; 

the potential fuel savings from preheating air are shown in Exhibit 12.11. Typical sav

ings are in the 20-25 percent range. 

Ceramic recuperators recovering heat from high-temperature exhaust streams are now 

available but have had only limited use by industry because of their recent development. 

The cost for this type of unit is high, but heat recovery rates of up to 45 percent 

have been achieved. 

Often, when using recuperators to preheat combustion air, it is necessary to modify 

burners to allow them to handle high-temperature air, which affects the economics of 

the heat recovery system, but typical simple paybacks for those systems are between 

I and 3 years. Exact cost details are impossible to predict, but for a continuous fur

nace operating with a fuel input of 20 GJ per hour and exhausting about 30 percent of 
this fuel input, the recuperator and L !rner modifications would cost about $200,000 in 

the United States. Energy savings would give a simple payback of about 2 years. 

With lower temperature heat streams, air-to-air heat exchangers can be used to direct 

the heat back into the process. Costs for a unit installed to preheat 550 m (19,4003 

ft 3 ) of air through a 150 C temperature differential is estimated at $40,000. Fuel sav

ings for this unit would produce payback periods of just over 2 years. 

12-28
 

http:12.8-12.10


Exhibit 12.8
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Exhibit 12.9 
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Exhibit 12.10
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Exhibit 12.11 

Potential Fuel Savings From Preheating Air
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If recoverable energy is not available on a regularly scheduled or continuous basis, it 
is usually best to return it to the same system that produced it. An example is using 

stack gas heat from an intermittently operated furnace to preheat the combustion air 
for the same furnace. In this application, waste heat still exists at a reasonably high 

temperatu.e and could be useful for drying, even if it has to be supplemented during 

;urnace shutdown by an auxiliary heater. 

Insulation 

Furnace insulation that is inadequate or in poor condition can waste large amounts of 

energy, usually in a form that is not readily recoverable. It is possible to get an indica

tion of the importance of the losses by measuring the temperature of the outside fur

and Anace walls roof. temperature of 70°C-1210 C indicates that the losses reaare 
sonable. A temperature of 260 0 C or higher means that the losses are probably quite 
large. An estimate of the. energy loss per unit of area per hour as a function of out

side wall temperature is shown in Exhibit 12.12. 

When installing new insulation or when retrofitting, ceramic insulation fiber should be 
considered instead of conventional fire brick. Ceramic fiber offers distinct advantages: 

" 	 It has only one-third to one-half the heat conductivity of fire brick and 

may be installed in correspondingly thinner layers for a given heat loss. 

" 	 It has a heat storage capacity of approximately one-tenth that of an 

equivalent layer of insulating brick. This feature saves both energy and 

time in startup, or in reheating during a batch cycling operation. 

" 	 It is immune to failures by spalling or cracking caused by rapid heating 

and cooling. 

• 	 Its light weight makes it possible to install it without major rebuilding of 

a furnace.
 

" It is available either in blanket, board, or spray form and -an be installed 

either way. 
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Exhibit 12.12 

Energy Loss from Furnace Walls Versus Outside Wall Temperature 
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It has some disadvantages: 

* 	 Since it is very poor in physical strength, it cannot be installed on furnace 
floors or in other areas where it would be subjected to mechanical abra

sion. 

@ 	 Since its insulating properties depend on its high porosity, its use should 
be questioned in any service where the pores might be plugged by deposits 

from fumes or by particulate matter. 

* It is intended for installation on the hot side of furnace walls or roofs. 
A blanket of fiber on the cold side of an existing furnace wall may well 

cause some of the interior layers of brick to heat beyond their useful 

service temperature. 

Ceramic fiber insulation installation costs are typically $120 per square meter per 50 
mm thickness in the United States. The major portion of the cost is the labor for in
stallation. Because the nature theof delicate of material, it must be installed with 
care. Savings by using ceramic fiber in furnaces and kilns of up to 5 percent of the ener
gy input into the furnace have been realized. 

Reduction of Operings and Leaks 

Open ports or leaks in a furnace system waste energy by radiation losses and losses 
from gas flow through the openings, or a combination of the two. The amount of heat 
loss is linearly proportional to the area of the opening and is approximately proportional 
to the fourth power of the absolute temperature. The rate of energy loss is shown in 
Exhibit 12.13. Radiation losses can be reduced by the use of high-temperature chain 
curtains, which reflect about 70 percent of the heat back into the furnace. The energy 
savings are not major, but a typical chain curtain will recover its capital investment 
in less than 1 year. Chain curtains in the United States cost around $8,000 per square 

meter. 

Outward gas flow through a port or leak is generally not a major source of energy 
loss. Excessive gas flow may be caused a poorly adjusted furnace controlby pressure 
system. Most furnaces operate with positive pressure. If the leakage is high, check 
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Exhibit 12.13 
Energy Loss by Radiation Through Openings Versus Furnace Tempprature 
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the 	control system. If the leak is merely completely burned hot gas from the furnace, 
it represents a small amount of exhaust gas that otherwise would have been wasted up 
the 	stack. If the outward leak results in long flames outside the furnace, it represents 
incomplete combustion, probably the result of a too-rich fuel/air mixture. Such flames 
represent an energy waste and should be eliminated by proper adjustment of the amount 
of 	combustion air. 

The infiltration of cold air into the fun'iace represents a serious energy loss. Every 
kilogram of excess cold air leaking into a 1,200 0 C furnace wastes 2,3/0 k. Such infil
tration commonly occurs because there tends to be a slight vacuum near the bottom 
of the combustion chamber in the absence of a well-adjusted flue damper. A "chimney 
effect" causes the pressure to be lowest at the furnace floor. Pressure gradually rises 
to the local barometric pressure at the point where the stack exhausts to the atmos
phere. The pressure difference (and, hence, the volume of the air infiltrated and the 
amount of energy lost) depends on the furnace temperature, the height of the f'ue gas 
exit above the furnace floor, and the size of the opening through which cold air is 

entering. 

Idle Equipment Shutdown 

When heating equipment is out of service, because of scheduled shutdowns or interruptions 
in production, energy can almost always be saved by allowing the equipment to cool 
and reheating it later. If the shutdown time is short, it may be best to let the equip
ment cool to some intermediate temperature, to idle it at this reduced temperature for 
a period, and then reheat it to the operating temperature. 

Unfortunately, there seems to be no law as to when to shut down, when to idle at low
ered temperature, and when to hold at operating temperature. The decision depends 
not only on the projected down time, but most importantly on the characteristics of 
the specific piece of equipment under consiceration. To reach a decision that will 
save the most energy, one needs several pieces of information: 

* 	 Time required for the equipment, with burners off, to cool to room tem
perature and several intermediate temperatures 
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" Rate of fuel flow required to idle at operating temperature and at each 

of the intermediate temperatures 
" Time required to reheat from room temperature and from each of the 

intermediate tem peratures 

" Total fuel required to reheat from each of the above temperatures 
" Maximum rate of temperature change that will not result in equipment 

damage. 

With this information and a projected down time schedule, the cycle that uses the least 

fuel is easily determined. 

Reduction of Losses During Recyding 

When a batch furnace is opened to remove one load and put in another, large amounts 
of energy are lost through radiation and cold air infiltration. The major source of the 
energy lost is the stored heat or sensible heat in the hot furnace walls, floors, and 
roof. The loss mechanisms are both radiation and coid air infiltration through the open 
door(s). Normal heat loss by conduction through the furnace walls is usually small 
when compared with this "open-door" loss. Another (usually less important) ofsource 
energy lost is the sensible heat of any trays, fixtures, or carriers that must be heated 
and cooled for each cycle. These facts point to several techniques of conserving energy: 

" 	 Since the heat flow through open doors is a function of time, energy is 
saved by keeping the open-door time as short as possible. If, for example, 
one must wait 10 minutes for arrival of the next batch of product to 
be treated, shut the door during the waiting period. 

" 	 Supporting trays and fixtures should be designed for minimum heat capac
ity. In general, this means designing to minimum mass. 

" 	 The i:!ost important method of saving energy in a furnace that must be 
cycled is to use an insulating material that has a very low heat capacity 
per unit volume, such as ceramic fiber. 
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Continuous Efficiency Monitoring 

To ensure proper energy efficiency over long periods of time, continuous monitoring 

devices should be used to track such key variables flue teas gas mperature, fuel con

sumption, and furnace lead. The most efficient of furnaces and kilns can drift from 
its optimum adjustments unless it is monitored on a regular basis. Each system should 

be tailored to the system needs but include: 

" A complete flue gas analysis is a useful method of monitoring furnace 

efficiency and should be completed monthly. 

" For major energy-use furnaces, continuous indicator or recording oxygen 

analyzers. These devices will rapidly show any change in the amount of 

combustion air or infiltration air. 

Summary 

Before considering implementation of major capital investment items, such as waste 

heat recovery, a full evaluation of furnace operation should be conducted, including a 

heat and mass balance at both current and projected operating rates. Such a balance 

is presented in Session 10 for a cake oven, but it is illustrative of how to build a bal

ance for other furnaces and kilns. 
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SESSION 13: DRYERS
 

INTRODUCTION
 

There is a large range of drying plants in industrial use. Drying of materials is com

pleted in a number of ways: 

* Evaporation by direct heating
 

e Evaporation by air drying
 

* Dehydration 

* Freeze drying 

* Dielectric drying. 

The session focuses on drying by thermal methods and does not discuss alternate methods 

such as the microwave or dielectric dryer. The session outlines common types of drying 
plants, as well as presenting housekeeping and maintenance procedures to ensure optimum 
performance. Modifications to existing plants to improve energy efficiency are also 

detailed. 

TYPES OF DRYERS 

Dryers operate either on a batch or continuous basis. There are too many types to per
mit full coverage in one session, but salient types and features are presented of more 

common dryers. 

Essentially, dryers can be classified either as (see Exhibit 13.1): 

* Convection dryers
 

s Contact dryers
 

* Specialized dryers. 

Convection dryers are sometimes referred to as direct dryers as the evaporating medium, 
usually air or hot gases, impinges upon or makes direct contact with the material to 
be dried. Contact (or conduction) dryers are occasionally referred to as indirect dryers 
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Exhibit 13.1 

Types of Dryers 

Dryer type 

Convection dryers 

Drying rooms 

Cabinet dryers (tray, etc.) 

Conveyor dryers 

Tunnel dryers (truck) 

Rotary dryers 

Vertical cylindrical dryers 

Spray dryers 

Air-swept rotary mills 

Pneumatic dryers 

Contact dryers 

Platen dryers 

Cylindrical dryers 

Vacuum dryers 

Freeze dryers 

Specialized dryers 

E.g., fluidized-bed, radiant, high-frequency dryers 

Principal mode of operation 

Batch, continuous, semi-continuous 

Batch 

Continuous 

Continuous, semi-continuous 

Continuous 

Continuous 

Continuous 

Continuous 

Continuous 

Batch 

Continuous 

Batch 

Batch 

Batch, continuous, semi-continuous 



as evaporation takes place after heat has been supplied by conduction through a metal 

wall or plate. 

The simplest type of drying (and the one that was first used) is done the sununder 
and prevailing ambient conditions. Open-air drying has been used for many different 
materials, including textiles, ceramics, and However,paper. because of constraints on 
production times, open-air drying has been replaced by custom-designed drying plants. 
The classification system is a broad one, and some dryers are a combination of both 
categ'ries. The following paragraphs outline dryers in use in industrial processes. 

Convection Dryers 

There are several types of convection dryer: 

9 Chamber dryers or drying rooms 

* Cabinet dryers
 

a Conveyor dryers
 

* Tunnel dryers
 

a Rotary dryers
 

* Vertical cylindrical dryers 

* Spray dryers
 

e Air-swept rotary mills
 

e Pneumatic dryers.
 

Chamber dryers or drying rooms are a modification used to increas: the rate of drying 
of materials in comparison to the open-air dryer. Material to be dried is placed in a 
room in such a manner to uxpose the maximum amount of surface area. Hot air is 
then circulated through the room, often through ducted outlets, to improve air flow 

over the material. 

Thermal efficiency is maximized by reheating and recirculating the drying air through 
the room. Humidity is controlled by dumping a portion of the recirculating air and 
replacing it with makeup air. Chamber dryers are used to dry large bodies such as 
building slabs, bricks, wallboard, fiberboard, clothes, and foundry cores. 
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Cabinet dryers are basically boxes in which materials are placed on racks or suspended 
for drying purposes. Air is circulated to bring about drying. Often, materials are 
placed in trays to a depth of 50-100 mm (2-4 inches), and the trays are perforated to 
maximize air circulation. Cabinet dryers are used to dry materials such as pigments, 

chemicals, foot products, ceramicware, and textiles. Exhibit 13.2 shows typical chamber 

and cabinet dryers. 

Conveyor dryers comprise a conveyor open or partly open to the atmosphere, or com
pletely enclosed in a tunnel. The material to be dried passes through the tunnel on 
the conveyor. Hot drying gases may flow from end to end of the dryer, or upward 
and downward through perforations in the conveyor and thus over the material. 

Conveyors are made of woven wire or of sections of perforated metal attached to link 

chains on each side of the conveyor. Sometimes, the conveyor comprises a fixed 
perforated plate over which the material is dragged by drag-bars fixed to moving chains 
on each side of the conveyor. Som-a use multiple conveyors, one over another; the 
material to be dried is fed onto the top conveyor and passes from conveyor to conveyor 

down the dryer. 

Exhibit 13.3 shows a semi-open conveyor dryer with recirculating air. It is designed to 
dry materials with moisture contents of about 70-80 percent. 

Tunnel dryers are similar to conveyor dryers, but the materials to be dried pass through 
the -'nnel on wheeled truck3 (see Exhibit 13.4). When the materi-l on one truck be
comes dry, it is pulled out. The other trucks are then pushed forward, a fresh truck be
ing loaded at the entrance to the dryer. The aerodynamics of hot air flow through typi
cal tunnel dryers is shown in Exhibit 13.5. 

Rotary dryers consist of a horizontal rotating cylinder with a series of longitudinal 
shelves in them (see Exhibits 13.6 and 13.7). They are used for drying material that 
must be turned or tumbled in the hot gas stream to ensure uniformity of drying. Hot 
gases are generally drawn through the cylinder by a fan. Materials to be dried are 
fed into the cylinder and fall to the bottom. They are picked up by shelves as the cylin
der revolves and spill off through the stream of hot gases. The drum is usually set at 
a slight inclination towards the outlet. The inclination may vary from I in 16 for 
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Exhibit 13.2 
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Exhibit 13.3 

Conveyor Dryer 
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Exhibit 13.4 

Tunnel Dryer for Wheeled Trucks 
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Exhibit 13.5 

Gas Flow Through Tunnel Dryers 
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Exhibit 13.6 
Single-Shell Rotary Dryer 
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Exhibit 13.7 

Double-Shell Rotary Dryer 
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quick-drying substances to I in 30 or I in 40 for those that dry slowly. The incline of 
the drum, and shape, width, number and form of the shelves, are determined by experi
ence to produce the best showering effect and rate of feed of material through hot gas. 

These dryers are used for drying sticky material such as clay, material that is in fairly 
large lumps, and chemicals. Where possible, the material is fed into the dryer in the 
opposite direction to that of the flow of hot gases. 

Vertical cylindrical dryers consist of a series of concentric shelves encased inside an out
er cylinder. Material is fed onto the top shelf and is pushed around and turned over at 
the same time by a revolving rake or scraper. When the material has moved around 
once, it falls through a gap in the concentric shelf onto a shelf below. Alternatively, 
the concentric shelves are fixed to a central spindle and revolve, and material is turned 
over by a fixed rake. Flow of hot gases is usually outward over one tray and inward 
over the next. These dryers are used for materials that must be turned when drying 
and that need relatively long drying cycles. They are often used for drying slurries 

and pastes in addition to solid materials. 

The spray dryer uses a spray mechanism to dry liquid and semi-liquid materials. The 
substance to be dried is sprayed into a chamber through which hot air or gases pass. 
The total surface area of the many particles in the spray is very large; this large sur
face area, together with the movement of the particles, provides ideal conditions for 
rapid drying. Drying gases carn enter the dryer at comparatively high temperatures, 
because very quick rates of evaporation and heat absorption cause a very rapid fall in 
temperature; thus, the substance being dried does not rise to a harmful temperatLre. 
The heavier dried particles fall to the bottom of the chamber, the lighter particles be
ing carried over in the exhaust gases and collected in a filter-type dust collector. This 
type of dryer is used predominantly to dry ioodstuffs and chemicals. 

Air-swept rotary mills combine the action of pulverization and drying into one operation. 
Material is pulverized in a ball mill while moisture is evaporated by passing a continuous 
stream of hot gases over the material. The pulverizing action breaks down the material 
into particle sizes that are carried out of the ball mill by the hot gas stream to a 

cyclone separator. 
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Pneumatic dryers comprise of a vertical drying tube of about 10 meters length (33 feet), 

a cyclone separator, and an induced draft fan. Drying air is drawn into the base of 
the tube through an air heater and travels up the drying tube at sufficiently high veloc

ity to convey the largest particles. The material to be dried is fed into the base of 

the tube by a screw conveyor, cage, sling or hammermill. 

The drying air is passed through the mill, where over half of the total heat transfer 
may take place. While the material is being conveyed up the tube by the drying air, 

drying is effected in a matter of seconds by surface drying. Air and dried material 

are then separated in the cyclone, and exhaust air further cleaned by wet scrubbers, 

bag filters, or electroprecipitators. Total energy requirements for conveying, drying, 

and separation of the material are high. 

Pneumatic dryers are used for drying materials such as chemicals, clay, or sewage 

sludge in particulate form. Moisture contents up to 900 percent dry basis can be 

handled by these dryers. 

Contact Dryers 

Contact dryers operate by drying through direct application of heat. Major types are: 

" Cylinder dryers 

" Platen dryers 

" Vacuum dryers 

* Freeze dryers. 

Cylinder dryers are the most common type used and are found predominantly in paper 

drying. Dewatered pulp is fed onto a series of from one to more than a hundred 

rotating cylinders heated internally with low-pressure steam, normally around 1-2 bar. 

A cross section of a typical drying cylinder is shown in Exhibit 13.8. Exhibit 13.9 shows 

an example of a hooded cylinder dryer. 

The platen dryer comprises two heated plates. Material is placed on one of the plates 
and then the two plates are brought together. The top plate is lifted occasionally to 
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Exhibit 13.8
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Exhibit 13.9
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permit the product to be moved through the plates. These dryers have only limited
 

application, mostly for drying veneer.
 

Vacuum dryers are expensive, as drying must be be carried out in vessels or chambers
 
sufficiently strong to withstand external pressure, and a condenser and air pump are
 
necessary to maintain the vacuum and draw off evaporated moisture. The majority of
 
vacuum dryers are batch dryers, as a continuous-feed dryer necessitates the incorporation
 

of a seal device to prevent loss of vacuum when the material enters and leaves the dry
er. The great advantage of this type of dryer is that boiling point of water is very 
much lowered: 

Absolute pressure (mbar or 100 Pa) 130 100 70 40
 
Boiling point of water (°C) 51 46 39 29
 

When drying in a vacuum, a high rate of evaporation can be maintained at a lo--. tem
perature; consequently, it is the best method for drying materials that would be harmed 
by higher temperatures and are difficult to dry, owing to a low rate of diffusion of 
moisture from the center to the surface of the material. Sugar, chemicals, dyestuffs, 

rubber, white lead, foodstuffs, and explosives are examples. 

Material may be heated before it is put into the dryer. Inside the dryer, heating is 
done by conduction through contact with the hot steam-heated metal surface of the 
dryer and, to a lesser cxtent, by radiation. It is sometimes necessary to provide revolv
ing arms or agitators to turn the material over to equalize its temperature, or alter
natively material is spread in a thin layer on steam-heated trays in the dryer. 

The thermal efficiency of the vacuum dryer is high, with a steam consumption of ap
proximately 1.25 kg/kg of water evaporated. Very economical working can be effected 
if exhaust steam is availab!e. 

Freeze dryers operate by freezing solid the material to be dried. A vacuum is then 
applied, followed by a controlled heat input. Ice crystals sublimate directly to vapor 
without passing through the liquid state. The vapor can be collected as ice on a low
temperature condenser. Energy requirements for freeze drying are high, but heat
sensitive materials such as serums and antibiotics .-md foodstuff are dried this way. 
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Specialized Dryers 

Of the specialized dryers that are available, the most interesting is the fluidized-bed 

dryer. An example of a fluidized-bed dryer is shown in Exhibit 13.10. The main ele
ment of the dryer is the gas-permeable distributor plate that forms the base of the dry

er chamber. Heated air or gas flow through this plate to an induced draft fan, and 
is exhausted to the atmosphere through a dust collector. Gas velocities through the 
plate are controlled to produce the product in a fluidized state. Fluidized-bed dryers 
are used for drying chemicals and food products in granular form or other solids such 
as coal, cement, industrial sand, or limestone. 

HOUSEKEEPING MEASURES 

To ensure that dryers operate at optimum efficiency, certain housekeeping and mainte

nance procedures must be followed. 

Problems with dryer cperation that cause inefficiency result from one of the following 

areas: 

" Design and construction 

" Operation 

* Maintenance. 

When establishing a maintenance program for the first time, the energy coordinator 

should determine the status of the dryer under consideration. 

The following checklists are presented to indicate some of the information required to 

set up a program of planned maintenance. 

Design and Construction 

The data below are required and should be kept by the energy coordinator as part of 
the overall energy management data base for an industrial plant. Whenever changes 
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Exhibit 13.10 

Fluid-Bed Dryer 
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or modifications are made, they shuuXi be recorded together with subsequent operational 

conditions arising from the modification. 

" Dryer 

- What is the dryer used for? 

- Was it designed for this use? 

- What drying medium is used? 

- Was it designed for this drying medium? 

- Are any burners in use? 

- If there are burners, have they been changed since design? 

- What burners were originally installed? 

- At what capacity or working rate is the plant being operated? 

- What was its 

- How was the 

- Is the present 

correct? 

high?
 

low? 

" Modification 

- Has the plant 

- If so, how? 

original rating? 

original capacity specified, if at all? 

rating: 

been modified since installation? 

by rebuilding? 

by changing of drying medium? 

by change of use? 

by adding or removing heat exchangers or ancillaries? 

" Ancillaries 

-

-

-

Are heat exchangers or 

Where? 

Are they still in use: 

effectively? 

recirculation systems fitted? 
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i:ieffectively? 

- What exhaust fans are being used? 

- Are they the original fans? 

- Is the exhaust volume too great or low? 

Constructien 

- Who built the dryer? 

If drying company, was it: 

to their own design? 

to user's design? 

If user's design, was it: 

to a standard design copy? 

to the user's own design? 
- Was the dryer soundly built in the first place? 

- Were the initial and final moisture contents of the material correctly 

specified? 

- Was the most appropriate drying equipment correctly chosen? 

- Was the basis for the choice: 

engineering? 

economics? 

a compromise between both? 

chance?
 

- Was the dryer correctly installed? 

- Were the necessary auxiliaries (e.g., pipework, supplementary burners, 

doors, dampers, pulleys, chains, levers): 

correctly installed?
 

connected and tested?
 

do records exist recording installation checks and tests?
 

13-19
 



Operation 

The most important record and information that should be kept is a monitor of h(. 
the dryer is operated. R,-gular checks on the following items are imperative to identify 

decline in performance as well as identification of efficiency improvements. 

" Conditions 

- What are optimum operating conditions?
 

- What is their basis of specifications?
 

- Are these known and understood:
 

by the operators? 

by management? 

- Are they followed? 

- Are there any operating specifications at all? 

- What are the inlet and outlet moisture contents in current use? 

- What is the desired moisture content? 

- What is the basis for choice? 

- Is air supply condition controlled: 

with dampers or air supply? 

with dampers and air supply? 

- How is dryer temperature and humidity changed when this is necessary? 

- Are dryer doors left permanently open? 

- Do exhaust fans operate at one speed irrespective of dryer throughput? 

" Control 

- Is dryer correctly instrumented for:
 

fuel consumption?
 

air supply?
 

temperature?
 

humidity?
 

exit gas composition?
 

pressure and draft gauges?
 

steam meter when necessary?
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automatic recording? 
- Are automatic controlling instruments being:
 

correctly used?
 

used at all?
 

e Start and stop 

- Are dryers heated:
 

too soon?
 

too late and forced?
 

- What is the optimum drying rate?
 

- Is it known to the operators?
 

- Is it known at all?
 

- Are dryers always loaded to capacity? 

- If not, is it the fault:
 

of operators?
 

of management?
 

unavoidable?
 

- Are dryers maintained at temperature during standby for: 

meals? 

night? 

plant stoppages? 

Maintenance 

Monitoring and adjusting operating conditions are only part of an overall planned main

tenance program. Routine inspection and maintenance must be conducted to minimize 
breakdown. The following checklist should be completed once a week for a system 

that operates continuously. All findings should be reported in writing and appropriate 

action taken. Records should be maintained and reviewed on a monthly basis to de
termine whether persistent problems are occurring with one or items and to ensuremore 

a timely identification of potentially serious problems. 
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" 	 Dryer 

-	 Is dryer structure in good condition? 

- If so, is this: 

good initial construction? 

good maintenance? 

-	 Are dryer doors: 

in good physical condition?
 

operating as designed, or at all?
 

sealing correctly where this is necessary?
 

- Are all gas passages, pocket ventilation systems, and flues: 

in sound condition? 

clear of loose material? 

" 	 Ancillaries 

- Are supplementary burners: 

generally clean? 

affected by dirt or deposited carbon? 

distorted by overheating? 

- Are pumps, motors, fans, etc.: 

being kept cleaned and oiled? 

getting dirty, and overheating? 

still working at all? 

- Is all thermal insulation: 

still in good initial condition? 

maintained in good condition by repair? 

still in position at all? 

was it ever there? 

- Are there any leaks in fuel, air, or steam lines? 

* 	 For steam-heated dryers: 

- Are the steam traps functioning correctly? 

-	 Do the drying cylinders become waterlogged? 
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- What is the temperature profile across the drying cylinders? 

- Is the steam pressure adequate for drying to specification? 

- Can the steam pressure be reduced? 

* 	 For air-heated dryers 

- Are air ducts clear of debris and not blocked? 

- Is drying air directed through slots onto the material to be dried? If 

so, are the slots clear of debris, and do they direct air only across 

the width of the material to be dried? 

- Is the air supply at the correct volume, pressure, temperature, and 

velocity for drying requirements? 

- What is the temperature profile across the width of the material to 

be 	dried? 

* 	Instruments 

- Are there any automatic control instruments for: 

temperature? 

humidity? 

-	 If so, are they still operating? 

- Are instruments regularly checked: 

for zero errors? 

for scale errors? 

for other incorrect operation? 

ENERGY CONSERVATION OPPORTUNITIES 

This section outlines various cpportunities that can be used to improve energy efficiency. 

Conservation opportunities that can be used include: 

* 	Do not dry to a moisture content well below specification unless the 

product must be subjected to further processing that requires a lower 

moisture content. 

13-23 



" 	 Use the highest temperature for the drying medium that the material 

can tolerate without degradation. 

" Increase the velocity of drying air in convective dryers. 
* 	 Reduce moisture content of material to a minimum by mechanical means 

before it passes into the dryer.
 

" Make drying air pass contraflow.
 

* 	 Reduce radiation losses by use of insulation from dryer and associated 

ducting.
 

" Recirculate exhaust gases.
 
* 	 Install variable-speed exhaust fans and temperature and humidity control

lers to regulate exhaust volumes. 

" 	 For contact dryers, install a cascading flash steam system that uses con

densate from high-pressure drying cylinders to produce flash steam for 

use in low-pressure drying cans. 

* Use infrared heaters to predry material.
 

" Recover heat from exhaust.
 

The above are discussed briefly in the following paragraphs. 

Drying to a moisture content well below specifications when no further processing is 
required *s a waste of energy. Some overdrying can be tolerated because of the possibil
ity of moisture regain from the ambient atmosphere in which the product is stored be
fore shipping to a customer. Overdrying a material by t percent can increase energy 
requirements by 2-A percent. Therefore, managerrnrn should pay special attention to 
avoid unnecessary d:ying. Often, the costs of overdrying can be used to justify expendi
tures for moisture testing instrumentation. 

The energy consumption of a dryer is related to the temperature at which the dryer 
operates. Drying material to low moisture contents can be achie,'ed only by use of 
hot drying. Therefore, the dryer should be operated at the highest possible temperature 
that the material can tolerate. Particular care must be taken in the early stages of 
drying, when it is often possible to seal the outer surfaces of the material before all 
moisture has been removed from the center of the material. 
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Increasing the velocity of the drying air in convection dryers can increase the rate of 
drying, thereby permitting a faster production rate that will in turn reduce overall ener
gy consumption. This measure can be implemented by altering the speed of motors 
driving the drying air fans or by using a ducted pocket ventilation system. In the duct
ed pocket ventilation system, air is discharged from small face area slots in the drying 
air duct onto the surface of the material to be dried. The effects are to break down 
the water flow on the surface of the drying material and to increase the rate of evapo
ration and heat transfer. Pocket ventilation systems can be retrofitted to existing 

convection dryers as well as to cylinder dryers. A pocket ventilation system retrofitted 
at a cost of $25,000 to a cylinder dryer system consuming 21 GJ of steam per hour 

showed a savings of about 1.5 percent of the energy input, giving a simple payback of 

2.4 years. 

Rediucing the moisture content of a material before it enters the dryer is a good way 

to save energy. A one-percent increase in initial moisture content can raise energy 
consumption requirements by 5 percent. If existing operational conditions such as alter
ing press pressure can be used to reduce the initial moisture content without adv-rsely 
affecting the material to be dried, it should be done. However, it is not usually possi
ble to economically justify retrofitting or replacing the existing means of mechanical 

moisture removal on energy savings alone. 

Dryers in which the air and drying material travel in opposite directions have better 
energy efficiency than similar-sized counterflow dryers. However, the relative improve
ment is not usually sufficient to justify retrofit of existing units. This measure is 

more applicable when a new dryer plant is being designed. 

Insulation can be used to reduce heat losses from the surface of the dryer. Radiated 
losses from dryers are normally between 5 and 10 percent of the fuel input. Dryers 
operate at relatively lower temperatures than furnaces and kilns; therefore, the amount 
of savings is not as great. However, 2-3 percent typically can be saved by insulating 
the surfaces. Payback periods depend upon the type of insulation chosen and the labor 
used for installation. Fiberglass or mineral wool insulation costs about $80 per square 
meter per 25 mm of thickness installed, whereas ceramic fiber insulation costs are 
typically around $120. Simple paybacks of about 3 to 5 years are typical for dryer 

insulation. 

13-25 



One of the most effective ways to improve the efficiency of a dryer is to recirculate 
some of the exhaust air. When hot air is exhausted from the dryer, it is not normally 
saturated. By recirculating exhaust air in the dryer, energy will be saved. Usually up 
to i5 percent of the exhaust can be recirculated, with energy savings of 7-10 percent 
achieved. It is necessary to include humidity monitoring and dampers in tile system 
that permit the exhaust to be either dumped or recirculated. Recirculation will raise 
the humidity level in the dryer, so it will be necessary to discard some of the exhaust 

for makeup air. 

Recirculation systems are becoming more sophisticated with the advent of solid-state 
electronic variable-speed motor drives. It is now possible to use an automatic control 
system that will regulate the speed of the exhaust fans and hence the exhaust flow 
and recirculation with respect to temperature and humidity. For a dryer producing I 
tonne per hour of fiberboard, an automatic control system was specified that would 
produce approximately $40,000 of savings annually for a capital expenditure of $50,000. 

Cascading flash steam systems can be used to reduce energy consumption in cylinder 
dryers that operate with both high- and low-pressure steam. Condensate from the 
high-pressure drying cylinders is allowed to flash to produce steam at a lower pressure 
and subsequently reused in the low-pressure cylinders. The cost of these systems depend 
upon a number of factors (i.e., the amount of flash steam available, tile relative pressure 
difference between the cylinders, and steam generation costs). Systems have been in
stalled where simple paybacks were under 3 years on a cylinder dryer producing 2 
tonnes of paper per hour. The system was installed at a cost of $50,000. 

Infrared heaters can be used to predry the material before it enters the dryer. Energy 
savings depend on the characteristics of the material, but typically 1-2 percent of the 
fuel input can be saved. A system for a fiberboard dryer operating at a production rate 
of 0.5 tonne per hour was specified for installation at a cost of $25,000. The fuel sav
ings were estimated at $6,000, giving a simple payback of just over 4 years. 

Heat can be :..covered from the exhaust of a dryer even if a recirculation system is 
fitted. Typically, a heat recovery system will include an air-to-air economizer to 
preheat drying air and a direct-contact water heater to condense the flue gases. The 
air-to-air economizer ju'.Ily will recover 25 to "5 percent of the heat in tile exhaust, 
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water furthercan recover a 15-25 percent of the 
heat in the exhaust. A system was specified for a dryer producing 1 tonne per hour at 
a fiberboard plant at a cost of $150,000. Energy savings were projected at $60,000 
per year, giving a simple payback of 2.5 years. 

whereas the direct-contact heater 

Before considering implementation of major capital investment items, such as exhaust 
gas recircul ltion or heat recovery, a full evaluation should be completed, including a 
heat and mass balance of the dryer at both current and projected operating rates. 

As emphasized in the previous sessions, identifying the proper actions to be taken to 
improve energy efficiency requires the building of the energy balance and a good under

standing of plant operations. 
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SESSION 14: 	 STEAM SYSTEMS, INSULATION, WASTE VT'LAT 

RECOVERY SYSTEMS, AND THERMAL FLUID HEATERS 

INTRODUCTION 

This sessior, discusses the factors influencing the performance of steam systems, insula

tion, waste heat recovery systems, and thermal fluid heaters. Brief descriptions of 
various types of equipment are given, together with housekeeping measures and equipment 

modifications that can be implemented to save energy. 

STEAM SYSTEMS AND INSULATION 

The steam distribution system is an important link between the boiler and the process 

plant. Money spent on effective steam generation and use can be wasted unless the 
distribution system conveys steam effectively. Exhibit 14.1 shows that losses around 

a typical steam cycle can often reach 40 to 50 percent. 

The distribution system should deliver steam at the correct pressure, in sufficient 
quantity, and dry and air-free. Many processes have criticel temperatures at which a 
change of state of the product is brought about. A typical example is a rubber process 

that must be completed between 150 0 C and 154 0 C for proper bonding to occur. Below 
150 0 C, bonding is inadequate; above 154"C, the rubber hardens and produces an inferior 
product. This imposes on the plant engineer the duty to deliver steam at the right 
conditions and in the right quantity to satisfy the process requirements. 

Attention must be paid, therefore, to 	 the following aspects of steam dis+ribution: 

" Pipe sizing 

" General layout and trapping 

" Steam quality 

" Insulation 

" Pressure reduction. 
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Exhibit 14.1 

STEAM CYCLE EFFICIENCY 

*DISTRIBUTION SYSTEM 
RADIATION LOSSES 

15% of TOTAL INPUT 

BOILER STACK 
LOSSES 15% 

633kJ 

738 kJ ,S LSE 0o66k2 0 PRO CESS 

1055 kJ 

FUEL IN 

$ 

BOILER RADIATION 
LOSSES 2% OF MCR 

BOILER SLOWDOWNT 

LOSSES 1%,-
95 kJ
95 kJ---

RECOVERED CONDENSATE 

REQUIREMENTS 52C 

INEFFICIENCY 
LOSSES 15% 

106 kJ 

CONDENSATE 

COLLECTION 
LOSSES 2% 

CONDENSATE 
DISCHARGED TO 
SEWER LOSSES 5% 

TOTAL SYSTEM LOSSES= 40% TO 50% 



Pipe Sizing 

To deliver the right amount of heat as steam requires the correct pipe size. If the pipe 

is too small, there will be a high pressure drop around the system and the process will 
be starved. Oversized pipe will not be detrimental to the process but will involve an 
excessive initial capital cost, together with unnecessarily high running costs owing to 

excessive waste by radiation loss. 

Pipe sizing techniques are based on two methods -- velocity in the pipe or pressure 

drop through a system. Both methods assume an unknown factor: velocity calculations 
are based on specific steam volumes, whereas pressure drop calculations assume pressure 

drops per unit length. 

Velocity sizing techniques, however, do not accounL for length of travel, which means 

that pressure drops can become excessive and the quantity of heat required is not sup
plied. Pressure-drop sizing is thus the preferred method, except in the case of direct 

steam injection. Where steam is injected into a vat, the pressure at the point of in

jection is governed by the head of the liquid above the injection point. Using pressure 
drop sizing produces abnormally high velocities, which can cause noise and erosion, 

especially if the steam is "wet" (i.e., contains relatively lar'e quantities of water). 

The calculations associated with pipe sizing can be complex and are beyond the scope 

of this session. Pipe sizing calculations are normally performed using computer programs. 

General Layout and Trapping 

Any steam main will condense some steam owing to radiation heat losses from the sur

face of the pipe. For example, a 100-mm (4-inch) insulated pipe 30 meters long in 
100 C air will condense 16 kg of steam per hour. This amount represents less than 
percent of the pipe capacity, but at the end of an hour the pipe would contain not 
only steam but also 16 liters of water. Provision must be made to remove this water 

from the steam main, or the main would eventually become flooded. 
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It makes good sense to run the steam main with a fall in the direction of the steam 
flow to aid draining. Steam typically travels at velocities between 65 and 80 km per 

hour. If condensate were draining in the opposite direction of steam flow, it would 
be difficult for the water to collect and be removed fromn the pipe. It would make 

the steam wet and could cause water hammer. Water hammer occurs when a slug of 
water is forced along a pipe by steam flow. The slug of water is pushed by the steam 

until the pipe changes direction. The slug hammers against the pipe and can cause 

erosion and eventual pipe failure. 

By designing so the flow of steam and condensate is in the same direction, drain pockets 

can be situated at regular intervals (30-50 meters), and draining can take place. Drain 
pockets must be of adequate size to collect the water. Small drain pockets will not 

cope with the problem, and the main will become waterlogged. A 100-mm drain pocket 
will serve mains up to 150 mm; a 150-mm drain pocket will serve a 200-mm main, and 

so on. 

To clear drain pockets or points, the plant engineer must select suitable steam traps. 

The choice of steam traps is fairly wide. Steam traps operate on different principles, 

but their basic function is to discharge condensate without passing live steam. 

In addition, steam traps are used to deal with the problem of air that inhabits the 

steam system. As steam condenses and is shut off (e.g., at the end of a working day), 
air infiltrates the piping system through valves, joints, etc. If the pipeline is to function 

correctly on restart-lip, it is necessary to remove air from the system, particularly 

from the steam trap. If air is not removed, the trap can become airbound and con

densate would not be removed from the system. Hence, traps must be capable of re

moving air from the distribution system. 

Broadly speaking, there are four major types of traps: 

" Mechanical
 

" Thermostatic
 

* Thermodynamic 

* Miscellaneous. 
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To ensure the highest efficiency for heating purposes and for removing condensate, it 
is imperative that the correct type of trap be selected. Exhibit 14.2 shows the charac
teristics of the various of traps. that betypes Points should considered for selecting 
the right steam traps are presented in Exhibit 14.3. 

A brief description of each type of steam trap follows. 

Mechanical (see Exhibit 14.4) 

Mechanical traps use the difference in density between steam and condensate. They 
open to condensate and close to steam by the action of a float that can be 'ither a 
closed float (hollow ball) or a device shaped like a bucket with the open end facing 
either upward or downward. The movement of the float operates a valve. 

Ther-nostatic (see Exhibit 14.5) 

Thermostatic traps open or close, depending on their body temperatures. At any given 
pressure, steam has a fixed temperature, but condensate at the same pressure can cool 
down to a lower temperature. Thermostatic traps operate based on this temperature 
difference. The valve is operated by a thermostatic element of either the balanced 

pressure, liquid, or metallic type. 

Thermodynamic (see Exhibit 14.6) 

Thermodynamic traps work on the difference in velocity between condensate and steam 
flowing across a simple valve disc. They close to high-velocity steam, but open to 

lower-velocity condensate. 
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Exhibit 14.2 

CHARACTERISTICS OF STEAM TRAPS 

GROUP TYPE ADVANTAGE 

Mechanical Loose Ball Float No working parts-
little maintenance, 

Mechanical Float and Lever Consistent Opera-
tion. 
Cannot air bind. 

Mechanical Open Top Bucket Robust. 
Resist water hammer, 

Mechanical Inverted Bucket Robust. 
Resist water hammer. 

Thermostatic Balanced Pressure Very small. 
Free discharge of 
air. 

Handle high conden-
sate rates. 
Not likely to freeze. 
Adjusts to fluctuating 
steam pressure. 

Easy maintenance. 

Thermostatic Liquid Expansion Discharge condensate 
at low temperature. 

Readily discharges. 
Can be used for 
superheat. 
Not affectcd by 
vibration, steam 
pressure, pulsation, 
water hammer. 

DISADVANTAGE 

Does not release air
 
automatically - need
 
air cock;
 

Poor valve seating with
 
ball.
 

Subject to damage from 
water hammer. 

Can be attacked by 
corrosive condensate. 

Can be damaged by 
freezing. 

Different duty size 
required. 

Do not automatically
 
vent air with cock or
 
vent.
 

Very slow air venting. 
Must be primed with 
water. 
Water lost by sudden 
pressure drop or 
superheated steam can 
freeze. 

Damaged by water hammer, 
corrosive condensate. 

Do not use on super
heated steam. 

Damaged by corrosive 
condensate. 

Can cause water log if 
improperly set. 
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CHARACTERISTICS OF STEAM TRAPS 

GROUP TYPE 	 ADVANTAGE 

Thermostatic Bimetallic 	 Small. 
Handle large volumes 
of condensate. 
Free air discharge. 
Not subject to freeze. 
Can withstand water 
hammer, corrosive 
condensate. 

Used over wide 
pressure range. 

Thermodynamic Wide pressure range. 
Use for superheated 
steam. 
Not damaged by 
water hammer, 
vibration. 
Not subject to 
freeze. 

Small. 
Handle large volumes 
of condensate. 

Only one moving part. 
Can be made to stand 
-corrosive condensate. 

Miscellaneous Impulse Small. 
Handle large volumes 
Work over large 
pressure range. 

Used on superheated 
steam. 

Do not air bind. 

(Cont'd) 

DISADVANTAGE 

Slow response time 
can cause waterlogging. 

Do not operate on low 
inlet pressure or high 
back pressure. 

Subject to air binding 
on start-up. 

N oisy. 

Do not give dead shut 
off. 

Subject to pulsing. 
Can be noisy. 
Subject to water hammer , 
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Exhibit 14.3 

Choosing the Right Steam Trap 

The following is a series of questions that the energy auditor should ask prior to select
ing steam traps for a particular operation: 

I. What is the highest condensate rate to be handled? 

2. What is the lowest condensate rate to be handled? 

3. What is the pressure at the trap inlet?
 

4, Is there pressure at the outlet?
 

5. Is condensate ceturned under vacuum? 

6. Does the condensate load fluctuate? 

7. Is steam locking likely to occur? 

8. Is air present in quantity? 

9. Must condensate be discharged immediately? 

10. Is the condensate return line above the drain? 

11. Is there water hammer in pipeline? 

12. Is the condensate. c-,,: osive? 

13. Is the trap to be exposed to external conditions? 

14. Is the steam supply superhai, eri? 

15. Is the steam supply thermostatict'llY controlled? 

16. Is there vibration or excessive movement in the :;istribution system? 
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MECHANICAL TRAP 



Exhibit 14.5 

THERMOSTATIC TRAP 

Bimetal Discs 

Strainer Screen 

Spring 
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Exhibit 14.6
 

THERMODYNAMIC TRAP 

.,..........
 . 



Miscellaneous 

There are a few types of traps in this category. The most widely used are the impulse 
trap and the labyrinth trap. Impulse traps operate on the throttling effect of several 
small orifices in series on high-velocity steam or condensate. 

Steam Quality 

To control steam quality requires removing air and limiting steam wetness. 

For a given steam pressure, a mixture of steam and air will be at a temperature lower 
than that of steam alone. It is essential that air be removed as effectively as possible 
from a steam distribution system. When a plant shuts down, the residual steam in the 
distribution system condenses and the main fills with air. When the steam plant turns 
on again, steam will drive the air out similarly to a piston action. Hence, the speed 
at which the air is discharged from the system will govern the rate at which the sys
tem becomes operational. Often, the main distribution lines use steam traps that pro
vide adequate drainage but have poor air venting characteristics. In this instance, it 

pays to fit a separate air vent. 

Saturated steam usually contains a fair amount of entrained water droplets. The amount 
of the water droplets is dependent on several factors: 

* Level of water below steam offtake 
* Peak load effects
 

9 Surging in the boiler
 

* Pressure on water surface in the boiler 

* Solids content of the water. 

Poor water treatment is one of the most common causes of wet steam. Experience 
has shown that a boiler operating with 2,000 ppm dissolved solids delivered steam that 
was 5 percent wet. When the dissolved solids rose to 3,000 ppm, the wetness became 

35 percent.
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Water droplets carry no latent heat, increase resistance to heat transfer, and can over
load the steam trap and condensate return system. Even with good plant management, 
it is often impossible to produce dry steam; hence, steam dryers are used. The steam 
dryer is a separator in which moisture particles impinge on a baffle and drain to the 
bottom of the dryer, leaving dry steam to pass to the plant. 

Insulation 

Insulation is vital to reduce radiation losses from the steam distribution system. Typical 
insulation/radiation losses can run around 10 to 15 percent of the energy input into 
the boiler. The energy auditor should try to ensure the following: 

* All hot surfaces are insulated, including flanges, valves, and fittbigs.
 

" Condensate return lines are insulated.
 

" Insulation itself is protected.
 

" Insulation is not damaged by moisture or crushing.
 

Regular inspection of the distribution system should be made to determine the condition 
of the insulation and the distribution system pipework. Most importantly, the inspec
tion should locate any leakage of steam from the system. The leaks should be attended 
to immediately, as heat loss can be extensive. For example, an 0.8-mm hole will waste 
the equivalent of 1,500 liters of fuel oil per year in a system operating at 6.9 bar. 
Missing or damaged insulation should also be attended to at an early date. Under simi
lar operating conditions as above, a 3-meter length of 150-mm bare pipe can waste 

3,000 liters of fuel oil. 

Because they are difficult to access, flanges are often not insulated. However, the 
value of insulating flanges and valves is considerable. A pair of flanges on a 150-mm 
pipe is equivalent to leaving 0.6 meter of the pipe bare, so if five pairs of flanges can 
be identified, the waste would be equivalent to 3,000 liters per year. 

Similarly, the ends of process vessels such as drying cylinders or calendar beds are 
often uninsulated. However, one square meter of such a surface operating at 6.9 bar 
will have a heat loss of about 5 kg of steam per hour. The effect of this loss may not 
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just be found in the extra energy consumption. Space temperatures will become ex
cessive, and energy is often expended to ventilate hot areas. Also, the effect of the 
ventilation and drafts may cause problems with curing product. 

There are five basic types of thermal insulation, which may be used alone or in combina
tion. Flake insulation, such as vermiculite or expanded micra, is composed of small 
particles that finely divide the air space. Fibrous ;ir;aJatio,, such as glass or rockwool, 
is composed of small-diameter fibers. Granular insulation, such as magnesia, caicium 
silicate, or diatomaceous earth, is composed of small granules that contain voids. Cellu
lar insulation, generally made from glass, rubber, or plastic, is composed of small indi
vidual cells that finely divide the air space. Finally, reflective insulation, such as alu
minum or stainless-steel foil, is composed of parallel thin sheets of foil having high 
thermal r,.flectance to restrict radiant heat transfer; the spacing is designed to reduce 
conductive or convective heat transfer. 

Insulation is available in many forms, including batts, blankets, boards, and blocks. In 
addition, other properties must be considered in selecting insulation: temperature limits, 
fire hazard classification, dimensional stability, and moisture absorption. The table in 
Exhibit 14.7 indicates the properties of some commonly used insulation materials. 

Calcium silicate insulation products are made from a mixture of lime and silica, with 
various reinforcing fibers. They have exceptional strength and durability in medium
and high-temperature applications, and also have superior thermal performance at high 
temperatures. 

Fiberglass insulation is supplied in more forms, sizes, and temperature operating capabil
ity than any other kind of insulation. While fiberglass insulation incorporating organic 
binders begins to oxidize at temperatures exceeding 200°C-2600 C, the fiber matrix 
gives the product good integrity, and many fiberglass products are rated above the bind

er temperature. 

Mineral fiber or rockwool insulating products are more heat-resistant than fiberglass 
and can be used at higher temperatures. However, when used above the binder burnout 
temperature, the products do not retain their physical integrity very well. 
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Exhibit 14.7 

Industrial Insulation Types and Properties 

Thermal conductivity Fire hazard Cell structure 

Insulation type and form Temperature range (0 C) 25 

(w/m°C at Tn 

90 

n C)) 

260 

Compressive 
strength (bar) at 

% deformation 

classification of 
flame spread -
smoke developed 

(permeability 
and moisture 

absorption) 

Calcium silicate blocks, 
shapes, and P/C* to 815 2.57 2.84 3.67 6.9-17.2 at 5% Noncombustible Cpen cell 

Glass fiber blankets to 650 1.66-2.51 2.22-3.40 2.98-5.06 0.001-0.24 at 10% Noncombustible Open cell 
to 25150 

Glass fiber boards to 540 1.53 1.94 3.54-4.23 

Glass fiber pipe covering to 450 1.59 2.08 4.30 

Mineral fiber blocks and P/C to 1,040 1.59-2.36 1.94-2.70 3.12-5.69 0.07-1.2 at 10% Noncombustible Open cell 
to 25/50 

Cellular glass blocks and P/C 265 to 485 2.63 3.12 4.99 6.9 at 5% Noncombustible Closed cell 

Expanded perlite blocks,
shapes, P/C to 815 - 3.19 4.37 6.2 at 5% Noncombustible Open cell 

Urethane foam blocks and P/C (-75 to -265) to 105 1.11-1.25 - - 1.1-5.2 at 10% 25-75 to 140-400 95% closed cell 

Isocyanurate 
and 

foam 
P/C 

blocks 
to 175 1.04 - - 1.2-1.7 at 10% 25-55 to 100 95% closed cell 

Phenolic foam P/C -40 to 120 1.59 - - 0.9-1.5 at 10% 25/50 Open cell 

Elastomeric closed cell 
sheets and P/C -40 to 105 1.73-1.87 - - 2.75 at 10% 25-75 to 115-490 Closed cell 

MIN-K blocks and blankets to 980 1.32-1.46 1.39-1.59 1.46-1.66 6.9-13.1 at 8% Noncombustible Open cell 

Ceramic fiber blankets to 1,425 - 2.63-3.74 0.03-0.07 at 10% Noncombustible Open cell 

'P/C: pipe covering. 

SOURCE: Manufacturers' literature. 



Cellular glass insulation is composed of millions of sealed glass cells, and wiil not ab

sorb liquids or vapors. While the material is load-bearing, it is also brittle, which 

makes installation more difficult and causes problems in vibrating or flexing applications. 

Expanded perlite consists of a mineral (perlite) that has been expanded at high tempera

tures to form a structure of tiny air cells surrounded by a vitrified product. While 

the perlite materials have low moisture absorption as produced, the absorption increases 

significantly after heating and oxidation. Expanded perlite is rigid and load-bearing, 

but has lower compressive strengths, higher thermal conductivities, and is more brittle 

than calcium silicate. 

There are three types of plastic foams used for insulation. Polyurethane/isocyanurate 

foams are rigid and offer the lowest thermal conductivities. Sealing is required, how

ever, to resist the migration of an end water vapor back into the foam. These foams 

also suffer from problems of dimensional stability and fire safety. Phenolic foams pro

vide additional levels of fire safety, but are about equivalent to the thermal conductivity 

of fiberglass. However, they are not usable over very wide temperature limits. Elasto

meric cellular plastics offer a flexible, closed-cell material most suited to refrigeration 

piping, plumbing, and vessel applications. Smoke generation is a problem with these 

materials, and temperature ranges are restrictive. 

Insulating refractories consist of two types, fiber and brick. Ceramic fiber refractories 

are made of alumina and silica, while insulating firebrick is manufactured from high

purity refractory clays, with alumina added to high-temperature grades. 

The selection of new or additional insulation depends on a number of factors. The 

properties of the insulating material must be matched to the temperature of the surface 
to be insulated, with allowance for temperatures in excess of design conditions. The 

location of the insulation should also be considered, in terms of the surrounding environ

ment, resistance to physical abuse, and required form of the insulation. The cost of 

the insulation is also important -- not only the initial cost, but also the maintenance cost. 

There are a number of methods available for calculating the economic thickness of in

sulation. This involves the determination of the optimal insulation thickness providing 
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the 	best trade-off between increased savings and increased costs. These methods are 

detailed in the following references: 

" 	 Economic Thickness of Industrial Insulation, Conservation Paper No. 46, 1976. 

Available from U.S. Gcvernment Printing Office, Washington, DC 20402 (stock 

number 041-018-00115-8). 

" 	 The Economlc Thickness of Insulation for Hot Pipes, Fuel Efficiency Booklet 

No. 8, 1977. Available from U.K. Department of Energy Library, Thames 

House South, Millbank, London SWIP 4Q3, United Kingdom. 

In 	 addition, a computer program for determining the economic thickness of insulation 

is available from Thermal Insulation Manufacturers Association, 7 Kirby Plaza, Mount 

Kisco, NY 10549. 

Insulation costs vary with the type of insulation used and the labor used to it.install 

Labor rates can represent up to 70 percent of the total installed price. Insulation of 
the fiberglass or mineral wood type typically costs $25 per linear meter per 25 mm 

thickness to install in the United States. Because insulation can reduce heat losses 
significantly, simple payback periods for pipework insulation are I year or less. 

Pressure Reduction 

Steam generation pressures are often dictated by the highest pressure requirements of 

the plant. Boiler manufacturers specify generation pressures below which their boilers 
should not be operated. Boiler operation below the minimum pressure stipulated will 

release water droplets at the surface of the boiler water and generate wet steam. To 
avoid such a situation, the energy auditor may wish to consider distribution at a higher 
pressure and then reduce pressure at or near the point of use. Although this approach 

can increase radiation losses, it provides dryer steam and allows the use of smaller 

steam distribution systems. 
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WASTE HEAT RECOVERY SYSTEMS 

Waste 	heat recovery in industrial processes is a very important part of energy conserva

tion. Economic reuse of waste energy from a process system improves thermal efficiency 

and reduces operating costs by reducing energy required. 

Waste heat recovery from high-temperature heat sources often produces a project that 

is both technically and economically viable. Waste heat recovery from low-temperature 

sources (e.g., gas and liquid streams of 200 0 C and lower) is often more difficult. 

The formula for heat transfer is as follows: 

Q = (U)(A)(dt) 

where 	 Q = quantity of heat tr;sferred 

U = coefficient of heat transfer 

A = area of heat transfer surface 

dt = temperature differential. 

The key factors affecting rate of heat transfer are: 

* Heat transfer coefficient 

* Heat transfer area 

* Inlet temperature difference 

* Fluid flow and velocity. 

The coefficient of heat transfer (U) is very complex. It is determined by the nature of 

the heat transfer material, types of fluid flow, and velocity of fluid flow. Cleanliness 

of heat transfer surfaces is also very important, as this affects surface film, coefficients, 

and the overall efficiency of heat transfer. 

The larger the surface area (A) of the heat exchanger, the more heat is transferred. 

However, this can lead to oversized and heavy heat exchanger units with increased 

purchase costs. 
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The temperature differential (dt) is the "average" difference in temperatures between 

the waste fluid and recovered heat source. Temperature differentials usually involve 

consideration of four individual temperatures: 

t I = waste fluid into heat exchanger 

t 2 = waste fluid out of heat exchanger 

t 3 = heat recovery fluid in 

t4 = heat recovery fluid out. 

Direction of fluid flow through the heat exchanger is of importance. Heat recovery 
fluid flow in an opposite direction to the flow of the waste fluid is termed "contra

flow" and usually increases the thermal efficiency of heat recovery. The greater the 
value of temperature differential, the greater the quantity of recovered heat. Also, 

the temperature of the recovered heat will be higher and of more economic use in the 
process. Similarly, heat transfer is increased when the fluids flow at higher velocities. 

Types of Heat Exchangers 

Three basic types of heat exchangers used for waste heat recovery are (see Exhibit 14.8): 

" Recuperators 

* Regenerators 

* Liquid runaround. 

These are discussed below. 

Recuperators transfer heat through a wall and are usually in the form of a shell and 
tube, plate, or coil. An example is shown in Exhibit 14.9, where exhaust air from a 

drying cabinet passes through an extended surface plate heat.-r to condition the outside 

make-up air. 

Regenerators are used predominantly in the glass industry to store heat on a cyclical 
basis. They consist of two large brick-filled chambers. Flue gases pass through one of 

the chambers while fresh air is being drawn through the other chamber in the opposite 
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Exhibit 14.8
 

TYPES OF HEAT EXCHANGERS
 

RECUPERATORS 

Heat is Transferred Through a Wall. 

Parallel Flow 
Cross Flow Shell and Tube 
Counter Flow 

Example: Home Furnace, Gas Water Heater, 
Boiler 

REGENERATORS 

Heat is Transferred by a Mechanical Media 

Parallel Flow Wheel 
Counter Flows Fixed Bed - Flip Flop 

LIQUID RUN AROUND 

Uses a Liquid to Transfer Heat from One
 
Location to Another.
 

Example: Air Conditioning, Hot Water Heat 



Exhibit 14.9
 

PROCESS HEAT EXCHANGER
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direction. After a predetermined time, reversing valves are operated and the roles of 

the chambers are reversed. 

Regenerators have advantages in high-temperature heat recovery over recuperators, as 
they are simpler in construction, capable of handling high temperatures, and give high 

preheats. They are generally more sturdy than recuperators. 

Regenerators are capable of high rates of heat recovery, in excess of 50 percent of 
the heat content of the exhaust gases. It is impossible to predict costs for retrofit of 
an existing furnace because regenerators often must be custom-designed to match the 
operating characteristics of existing furnaces. 

Other types of regeinerators exist. Rotating nieat wheels store heat in the material 
structure of the exchanger. In the example shown in Exhibit 14.10, the heat wheel is 
used to precondition makeup air for a space conditioning system. Heat wheels usually 
recover only the "sensible" waste heat, and the material structure of the heat exchanger 

is metal. Some special types of heat wheels -- called "enthalpy wheels" -- with liquid
absorbent material will recover both sensible and latent heat. Heat wheels can be t.-ed 
on a number of units such as ovens, kilns, and dryers. A ceramics company installed a 
unit on the preheating zone of a tunnel kiln where 7,000 m 3/hour of hot gas at 300 0 C 
were being rejected. The heat wheel recovers 55 percent of the heat, which is then 
used to preheat air for the kIiln. The capital cost was recovered in less than 12 months. 

All rotary type heat exchangers are fitted with seals to prevent cross-contamination 

of the gas streams. However, a small level of leakage can often occur. 

An alternative type of regenerator uses the "heat pipe" system. The pipe contains 
thermal capilllary material that transfers heat from the higher temperature to the low
er temperature. The outside surface of the pipe may be either plain or extended 
(finned) and can be made of stainless steel for use in the food industry. Heat transfer 
can be from and to gases, liquids, or solids. An example is shown in Exhibit 14.11. 
Heat pipes offer energy savings of similar magnitude to those of heat wheels, with 

slightly lower capital costs. 
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Exhibit 14.11
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Tube-type exchanger and electrostatic precipitator. 

EVAPORATOR 
 TRANSPORT
EAT IN CONDENSERSECTION HEAT OUT 

VAPOR-


VAPORCHANNEL HE..T IN 
HEAT OUT 

NOTE: 
CAPILLARY STRUCTURE (WICK) 

VAPOR CONDENSES ON Pumps liquid back to evaporator
COOLER WALLS. section. 

Tube-type heat exchanger.
 



Liquid runaround recovery systems are used to gather waste heat from exhaust streams 
that cannot be directly reused. The system usually consists of a pair of heat exchange 
coils interconnected by a pipe network. Typically, a solution of ethyl glycol and water 
is pumped around the system and used as the heat transport medium, but for special 

applications (e.g., waste heat streams with temperatures in excess of 2000C), alternative 
thermal fluids may be used. Although used primarily to recover heat from one stream, 
this type of system can be used to recover heat from a series of waste heat sources 
and used to preheat several heat sinks. A liquid runaround system using a heat transport 
fluid with good thermal properties can make it economically viable to use heat recovered 

from a remote location. 

Runaround coil system efficiencies are often in excess of 50 percent. Capital costs 
depend on the distance between the heat source and sink, but for a system recovering 
125 GJ per year, a capital cost in the United States of about $25,000 can be recovered 

in 3 years. 

Rates of Heat Recovery 

Evaluation of heat recovery rates are complex and often require technical information 

from the equipment manufacturer. The economics of a heat recovery project, however, 
are not based on the quantity of recovered heat but the amon ount of savings in pur

chased energy that result from using the heat recovery system. This is usually called 
"avoided energy costs." 

Examples of the variations in heat recovery are shown io Exhibit 14.12, which piesents 
a graph of heat recovery rates compared with inlet air temperature and volumes of 
air flow for a specific heat exchanger. This graph shc vs that it is important to obtain 

the operating details for each specific piece of equipment. 
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Exhibit 14.12
 

ENERGY SAVINGS
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Types of Heat Recovery Systems 

The range and types of heat recovery systems for waste streams are extensive and can

not be discussed fully in this session. The following, however, presents a few examples 

of the more common simple systems. 

Recirculation System (see Exhibit 14.13) 

This is an example of a package heat recovery system used for the control of environ

mental conditions in a production plant. 

1. 	 Base unit cycle -- with 100 percent exhaust air, 100 percent makeup air, 

and optional heating coil. This system is not fittec. with dampers. 
2. 	 Bypass cycle -- is similar to the base unit but fitted with face and bypass 

dampers so that the heat exchanger may be bypassed when not required. 

3. 	 Mixed air cycle -- is the same as the bypass cycle unit but operated on 

a mixed air cycle so that proportionate quantities of outside air are pro

vided. 

4. 	 Recirculation cycle - is similar to (2) and (3) except that an additional 

recirculation damper is provided. In this mode of operation, 100 percent 

of the air is recirculated, and the exhaust fan is inoperative. 

Flash Steam Recovery 

Wherever steam is used in a plant at both medium and high pressures, energy conservation 

potential exists through flash steam recovery. One place for potential flash steam 
recovery is at a boiler fitted with a continuous blowdown system. An example of a 
blowdown heat recovery system is shown in Exhibit 14.14. Recovered flash steam is 
contaminant-free and can be used for feedwater heating, feedwater de-aeration, or 
other process use. Blowdown heat recovery systems for boilers rated at 2.9 MW cost 
about $30,000 installed in the United States. Energy savings give simple paybacks 

around 3 years. 
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Exhibit 14.13
 

HEATING COIL (OPTIONAL)
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MAKE-UP AIR FAN
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 T-X-C 'EXHAUSTAIR
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BASE UNIT CYCLE 
100% EXHAUST, 100% MAKE-UP, OPTIONAL HEATING COIL
 
NO DAMPERS INSTALLED.
 

BYPASS DAMPER OPEN
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Exhibit 14.14
 

BLOWDOWN HEAT RECOVERY SYSTEM
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alsomay 

be provided with an additional heat recovery coil to further cool the blowdown water 

after flash steam is generated. Exhibit 14.15 presents an example, and there are many 

variations of this type of unit. 

The flash steam recovery vessel used for a boiler having continuous blowdown 

Flash steam recovery can be used for process systems; an example is shown in Exhibit 

14.16. Low-pressure flash steam is supplied to a low-pressure steam system, with 

additional requirements provided through a reducing valve. The system shown saved 
90 kg/hr of steam and cost $6,000 to install in the United States. Savings gave a 

payback period of 8 months. 

Maintenance 

Regular maintenance of heat recovery systems is of great importance for continued 
high efficiency operation. Broken control systems, leaks, and dirty heat transfer surfaces 

can result in a significant loss in system effectiveness. 

Waste heat recovery from effluent discharge of commercial laundries, textile dyeing 

plants, food processing effluents, and similar waste streams is very difficult. The 
pumping system and heat exchanger can easily be designed, but it is very difficult to 
filter out the contaminants in the waste stream. Particles of textile material from 

the laundries and dyehouses can clog the tubes and plates; grease and food particles 
dirty heat transfer surfaces and decrease system efficiency very quickly. 

An example of automatic cleaning systems used for maintaining clean heat transfer 

surfaces for tubular heat exchangers and condensers is shown in Exhibit 14.17. This 

systype oftem is suitable only larger units, but is most effective. There are other 

similar automatic cleaning systems using movable devices with brushes in the tubes of 

heat exchangers. 
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Exhibit 14.15
 

FLASH STEAM HEAT RECOVERY
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Exhibit 14.17
 

Automatic Cleaning System 
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Special Designs of Heat Exchangers 

The total number of special design systems available is too great to cover in this ses

sion. The following gives a few examples of some special types. 

Spiral heat exchangers (see Exhibit 14.18) are a compact type of heat exchanger with 

a relatively large heat transfer surface area compared to the unit's overall size. The 

two fluid flow in opposite directions to give maximum effectiveness of operation. 

Plate heat exchangers (see Exhibit 14.19) may be designed and produced in any shape 

and are useful to insert into existing process vessels. 

Graphite block heat exchangers (see Exhibit 14.20) are specially designed heat ex

changers for use with extremely corrosive fluids. This tve of unit will opoerate at 

temperatures of up to 2000 C with a thermal conductivity of about 494 W/m 2 K and 
will withstand high-pressure operation. 

THERMAL FLUID HEATERS 

Thermal fluid heaters are sometimes used as alternate methods of transporting heat 

instead of steam or hot water. Thermal fluids used are generally stable mineral oils 

or synthetic materials that can be heated to high temperatures. Unlike water systems, 

which would produce steam unless the is high, the tpressure very hermal fluid systems 

do not vaporize and can operate at atmospheric or low pressures. Temperatures up to 

500 0 C are readily obtainable with thermal fluids, and even higher temperatures can be 

reached if molten metals are used as the thermal fluid. 

The main advantage to using a thermal fluid system as a high-temperature heating 

source is plant simplicity. Thermal fluids can be heated in standard boilers without 

requiring a pressurization system as with a high-temperature hot water system. Similarly, 

the distribution system is less complicated than a steam distribution system because 

there is no need for steam traps, condensate handling systems, and pressure reduction 

stations. Another advantage of the thermal fluid system is that there is no need for 

water treatment. Provided that a stable fluid is chosen, heat transfer surfaces in the 
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Exhibit 14.18
 

SPIRAL HEAT EXCHANGER
 

4 ,..-., -- .h __.. --. 
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IT WORKS: The cold fluid enters at the periphery and flows towards the center. Thus, true 

counter-flow is achieved. 
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PLATE HEAT EXCHANGERS
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boiler or heater will remain cleaner, and there will be no blowdown heat loss. Thermal 
fluid systems usually have rapid heating characteristics, and so they offer reduced start
up time compared to comparably-sized water-based plants. 

Although thermal fluid systems can be used only for indirect heating, they can have 
high thermal efficiencies on a par with direct-fired tank heaters. 

Another disadvantage of thermal fluid systems is that they are subject to thermal 
degradation. Degradation is related to the formation of high boiling point polymers, 
and their formation alters the operating characteristics of the thermal fluid in two 
ways. First, it reduces the heat transfer coefficient. A 10-percent degradation will 
cut the heat transfer coefficient in half, which in turn (for the heatersame duty) will 
double the film -mperature gradient across heat transfer tubes and hence reduce the 
heat transfer rate to the process. 

Second, at higher levels of degradation, the thermal fluid may begin to foul surfaces, 
including heat transfer surfaces, as heavier polymers are insoluble. Heat exchange sys
tems lose their efficiency, and pump seals become prone to failure. Control valves 
and instrumentation may not function correctly. All of these problems would mean 

possible 'oss of production output and increased maintenance costs, together with risk 
for highly fouled surfaces or eventual heat transfer tube failure. 

It is necessary, therefore, to select fluids correctly for thermal systems. When consider
ing the use of thermal fluids, it is recommended to consult reputable manufacturers 
who can specify the correct thermal fluid for the proposed duty. 
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SESSION 15: COAL CONVERSION 

This session presents the different types of coal and combustion equipment that can' 
be used by industry. Because conversion to coal of existing facilities and new coal
fired plant construction have much in common, the discussion will focus on new and 
replacement applications rather than retrofitting of existing oil- and gas-designed equip

ment. This session will cover the following topics: 

" Coal classification 

" Coal preparation 

" Coal handling and storage 

" Coal combustion technologies 

" Economics of coal in industrial equipment. 

Coal is defined as a "solid, brittle, more or less distinctly stratified, combustible, car

bonaceous rock." From a chemical standpoint, coal is a heterogeneous material con
taining organic and material matter. The organic matter is composed primarily of car

bon and small amounts of hydrogen, nitrogen, oxygen, and sulfur. The mineral matter 
consists chiefly of clay minerals, mineral forms of sulfur (mostly pyrite), calcite, and 
smaller amounts of other minerals. The percentage content of organic matter is used 
to distinguish coal from peat, graphite, and other carbon-bearing rocks. To be classified 

as coal, the "rock" must contain more than 50 percent (by weight) carbonaceous material. 

Below, we discuss coal classification and sulfur in coal. 

COAL CLASSIFICATION 

Of the various existing coal classifications, the one generally accepted is the rank clas

sification developed by the American Society for Testing and Materials (ASTM), which 

is based on the degree of metamorphism (also called "coalification") of the parent plant 

material. 

Calculated on a moist, mineral-matter-free (MMF) basis, fixed carbon content and calo
rific value are the standard criteria for ranking by the ASTM method, although agglom

erating (caking) characteristics and percentage volatility are also considered. The 
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mineral matter is excluded from the analysis because it does not reflect the degree 
of metamorphism of the coal; however, bed (equilibrium) moisture is included. 

Coals that have heating values of 32,512 M3/tonne or more on a moist basis or contain 

69 percent or more fixed carbon on a dry basis are all ranked by fixed carbon, regardless 
of their heating values. All other coals are ranked by calorific value on a moist basis. 
"Moist" in this context means the coal's inherent (bed or seam) moisture, not visible 
water on the coal's surface. The major types of coal are described below. 

Anthracite coal is coal of the highest met-morphic rank, in which the fixed carbon 

content is between 92 and 98 percent. It is hard and black, and has a semimetallic lus.
ter and semiconchoidal fracture. Anthracite ignites with difficulty and burns with a 
short, blue flame and without smoke. Anthracite coal is also known as hard coal, stone 

coal, kilkenny coal, and black coal. 

Semianthracite coal is coal having a fixed carbon content of between 86 and 92 percent. 

It is between bituminous coal and anthracite coal in metamorphic rank, although its 

physical properties more closely resemble those of anthracite. 

Semibituminous coal is coal that ranks between bituminous coal and semianthracite. It 
is harder and more brittle than bituminous coal, has a high fuel ratio, and burns without 
smoke. Semibituminous coal is also known as metabituminous coal, which is defined 

as containing 89 to 91.2 percent carbon, analyzed on a dry, ash-free basis. The term 

smokeless coal also is used. 

Bituminous coal is coal that ranks between subbituminous and semibituminous coal and 

contains 15-20 percent volatile matter. It is dark brown to black in color and burns with 

a smoky flame. Bituminous coal is the most abundant rank of coal and is commonly 

carboniferous in age. It is also called soft coal. 

Subbituminous coal is a black, intermediate-rank coal between lignite and bituminous 

coals, in some classifications the equivalent of black lignite. It is distinguished from 
lignite by higher carbon and lower moisture content. Further classification of subbitu

minous coal is made on the basis of calorific value. 
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" Subbituminous A coal is a type of subbituminous coal having 24,382 or 

more, but less than 32,512 MJ per tonne. 

* Subbituminous B coal is a type of subbituminous coal having 22,070 or 

more, but less than 24,382 Mi per tonne. 

" Subbituminous C coal is a type of subbituminous coal having 19,274 or 
more, but less than 22,070 Mi per tonne. 

Lignite coal. A brownish-black coal that is intermediate in coalification between peat 

and subbituminous coal. 

An easy way to represent the major properties of the various coals is shown in Exhibit 

15.1, where each category of coal is characterized by its heating value and its moisture, 
volatile matter, and fixed carbon content. 

Suiur in Coal 

A special emphasis must now be put on the content of one particular element, Sulfur, 

whose partial removal is a major objective of coal preparation. Sulfur in coal occurs 

in three forms: organic, sulfate, and pyritic. 

Organic sulfur, which is an integral part of the coal matrix and generally cannot be 
removed by direct physical separation, comprises 30-70 percent of the coal's total sulfur 

content. The sulfate content normnally is a water-soluble oxidation product that can 
be removed readily during coal washing. Sulfate sulfur contents are usually less than 
0.05 percent in fresh coal and thus negligible. Pyritic sulfur is the mineral pyrite, 
which occurs in coal as discrete particles although often of microscopic size. This sul

fur can be physically removed through coal washing. 

COAL PREPARATION 

Coal preparation, or the upgrading of coal from the mine for subsequent use, influences 
the heating values and physical characteristics of coal through crushing and screening, 
physical cleaning, and chemical cleaning. Drying and possibly blending may also be 

15-3
 



Exhibit 15.1 

Coal Characteristics by Rank 

MJ/tonne 
32,400 

25,200 

21,600 

18,000 1 --- M 

7,200 
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SOURCE: 	 Aaler, Sai!!v & Czmpan,:', adapted from CE, TRW. 
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J 



required. The various stages of coal preparation are most often categorized ac.cording 

to five levels. These levels, described in Exhibit 15.2, range from breakage without 
cleaning to multistage, rigorous cleaning and drying. Depending on the degree of pre

paration and the nature of the raw coal, cleaning processes generally produce a uniformly 

sized product, remove excess moisture, reduce the sulfur and ash content, and increase 

the heating value of the coal. Preparation phases are described below. 

Crushing and Screening 

After extraction from the mine, most coal must be crushed before use or sale, usually 

at the mine site. Primary crushing releases large particles of impurities such as clay, 

rock, and pyrite, and removes extraneous material that becomes mixed with coal during 

mining and transportation. The screening process sizes the coal for different marketing 

purposes and efficient cleaning. Further crushing and sizing will often take place at 

the plant site to tailor the coal to the combustion or conversion process. 

Physical Cleaning 

Physical coal cleaning removes impurities such as pyrite, ash, and rock from coal by 

a mechanical separation process based on a gravity difference between the lighter coal 

and heavier contaminants. The need for physical cleaning is determined by four major 

considerations: purpose of cleaning, air pollution regulations, cost of cleaning, and al
ternatives to cleaning. Several of these considerations ultimately depend on the charac

teristics of the coal. For example, physical cleaning removes only pyritic sulfur. If 

the coal is low in total sulfur content, the removal of pyritic sulfur may be so insig

nificant as to not justify the cost of physical cleaning. If the coal is high in total sul

fur content, the thorough physical cleaning process may significantly reduce coal yield 

and render the process unwarranted. 
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Exhibit 15.2 

Levels of Coal Preparation 

Typical circuits 
Reduction potential & equipmentLevel & brief weight % heat used (incrementaldesignation Process description yield recovery 
 Ash Sulfur over previous level) Application
 

I. Breaking Breakage for top size control to 76.2 mm, 98-100 100 None to None Scalping screen, crush- Applied to run-of-mine coal.with removal of coarse refuse. minor 
 er, rotary breaker 
2. Coarse Fractions of coal larger than 9.5 mm are 75-85 90-95 Fair to None to Vibrating screens, jigs, Used where small coal particlestreated; smaller particles are not cleaned good minor heavy-media vessels or (less than 9.5 rnrr,) are fairly

clean
but shipped together with treated mate- cyclone, dewatering, or when rocks larger than 9.5rial. 

thickeners, filters mm are present to a large 

degree.

3. Deliberate Wetting of fine and coarse size coal parti- 60-80 80-90 Good Fair Concentrating tables Used(fine and cles. Coal particles larger than 28 mesh with coals having good

or hydroclones; some washability characteristics.coarse) are cleaned; smaller particles are dewat- thermal drying

ered and either shipped with clean coal
 
or discarded as refuse.
 

4. Elaborate 
 All coal feed is wetted and washed. Ther- 60-80 80-90 Good to(very fine) Fair to Flotation circuits; ther- Used with coals have excellentmal drying used for coal smaller than 6.3 excellent good mal drying prevalent washability characteristics. 
mm mesh to limit moisture content. 

5. Full Rigorous beneficiation. Coal is crushed 60-80 85-95 Clean coal stream: Additional size reduc- Used to obtain two or moreto much finer sizes thani in other levels. Excellent Excellent tion washed coal products of differ-The coal undergoes multistage cleaning 
ing qualities.with various products and is separated Middling stream:

into two streams: clean coal and None to None tomiddlings. fair fair
 

SOURCE: Coal in America, An Encyclopedia of Reserves, Production and Use, Richard A. Schmidt, 1979; "Technology Assessment Report for Industrial Boiler Applications:Coal Cleaning and Low Sulfur Coal," U.S. Environmental Protection Agency, December 1979. 



Chemical Cleaning 

Chemical cleaning is a new technology being developed to remove higher percentages 
of sulfur from the increasing proportions of high-sul'ur coals. The technique removes 
most, if not all, pyritic sulfur and mineral contaminants, while some processes remove 

varying amounts of organic sulfur by treating the coal either in acidic or basic solutions 

or with selected gases. 

COAL HANDLING AND STORAGE 

The coal handling system involves unloading of coal deliveries, intermediate storage, 

and any other transfers of coal prior to combustion. Systems will vary depending on 
plant capacity flexibility, space limitations, available labor, and method of coal shipment. 

Coal Storage 

I' the coal is not unloaded directly to storage, it is necessary to transfer the coal to 
the yard. Coal feeders remove coal from track hoppers or temporary storage piles at 

a controlled rate to the permanent storage site. Vibrating, belt, apron (pans equipped 
with site pieces), and rotary-plow feeders are types currently in use. Small plants with 
limited space may use screw conveyors, which are inexpensive and can be installed on 

an incline. Coal may be stored in open piles in enclosed binsor and silos; the design of 

the storage system will usually be unique to fit the consumer's needs. 

Open Storage 

There are two main types of open storage: conical-shaped stockpiles and wedge-shaped 

stockpiles. 

In a conical-shaped stockpile, the base of the is formed by a doughnut-shaped dead stor

age area composed of coal or land. Live coal storage is filled with a crane-like con
veyor through lowering wells or a telescopic chute to restrict coal dust. Small industrial 
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coal-handling systems can use a bucket elevator for stacking. A belt feeder first moves 
coal from the under-track hopper to the bucket elevator. At the top of the elevator, 
the coal is dumped through chutea onto the coal pile. Underground recovery can be 
either through a single opening in the center of the cone's base or through a reclaim 
system extending the diameter of an all-coal pile. The latter system allows a more 

rapid withdrawal rate. 

The wedge-shaped stockpile designed large storage capacity, 45,000is for from to 
100,000 tonnes or more (typical storage for a 200-400 MW powerplant). A bucket wheel 
stacker/reclaimer is used to form the pile and remove coal. The stacker/reclaimer 
operates from a conveyor running parallel to the pile, and, after building a pile to its 
maximum height, moves a few feet to build another pile. Reclamation is done by re

versing the direction of the conveyor. A sectional view of a wedge-shaped stockpile 
reveals the same storage patterns as the conical pile: a trough of dead storage runs 

along the wedge, with live coal stacked in and above the trough. A collecting belt 
runs under the middle of the trough. 

Covered Storage 

Active coal is often kept in closed storage to prevent damage from humidity. Some 
silos also contain compartments for dead storage for use in emergency. Enclosed silos 
are also effective in limiting fugitive dust problems if the coal contains large amounts 

of fines. 

Stackers/reclaimers, mobile equipment, or underpile hoppers are common mechanisms 
for reclaiming coal from storage. Stackers/reclaimers and underpile hoppers can be 
used with conical- or wedge-shaped storage piles, with the latter used in more complex 
industrial systems. Belt conveyors are again used to transfer coal from storage to the 
plant. This trend toward unique design has resulted from the use of coal types that 
vary in composition and weight. Factors influencing selection of belt conveyors include 
fuel flow characteristics, maximum lump size and percentage of fines, coal moisture 
content, and any impurities in the coal. The speed of the belt conveyor is determined 
by the maximum speed permissible to minimize product degradation and fugitive dust 
emissions. The coal is discharged at the end of the belt; however, installation of 
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trippers allows discharge of coal along the length of the belt. When the coal is deliv

ered to the plant, it will undergo any necessary processing prior to combustion.
 

COAL COMBUSTION TECHNOLOGIES 

Industrial coal combustion is primarily achieved in boilers for the purpose of steam or 

efficient hot water generation. In addition, some industries such as the cement, steel, 

brick, and tile industries have technologies that rely on direct coal firing. Because not 

all kinds of coal can be used directly, while most of them can be burned in a boiler 

if adequately prepared, we will divide this section into two parts: coal combustion in 

boilers and direct coal combustion for individual furnaces. 

Coal Combustion in Boilers 

The conventional coal-fired boilers are generally classified in three types according to 

their firing system* (see Exhibit 15.3): 

" Stoker boilers
 

" Pulverized-coal boilers (PCBs)
 

* Cyclone-firing coal boilers (CFCBs). 

Nonconventional coal-fired boilers can be assimilated to atmospheric fluidized-bed boilers 

(AFBBs) because they are the only ones commercially demonstrated. Other types are 

still under research and development. The alternative technology, pressurized fluidized

bed combustion (PFBC), is more directed towards electricity generation in combined 

cycle plants and probably will not be commercially demonstrated before the late 1980s. 

*Another classification commonly used is based on the heat transfer. According to 
these classifications, there are two groups of boilers: shell or firetube, and watertube 
(see Sessions 4 and 11). However, this approach is not relevant to the fuel characteristics 
and the firing system classification is preferable. 
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Exhibit 15.3 

Coal-Fired Boilers: Types and Major 	 Characteristics 

Type 

Category Subcategory Type 

Stoker boilers Spreader Stationary and dumping grate 
Traveling grate 
Vibrating grate 

Underfeed Horizou al-feed (single and 

double retort) 

Gravity-feed (multiple retort) 

Water-cooled 
vibrating grate 

Chain grate and 

traveling grate 

Pulverized-coal boilers Bin system 
Direct-firing 

Cyclone f urnace One-wall firing 
Opposed firing 

Estimate. 

SOIRCE: Hagler, Bailly & Company. 

Characteristics 

Range of steam 

Types of coals Tonnes of steam/hour 

All 
All 

except anthracite 
except strongly caking bituminous 

Up to 200, but 
usually under 50 

All except strongly caking bituminous 
Caking coals 10-15 

Up to 250 

Wide range of bituminous and lignite coals, Up to (100-150)* 
even those with high free-swelling index 

Almost any solid fuel Up to (100-125)* 

Almost any, but a given pulverizer can Up to 2,000 
operate efficiently only on a narrow range 
of coals 

Coals with slag viscosity below 250 poise 
at 1,4270 C, volatile matter higher than 15 
percent, and low ratios of sulfur/iron 

generation 

Heat release
(M3/hour) 

5,000/n,2 

8,360/rn 2 

4,600/r, 2 

3,450-4,800/m 2 

5,850-6,900/m 2 

t;,(001rr 2 

5,850/m2 

Not 
applicable 

16,270-31 350 
MJ/mJ 



Stoker Boilers 

These boilers are characterized by a continuous addition of coal through mechanical 
"stoking," permitting a steady combustion. The air supply is adjusted so that complete 
combustion can be obtained with minimuma of excess air. 

However, experience shows that stoker firing is more economical for steam-generating 
units of capacity less than 50 tonnes of steam/hour, where the lower efficiency (compared 
with the other systems) can be tolerated. As shown in Exhibit 15.4, the type coalof 

has an influence on the choice of firing method.
 

Stoker types differ essentially in their fuel burning rate, which depends on the type of 
coal used consistent with their required characteristics (as shown in Exhibit 15.5) and 
the characteristics of the grates. 

The major drawback of stoker boilers is the lack of flexibility in the achievable rate 
of steam generation when compared with pulverized-coal and cyclone-furnace-firing. 
On the other hand, stoker boilers have the advantage of being able to burn a wide range 
of solid fuels, including almost any coal, and also varying byproducts and waste fuels 

(paper and food industry). 

Mechanical stokers can be classified in four main groups based on the method of intro

ducing fuel to the furnace: 

* Spreader stokers
 

" Underfeed stokers
 

* Water-cooled vibrating grates 

* Chain grates and traveling grates. 

Spreader stokers. The spreader stoker can It worksburn almost any coal. by projecting 
the coal into the furnace over the fire, with a uniform spreading action permitting 
suspension burning of the fine fuel particles. The heaviest pieces, which cannot be 
supported in the gas flow, fall into the grate for combustion in a thin fast-burning 
bed. The major breakthrough that promoted this type of boiler feeding system was 
the introduction in the late 1930s of the continuous-ash-discharge traveling grate of 
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Exhibit 15.4 

Influence of Coal Type on Firing Method 

Maximum content limit 

Characteristic Stoker 
Pulverized 

coal 
Cyclone
furnace 

Total moisture (as fired), % 15-20 15 20 

Volatile matter (dry basis), % 15 15 15 

Total ash (dry basis), % 20 20 25 

Sulfur (as fired), % 5 N/A N/A 

These limits may be exceeded for lower rank coals with a higher inherent moisture 
content (i.e., subbituminous and lignite). 

SOURCE: Babcock & Wilcox, "Steam," 1972. 

Exhibit 15.5 

Maximum Allowable Fuel Burning for Stokers 

Type of stoker M3/m 2 /hour 

Spreader:
 

Stationary and dumping grate 5,000
Traveling grate 8,360
Vibrating grate 4,600 

Underfeed: 

Single or double retort 4,800
Multiple retort 6,900 

Water-cooled vibrating grate 4,600 

Chain grate and traveling grate 5,850 



the air-metering design. Another characteristic of the spreader stoker is that partial 
suspension burning results in a greater carryover of particulate matter in the flue gas 
than in other types of stoker. Cyclone-dust collectors are used to separate tne fines 
that are discharged to the ash disposal system from the coarse that are recycled to 
the burner. The economics of th. spreader stoker make it particularly attractive for 

versatile fuel burning under 200 tonnes of steam per hour (tsh). 

Underfeed stoker. These stokers are of types: type 1, and ashtwo horizontal-feed 

discharge; and type 2, gravity-feed and rear-ash discharge. Underfeed stokers differ 
from spreader stokers primarily because in these devices, coal is not spread over the 
bed but fed continuously by gravity. Stokers of type I are usually limited to 10-15 
tsh with burning rates of 5,000 MJ/m 2/hour when used in single- or double-retort 
(central trough) and water-cooled wall furnaces. Multiple-retort devices can be used 
1o generate up to 210 tsh and coals can becaking burned in these systems. 

Water-cooled vibrating-grate stokers. These systems must not be confused with spreader 
stokers with air-cooled vibrating or oscillating grates. A water-cooled vibrating grate 
consists of a tuyere-grate surface closely mounted a grid ofon water tubes intercon
nected with the boiler circulating system. This system is particularly suitable for high 
free-swelling coals such lignite becauseas it avoids the formation of large clinkers due 
to the grate vibrations. Burning rates of these stokers should not exceed 4,180 MJ/ 
m 2 /hour. Ash residue is very simple because ashes are automatically discharged to a 

basement ash pit. 

Chain-grate and traveling-grate stokers. In these systems, the layer of coal fed by 
gravity from the hopper is heated by radiation from the furnace gases driven off by 
the distillation. The fuel bed continues to burn as it moves along with the grate, grow
ing progressively thinner as combustion continues until the remaining ash is discharged 

into the ash pit. 

Pulverized Coal Boilers (PCBs) 

Pulverized-coal firing is a more recent technique than stoker firing and more effective 
for high rank and grade coals. These boilers require less excess air to operate, can 
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generate from 50 to nearly 2,000 tsh in multi-burner devices and are found more eco

nomical in large sizes such as utility boilers. In this type of system, the coal is pulver
ized to about 200 mesh particle size (74 microns) and blown into the combustion chamber 

with 20 percent of the combustion air used for coal transport. The other 80 percent, 

called secondary air, is introduced at the burner. 

The pulverizer and the burner are the two basic components of a PCB system. Other 
necessary requirements include hot air for drying the coal for effective pulverization, 

fans, coal feeders, and conveying lines. The direct-firing system (as opposed to the 

bin system) is the most widely used for processing, distributing, and burning pulverized' 

coal because of its advantages in safety, cleanliness, and costs. Such a system is shown 

in Exhibit 15.6. 

Coal feedin . The feeding of coal and air can be adjusted from the positioning of ei

ther primary flow to the load demand (e.g., air from coal, or vice versa). 

Pulverizer selection. The pulverizer design is based on several considerations, including 

feeding (automatic control of the proportioning), fuel drying (usually by preheated com

bustion air), grinding, coal circulating within the pulverizer, classifying (to recycle the 

inappropriate sizes), and air/coal mix':ure transporting. 

The major type of coal pulverizers are usually classified by ranges of rotation speed 

(e.g., ball-and-race, roll-and-race), and their selection depends especially on the charac

teristics of the coal (e.g., grindability index, moisture content). 

Combustion. The basics of oil combustion are applicable to pulverized coal, although 

the particulate sizes and the moisture content are quite different. For example, a 
PCI3 requires more excess air. When boilers are used to burn different coal qualities, 

the combustion optimization becomes very sophisticated, and the coordination of pulver
izer and burner operation requires highly qualified operators to preserve the system 

efficiency. Other problems associated with pulverized-coal firing systems involve con

trolling fly ash slagging and emissions. 
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Exhibit 15.6 
Pulverized-Coal Firing System 

HOT AIR FROM 
BOILER AIR HEATER 

COLD (TEMPERING) AIR
FROM FORCED DRAFT FAN 

TEMPERING AIR 
DAMPER 

RAW COAL
 
BUNKER
 

HOT AIR 

DAMPER 

I CONTROL 

/-DAMPER 

PULVERIZED FUEL 
FEEDER BURNERS_b 

PULVERIZED FUEL BURNER 
AND AIR PIPING WINOBOX 

PRIMARY
 
AIR FAN
 

SOURCE: Energy fact book. Department of the Navy. 



Cyclone-Fired Furnaces 

Cyclone-fired furnaces are the most recent conventional systems and have several ad
vantages over stoker and pulverized-coal firing systems, including a significant reduction 
in the fly ash content in the flue gas, a simpler and cheaper preparation process (four
mesh screen only), a smaller furnace size, and the ability to burn lower ranks of coals 
and to operate at high temperatures. These attributes increase combustion efficiency. 

In the cyclone-fired system (see Exhibit 15.7), crushed coal is introduced into the hori
zontal burner cylinder and the combustion air enters the burner tangentially along the 
cylinder periphery to produce a whirling pattern of coal particles. This combustion 
process is more rapid because of its higher turbulence. Burners are aimed downward 
to direct slagging ash toward the bottom of the furnace ("slagging" burners). 

All cyclone furnaces are slag-top furnaces, meaning that because of the high temperature 
achieved (1,600 0 C), the ash accumulates in a "wet bottom" or molten slag condition. 
The molten slag may be either continually or intermittently withdrawn into a water 
tank, where it is quenched and hroken into finely divided slag droplets. In a dry bottom 
furnace such as the pulverized-coal fired system, 70 to 90 percent of the ash is lost 
out the top of the furnace, with only 10 to 30 percent of the ash leaving through the 
ash hopper in the furnace bottom. A slag-top furnace may have 30 to 50 percent of 
the ash leaving through the ash hopper. A further cost benefit to this type of furnace 
is the normal absence of combustibles in the ash due to the molten ,ih phase of the 
process (see Exhibit 15.7). 

There are two major configuraticns for cyclone-fired furnaces: one-wall firing for 
small units, and opposed firing for large units. 

Atmospheric FluicEzed-Bed Boilers (AFBBs) 

AFBBs are currently under more intense development because this type of combustion 
offers the potential for efficiently using high-sulfur coal. 
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Exhibit 15.7 

Cyclone Fired Systems 

Raw Coal 
Bunker 

Feeder 

Conveyor 

Rotary Seal 

Primary Air 

Crusher 

Direct Firing System I 
Valve 

Breaker 
Boiler 

*Coal pile Slag Tank 

Conveyor 

SOURCE -laajer 3aillv &IC-moanv. 
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instead Of 3rter :mp crimarv 3ir. 



In an AFBB, pulverized coal is injected with its transport air through a "bed" of non
combustible material (inert ash and limestone or dolomite), which is held in suspension 
or "fluidizecd' by the uniform injection of air through the bottom of the bed at controlled 
rates. Most sulfurs react with bed materials, forming a dry calcium sulfite solid, in

stead of being emitted into the atmosphere. 

Because AFBBs can burn a wide range of solid fuels, economics are likely to favor them 
in a world of uncertain fuel prices and availability. According to the U.S. Department 

of Energy (DOE), AFBB capital costs are expected to be 15 percent below those for 
alternative conventional coal-fired steam generators with a scrubber. If no scrubber 
is required, however, conventional boilers are cheaper than AFBBs. Some manufacturers 
claim P difference of as much as 25 percent. Furthermore, steam production costs 
may be as much as 10 percent less than conventional units burning the same fuel. 
Above aNl, burning high-sulfur fuel can reduce fuel costs up to 50 percent and more 
when compared with oil and gas at current Prices. 

State-of-the-art. Several projects are currently in operation or under demonstration. 

Although there are still many unanswered questions regarding large-scale applications 
of AFBBs, the technology is believed to be on the verge of commercialization for in
dustrial-scale operations. However, the major barrier to the system's acceptance is 
its yet-unproven performance under conditions representative of industrial plants. 

The most relevant and documented experience is undoubtedly the operation of the Fos
ter-Wheeler-Pope, Evans & Robbins boiler at Georgetown University in Washington, DC 
(United States). The 45 tonnes/hour boiler, developed with DOE assistance, is designed 

to burn high-sulfur coal for space heating and cooling applications with saturated steam 

(see Exhibit 15.8). 

Direct Coal Combustion 

All firing systems described above can be used for direct combustion. In direct com

bustion, the gases are used directly in the process for heating, drying, or melting prod
ucts instead of evaporating water in a boiler. The coal preparation, transportation, 
handling, and storage systems are also of the kind described above. Of the few 
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Exhibit 15.8 
Fluidized Bed Steam Generator
 
Georgetown University, USA
 
45 Tonnes of Steam/hr; 45 bar Design Pressure Saturated Steam
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industries that are likely to burn coal as their major fuel, the cement industry is 

undoubtedly the most significant. 

The selection of the right :echnology for a given type of coal is a complex exercise. 

A simple graphic approach based on the volatile content of the coal is presented in Ex

hibit 15.9. Selection between stoker and fluidized-bed systems for a given application 

should consider factors such as: 

" Types of coal available 

" Future environmental regulations 

" Type of equipment available 

" Operator skills 

" Maintenance availability. 

All these factors should be carefully assessed prior to undertaking the economic and 

financial analysis. 

ECONOMICS OF COAL IN INDUSTRIAL EQUIPMENT 

To illustrate the economics of coal versus other commercial fuels, boiler applications 

will be selected. As discussed in Session 3, economics of energy systems primarily de

pend on three categories of inputs: 

* Capital costs
 

e Fuel costs
 

* Operation and maintenance (O&M) costs. 

Each of these inputs is discussed below. 
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Exhibit 15.9 

Influence of Coal Characteristics on Boiler Type Selection 

% Volatiles 

40-

SS or FB 
30-

GS PC or FB 

20

10. FB 
8 

2 25 40 100 170 200 220 Steam Output, t/h 

G.S.: Grate Stoker 

S.S.: Spreader Stoker 

FB: Fluidized Bed 

PC: Pulverized Coal 

SOURCE: Hagler. Bailly & Company 



Capital Costs 

New coal-fired boilers typically cost two to three times than oilmore gas-designedor 

boilers of the same characteristics (e.g., size, pressure, temperature). As shown in Ex
hibits 15.10 and 15.11, extrapolating U.S. costs indicates that a new 50 tsh coal-fired 
boiler, 85 bar, would cost approximately $6 million (late 1983) plus $1.6 million for 

coal handling and storage, for a total installed cost of approximately $7.6 million. A 
lower-pressure boiler plant (45 bar) of the same capacity could cost roughly $6 million; 

the boiler itself corresponds to only about 20 percent of the total installed steam plant 

cost (see Exhibit 15.1 1). 

Corresponding total installed cost for oil fired systems would be approximately $4 mil
lion for the high-pressure system and $3.2 million for the low-pressure system (see Ex

hibits 15.10 and 15.11). Boiler cost alone would be in the range of $1 million to $1.6 
million for coal-firing (see Exhibit 15.12). Boilers manufactured in India, Korea, or 

Czechoslovakia may be significantly cheaper. 

Fuel Costs 

For a given boiler, the cost of using coal is typically one-third to one-half the cost 

of furnace oil. For example, a 25-tsh oil-fired boiler using furnace oil costing $0.20 

per liter and 80 percent efficient would have hourly fuel costs of roughly $460. A simi
lar boiler using coal costing $72 per tonne and averaging 28,000 kJ/kg would have an 

hourly fuel cost of $224, or less than half the hourly oil cost. 

Operation and Maintenance (O&M) Costs 

In the United States, O&M costs are often estimated as a fraction of capital cost. 

For large coal-fired boilers, annual O&M costs typically range between 6 and 8 percent 

of total installed costs. For smaller boilers, this percentage can reach 40 or 50 percent, 
owing to U.S. biler regulations and high boiler operator wages. It is likely that mainte

nance costs alone would be higher in lesser developed countries than in the United 
States, but operator costs would be much lower. Consequently, average annual O&M 
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Exhibit 15.10 
Installed Costs of Fuel Handling and Storage Equipment for Coal and Oil Fired Boilers 

Thousands of U.S. dollars/Tonne 

of Steam per Hour 

56 
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SOURCE: Hagler, Bailly & Company 



Exhibit 15.11 
Installed Costs of Field Erected Steam Boilers for 
Coal and Oil Fired Boilers 

Installed Cost, Thousands of U.S. dollars/Tonne 

of Steam per hour 
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Exhibit 15.12 

Illustration of the Cost Structure of a
 
New Coal-Fired Industrial Boiler Plant
 

Percent of total 

installed cost 

Equipment: 

Boiler 18
Coal handling system 4 
Ash disposal system 3
Stokers 3 
Other 
 3 

Total equipment 31 

Installation, direct: 

Boiler 11 
Coal handling system 4 
Buildings 4
Foundations and support 2
Other 8 

Total installation, direct 29 

Total direct costs (equipment and installation). 

Installation cost, 
Contingencies 

indirect (engineering, construction expenses, fees) 19 
16 

Other (e.g., land, working capital) 5 

Total 100 

SOURCE: Hagler, Bailly & Company. 



costs for medium and large industrial coal-fired boilers (i.e., greater than 25 tsh) dre 

likely to be in the 5-7 percent range. 

Exercise 

Given the following system costs and performances, operating and financial conditions, 
what would be the maximum acceptable delivered coal price (constant currency - i.e., 
no inflation) to ensure an incremental after-tax internal rate of return for coal versus 

oil of 25 percent for a new boiler plant? 

System size = 50 tonnes of steam per hour (45 bar, 400 0 C) 

Annual hours of operation = 6,000 

Boiler efficiency (oil) = 82 percent 

Boiler efficiency (coal) = 80 percent 

Capital covzts and O&M costs = from previous paragraphs and exhibits 

Furnace oil price = $92.40/GJ 

System life = 25 years for both systems 

Tax rate = 50 percent 

Financing = 100 percent equity. 
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APPENDIX 15.A: OPPORTUNITIES FOR USE OF COAL IN COAL/OIL AND 
COAL/WATER MIXTURES IN THE INDUSTRIAL MARKET' 

INTRODUCTION 

The technology for coal/oil mixtures (COM) combustion f-as been available since its 
first demonstration in the United Kingdom in 1879. Despite some interest in its use, 
primarily for marine steam turbines during both world wars, COM research was largely 
neglected until the 1960s and 1970s. The awareness of price disadvantages and long
term supply shortages for oil and natura' gas have led to a new era for coal as an in
dustrial and utility boiler fuel. In this context, COM nowis being reassessed as a boil
er fuel. 

Considerable diffikulties are faced by existing fuel oil users wishing to reduce oil con
sumption by substitution technologies. Converting coal into oil or gas does not offer 
an immediate solution to the problem. The conversion of an oil-designed plant to solid 
coal firing is rarely an option. In most cases, the existing plant would have to be 
scrapped and replaced by new coal-designed facilities requiring coal handling e,.Iipment 
and coal stockpiling, which may be physically difficult or financially unattractive, par
ticularly if there is a shortage of capital. The most likely opportunities for conversions 
to solid-fuel firing are where a coal-designed plant has been converted to oil-iiring and 
can be reconverted, or where exhausted oil boilers are to be replaced. 

The space requirements and the influence of fuel type on boiler design perhaps theare 
most significant factors precluding the direct substitution of coal in boilers designed 
for oil firing. However, COM is potentially a more flexible fuel than coal; its composition 
can be adjusted to influence the amount of sulfur, mineral matter, and other materials 
in the fuel. A typical COM contains approximately 50 percent (by weight) finely ground 
coal and 50 percent (by weight) residual oil, with less than I percent (by weight) chemi
cal additives. The handling and combustion characteristics are much nearer those of 
the parent oil than the parent coal. Stabilized COM can be transported by pipelines to 

*Most of this appendix has been adapted from a paper prepared by the Central Planning 
Unit of the National Coal Board, United Kingdom, for the International Energy Agency. 
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the point of use. Even so, as with conversion to coal (though to a lesser extent), con
version to COM depends very much on the original plant design. 

Most of what is true for COM is also true for coal/water mixtures (CWM). CWM 

typically consist of 70 percent (by weight) finely ground coal, 29 to 29.5 percent (by 
weight) water, and 0.5-1.0 percent chemical additives. The major differences are that 
CWM are not yet fully proven, and their economics appear more promising vis-a.-vis 
oil than COM for the very reason that they do not contain oil (see Exhibit 15.A). 

COAL/OIL MIXTURES (COM) TECHNOLOGY 

A coal/oil mixture can be considered a liquid fuel source only if it can be stabilized. 
That is, if -- through the addition of chemicals and/or water or through a iophisticated 
dispersion technique - the mixture can be prevented from separating into its constituent 

parts. 

Mixture stability, or the degree to which particles remain suspended in oil, is perhaps 
the most serious problem in the use of COM. COM can be prepared for long-term 
stability by introducing additives to the mixture, through fine pulverization of the coal, 
ultrasonication, or by combinations of these methods. An unstable COM undergoes ag
glomeration and rapid sedimentation of suspended particles, causing excessive wear of 
boiler pumps and valves, blockages of pipes and related equipment, and non-uniform 
flow. Even with a COM that is stable in long-term storage, after heating prior to fir
ing, there is a possibility of separation if the flow is stopped, depending on the size of 
the coal particles. In addition, a COM flow that has a varying solid concentration or 
flow rate results in an unpredictable heat input to the boiler. 

The higher the coal concentration in the mixture, the cheaper the COM fuei relative 
to oil. However, as well as affecting mixture stability, coal concentration influences 

fuel line erosion, fly ash and other emissions, combustion efficiency, boiler efficiency, 
and, in particular, fuel viscosity. In general, the smaller the particle size, the greater 
the stability, although less grinding is required if additives are used to achieve stability. 
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Exhibit 15.A 

Coal Water Mixture Preparation 
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COM have been prepared successfully using a variety of fuel oils and a range of coals. 

Although COM is still at the development phase, it now appears unlikely that fuel pro
perty considerations will be a barrier to the use of COM as a boiler fuel. 

COAL/WATER MIXTURES (CWM) TECHNOLOGY 

CWM are about 5 years behind COM in technical development, and there is more divers

ity a--ong the various CWM formulations than is the case with COM. There is still lit

tle experience in firing CWM; also, full-scale tests are now being conducted in the 
United States, Canada, and Sweden. In addition to all the technical problems mentioned 

above, CWM storage and combustion face additional difficulties, including long-term 

storage, water evaporation during combustion, fuel atomization, burner wear, limited 
flame stability, and limited load following capabilities (turndown). However, there is 

now a worldwide consensus that by the end of this decade, CWM will be commercially 

available in many countries and make COM obsolete. 

POSSIBLE APPLICATIONS OF COAL-LIQUID MIXTURES (CLM) 

Applications of CLM (i.e., COM and CWM) fall into two categories: those rnciium

term applications created because CLM are cheaper fuels than oil to burn in existing 
plants, and those applications where the specific characteristics of CLM make them 

suitable fuels in the long term. 

Fuel for Existing Boiler Plants 

Fuel for existing boiler plants is the area most likely to lead to a substantial growth in 

the use of CLM. Given that there are no problems in achieving feedstock requirements 

(with up to 70 percent coal) and satisfactory transportation and storage of CLM are 
present, the economics of CLM firing depend on the minimum alteration or modification 

of boiler equipment. CLM can be substituted for oil in either power generation boilers 

or industrial steam-raising boilers. 
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CLM should be seen as a potential means of converting existing plants to partial coal 
use only where full conversion to coal is uneconomic or impossible. Boilers designed 
for coal firing but currently burning oil can generally be reconverted to solid coal fir
ing, provided that: 

" Adequate space for coal unloading, storage, and transport exists 
" Equipment for crushing and pulverizing the coal and for gas cleaning can 

be reinstated or installed 
" Coals of suitable quality are available. 

If one or more of the above conditions are not met, reconversion may be practically 
impossible or involve significant derating of the fur iace output. In general, boilers 
designed for oil firing can only be converted to coal with a 40 to 70 percent derating, 
because of the relatively small combustion chamber and the need to reduce gas velocity 
to avoid erosion of the tubes. 

The problems and cost of converting existing boilers to coal create the potential for 
conversion to CLM. Having similar combustion characteristics to those of No. 6 fuel 
oil enables CLM to be burned in boilers that were designed originally for coal or oil 
but are not capable of burning coal for economic or practical reasons. 

When a new plant is to be constructed, the most economic means of generation is 
through coal firing. CLM-fired new plants should only be considered where space limi
tations make coal firing uneconomic or impractical. If the CLM is manufactured in 
bulk at refineries, for instance, space is required at the plant site only for storage, not 
for manufacturing purposes. 

Since the substitution of CLM is seen as a means of reducing the costs of running exist
ing boilers without major capital expenditure, the economics of CLM firing depend on 
the minimum alteration or modification of boiler equipment. The boiler efficiency with 
CLM will be close to that with oil, but the nonfuel operating costs will be greater be
cause of increased maintenance and, perhaps, increased power requirements. 
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Boilers Designed Originally for Coal 

Boilers designed for coal but subsequently converted to oil burning are the easiest to 
convert to CLM use. In the United States alone, there is approximately II GW of 
generating capacity having, at a minimum, partial coal-firing capacity, although the 
position in the industrial market is less clear. Such plants could feasibly be converted 
to 	CLM at reasonably litple cost. CLM will generally be prepared at centralized plants, 
but 	in the case of large users, there may be advantages in preparing the CLM at or 
near the user's site if space is available, although this may well be less attractive than 
the use of pulverized coal. 

A boiler currently burning residual oil must undergo a number of modifications to burn 

CLM: 

" Filters to capture oversized particles of agglomerates must be modified. 

" Pumps with hardened surfaces will be needed to move and handle the 

CLM and to withstand possible corrosion and erosion. 
* 	 Depending on the stability of the CLM, feed lines may have to be rerouted 

to eliminate areas where settling may take place. 
* If a non-stabilized CLM is used, an agitation system will be necessary. 
" Burners will have to be fitted with tips of hardened material. 
* 	 Depending on the sulfur level of the residual oil already being burned 

and of the CLM to be substituted for it, sulfur dioxide control equipment 

may be required. 

" 	 Particulate collection will be required if not already installed. 

" 	 Ash accumulated in the interior of the boiler wil have to be removed 
by 	sootblowers (which are currently installed in many residual oil-fired 

boilers) but which may have to be upgraded. 

" 	 Additional air and fuel preheating may be required. 

Boilers Designed Originally for Oil 

It is unclear how much a boiler designed for burning oil would have to be derated to 
burn CLM: "Experience of firing COM in small scale industrial boilers has shown that 
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COM combustion characteristics are very similar to those of No. 6 fuel oil and that 
the 	mineral matter in the COM leaves the boiler as fly ash. Therefore, when converting 
an 	oil-fired boiler to COM, constraints of boiler size and internal spacing are not so 
important as for conversion to coal. Indeed, an oil-fired boiler shoud be capable of 
operating on COM with a minimum of derating. If derating is required on a 

coal/oil mixture, the percentage of coal in the mixture can be reduced to maintain 
the original rating." (fron Morrison, IEA, December 1979.) 

Derating with CLM may range from zero in a coal-designed boiler to 50 percent in a 

boiler designed to burn diesel oil. 

Derating can generally be minimized by selection of a coa! component with a low ash 
content and a high ash fusion temperature, and by pulverizing to a finer size. The low
er 	calorific value of CLM relative to fuel oil is also a potential cause of derating, but 
most oil-fired boiler feed systems are capable of increasing the fuel delivery rate to 

counteract it. 

In addition to the modifications listed in the previous section for boilers designed 

originally for coal, new equipment would need to be installed on an oil-fired boiler to 
permit a proportion of coal-firing, including: 

* 	 Modification of the furnace bottom to allow ash extraction, together with 

associated ash handling facilities. If the space between the furnace bot
tom and the floor is inadequate for this purpose, expensive excavation 

may be necessary. 

" If the CLM were made on site, space would be required and equipment 
installed for the coal storage/handling and CLM preparation. Pulverizing 

mills would be needed. 

In general, the capital cost and down time required for conversion to CLM firing are 
modest by comparison with that for re-equipping to burn coal for the larger industrial 

boil ers. 

Also, in moving from a clean fuel to a fuel containing mineral matter, some form of 
bottom ash removal and fly ash collection must be incorpoarted, together with the 

15-33
 



installation of sootblowers to remove deposits accumulated on heat transfer surfaces. 

A complete liquid fuel feeding system must be employed. It is unlikely that a refitted 
boiler design could successfully cope with the fouling tendencies of coal slag and fly 
ash on boiler heat transfer surfaces originally built to accommodate clean fuel combustion 

products. 

COST OF CLM 

The commercial attractiveness of CLM will depend principally on the relative prices 
of coal and heavy fuel oil. While the coal/fuel oil price differential is bound to 
fluctuate, there is a reasonable expectation that the trend will be toward a widening 

of the differential in the long term. CLM fuels will have to be sold at a discount on 
the prevailing fuel oil price (on a thermal equivalent basis) to provide the potential 

user with sufficient incentive to use CLM rather than fuel oil, and to give an adequate 
return on the capital required for any necessary plant modifications. 

COST OF CONVERSION TO CLM PLANT 

The capital costs of converting an oil boiler to CLM firing are necessarily very uncertain 

at this stage of development. However, some tentative estimates are presented below 
for the United Kingdom. The costs of converting both firetube and watertube boilers 
are presented, and the modifications are costed as a percentage of the cost of a new 
firetubc, or watertube coal system (including ancillary equipment), respectively. The 

coal system is the alternative investment facing a user. 
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THE CAPITAL COST OF CONVERTING BOTH 
FIRETUBE AND WATERTUBE OIL-FIRED BOILERS TO COM FIRING 

Cost of modiication as 
% of cost of new coal system 

Modification Firetube boiler Watertube boiler 

Work on liquid feed/storage system 1-3 1 
Soot blowers 2-3 1-2 
Flue gas cleaning 8-13 3-6 
Ash removal from boiler 1-2 1-3 
Total 12-21 6-12 

The costs of converting a watertube boiler to COM firing reflects the fact that water
tube boilers cost up to four times as much as firetube boilers per MW output. However, 
there is no reason to believe that the costs of the modification to the feed/storage sys
tem or the provision of gas cleaning equipment will be significantly more expensive 
per MW than for firetube boilers. However, the cost of providing ash removal from 
the combustion chamber may be more in the case of a watertube unit. Converting to 
CWM would typically be 50 percent more expensive than to COM. 
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SESSION 16: WOOD BURNING 

Although the amount of biomass used by industry is not known with precision, prelimi

nary estimates indicate that biomass fuels -- mostly wood - would account for almost 

half the total energy used in the industrial sector, at 520,000 toe. 

Because the governments of less developed countries have embarked on aggressive forest 

management programs, and because of the importance of agroindustries in these coun
tries, biomass fuels - primarily wood and wood waste -- are likely to continue to play 

a significant role in the industrial sector. In this session, we will review the combustion 

characteristics of biomass fuels, their industrial energy application, the technical con
siderations involved in retrofitting existing oil-fired equipment, and will present the 

economics of wood combustion. 

WOOD COMBUSTION CHARACTERISTICS* 

Wood is one of the group of fuels called biomass fuels. They find their source in liv
ing matter, the original source of all fossil fuels, including coal and oil. To better 

understand the use of wood as a fuel, we need to compare it with the properties of 
the fossil fuels it can displace. 

During the fossilization process, the molecular form of carbon -- the principal source 

of energy -- is changed as some hydrogen, oxygen, water, and other compounds and 
elements are driven off. The fossilization process has two other results that are of 
importance in comparing wood and fossil fuels. During fossilization, the complex mo

lecular structure is broken down -- in essence, a step equivalent to one of the steps in 

the combustion process. In addition, during the years underground, the fossil fuels pick 

up contaminants such as sulfur and vanadium. These elements, which are not present 
in significant quantities in wood, can present major pollution problems when fossil fuels 

are burned. 

*Adapted from publications by the U.S. Solar Energy Research Institute. 
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The physical and chemical makeup of wood is also important. Wood is composed of 

the many cells that make up a living tree and, as is true of all living things, large 

amounts of water. The cell walls are made up of long chain polymers, principally 

cellulose and hemi-cellulose, bound together with a cellular glue, lignin. The large 

amount of space in the cell structure contributes to the relatively low energy density 

of wood. Part of the space is filled with water, and the rest is filled with air. 

Carbon is the principal source of energy in both wood and fossil fuels. Exhibit 16.1 

shows a typical elemental analysis of wood compared with coal. Coal, the major solid 

fossil fuel, contains less hydrogen and oxygen than does wood. Since wood has more 

oxygen, it yields less energy per unit weight. 

The combustion of wood and fossil fuels takes place with the same net chemical reactions: 

2H 2 + 02 2H20 + heat 

C + 02 CO 2 + heat. 

Though both reactions are exothermic, the carbon-oxygen reaction yields more net heat. 

Carbon, present in larger quantities than is hydrogen, accounts for most of the energy 

released. 

The actual burning process takes place in three stages. First, the moisture must be 

driven off before ignition can take place. The energy absorbed in this stage goes into 
ihe phase change of the water so the temperature stays at the boiling point, about 

100 0 C. Moisture content determines the amount of energy and time required to com

plete this stage. If the percentage of water is high enough (above 67 percent), ignition 

will not be sustained. This "black-out zone" results from the water absorbing enough 

energy to prevent the temperature from rising to the ignition point. 

The second phase of combustion is probably the most important. As mentioned earlier, 

wood is made of complex polymeric compounds that break down or destructively distill 

at temperatures from about 150 0 C to 500 0 C. Most are evolved as gases that burn out
side the fuel particle when they combine with combustion air. These gases contain 

methane, small quantities of other hydrocarbons, and a large percentage of carbon mon
oxide (CO). What makes this phase so important is that from 60 to 80 percent of the 
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Exhibit 16.1 

Typical Elemental Analysis of 
(On a dry weight basis) 

Wood and Coal 

Coal Wood 

Carbon 

Hydrogen 

Oxygen 

Nitrogen 

Sulf ur 

Ash 

75.5 

5.0 

4.9 

1.2 

3.1 

10.3 

52.0 

6.3 

40.5 

0.1 

0.01 

1.0 



weight of the dry wood evolves as these gases. Thus, much of the energy released in 

burning comes from this "flaming combustion." 

The final stage of combustion is the oxidation of the carbon left after the volatiles 

have been driven off. This fixed carbon occurs mainly in elemental form and is mixed 

with inorganic ash to form charcoal. The oxidation take-s place at the particle surface 

as oxygen comes in contact with the exposed surface. This "glowing combustion" evi

dences no flame but is rather a surface effect taking place at over 500 0 C. 

Heating value is the amount of thermal energy released when wood is burned. There 

are three different ways of defining heat value, each yielding a different number. 

Gross heating value (GHV), the total heating potential of a unit of wood as delivered, 

is found by placing the moisture content (MC) of the fuel and the higher heating value 

(HHV) in the following equation: 

GHV = HHV (I - MC/tOO) 

where MC is percent moisture content of the fuel on a wet weight basis. 

GHV reflects the effect of moisture displacing combustible material, and can be thought 

of as the higher heating value of the wood in a green unit of fuel. 

HHV is the total thermal energy released by a unit of oven dry fuel. This is the num

ber reported from a bomb calorimeter test and is usually in units of Btu per pound or 

kilocalories per kilogram. The "Parr Bomb" test involves burning a sample of fuel in 

a sealed container, cooling the products of combustion to their initial temperature, and 

measuring the heat released. Reported HHV for wood and bark generally ranges from 

about 18,400 kJ/kg to a little over 23,240 k3/kg. Exhibit 16.2 gives HHVs for repre

sentative wood types and fossil fuels. 

Finally, net heating value (NHV) represents the energy available for doing work. This 

value takes into account the negative heating value of water. The water in wood must 

be vaporized and superheated in the furnace. There is a net consumption of 
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Exhibit 16.2 

Typical Higher Heating Values 
of Some Wood and Fossil Fuels 1 

Fuel type HHV (kJ/kg) 

Southern pine bark 20,691 
Hardwood whole tree chips 19,980 
Wood pellets 19,980 
Bituminous coal 32,537 
No. 2 heating oil 45,085 
No. 6 heating oil 42,532 
Louisiana natural gas 50,666 

1An average HHV for wood of 19,755 kJ/kg is used in this text. 



approximately 2,788 k pe; kg of water when this superheated vapor is expelled at 

200 0 C at atmospheric nressure. 

The following formula can be used to calculate NHV: 

NHV = HHV (0 - MC/00) - MC/100 x LH 20 

where LH 20 = heat to vaporize and superheat I kg of water, approximately 2,788 kJ/kg. 

Exhibit 16.3 gives representative NHVs for wood and fossil fuels. 

The proximate analysis test has proved valuable in analyzing wood combustion. This 
test, developed for coal, determines the percent weight that will boil off as volatiles 

and the percentages of fixed carbon, water, and ash. Exhibit 16.4 gives typical proximate 

analyses for wood and coal. 

Moisture content is probably the most important factor affecting wood as a fuel. Mois
ture reduces flame temperature, replaces combustible material, and releases heat from 

the boiler as superheated steam. The calculation of GHV and NHV illustrates these 

last two effects. 

Assuming: 

HHV 19,755 kJ/kg 

MC = 40 percent 

T, (ambient stack) = 2001C 

LH 2 0 = 2,788 kJ/kg (from tables for superheated steam, 200 0 C at 

1 bar pressure) 

then: 

GHV = HHV (1 - MC/100) 

= 19,755 (0 - 0.4) = 11,853 k/kg 
LH 2 0 = 2,788 kJ/kg (net energy added to 1 kg of superheated steam 

at I bar and 200 0 C) 
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Exhibit 16.3 

Representative Net Heating Values for 

Higher heating value 
(k3/kg) 

Coal 30,213 

Oil 43,577 

Gas 50,666 

Dry wood 19,755 

Wet wood 19,755 

Exhibit 16.4 

Proximate Analyses of Wood and Coal 

Moisture 
content 

(percent) 

Bituminous coal 2.5 

Hardwood (wet) 45.6 

Hardwood (dry) 0 

Southern pine (wet) 52.3 

Southern pine ('ry) 0 

Various Fuels 

Moisture content 
(percent wet Net heating value 
weight basis) (J/kg) 

2.5 29,285 

-- 43,577 

-- 50,666 

10.0 15,178 

50.0 8,485 

Volatile Fixed 
matter carbon Ash 

(percent) (percent) (percent) 

37.6 52.9 7.0 

48.58 5.52 0.3 

89.31 10.14 0.56 

31.5 15.9 0.29 

66.0 33.4 0.6 



and 

NHV GHV - MC/100 (LH 20) 

= 11,853 - 0.4 (2,788) = 10,737.8 k-/kg. 

Although the chemistry of combustion for wood is similar to that ci fossil fuels, three 
unique characteristics of wood combustion must be accounted for in furnace design. 
First, the high moisture content causes large volumes of superheated steam to be 

evolved in the firebox and depresses the temperature of combustion. Second, depending 
on fuel quality, large amounts of excess air are required for combustion. Third, resi
dence time In the firebox must be sufficient to allow combustion of volatiles and en
trained particles. Therefore, the firebox must be large enough to maintain reasonable 
gas velocities and must contain significant refractory material to sustain the temperature 
of the fire when wet fuel is used. These technical considerations are discussed in the 

following paragraphs. 

ENERGY APPLICATIONS 

The use of wood fuels can be classified into two broad categories: direct combustion 

and thermochemical conversion. In direct combustion, the chemical energy in wood is 
converted to thermal energy through the rapid reaction of the hydrogen and carbon in 
the wood with oxygen in air. The thermal energy is used for process heat or process 
steam. In thermochemical conversion, the chemical er.ergy of the wood is converted to 
a gas (low-GI gas, see Session 18), liquid (pyroly'.,c oil), or solid (charcoal). The con
verted product can then be combusted to produc thermal energy. The primary advantage 
of thermochemical conversion is efficiency of h~nc'ling and combustion of the converted 

fuel. A brief discussion of the state-of-the-art of wood combustion and conversion 

technologies is presented below. 

Dircoct Combustion 

Several types of wood-fired combustion systems are available. Prior to 1950, the Dutch 
oven was the most commonly used system. Wood is fed into the oven from the top 
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and falls onto a water-cooled grate where most of it is gasified. (This type of combus

tion is also called "pile burning.") The gaes produced are mixed with air and travel to 
a combustion chamber where they are burned to produce the heat required for steam 

generation. Though Dutch ovens are still used today, they are being replaced by larger 
and more efficient combustion systems such as spreader-stokers and suspension systems 

as well as advanced fluidized-bed systems. 

A summary of the firing methods currently used is presented in Exhibit 16.5 and briefly 

described below. 

Stoker Systems 

As discussed in earlier sessions, there are three types of stokers: underfeed, crossfeed, 

and overfeed (i.e., spreader-stoker). They differ rainly in the relative directions of 

the flows of fuel and air. 

Of these three types, spreader-stokers are now the most widely used because they 

handle a range of solid feedstocks, respond rapidly to load changes, and operate effi

ciently with comparatively low excess air. As shown in Exhibit 16.6, the wood fuel is 
spread pneumatically or mechanically across the combustion chamber onto the surface 

of a grate. Small fuel particles burn in suspension while larger pieces fall and burn on 
the grate. The feed systrm is designed to spread an even, thin bed of fuel on the 

grate. Tne flame over the grate radiates heat to the fuel to aid combustion. Both 

underfired and overfired air are used for controlling the combustion process. The fur
nace walls are normally lined with tubes for heat exchange. Because there is little 
refractory material, the furnace can respond quickly to load variations. Construction 

and maintenance costs of these furnaces can be quite low. 

Many types of stoker systems are presently manufactured. These can be grouped into 

two categories: single-chamber combustion or multi-chamber combustion. In the multi

chamber system, partial oxidation of the fuel with substoichiometric air occurs in, the 
first chamber, followed by off-gas combustion in the additional chambers. The multi

chamber design separates the gasification step from the main combustion step, therefore 
minimizing ash carryover and improving control of combustion. Single-chamber units 
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Exhibit 16.5 

Commercial/Industrial 

Technology _ 

Stoker systems 

Package systems 

Suspension burner 
systems 

Fluidized-bed 

systems 


Technologies 

Description 

In stoker firing, hogged fuel or wood chips 
are either flipped or blown into the corn-
bustion zone of the boiler. Small particles 
burn in suspension, while larger pieces burn 
on the grate.
 

This system uses a fuel cell firing method. 
A refractory-lined chamber is used as a 
fuel burner cell. 

The COEN DAZ Scroll feed burner is an 
automated burner for handling fine organic 
residues. This burner can be used to ret-
rofit oil- and gas-fired boilers, 

Fluidized-bed systems are preferred for 
burning dirty fuel, or high moisture con-
tent fuel that is not easily burned in a 
conventional system. The boiler inte-
grated with this fluidized-hed burner 
generally will be a firetube design. 

Fuel type 

Hogged wood, wood chips, 
bark, etc. Typical particle 
size ranges between 19 mm 
and 38 mm. 

Hogged wood, sawdust, bark, 
planer shavings, etc. 

Requires fine (0.8 mm) and 
dry feed material. Will 
burn sander dust, particle 
board trim, bark, sawdust, 
etc. 

Wood waste and residue, 
fuel containing significant 
amount of foreign materi
als (sand, glass, etc.). 

Efficiency 

57-68% 

65-70% 

65-75% 

60-75% 

Siz- range 

26.3-529.2 
k3/hr 

10.5-52.7 
k/hr 

10.5-52.7 
k3/hr 

10.5-52.7 
kV/hr 



Exhibit 16.6 

Typical Spreader Stoker Boiler System 

Stack 

Feed Bin ' 

Fire Tube Boiler 

= = 

Combustion chamber 

Off-G as 

Combustion Chamber 

G'rate 



are more difficult to control than multi-chamber units, emit more particulates, and 

have a relatively low turndown ratio. Alternately, single-chamber units are simpler to 

operate and have a lower cost than multi-chamber units. 

Stoker systems can incorporate various grate designs. Among the possibilities are sta

tionary or continuously moving grates, fixed or dumping type grates, flat or inclined 

orientations, and air-cooled or water-cooled designs. Selection of a particular grate 

design depends on furnace capacity, fuel characteristics (i.e., heating value and moisture 

and ash content), combustion air requirements, and maintenance considerations. Exhibit 

16.7 shows a complete stoker system with its associated storage, feeding systems, and 

environmental controls. 

Stoker systems are a commercially proven technology. According to the American Boil

er Manufacturers Association, wood-fired stoker boilers represent 14 percent of all boil

ers in the size range of 50 to 150 tonnes of steam per hour sold in the United States in 

the last 10 years. 

Package Systems 

Package systems are shop-assembled units shipped completely ready to connect and 

operate. Package boilers with capacities of up to 30 tonnes of steam per hour are in 

this category. When higher steam outputs are required, several units can be operated 

in parallel. Wood-fired package boilers are a commercially proven technology. About 

100 wood-fired package boilers were reported to be in operation in North America as 

of 1978. 

Package boilers car! generate hot water, low-pressure steam, or, in some designs, high

pressure steam. The units are fully automated and designed for simplicity and flexibility 

of operation. In some designs, wood fuel of fairly large size (end cuts, for instance) 

and high moisture content (50 to 60 percent wet basis) can be used, thus eliminating 

the constraints of fuel drying required for suspension burners. 

The design of package boilers differ by the type of combustion chamber and combustion 

system used, the type, size, and moisture content of the fuel tolerated, and the need 
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Exhibit 16.7 

Automatic Stoker Direct Combustion Solid Fuel Boiler 
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for supplementary fuel. In most package %ystems, a refractory-lined chamber is u, .d 
as the fuel burner cell. The refractory chamber enhances high temperatures for smoke

free combustion. Padkage wood-fired boilers range in size from 1 to 30 tonnes of 

steam/hr with combustion efficiencies between 65 and 70 percent. Package systems 
are generally designed for automatic control. Properly sized wood fuel is continuously 

supplied from a storage bin to the fuel cell burner. A sample package boiler system 
with its ancillary equipment is shown in Exhibit 16.8. Exhibit 16.9 shows a similar ar

rangement for direct heat applications. 

Suspension Burner Systems 

In suspension burners, relatively fine particles of wood or other organic material are 

mixed with air and burned in suspension. Suspension firing of wood is similar to pulver
ized coal firing. As of 1978, more than 200 units were reported to be in operation in 
the United States. Some of these units have been in service for over 15 years. 

Suspension burners produce a relatively clean hot gas which can be used in various in
dustrial processes. The burners can also be used to retrofit existing oil- or gas-fired 

packaige boilers producing less than 25 tonnes of steam per hour. Suspension burners 
are generally fully automated and have sufficient turndown capability to respond to 
variable energy demands encountered in process applications. 

The major disadvantage of suspension burners is that they require dry, fine fuel. Dry 

fuel may be available at some industrial locations (planner shavings, for instance). In 
other situations, the fuel must be dried to the moisture content required by the suspen
sion burner design. In most cases, tne dry wood fuel must be hammermilled to the 
size required by the burner. The cost of these fuel preparation steps, as well as fuel 

storage and fuel handling equipment, may bring the cost of the total wood-fired system 
to two or three times that of the burner alone. Suspension burners also require some 

electrical power for wood feed and air blowers and may require auxiliary fossil fuel 

for startup and operation. 

The thermal efficiency of a boiler using suspension burners is around 75 percent. This 
efficiency corresponds to a 10-percent moisture feedstock, 25 percent excess air, and 
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Exhibit 16.8 

Wood-Fired Package Boiler 
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Exhibit 16.9 
Package Wood-Fired Hot Air Furnace - 4.2 GJ/hr 
for Direct Heat Applications 
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250 0 C stac! gas temperature. This relatively high thermal efficiency is partly a result 

of suspension burning, where a high heat release rate (comparable to oil- or gas-fired 

boilers) is achieved. A sample suspension burner system is shown in Exhibit 16.10. 

Some manufacturers claim good suspension burning efficiency for fuel up to "0 percent 

moisture content and 12-mm maximum diameter. A reasonable set of limits is a maxi

mum of 15 percent moisture content (wet basis) and 6-mm maximum dimension for sus

pension burning. 

Suspension burners must be equipped with a fiame safeguard device (such as "Fireye" 

by AC Controls) because very fine, dry fuel has a high explosion potential. The essential 

element in such a burner, other than fuel quality, is the control of the amount of com

bustion air and its turbulence. In suspension burning, too much or too little excess air 
will affect the completeness of combustion in a disproportionate manner. Likewise, 

ensuring violent turbulence and mixing throughout the burning area is most important. 
Impellers and turning vanes are used to ensure fuel/air mixing. Excess air of from 15 

to 50 percent is appropriate, depending on fuel quality. 

Fluidized-Bed Systems 

Fluidized-bed combustion systems burn fuels (gas, liquids, or solids) in the presence of 

a mass of '-ineral particles (i.e., crushed sand, limestone, dolomite, or other materials) 

that are supported and kept in turbulent motion by a constant stream of air. There 

are two basic types of fluidized-bed combustion systems: atmospheric and pressurized. 

The fluidized-bed package boiler is an atmospheric combustion system. Combustion air 

passes through a bed of lime, fuel (e.g., wood waste), and ash particles in a homogeneously 

turbulent motion that closely resembles a boiling liquid. This turbulent motion results in 

a five- to tenfold increase in the heat transfer rate within the bed when compared with 

a conventional stoker-fired boiler. The atmospheric multifuel fluidized-bed combustion 

package system can be used to produce steam or hot water, and operates at an efficiency 

of between 65 to 75 percent, depending on system design and fuel characteristics. 

Wood-fired fluidized-bed combustion systems are commercially proven for systems pro
ducing up to 5 tonnes of steam per hour and have been demonstrated up to 25 tonnes 
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Exhibit 16.10 
Wood Waste Conversion System Using Suspension Burner 
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per hour. A 50 tonnes/hr unit manufactured by Combustion Power Company is in oper
ation at the Weyerhauser facility in Longview, Washington (United States). The unit 
burns log-yard cleanup and other residues to provide hot gas to a boiler. All existing 

units are firetube construction and are therefore limited to about 20 bar pressure. 

SYSTEM SELECTION 

Exhibit 16.11 summarizes the typical concerns of the user and the characteristics of 

the various types of equipment. The ratings for each type of boiler/burner are given as 
a guide to the user. The ratings for a particular system are relative to ratings for 
other systems under the same general heading. Thus, steam generators should not be 
compared with direct-fired applications. A knowledge of fuel type and energy load 
patterns will enable the user to determine which boiler/burner systems are suitable for 

his particular situation. 

In some cases, it is appropriate to use hot air rather than steam as the heat transfer 
medium, which allows the user to avoid the capital charges associated with a pressure 

vessel. Wood-fired units are available for this purpose. In such units, the same factors 
should be weighed as for steam generators regarding firebox design (refractory, air 
flow, heat release rates), fuel and ash handling, and degree of automation. 

Fully automated industrial heaters will be priced at from $10,000 to $30,000 per GJ/hr 

of output. Additional capital investments of up to $20,000 per GJ/hr output may be 

required for unloading and storage when fuel is purchased on the open market. 

As with steam generators, economic analysis is very dependent upon fuel costs and de
gree of utilization of full capacity. Additionally, the efficiency of these units is diffi

cult to predict, measure, and control, although the practical combustion efficiency can 
be slightly better than for a medium-pressure boiler. Manufacturers' claims as to 
output and operating characteristics should always be correlated with fuel quality char

acteristics (higher heating value, moisture content, and ash). 
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Exhibit 16.11 

Comparative Performance RatingslI for Various Wood Combustion Systems 
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lrhe ratings for a particular system are relative to other systems under the same major use heading (steam generators or direct-fired applications): B = best; G = good; 
F fai: 11 poor; U = unknown. 



Some industrial processes require high-temperature fluids that are best provided by hot 

oil heaters (e.g., Dowtherm systems). At least one manufacturer will provide a wood
fired, hot oil system. Since a wood furnace will necessarily be less responsive than an 

oil or gas furnace to sudden thermal load changes, and since thermal fluid temperature 

is usually critical to the process, the design of the hot oil flow system must accommodate 

this unique limitation. 

RETROFITTING FOSSIL-FUELED BOILERS 

As the costs of fossil fuels have risen between 1973 and 1981, more and more operators 

of industrial plants have considered switching from oil to other fuels for firing their 

boilers. Plant operators in the forest products industry were the first to make the 

switch in significant numbers when they began to recognize the value of the wood resi

due (shavings, sawdust, bark, and other waste) they had been incinerating. The drying 

of finished lumber had often been accomplished by direct firing of lumber kilns, but it 

can also be accomplished using steam radiators supplied by a boiler. The boiler may 

have been fired with oil or gas as well, but it could be replaced by a wood boiler. 

However, the replacement of an existing gas or oil package boiler that has significant 

useful life remaining can be an unattractive task, especially since the scrap value of 

the boiler will be far below what the boiler is worth to the lumber operation. 

Cyclone Burners 

Forest products plants (including furniture manufacturing plants) began to use cyclone 

and suspension burners to burn wood in their existing boilers back in the 1940s. The 

major drawbacks to these burners are that the fuel must be of a low moisture content 
(less than 15 percent) and of a uniformly small size to operate properly. This type of 

fuel may be available to the forest products plant but will rarely be available (on a 
long-Lerm basis) to the non-forest-related industrial plant. When the cyclone burner is 

retrofitted, the existing gas or oil burner is removed and the boiler wall is modified 

to receive the wood burner. Since most cyclone burners use refractory furnaces for 

combustion, the radiation component of the flame will be largely lost; also, the necessity 
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for firing with higher excess air levels will result in at least a 20-percent derating of 

the existing boiler. 

The derating may not be a serious problem if the boiler is seldom run at full capacity. 

If necessary, an auxiliary fossil-fuel burner can be used to make up for the derating. 

Fluidized-Bed Burners 

Fluidized beds have been a popular topic over the past few years, and there are several 

firms actively marketing wood-fired fluidized-bed boilers in the United States today. 

Most of these firms want to sell a complete package consisting of a fluidized-bed com

bustor and an integral boiler or a close-coupled boiler of the waste heat variety, but 

it may be possible to consider the retrofit of an existing oil-fired boiler. Some radiant 

heating of the boiler will be lost, resulting in a derating of the unit. Some of this 
loss might be made up by running boiler tubes through the fluid bed where the heat 

transfer rates are reportedly quite high. While this retrofit concept is quite interesting, 

there is only one commercial unit operating in this country at present. 

Particulate emissions from such a fluidized bed will be substantially higher than from 

an oil flame, requiring the addition of a particulate collection device at the boiler exit 

to collect unburned carbon, fly ash, and any bed material entrained in the flue gas. 

The advantage of a fluidized-bed burner is that it will operate with wood fuel up to 

55 percent moisture content. 

External Furnace 

The "Conifer" burner, marketed by the American Fyr-Feeder Company, has been retro

fitted to existing fossil fuel boilers. The system consists of a sloping grate combustor 

with two-stage air introduction that operates like a semi-gasifier. Such a combustor 

has been fitted to an existing 60 tonnes of steam/hr pulverized-coal boiler at a Midwest 

paper mill in the United States. The Conifer burner supplies 20 tonnes of steam/hr, 

and the remainder of the load is picked up by the cyclone coal furnaces. It is 
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conceivable that an existing small gas or oil boiler could be retrofitted with this type 

of combustor. 

ECONOMIC CONSIDERATIONS OF WOOD FUEL USE 

The economic feasibility oi a wood energy project depends on several interacting vari

ables. As in the case of coal (see Session 15), these variables primarily include the cost 
of fuel, capital investment requirements, and operating costs. Special legal and financial 

considerations and the physical availability of fuel should also be considered. 

The Cost of Fuel 

The price of wood fuel is generally no more or less predictable than the price of other 

fuels. Whether it is obtained directly from the forest or as a byproduct of manufacturing 

processes, wood fuel is subject to the fluctuations of the market place. 

The price or value of wood fuel is usually stated in monetary units per ton. Since wood 

of different specie3 and moisture content has different er'-rgy content, it is convenient 

to state this value as dollars per million kcal. To be even more accurate, we should 
take into account the conversion efficiency of various combinations of fuel type and 

conversion equipment and state the value as dollars per million kcal converted to steam 
(or as hot gas, or as electricity, etc.). Exhibit 16.12 compares the cost of energy from 

various wood and fossil fuels in the United States in 1980. The effects of moisture 

content on the heat value and combustion efficiency of wood have been discussed in 

earlier sections. 

In general, three physical considerations dictate the effective fuel price: 

1. Some or all of the wood fuel may be derived from in-plant sources. 

2. Some or all of the fuel may be obtained from external sources. 

3. The energy value of the wood fuel, as well as the appropriate conversion 

equipment for that fuel, is dictated primarily by the moisture content 

of the fuel. 

16-23 



Exhibit 16.12 

Comparison of Net Energy Available from 
Wood and Fossil Fuels on a Cost Basis* 
(1980 basis) 

Estimated 

Fuel 

Assumed cost 
per unit 
(dollars) 

Assumed 
combustion 
efficiency 

high heating 
value (G3 
per unit)_ 

Calculated" 
dollars 
per G3 

Coal (2.5% MC) 54.28/ton 0.825 27.4 2.46 

Fuel oil 0.60/gal 0.80 0.16 4.69 

Wood pellets (10% MC) 35.00/ton 0.778 17.9 2.54 

Wood chips (47% MC) 12.00/ton 0.67 17.9 1.89 

Green wood residues 
(47% MC) 8.00/ton 0.67 17.9 1.26 

*Figures should be used as examples; they may not be representative of today's prices. 

Dollars/GJ = .- t per unit/(high heating value x combustion efficiency x (0 - MC/100)). 



In-Plan' Fuel 

The first case, in-plant sources of fuel, is the simplest case. In this situation, the cost 

of fuel is the selling price that would be realized if the byproduct were sold. Economists 

call this the "opportunity cost." Depending on the type of fuel and the plant location, 
this opportunity cost can range from about -$1/ton to +$3/on for furniture residues, 

sawdust, and bark. The negative value represents money paid to haul it away or to 

incinerate it. 

Another type of opportunity cost arises where existing boilers are used as incinerators 
to dispose of manufacturing waste. This is common in hot weather for furniture plants 

and in some sawmills. The hidden cost of such incineration is found in electrical energy 
for fans and pumps, labor, physical depreciation of equipment, and water treatment 

costs (very high where steam is vented and condensate is thus lost). This opportunity 

cost, which is always negative, should be considered. For example, if 20 tons/day of 
dry fuel are burned in a 400-hp boiler and the steam is vented, the operating costs (la

bor, electricity, and depreciation) will be about $40. In other words, this is an oppor

tunity cost of -$2/ton. 

Purchased Fuel 

Purchased fuel may originate in a manufacturing plant or a harvest site. As with in
plant waste, it will range from kiln-dried material at 8 percent moisture content to 

wet material at about 50 percent moisture content. 

Manufacturing wastes may cost --$0.80 to +$2.40/ton, plus about $0.04 to $0.08 per ton
mile in 40-foot trailers; smaller loads will require the higher rates. Wood fuel from 
the forest may be from about $8 to $12/ton in trailers delivered to the user as whole 

tree chips. Peiletized wood, a type of processed fuel, may be about $24/ton plus freight. 

16-25
 



All these purchased products will be sensitive to the cost of fuel oil used in transpor
tation. A trailer truck loaded with 25 tonnes of wood fuel will use about 4 liters per 

6.5 	kilometers and will use about 4 liters per 10 kilometers when returning empty. 

Economic Effects of Moisture Content 

Moisture content affects energy economics in three ways: 

1. To the degree that moisture is present, each ton of wood contains less 

than a ton of dry fuel. 

2. To the degree that moisture is present, a part of that dry fuel is used 
to evaporate that moifture and to superheat it to the exhaust gas tem
perature (as was demonstrated by the boiler efficiency figures in Exhibit 

16.12). 
3. 	 Moisture content of the fuel dictates the feasibility of certain types of 

handling and burning equipment. 

Capital Investment 

The capital investment by the user includes: 

I. 	 Unloading equipment (where required) 

2. 	 Fuel processing equipment (where required or desired) 

3. 	 Storage capacity, with retrieval equipment 

4. 	 The -nergy conversion unit (e.g., a boiler and its auxiliary equipment) 

5. 	 Pollution abatement equipment (as required) 

6. 	 Control systems for all of the above. 

The configurations and prices of the above items were discussed in preceding paragraphs. 
In brief, such integrated systems can be installed for prices ranging from $20,000 to 

$200,000 per tonne of steam/hr (tsh) output capacity. The higher price indicates a 
more automated and sophisticated system. 
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25-tsh boiler and its auxiliary equipmentan is 
typical. This would include a high technology boiler to burn wet bark, and controls 

and equipment for pollution abatement. It would include limited fuel storage, but no 
fuel unloading equipment, nor secondary emission controls, nor long-term storage. A 
2-tsh boiler in a similar configuration would cost about $200,00-$300,000. 

A price of $1.4-2 million for installed 

The even higher investment of up to $200,000 per tsh corresponds either to smaller 

units that use maximum automation or to much larger units that must accommodate 
purchased fuel, with truck dumps and large fuel storage shelters, and that require more 

elaborate pollution abatement controls. 

In addition, for a given energy output, dry fuel will require less investment in the ener

gy conversion unit but more investment in fuel storage than will be the case for wet fuel. 

These capital costs will vary widely from one type of boiler to another. They will 

also show greater variation as manual labor is substituted for automatio-. This is espe
cially true at the lower end of the system capacity range. In any case, vendor quotes 
for each particular application must be used. For a given boiler capacity, cost may 
vary between plus/minus 50 percent, depending on the site conditions. 

Labor Requirements 

A wood-fired unit will require more operator attention than an equivalent capacity oil 
or gas unit, owing to the storage and feeding characteristics of wood fuel and the vari
able ash and combustion characteristics oc wood. The labor requirements of any such 

system are mostly dependent on two conditions: 

I. The fuel quality -- specifically, the particle size, ash, and moisture content 

2. The degree of automation of the storage, feeding, and burning equipment. 

Where the fuel is dry and finely ground, as with hogged furniture waste or sander dust, 
the btrning characteristics approach those of oil. In these cases, automatic controls 

function well, and the full-time attention of an operator is usually not requ~red. 
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Where the fuel is wet and/or non-uniform in size more operator attention is required. 

In these cases, the operator must maintain a proper char bed depth, adjust for excessive 

moisture, remove ash, and monitor the operation of fuel feeding equipment. 

Insurance requirements and local codes will vary for each plant. Exhibit 16.13 illustrates 

typical industry practice regarding operator and supervisor requirements. 

Other Operating Costs 

When compared to oil-fired systems, the major incremental costs of a wood system 

(other than labor) are due to increased use of electrical powcr and to increased mainte

nance charges. When compared with coal fuel units, the other operating costs are 

about the same. Maintenance costs for a wood-fired system will be about 200 percent 

of those for a comparable oil fired system. 

For new units of more than approximately 5 tsh output, pollution abatement regulations 

will require the use of mechanical cyclone collectors, which in turn requires the use of 

an induced draft fan. A boiler of 5 tsh capacity or greater would require a fan motor 

of approximately 20 hp output. Assuming 95 percent efficiency, 80 percent average 

load, operation 24 hours per day and 360 days per year, and $0.04/kWh net cost of 

electricity, then the incremental electrical cost would be about $4,000. 

There would also be incremental electrical costs for fuel handling and for incremental 

forced draft (excess air). This cost would be less than $520/yr for a system of less than 

10 tsh boiler output. 

RECOMMENDATIONS 

In a wood products plant, managers should conduct a financial analysis to study the 

feasibility of burning all the available excess wood wate. This analysis should consider 

such options as electrical generation and selling steam to nearby plants. The managers 
should also consider the purchase of wood fuel during periods of steam demand in 
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Exhibit 16.13 

Typical Operator and Supervisor Requirements 

Operator requirements 
by fuel type (per shift)

Degree of 
Size (tsh) automation Dry, hogged Green, rough 

0.1-0.5 	 High 1/4-1/2 1/2 
Low 1/2 1 

0.5-50 	 High I with other duties I 
Low I I + 1/2 supervisor 

over 50 	 1 + day supervisor 2 + day supervisor 

I 



excess of boiler capacity, which may entail the installation of new equipment to burn 

whole tree chips or other wet wood fuels. 

For other industries, managers should consider the purchase of steam or wood fuel from 

wood products plants, or wood fuel from whole tree chippers. This last option may not 

be economically feasible for the small user. 

For any case, the oil units could be left in place or replaced with multi-fuel units. 

Thus, the user would be able to enjoy the security of diverse fuels and derive the finan

cial benefits of low-cost wood fuel. 

In some cases, the most attractive energy investment alternative for smal! users may be 

a combination of neighboring plants or companies to maximize the use of wood fuel 

and wood fuel-burning equipment while minimizing the resources devoted to fuel trans

portation and storage. 
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PacEsettEr
plants Boise Cascade 

Convert boiler to burn bark..
 

thus saving oil in this mill's bark/oil-fired power unit. 
Economics will look even better as oil prices rise and 

boiler is more fully utilized to meet a larger steam demand 

By B F Morgan, H A Simons Ltd, and R Mills, Boise Cascade Ltd 

n October 11)79. Boise Cascade Cana- 
da Ltd commenced firine bark in a 
low-odor recover, boiler converted to 

a travelin-arate bark,'oil-lired unit ca-
pabte of producing 290.000 lb/hr of 
steam when lirine oil onl,. and 253.000, 
lb/hr of steam when tiring bark onlv. 
The boiler is at Boise Cascade's pulp and 
paper mill in Newcastle. New Bruns-
wick. Canada Fia I). 

Poor oFeration Isee box) led to the 
decision to install proper oil guns. com-
bustion control, and a boiler master on 
the recover% unit. now called power boil-
er 4 Following this, the logical conclu-
sion was to convert the unit to bark/ oil 
firing. It would be the onl power boiler 
at the Newcastle plant. at least during 
the summer months Simons Tecsult of 
Montreal was retained as consultant on 
all phases of the protect. 

Conversion 1 hases 
It was nccssar, to split the conversion 

into two phases to minimize the impact 
on mill production. As phase I. the oil-
burnin equipment was installed be-
tween .lanuar% and March 11"71. with 
startup March 18. As phase 2. the 
crates, induced-draft fan. dust collector, 
and other additions were completed 
between .lutN and September 1079. when 
steam demand was reduced to the point 
where power boiler 4 could be removed 
from service 

Burners and dampers. Four tangential-
.%lired, retractable, tiltine burners were 
added. Each burner has a 5I turndown 
and is capable of tirin,, 005 gal 'hr of oil 
at 200 psig. Because of the external mix 
feature. onl, "5-psig atomizing steam 
pressure is required Angles on the tips 
were chanced from 90 dcc to ,0 deg to 
prevent the tiames from impinging on 
the tubes. Four 4-million-Btu edd.-plate 
ignitors using propane with lime-light 
ltame scanning and a separate air suppl. 

can input enough heat to light off the 

burners safely at a zero tilt position. Fig 
2 shows the bark-burnine system. 

.-\n automated burner svstem provides 
safe monitoring of individual burner 
flames without the need for continuous 
propane ignition. Flexible flicker sensors 
using fiber-optic cables and lens assem.. 
blies discriminate regardless of tilt posi. 
lion. Burners are added or removed from, 
service via a remote )perator interfac 
located on the boiler panel. The tiring 
panel consists of a common operator 
interface and a tirst-out annunciator. -\ 
control system regulates feedwater flow., 
furnace draft, steam temperature iburn
er tilts.. combustion, and load level. 

The air suppl, to each burner is con
trolled with three dampers-top. center. 
and bottom-per side. The center one is 
activated by the burner system, with the 
damper of both the gun in service and its 
opposite being opened a predetermined 
amount when either gun is started, thus 
meeting safe light-ol' air requirements. 

1. Pulp and papor mill at Newcastle in Canada was switched to a multigrade operation 
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2. Boiler conversion is cen t ered around a barK-burning system to accommodate a range of wood ,;haracteristics 

Reaulation of the center and lower auxil- with a 25-deg up-tilt. The burner tilts The traveling type of grate was select
iarv dampers is released to the control start to control temperature once a ed for its automatic ash removal and low 
system once a flame is established. The IS0,000-lb/hr load is reached. thermal inertia. These characteristics 
center dampers of the opposite guns will Two traveling grates, 10 ft wide X assure maximum hog-fuel burning over a
Modulate only on burners in service. 24'/ long. added, with 

The top auxiliary air damper is strictly effective grate 
_he ft were each an 24-hr period. Steady bark feeding. grate

area of 245 sq (t. They temperature monitoring. proper lubrica
manual and is closed at all loads. Cur- are capable of producing a maximum ot tion. and learning fromn the experience of
rently, in fact, the center dampers at full 253.0(0 Ib/hr of steam on hoe fuel only. others has reduced the high maintenance 
load are only 30'-, open with the lower with a grate heat release of less than incurred on a number of earlier travel
dampers shut. 850,000 Btu/hr-sq ft and 20'7 tiring in inL-arate installations. \lso. the use of

This control/oil-burner combination suspensiii. Furnace residence time is 3(OF undererate appliair and the ,al'e
yields reliable operation at 290t) about live seconds, which provides good cation )If the tilting burners has climi
lb/hr, 75OF. and O00 psig on oil only, char burntout and minimum co.rrvover nated crate overheating. 

3. Boiler-feed system moves hog fuel from surge bin. through stokers. to boiler. Five 4. Hog-fuel feeder has va' able-speed 

variable-speed feeders channel fuel to chutes equipped with mechanical stokers drive to provide continuous, uniform flow 
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The grate-drive system is capable of 
varying grate speed from 2 to 20 ft/hr. Making a commitment at Newcastle 
The grate must be run continuously to 
prevent damage even when no bark is 
being burned, 

A new induced-draft (ID) fan was pro-
vided, driven by a 1000-hp 757-V 
wound-rotor motor. ID-fan inlet and out-
let ducts were fabricated in one piece, 
then insulated and lagged to fit the con-
fined area available. 

A new dust collector located before 
the ID fan and electrostatic precipitator 
removes 75% of the flyash. Extensive 
repairs were made to the existing precip-
itator to return the unit to its original 
condition and achieve an estimated 
removal efficiencv of 92%. 

Overfire and undergrate air ducts 
were installed. Total wood/air control 
dampers. one per side, are modulated to 
control air to bark. Overfire ports are 
tangential, and each of the four ports has 
three dampers. The center damper 
remains closed when tiring bark. The 
bottom damper modulates to full open 
depending on the bark-tiring rate. The 
upper damper modulates to full open 
after the '-wer damper is fully opened. 
also deper.Jing on bark,'air require-
ments. The two modulating dampers can 
be used to trim excess air. 

Undergrate dampers, four per side, 
are set manuallv zo regulate air to com-
partments. This feature permits optimi?-
ing stoker operation to compensate for 
various air requirements as the fuel bed 
moves through the furnace The dampers 
are modulated to ratio undergrate to 
overtire air at rouehl\ 50/50 

The forced-draf: fan is capable of sup-
plying air at 6-in.-HFO pressure to both 
oil/air and bark overtire air dampers. 
The boiler trip is set at 3-in.-H. air-
duct pressure. The original Fr)-fan 
capacity was increased about 31', b, 

For economic reasons, a decision 
was made in 1977 to reduce the pulp 
and paper mill at Boise Cascade's 
Newcastle operation from a two-line 
700 tons/day output (480 tons 
bleached, 220 tons unbleached) to 
one 535 tons/day multigrade mill. In 
December 1977 the mill became 
wholly owned by Boise Cascade. 
With this change came a commit-
ment to provide the capital neces-
sary to make the Newcastle opera-
tion a viable and profitable one. 

With the mill cut back, a spare 

adding fan tips and increasing the motor 
size. 

Boiler-feed system. The surge bin. 1S 
ft long x 1 ft wide x 2' ft high, is 
equipped with two pushers, each .ith its 
own independent hydraulic system to 
pu;!, bark onto a drag conveyor (Fig 3) 
Five variable-speed feeders ( Fig 4) direct 
hog fuel to live chutes equipped with 
mechanical stokers Excess hog fuel is 
recycled to the surge bin using a feeder-
blower. With this arrangement, it is pos-
sible to provide a continuous and uni-
form hog fc d. one responsive to signals 
from the hog-fuel master whose steam 
demand, in turn, is set b%a feedforward 
signal from the plant master. The hog-
fuel master controls feeder speed via the 
variable-speed drives. 

In addition, the boiler has an oil-fuel 
master or demand controller which will 
react should the hoe-fuel master not be 
.ble to respond, either because of a 
steam from hoe ltigh-limit or a shortage 
.1 hoe fuel. To i.,te, the feeders have 
given a relaivelh uniform feed to 

1972-vintage, 1.2-million 
solids, low-odor boiler 
which was capable of 
188,000 lb/hr of steam at 
600 psig-considerably 
design pressure of 775 psig. The unit 
was retired as a recovery boiler in 
December 1977, and until Dicember 
1978 it was used as a base-loaded 
power boiler with poor combustion 
efficiency, only 600F exit steam tem
perature, and a maximum capacity 
of only 160,000 lb/hr because of 
oil-burner limitations. 

250.0010 lb/hr of steam with hoe-fuel 
firing. yielding steady steam and feed. 
water control with no oil firing. 

Grate ash is discharged into a sub
merged convevor. Grate siftings. plus ash 
from boiler hoppers. dust collectors, and 
precipitators, mix with wet grate ash on 
the inclined portion of the dry-ash trans
fer conveyor IFig 2). The resulting ash 
mixture is discharged to a concrete bin. 
for removal to a disposal site every 41 
hours Fog nozzles have been added ai 
dr\-ash transfer points and on the flyash 
transfer conveyor to eliminate severe 
dusting problems following startup. 

Bark preparation. The woodroom con
tains the hog-fuel preparation system 
(Fig ,) Bark is discharged from three 
dry-drum debarkers onto a conveyor 
feeding a hammer hog. The hogged fuel 
is mixed with pressed sludge and chip 
tines, which can be blown either to the 
steam plant or to a hog-fuel storage pile 
for eventual reclaim. No hog press is 
required because of the new dry debark
inc svstem. 

lb/day of 
remained, 
producing 
750F and 

below the 

5. Woodroom bark is fed to hammer hog. from which hogged fuel is mixed with sludge and fines, then sent to boiler or storage. 
Initially, the bark is discharged from three dry-drum debarkers onto a conveyor feeding the hammer hog 
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The sludge preparation system ( Fig 6) 
consists of a vacuum-coil filter wth a 
discharge consistency of 20". and a
hydraulically loaded and driven-roll 
sludge press which yields a 35', consist-
ency. Chip lines from a cyclone are 
mixed with til pressed sludge before 
both drop onto a conveyor to be mixed 
with hogged f'uel. The sludge can also be 

discharged to outside storage. b~passing 
the sli.de press. 

Savings and expectations 
Power boiler 4 has been capable of 

carrying mill steam demand on hog fuel 
only for periods over 14 hours withi 
acceptable header-pressure control The 
limitation has been the hog-fuel recircu-

6. Sludge preparation relies on filter and press to concentrate sludge for reuse. Filter 
has discharge consistency of 20%, press gives 35% consistency 
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lation feeder, which is occasionallyv jam
med b\ rocks and pieces of metal. 

The of hog-fuel burni,, on 
- bpurcha.,ed oil has been subsiantial. For 

1980. oil consumption tas reduced b% 
41 5';. leading 1o oil ,aving of 140.00101 
bbl. itIh !mprovement.s..a (0'; oil 
reduction is anticipatcd, which kould 
vield ainu.l oil savings in excess of 
S4-million. 

To better capitali7e on power boiler 
4's hoe-f'ucl-burning potential. it is 
expected that ho, fuel will be purchased 
from sources further awa,., and options 
such as local chipping of brush and hard

will be considered. \l.so. ,ome rcvi
sionsw will be nccessar, ito improve hoe
fuel-ystem ,r atlabilitx and unit elicien

%to su stain hi g~hstea niloads of 2250 0 
Ib, hr lfrom hog fuel onl, 

\ hoe-l'ucl-prepar:t ion ,,.tcm c.ipa
ble of" rcmoving all roc ,ks.metal, and 
it.her ext ran eous material ma, be 
required. This kstcm might pass all hoe 
fucl through a disc ,crecn. with onlh the 

re. being hogged, thus 

reducing the load on the existing hog. 
The method of hoe--fuel transfer to the 
surge bin %iillbe nk,estiuated to improve 

capacit, and availabilit,,. Recircula
tion-s,stem capaciltk ,nak Also be in
creased. U 



SESSION 17: WASTE BURNING 

Because most so-called waste fuels available are of vegetable origin, this session will 

focus on biomass waste fuels. Combustion of biomass waste fuels such as bark and 

sawdust is very similar to that of wood, which was discussed extensively in the previous 
session. Consequently, this session will focus first on the fuel handling and storage of, 

and differences between, wet (green) and dry wastes. Next, a series of articles will 
presei.' the combustion characteristics of other types of industrial wastes that could 

become relevant. 

FUEL STORAGE: BARK, SAWDUST, CHIPS, AND OTHER GREEN RESIDUES* 

Bulk storage of wood or bark particles is not new to industry. The pulp and paper indus

try for years has inventoried in storage yards thousands of tons of green wood chips as 
a pulp furnish. Recently, the high cost of electric energy and fossil fuels has forced 

many industries to return to wood as a fuel, and the wood products industry is logically 

the first to convert. 

To maintain a continuous fuel supply and meet peak load demands, 'vood fuel is often 

inventoried. Exhibit 17.1 shows the estimated storage volumes for several boiler sizes 

and inventories. A 20-GJ/hour system could require between 80 and 150 green tons 

of fuel in a 24-hour day. 

Fuel storage techniques can best be characterized as trial-and-error coupled with con
venience and low cost. Green wood particles are predominantly piled outside, because 

protecting already-wet material from the elements serves no apparent purpose. Storage 

cost is only the carrying cost of the wood and the real estate on which the wood is 

stored. Piles are generally shaped according to the delivery system, with the emphasis 

on higher piles because of limited storage areas and high cost of land. 

*This section has been adapted from publications of the U.S. Solar Energy Research 
Institute. 
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Exhibit 17.1 

Estimated 5- to. 30-Day Storage Volumes for 5, 10, and 20 
GJ/Hr Conversion Systems Operating at 67-Percent Efficiency 

Days inventory 

5 10 
Conversion system
 

3 3 m3
(G3/hr) m tons m tons tons 

5 250 95 500 190 1,500 570 
10 500 190 1,000 380 3,000 1,140 
20 1,000 380 2,000 760 6,000 2,280 

Assuming whole tree chips with a higher heating value of 19,730 kJ/kg, moisture con
tent 50 percent, and bulk density. 



Studies have shown that the moisture content and heat of combustion of wood particles 

change during storage. Research into storage effects has increased worldwide in recent 
years because of the pulp and paper industry's interest in inventorying furnish for its 

mills. The emphasis in these studies has been on fiber losses during storage and subse

quent effects on pulping yields. The spontaneous heating that occurs within large piles 

of green wood or bark often causes fires. The chemistry within these piles is complex 

and changing and causes degradation and fiber loss. 

Effect of Pile Geometry on Open Storage of Green Woody Particles 

A pile with steep sloping sides sheds rainwater. Rainwater will percolate into flat 

piles and actually cause a net gain of 44 percent (80 percent moisture dry basis) in 

the moisture content of the wood particles from the green condition. 

The moisture content changes from the outside to the inside of a cone-shaped and flat 

pile after 5 months' storage, but the flat pile changes little. In the taller piles, the 
"skin" of the pile changes daily; the outer 300 mm just below the skin actually gains 

moisture and remains saturated throughout the storage cycle. However, the bulk of 

the cone-shaped pile dries, depending on the material in it. 

Pine bark dries in 30 days to fiber saturation point; sawdust dries more slowly. A mix

ture of the wet outer material and the dry inner material is the best boiler feed. Such 

a mixture reduces the average moisture content and prevents flame-out caused by over

feeding a concentration of saturated surface fuel. 

Windrow construction of piles is ideal because these piles incorporate sloping sidt5 with 

maximum storage volume. The precise layout of windrows depends on the infeed and 

retrieval system in use. Windrowed piles are readily adaptable to overhead conveyor 

infeeds and underfeed retrieval systems. 

The size of piles is determined primarily by the pile height, given a natural angle of 

repose. Higher piles allow more material to be stored in a given area. However, the 

risk of incidence of spontaneous fires in bark piles increases with pile heights above 5 
meters. When turnaround times are more than 4 weeks, piles should be kept below 

17-3
 



this maximum level for safety reasons. Piles of predominantly wood particles can be 

stored longer in higher piles. 

The Effect of Pile Contents 

Initial indications are that both temperature increases and moisture losses occur more 
rapidly in bark (both hardwood and pine) than in wood particles (either sawdust or 

chips). Initial degradation is probably higher in bark piles. Maximum temperatures 

are generally found between one-third and one-half of the way down from the top of 

the piles. Over time, all piles tend to reach a common threshold or equilibrium temper
ature. Pine hark reaches this 770 C-88 0 C threshold in 2 to 3 weeks. Hardwood bark 

takes longer, perhaps because of the flat nature of the pile. 

Because of this rapid heating in bark, caution must be exercised to prevent fires. Soon

taneous fires in storage piles of wood and bark particles require (1) a heat source from 
within the pile, and (2) oxygen, which comes from outside. A common starting point 

for fires is near the surface of the pile in cracks or openings that permit oxygen to 
reach the hot interior; most fires do not start in the internal hot zones. 

One long-used preventive is to compact piles with heavy equipment. This method re
duces the oxygen supply to the interior of the pile but is not compatible with proposed 

spontaneous drying pile geometries outlined in the previous section. 

Fror storage periods longer t. An 6 months, fires may be a hazard in any residue pile. 

Actions to minimize this risk include developing a first in/first out storage and retrieval 
system and forming a windrow 4 to 5 meters high and of any length desired. The wind

row should have a flat top wider than that of the front-end loader and should begin at 
a point most accessible to a front-end loader or retrieval system. The retrieval system 

should remove from the accessible end down the center of the pile, forming two small 

windrows that can be removed as nee(led. 

Generally, a piling system effective in retarding heat build-up enhances moisture build
up. A storage pile in windrow form with a peak down the center would facilitate 
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internal drying. This pile must be monitored closely for temperature changes that may 

cause fires. 

To avoid the risks mentioned above tu the extent possible, the following recommendations 

should be followed: 

" Reduce the likelihood of fires started by external stimuli by observing 

certain safety precaustions. Keep cigarette butts, matches, sparks, hot 

metal, oil, or open flame away from bark or sawdust piles. 

" Construct piles on a noncombustible thermal conducting surface. Common 

soils appear to be quite inadequate. If cleanliness is desired, a dark

colored masonry surface may be considered. 

o If practical, install heat exchangers in the pile to remove heat from the 

base of the pile. 

" Larger and higher piles are a greater fire hazard; therefore, green bark 

piles stored for more than 30 days should be kept to a maximum height of 

5 meters. 

" Piles should be ventilated to allow heat to dissipate: 

- piles should be shaped to permit rapid ventilation wheh needed 

- any build-up of fines on the pile surface must be dislodged to 

allow heat to escape. 

" Small bark particles pose a greater fire hazard than do coarse particles. 

If possible, remove and disperse elsewhere all bark particles passing a 5

mm screen. If this is not possible, do not allow a concentration of these 
particle sizes in any given area 'vithin the piles. Keep the small particles 

dispersed among the larger bark particles. 

" Construct a temperature monitoring system. Within individual piles, place 

several Teflon-coated copper constantan thermocouples near the bottom 

of the storage pile near the geometric center. Attach this thermocouple 

to a thermocouple receptacle with a battery-operated temperature record

er and take a reading .wice a week. The temperature should approach 

a threshold value. If at any time the the temperature exceeds 95 0 C(, 
ventilate immediately, which may be done automatically via air duct or 

by using a front-end loader to remove some of the bark. 
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* It is recommended that a permanent internal venting system be con

structed in the pile. This may be automated by controlling a damper 

and blower with the thermocouple controller and relay. During winter 

months, the heat can be transported to nearby buildings for heat. During 

the summer, it can be vented into the atmosphere. 

Covering Storage Piles of Green Wood Fuel 

Conceptually, piles under cover would be protected from rainfall. Initially, it seems 
that green residue would not benefit from cover because of the high initial moisture 

content. However, the outer shell of storage piles can increase from 44 percent to al
most 66 percent in moisture content during a 6-month storage period. Even if spon

taneous drying occurs internally, the average moisture content of the pile may increase 
due to the saturated outer shell. For example, a 6-meter cone with a 450 angle of re

pose has a volume of 240 m 3 . If the outer 0.3 m is universally saturated at 66 percent 
and the inner zone has an average moisture content of 30 percent, the average moisture 
content of the pile, weighted by volume, is 40 percent. The smaller the pile, the great

er the effect on average moisture content of the outer zone. If this G-meter pile 

were covered and the outer shell dried to perhaps 37 percent moisture, then the average 
moisture content for the pile would approach 33 percent. value of wood as aThe fuel 
affects the accuracy of a break-even or cost/benefit analysis of the covered approach. 

Covers can take many forms, from a plastic film to an entire building. Plastic films 

tend to retard spontaneous drying and contribute to very high temperature increases 
in the piles. Long-term covered storage of green fiber must be well ventilated. Silos 

or bins are usually limited in size and are appropriate for small inventories or to main

tain surge capacity when uniform metering is necessary. Although bins and silos are 

not ventilated, ventilation is not necessary for short storage cycles (i.e., less than 

week). 

With green particles, the outfeed of a covered storage system is a cr*tical problem 
area. Most retrieval systems in silos must feed across the bottom to the center by a 
drag chain or auger. Such retrieval devices tend to create cavities over the drag chain 

when large (i.e., greater than pulp chip size), non-uniform particles are encountered. 
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Bin storage appears to be appropriate for small inventories of green wood or, bark par
ticles of various sizes. The "clam-shell" opening on the base of severai commercially
 
available storage bins is well suited to gravity loading of conveyors. The large opening
 
and screw auger greatly reduce bridging problems. However, if the problem occurs, it
 

can easily be remedied.
 

For large inventories, the cover must be ventilated to allow moisture-laden hot air to
 
escape from within the pile. The cover should be constructed to allow air to enter
 
the base of the pile and pass out of the top. It should resemble a barn used to store
 
hay and allow air to enter the base and hot moisture-laden air to exit the top without
 
permitting rainwater to enter. Fuel can be moved in and out using a front-end loader.
 
The coverings can be translucent for solar energy collection, and the base of the struc
ture can be a black collection surface. 

A covered system for green material may be designed to cover all or part of the fuel. 
Where large inventories are required, a moving cover may be placed over only the ac
tive storage sector and then moved to the next zone as this area is depleted. 

Heat of Combustion Changes in the Wood Fuel in Storage Piles 

The energy contained in wood increases from 5 to 7 percent over a 6-month storage 
interval near the center of certain large storage piles. The extent to which this occurs 
throughout the pile is unknown and currently under investigation. 

Wood is a chemically heterogeneous material; the heat of combustion of each constituent 
differs. During storage, chemical alterations probably result in a higher concentration 
of wood components with higher heats of combustion. For example, certain carbohydrates 
may be oxidized during storage, leaving a higher concentration of lignous materials 

known to have a higher heat of combustion. 

Although the energy per unit of dry fuel is greater after short-term storage, the total 
energy in the pile is less at the same moisture content because energy has been liberated 
as heat. How much less can be determined if the total material converted to heat is 

known. 
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a m may contain about 120 ofgreen tons 

50 percent moisture-laden material. If, throughout the pile, an average of 4 percent 

of the dry matter was converted to energy and liberated as heat and the energy was 
17 GJ/dry ton, then the net energy in the pile at the beginning of storage was 1,101 

For example, 6-meter conical pile of 240 3 

GJ, and after storage, 979 GJ. 

There seems to be a tendency for the unit combustion value to stabilize after 5 or 6 
months' storage. Studies indicate that the unit value may actually begin to decline 

after long periods of storage. 

Acidity pH of Stored Green Fuei 

Fuel handling equioment, combustors, and boiler hardware are affected by the acidity 

(pH) of fuels. When burned, moist acidic fuels can corrode combustion chambers, boiler 

tubes, and ductwork. Chemical activity in large wood or bark piles causes a drop in 
p-I from 5-6 to 3-4 (which is extremely corrosive) during 5 months' storage. The most 

dramatic increase in acidity occurs within the first 30 days of storage. Bark appears to 

be the most acidic. Bark-wood combinations, such as in whole tree chips, will be more 

acidic than sawdust and less acidic than bark piles. 

Chemical treatment that buffers this acidic material ten(s to retard temperature in

creases and fiber loss, but it also causes emission problems after combustion. Thus, it 
is best to comhust acidic wood or bark fuels at the lowest possible moisture content 

while limiting the residence time of the most acidic fuels near materials that can be 

readily corroded. 

Storage of Whole-Tree Chips for Fuel 

In general, moisture content changes, internal temperatures, heat of combustion, and 

acidity are greater in bark piles than in sawdust without bark. Depending on hardwood 

and softwood mix and storage pile configuration, the conditions will vary. Preliminary 
results of tests conducted on five hardwood whole-tree chip storage piles indicated that 

moisture content changes, temperature, heat of combustion, and pH range between 
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those discussed for bark and wood (sawdust). This is logical, since whole-trw: chips 

typically contain 15 percent bark. 

Discussion has centered on the storage of wood fuel as particles. Particles are currently 

easier to handle in large volumes than is roundwood. However, in-woods chipping costs 
are high. New procedures for handling and storing large quantities of fuel wood in 
round form are now under investigation; initial cost analysis of these procedures looks 

attractive. Current efforts include field drying of stems after felling and the baling of 
all fuel-type material up to 100 mm in diameter. Baling concentrates the fuel into 

an easily handled package. A prototype is now being evaluated. 

Production rates and the type of binder are critical to the success of this concept. 

The packages are easily stacked, stored, and transported. Rales could be chipped at 
the boiler site or, given new designs in combustion systems, could be burned without 

alteration. 

FUEL STORAGE: WOOD PELLETS, SHAVINGS, 

SAWDUST, AND OTHER DRY RESIDUES 

All plants that manufacture wood furniture and other wood products generate residue 
in the form of blocks, sawdust, and/or sanderdust. These waste materials have frequently 

presented a disposal problem. Some firms hauled to landfills; other firms chose to in
cinerate their residues. A few companies burned the waste in boilers to reclaim the 

heat energy, but they were often faced with problems caused by the seasonal imbalance 
between supply of residues and demand for energy. 

This section discusses the benefits, drawbacks, techniques, and justification of seasonal 

storage of dry wood residues for use in boilers. Storage of wood pellets will also be 

discussed briefly. 

The main objectives of seasonal storage of wood residues are to: 

* Reduce the cost of purchased fuel 

* Reduce the cost of waste removal 
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" Balance the fuel demand and supply ratio 

" Maintain the residues in a usable form. 

More than one method exists to store residues, but none of them is free. Each method 
requires space and handling equipment. Before deciding on a storage method, it is 
necessary to determine how much surplus -.'ill be stored. The capital expense of storage 
must be co-et-ed by the savings of purchased fuel. Small volumes of residues can be 
stored economically, but inexpensive storage and handling technirv;es must be used. 

The form of residue being produced affects storage methods. Er d trim, blocks and 
edgings, sawdust, shavings, hogging waste, sanderdust, or combinations of thet -. residues 
ran be stored but present different problems. Blocks cannot be handled with pneumatic 
or screw systems, and they generally must be hogged (i.e., broken into small particles) 
before burning. Sanderdust is highly explosive; small particles of sawdust and sanderdust 
are easily blown away and are more susceptible to picking up moisture if exposed to 
rain or water seepage than are other residues. Obviously, there is much to be considered 

before storage is started. Some of the most common storage methods are presented 

below. 

Open Storage Methods 

The least expensive way to store residues is on the ground exposed to the elements. 
Residues stored in this way pick up moisture and dirt from the ground, wetted byare 
rain, and are subject to wind blowing. This method can be improved by leveling the 
storage area and covering the ground either with plastic and then a layer of residues 

or with crushed stone, plastic, and then a poured concrete slab. Preparing the storage 
area in this manner eliminates ground moisture and dirt and makes the work area more 
accessible in bad weather. However, dry residues will still get wet with a consequent 
reduction in their available energy content. Thus, open storage usually is unsatisfactory 

for storage of dry residues. 

When blocks and edgings are stored, they generally must be hogged before burning. If 
they have been stored without protection, they will hog more slowly than will un
weathered material. An additional hog may be required to keep up with fuel demands, 

17-10
 



and may be necessary whenever stored material is hogged immediately before burning, 
because in the winter, when the stored material is used, existing hogs will often be at 

full capacity grinding current production. The easiest and cheapest way to overcome 
this problem is to hog all residues as they are produced. 

Covered Storage Methods 

The least expensive way to protect stored residues from the weather is to cover them 
with plastic or tarpaulins. Rocks, boards, or old tires can be used to hold the covers 
down. This method offers good protection from rain and moderate winds and can be 
used for storage of hogged material in many situations. However, strong winds will 
tear plastic, and more permanent covers must be used. 

The next step in sophistication is storage in an open shed. This is basically a pole 
structure with a roof. It offers fair protection from rain for most of the floor space, 
but does little to protect the residues from wind or driving rains. 

The cheapest materials handling system for the storage methods discussed so far is a 
bucket- or front-end loader. If a remote storage site is used, a dump truck is needed 
to haul the residue between the mill and storage area. This equipment is frequently 

already available at wood products plants. 

To accommodate hogged residues with automated handli g systems, a closed structure 

is desirable. A peaked roof structure will make the best use of space, assuming that 
residues are being dropped to a pile from above. An A-frame sheet metal structure 

is suitable. A space should be maintained between the pile and the walls to minimize 

the fire risk. A closed structure with filtered vents permits fines to be blown in with

out allowing fugitives to escape. 

A metal, wood, or concrete structure is relatively expensive. One alternative structure 
which is less expensive per square foot is a flexible fabric bag inflated by air. The 
bag, commonly used to cover tennis courts and swimming pools, is sealed around the 
foundation to make it airtight; access is through an airloc< tunnel. The structure is 
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inflated and maintained by either electric or gasoline-powered fans pulling air from 

the outside and creating a positive pressure of 3/4 bar. 

Storage in a silo is another possibility. However, silos are usually not suitable for sea

sonal storage of wood residues. They are best used for balancing weekly supplies, not 

for long-term storage. Material stored for long periods in a sih packs down and may 

bridge when removal is attempted. Furthermore, the cost per cubic meter is relatively 
expensive. Several silos will be needed to handle the large volumes required for seasonal 

storage. The cost is further increased because each silo needs its own fuel handling 

system. 

Wood Pellet Storage 

Wood pellets are formed by the compression of dry sawdust and bark. The volume re

quired to store an equivalent amount of pellets is about one-sixth that for shavings 
(see Exhibit 17.2). When the pellets are wetted, they rapidly absorb water, swell, and 

disintegrate. Thus, pellets must be stored in a dry area (e.g., silo, sealed bunker, 

dosed building). Dust can be a problem with pellets (or with other stored dry wood 
fuels), and care must be taken to avoid the risk of explosion during storage and handling 
-- all metal surfaces inside and around the storage area should be grounded, and sparks 

and naked flames must be avoided. 

STORAGE VOLUMES AND COSTS 

The volumes required to store various dry fuels are given above. The bulk density fig
ures are approximations and should be verified experimentally by any plant considering 

fuel storage. Cost figures for various storage methods are highly site-dependent. Table 
gives approximate figures for capital costs. Land, labor, and materials handling costs 

are not included. 
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Exhibit 17.2 

Estimated 10-Day Storage Volumes for Various Dry Fuels for 
at 77-Percent Efficiency*Conversion Systems Operating 

10-day storage volume (m3 ) by fuel type 

Conversion system 
G3/hr Shavings Sawdust 

Hogged 
fuel Blocks Pellets 

5 1,000 500 400 300 175 
10 2,000 1,000 800 600 350 
20 4,000 2,000 1,600 1,200 700 

Assuming a higher heating value of 18,730 '3/kg, moisture content 10 percent, anq
densities 96 kg/m 3 (shavings), 176 kg/m (sawdust), 224 kg/m 3 (hogged fuel), 320 kg/m
(blocks), and 560 kg/m 3 (pellets). 



Table 1. CAPITAL COSTS FOR VARIOUS STORAGE SYSTEMS 

Storage method Cost (dollars/m 2) 

Open storage 
On ground 0 
On slab 10.80 

Covered storage 
Plastic on ground 
Plastic on slab 
Silo (without conveyors) 
Open shed 
Closed shed 
Air bag 

0.20 
11.00 
48.00* 
60.00 
80.00 
40.00 

*Per m 3. 

FIELD OBSERVATIONS 

Several techniques of storage were observed and monitored in North America duri.g 
the 1978-79 season. Moisture contents as well as bulk densities of the stored materials 

were measured at sites representing most of the above-mentioned storage methods. 

Water reduces the net heating value of wood because some of the wood's heat content 

is used to evaporate water from the wood. 

Unprotected hogged fuel reached a moisture content of 42 percent. A simple plastic 

cover kept the moisture content below 20 percent. Hogged material in an air bag re
mained below 15 percent. These differences in moisture content could justify the 

additional cost of the air bag over plastic when a large volume of fuel is stored. Fur
thermore, handling plastic over a large area is labor-intensive and can lead to water 

leakage at joints in the plastic. In cold climates, a pile of wet residues can freeze 

solid, which may make retrieval impossible. 

Some of the major concerns expressed by firms engaged in seasonal storage were as 
follows: weathered blocks and trimmings presented a problem when being hogged. The 

hog design and capacity must be considered because of the leathery texture of the ma
terial. Those firms having sanderdust were concerned about suspended particles and 
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potential explosions in the stored piles. If the sanderdust can be diverted to the boiler 

and burned as it is being produced, this problem will be reduced. 

HANDLING AND PREPARATION OF WET AND DRY WOOD RESIDUES 

No important differences exist between wood fuel handling hardware and the residue 
handling system generally used in the wood products industry. Generally, wood fuel is 

most easily handled in hogged form. This section will assume that most fuel will be 

hogged as soon as possible after production or receipt. 

As the price of fossil fucls increases, it becomes advisable for wood products firms to 
mr-ximize their use of wood fuels. The waste wood produced by a plant often cannot 

meet the total steam demand, so the possibility of purchasrg wood for fuel becomes 
attractive. This purchased fuel will come in the form of hogged fuel, sawdust, bark, 

or whole-tree chips. A mobile chipper at the harvest site produces whole-tree chips 
from forest residues and low-quality timber, which are loaded into trailer vans for 

transportation to other using facilities. Unloading these vans can present problems at 
most plants using purchased wood fuel, as well as at some wood products plants. 

Unloading 

There are many different means of unloading wood fuel, depending on means of transport. 
Dump trucks and self-unloading vans, which eliminate the need for any plant unloading 

equipment, may be the most attractive means of transport if a Plant requires no more 

than two or three loads of additional wood fuel per day. Used dump trucks and trai'zrs 

can often be obtained very cheaply; new trucks may cost as much as $80,000 to $1.2 

million. 

Since they can carry more fuel, self-unloading vans will be better than dump trucks 
for transporting larger quantities of waste wood or whole-tree chips. These vans cost 
between $32,000-60,000 and can usually dump an entire 20- to 25-ton load in less than 
10 minutes. These vans are to be compared to the standard whole-tree chipping opera

tions which load semi-trailers pneumatically. 
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"Chip vans," the semi-trailers used to carry wood, are the most common means of 
transporting wood 'uel in North America. There are several means of unloading them. 
The most common is the hydraulic truck dump. Dumps can cost from $40,000 to more 
than $200,000, depending on the design. The more sophisticated and expensive dumps 
have self-unloading hoppers and can elevate the whole tractor-trailer rig; others elevate 
only the trailer. These units can cycle a 23-ton load of fuel in about 6 or 20 minutes, 
respectively. 

Another option for unloading chip vans is the Scoep-Roveyor, an extendable boom that 
mines the wood from a trailer and removes it on a belt conveyor. This device, developed 
by Morbark Industries, Inc., can unload a trailer in less than 30 minutes. It costs about 

$100,000. 

Other options include systems developed in-house to meet plant applications. Some 
low-cost options use a small front-end loader or a flexible pneumatic pipe. These sys
tems are slow and labor-intensive, but if requirements are small, they may be the most 
economical method of unloading wood fuel. 

Conveying 

Once the fuel is generated or unloaded, it must be moved to storage or the boiler via 
methods commonly used in the wood products industry. The fuel system frequently is 
integrated into, or is the same as, the major conveying system in the plant. 

The basic type of fuel handling :;ystem is a front-end loader. The loader will, in some 
cases, be the only equipment required for in-r.,Iant fuel handling. 

Conveyors, the more conventional fuel handling equipment, come in four general classes: 
pneumatic, screw, belt, and drag/flight chain. Each type has its advantages and dis

advantages.
 

Pneumatic conveyors, which are most frequently used in the furniture industry, work 
well on clean, small particle fuel such as finely hogged dry waste, sawdust, and 
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sanderdust. As the particles become heavier and larger, energy requirements increase 

significantly, and equipment wear becomes a major problem. 

Screw conveyors are the most expensive of the three mechanical conveyors (screw, 
belt, and chain). The screw conveyors also have problems with large or stringy wood 
fuels such as bark. They do offer two very distinct advantages. A screw conveyor 
can convey up steeper inclines than can a belt or simple drag chain which can be im
portant in certain situations where space is a problem. Also, because a screw can 

meter fuel, it is attractive for boiler feed applications. 

Rubberized belt conveyors are the least expensive mechanical conveyors and also have 
the lowest energy requirements. They can convey any type of wood fuel, though light, 
dry particles can be blown off by the wind. Although they are versatile, belt conveyors 

are restricted to no more than a 150 inclinc. This limitation makes them unattractive 

if the fuel must be elevated over a short distance. 

Drag/flight chain conveyors fall somewhere between the screw and the belt in initial 
cost. They are rugged, versatile conveying systems with low energy requirements. Oe
pending on the design of the flights (or paddles), chains can be used to undermine fuel 
piles, convey up steep inclines, or even feed the stokers in the boiler. 

The selection of the conveying system depends on the plant layout, fuel type, and sys
tem cost. No one type is best for every application, though as mentioned, some lend 

themselves to a particular situation. 

Sizing of Fuel Particles 

Uniformly sized fuel particles facilitate both handling and combustion. A system in
volving a screen and a hog is commonly used to provide this uniformity (see schematic 
below). Ene, -y use and maintenance costs are reduced by screening out correctly sized 

fuel and hogging only the oversized fuel. 
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UNSIZED FUEL 

HOGGED FUEL 

SCREEN _i HG-

OVERSIZED FUEL 

CORRECTLY SIZED FUEL 

Two types of screens are generally used in this application. The shaker screen is a 
mesh within an inclined, vibrating frame. The correctly sized particles fall through, 
and the oversized particles are shaken off the tc;p. The disk screen is made up of
 
overlapping rotating disks 
 that allow correctly sized particles to fall between the disks; 
the oversized particles are carried out of the screen by the rotating action. The main
tenance and operation requirements of the disk screen are less because it is self-cleaning. 

The term "hog" is used to refer to a device that reduces the size of particles. Two 
types exist: the knife type, which chips the wood, and the hammermill, which beats 
and grinds the particles against a screen. As mentioned earlier, it is desirable to mini
mize the amount of fuel that passes through a hog. A hog, at idle, requires very little 
energy and experiences very little wear, and by placing it in a bypass loop, it is used 
only as needed. 

Dryir~ 

The issue of drying fuel before burning is in dispute. There is no question that the 
drier fuel burns better and has a higher heating value per pound. On the other hand, 
large amounts of heat are required to drive off the moisture in wood. The heat re
quirement is approximately 3,970 kJ/kg of water removed when conventional rotary 
drum dryers are used. Approximately 2,790 kJ/kg at 200 0 C is required to evaporate 
the water when the drying is accomplished as part of combustion in a boiler. 
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Two methods of drying are used: the rotary drum dryer and the suspension dryer. 

Both operate on the same principle -- the use of hot air traveling through the dryer 
and being brought into contact with the particles. The source of hot air can be a gas 
burner, a wood suspension burner, or, in some cases, boiler flue gases. Drying equipment 

is expensive to install and operate, especially if costly fossil fuels are used. 

The idea of using boiler flue gases is attractive since there is no fuel cost. Only limit
ed success has been achieved, and many systems have been outright failures. The three 

fa2ctors that cause the most problems are the high moisture content of the gases, low 
temperature (i.e., 200 0 C versus 500 0 C for most dryer applications), and the corrosive 
nature of cooled flue gases. Additionally, energy must be supplied to a fan to move 
the hot gas across the resistance of the dryer and to prevent backpressure in the boiler 

furnace. 

Although each element of the handling system has been discussed separately, they must 
be integrated into a smooth flowing system. The flow to and from storage, the flow 

of residues from the production facility to the fuel handling system, and the reliable 
flow of fuel to the boiler must be taken into account. 

The system must be able to handle surges. If a short-term failure of some element in 
the handling system occurs, an alternative means of supplying the boiler needs to be 

considered. Both of the above needs be met with or more surge bins. Thesecan one 

are small storage devices immediately following a fuel input or before the boiler feed. 

They act as a buffer in the system. 

Fuel handling must be viewed as a system. The goal of the system is to fuel the boiler. 

If a part of the system fails, contingency arrangements should be - "epared to continue 

supply. A well-designed and integrated system will fulfill this requirement. 

17-19
 



POWER FROM WASTE
 

By Robert G Schwieger, Associate Editor 

Combustion of industrial wastes and municipal refuse in waterwall 
steam generators offers an opportunity to conserve valuable fossil 
fuels, while at the same time eliminating a potential source of environ
mental pollution. Industry has been burning many of its wastes for 
years, but today this practice is becoming widespread as experience 
reveals its tangible benefits. The technology for large scale recovery 
of energy from refuse, although relatively new in this country, already 
is being applied commercially. This report should serve as a guide for 
engineers investigating the methods for burning wastes and refuse as 
fuels in new and existing boilers in industrial plants and electric utili
ties, as well as those responsible for plant design and operation 



_ _ _ _ 

Experience in burning waste
 
abounds throughout industry
 
Methods used by petroleum, paper and sugar plants 

provide guidance for your waste-to-energy projects 

The concept of disposini of industrial burned along with the more readilt, Before reachine a final decision as to 
waste products b% burnina them is available hiuh-sulfur fossil fuels, to hov, a particular waste should be han
fuels-in gaseous, liquid, or solid form- hring within permissible limits the con- dled and burned at '.our plant. consult 
is not new. Yet it is onl, in the past sev- centration of sulfur compounds in the the boiler manufacturer. He has e\peri
eral ,,ears that this practice has become tlue gas. ence with . ,.%ide '.arietx ,t bof\product 
widespread. The recent interest in burn- call he 'uels. enerail ,, .ourTo illustrate how wastes made ind can 1uide 
Ing wastes gneralkl:.in bie attributcd to to work f'or ou. let's take a look at the 
one or more of thel toLoilO\% 1[actor, state-of-the-art in waste-fuel Utilization 

0 Cost of .'as'e I'Cuels is lower than in some major industries. A thou,-,h this T 
that of"tfOssi lfuels, onl\ representit "fha Typical industrial wastesdiscussion i.,, ,e 

. Wate dispo,,l b,, more con en- s hein- done toda%. re. liz :hi the with significant fuel value 
tional methods--for e\atiule. andill of echnolo.v .nd euaimeni eu Ik Average heating 
solids or enti n, of a.ses_-iN bei , re- se rnent of industr% to ol C its proh- value (as ired), 
stricted. ems otten can he ad.ap(ed to other situ- Waste Btu/Ib 

& Incinerators ,ithout heat-recox, cr' iiions-perhaps .ours, Gases 
capabilitv usuallk are cotl. to build In ,eneral. solid %astes are burned on Coke-oven 19,700 
and operate. in %i )1' a or Blast-furnacetoda%', Ntri nent !'Gel bed in suspension: liquids, in 1139 
requirement, t'Or ir-pollution :ontroi atomized form. Except in rare .ases. Carbon monoxide 575 
Reason: The, produce lar e amounts of these do not differ appreciabl. 'rom the Refinery 21,800 
hot rlue as which must he cleaned up handling of coal or oil. Gaseous b .pro- Liquids: 
" Process %%astes ,enerallv %er\ however, are more Industrial sludgeare duct l'uels, apt to re- 3700-4200 

low in ull'ur content. Thus. the% can b.e quire special treatment. Black liquor 4400 
Sulfite liquor 4200 

Co,(e-eyen ;.s ''et 1ast.'umracegas ,mer Dirty solvents 10.000-16.000 
Spent lubricants 10.000-14.000 
Paints and resins 6000-10.000 
Oily waste and residue 18.000 

Solids: 
Bagasse 3600-6500 
Bark 4500-5200 
General wood wastes 4500-6500 

F ~Sawcust and snavings 4500-7500 
• Cotfee grounds 4900-6500 

Nut nulls 7700 
Rice nulls 5200-6500 

T- Corn coos 8000-8300 

Combustion equipment is available to 
nurn vir~ually all process waste gases ana 

t ;,quids. Scroll burner (left), for examole. s

I 3ier J." .'datuta.;as cesigned for Inw-nearing-value gases 
01 atom er oservaton cor: c3is 1,gtrre, "qster net o1ve Liquid wastes often are incinerated in a 

Fig 1 refractory-lined furnace ibelow) 

- I 

_ f.l"A
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project with a minimum of engineering 
time. Make his job easier h.% properl. 
identifying s.\aste type. quantit. and 
characteristics. Phvsical and chemical 
properties that should he pro\ided. if 
available, include: (I) heatin, %.alue.(2) 
ignition temperatures. (3) percenta.ges 
of volatile matter. tixed carbon. h dro-
gen. ash and moisture. 14) density. (I) 
ash-fusion temperature. (6) corrosion 
potential of fuel and combustion _,ases.
(7) toxicit\ and odor of .ases. (S) explo-
sion potential. (9) variabilil\ in quantitt 
and qualit,. (10) special handlim, prob-
lems. and (II) viscostis characteristic.s 
(for liquids). 

Gases. RefinerN and coke-oven "ases 
make excellent fuels Proper combus-
tion of these fuel ,ases, as % lIlas most 
others ,',ith heating \alues _-reater than 
500 Btucu t. requires onl mlinor 
changes in the design of consentional 
naural-,_'as burners, 

Refiner\ _,,s is produced %%hencrude 
Oli is rroccscd in to o.isolinc and other 
produCs Its coniposition depend.s on 
the t.pe f oil hein- reined and on the 
reinon proces itsel': thus. it varies 
v, dels. Heatmn,, alue is hioher than 
that (or natural _,'as because retiner\ -as 
contains a i_,her percentage hea,,.er(t 

hsdrocarhon . Before beino burned in i 

cor entional boiler. it usualls is milxed 
or blended ,. il gase.,es from other plant 

t 

ba/erheI f/oW

I 

operations tO produce a fuel with a 
heati , \alue ofabout 1500 Btucu ft. 

Coke-oen .,as. which ranges in heat 
content from 400 Btu,cu ft, 050 
Btu cu ft. is produced during [he high-
temperature carbonization of hi iu-

mrnous coal to make coke. Fuel qualit\
depends on the t\ pe of coal processc d. 
the duration of the coking operation 
and the temperature of the coke oven, 
Colke-oven as usuall is cleaned and 
cooled to ambient temperature prior to 
combustion. But since it mas\ still con-
tain a small amount of particulate mat-
ter. a nozzle having a large free area is 
employed, rather than gas spuds The 
fuel nozzle is installed in the certer of 
the burner: combustion air is admitted 
throuoh the air register surrounding it 

L suall.\. the small amount of solids 
present do not demand that restrictions 
he placed on tlue-,as eloci ies Thus. in 
most cases. co1ke-osen ,as c.in be 
burned easil,, ,.en in a packae boiler. 
OnLCe burner mou incaions are made 

Regenerator gas produced b reliners 
tluid-catal\tic-cracking unit.s is ipical 
of most vaste ,,ases in that it has.i hig_,h 
inert-,as content and is relatie\el hit-h 
in solids. Note that the dec_,ree to s\ hich 
the inerts ire present..ind the quantits. 
si/C and character of the solids. stronl, 
inutlience boiler de.sign Regenerator gas 
has a relatisel\ Iko\ combusuible content 

Retractoble 

soot b/owery 

.& 

.,.. . . Flg 3 ..... Fig 4 Fig 5 "r t U '" J 

Boller designed to handle industrial solid-'
 
wastes often use mass-burnIng prlnciplaq.Arpot
 
--especially. nsmall sies. High-moisture,

fuels. like coffee gro'unds, sometimesare 

buned cell-type furnace. either on f"at
 " . 

grates oion the furnace floor (TIg 3). LOW
- ash;'.eaeily burned wastes, such as those 

from a sawrnifl,'can be conveyed to the 
"boiler andconsumned onthe floor (Fig 4), ". 
or they can'be dropped from a hopper 
onto an Inclined grate (Fig 5). Ash usually 
is blown ofthe:'§rate, which may be water
cooled,bysteam (Fig 6). Bulky Industrial
 
wastes generally are burned on a . Hydraulic
• .. . . ,. p o we rrecprocatng _,ate (Fig 7) , :.. .cyuncjr. Drive shall:'--"..;: --,.... . - -. . . . .. - . . :: ' .! :: .. . : , , , . 

(about 40 Btu/cu ft from carbon mon
oxide in quantities less than 10%- b%'ol.. 
urmel. hut since this waste product is 
a\ailable to the boiler at temperatures 
ran.ging from 700 F to 1000 F. its sen
ilble-hcat content is high. To use the 

heat eficiend,,, a trap. such as an 
economizer. is'specfied for the boiler.

The Io\v heatmg value of the a.. 
makes it necessary to burn a minimum 
amount of supplemental fuel at all 
times Combustion of carbon monoxide 
occurs at about 1300 F. and supplemen. 
tal fuel keeps the furnace temperature 
several hundred degrees above this 
value for proper incineration. 

Carbon-monoxide boilers are de.. 
stoned for continuous hase-load oper
ation k%oth a ixed quanhit. of wvaste ,2a' 
and a minimum amount ot' suppie 
mentars Cuel Whilc these units h \c 
the capabtihts to increase load b usin 
iddition.il upplementir% tue1. the' 
a,nnot operate beLM, (e minimum 

,s.iiMn. Uc ti\edhl b\ the %,asie-.as 
.olume ind the correspmnding, supplc
ntent.ir\-uel requirement. Boiler de
signs s.ar\ from special field-erected 
units to packaged steam generators. 

In a is pical D-i\pe packaged boilt 
'reoetcritor -as is admitted no [lte 1t1 
pa(ce through side-. all or t'ront-s,.u h 
prort.: the necessar cothbustion air i'. 
added throutih the ausmlar, burner. 

-. - . -. 

er/Ov 

l 

Cooll/-oe ie 

..
 
"Fig 8 

Statlonary grate Moving grate 

7,:
 

http:asie-.as
http:iddition.il
http:hea,,.er


Sb nc e,' enerr y,result"fromb
 
~.'W ;:~ ~In most Industrial boilers, solid wastes are 

-'7v:-~ fed Inothe furnace by pneumic orme 

*/v. ~ -:~~ ~chanical distributors. Some or all of this 
V material Is burned in suspension. When 

'.....' ... the unit is not designed for complete sus
" '"'":' -' " ,pensiontakes' placeburning,on. a burnoutstationarygrate. Thefinal usually ,, 

.-.... grate, with or without water cooling, offers 
- ,.L I ---- "the simplest design (Fig 6). Dump grates 

_ Coaeci ba ._Oump.bar lover a. useued on occasion in small units, for 
..... .• " " .. ,,, . . .. "-high-inolsttre fuels (Fig 8). In larger boil

assembl. :... .. .... 7 

gk." ".Ct 2", mhh I 

.4 " - Liquid- and/or gaseous -uel"""~*A A ~* AY burners in sidewall \ " 
4 Overfire air ports.. 

4 Rotating/ Thermocouple
da erassq(nblies :, 

Grate ateAWaste.,ue,l. ,,
 
ir rswept . i Rearsliderail 

Cfl3m outAl'ei-I"inum 

Front rt 

Uinde r . ctrMmoer.' 
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Boiler-b'onk free area is sized to provide value, and flash and tire points. Some them are designed primarily to reclaim i
 
gas velocities of less than 100 fps. to that can be used as fuels include sol- process chemicals.
 
minimize tube erosion from solids. vents, waste oils, oil sludges. oil/water Solid wastes. T . cane-sugar. paper.
 

Blast-furnace gas, a dust-laden emulsions, polymers. resins. chlorinated furniture and ply'wood industries have 
byproduct of the iron-reduction process. hydrocarbons.* phenols, cresols, tars. had vast experience in extractin, enerv 
derives its value as a waste fuel from its combustible chemicals. greases and fats. from solid process wastes. Bagasse. the 
high carbon monoxide content (as much When relatively homogeneous by- portion of sugar cane that rem'ains Alter 
as 30% by volume). Gas can be burned products are available in quantity-such sugar is extracted, consist.s of matted 
as discharged from the blast furnace.) as some liquid residues from refining cellulose ihers and line particles. The 
but it generally is cleaned prior to use', processes-conventional burners and percentage of' each constituent varies 
because the high dust loading (5 boilers often can be modified with little with the process. Cine waste normally 
grains/scf to 7 grains/scf) would cause difficultv to burn them. is high in moisture-from 40"; to hot"h' 
plugging of burners and fouling of heat- If large quantities of blended wastes weight-and often has a high ash con
transfer surfaces, are a problem. one method ot•handling tent resulting from silt picked up dur-

Boilers designed for steel-industry them is to incinerate the' entire waste ine the harvest. 
service must be capable of respondina stream in a refractory furnace, and then Bark and wood waste, unlike ha asse. 
to rapid changes in load and fuel avail- recover heat from the combustion gases vary substantially in fuel characteristics 
ability. To maintain desired steam pro- in a conventional boiler (Fig 2). with geographic location and mill prac
duction under all process conditions. The cylindrical Loddbv furnace illus- tices. Species. type of soil. mode of, 
burners are designed to handle supple- trated is designed to burn from .0-mil- transportation and method of'debarking 
mental fuels as well as waste (Fig I). lion Btu/hr to over 200-million Btu/hr also influence fuel quality. For ex-

Designing a boiler to burn one or of high-moisture liquid wastes. A sup- ample. the approximate moisture con
more waste gases in conjunction with plementarv fuel may be required if the tent ' bark resulting from hydraulic 
conventional fossil fuels offers a ire- heat content of the waste is too low. In debar,,,ng ranges from 601- to 75: 
mendous challenge to the engineer. To operation. wastes are sprayed into the from drum debarking with wet han
illustrate: For a given rate of steam pro- combustion chamber through a burner dline. 45% to 65%: from drum debark
duction, the quantity of combustion nozzle, and air is admitted tangentially ing with dry handling. 35(- to 50%. 
products passing through the boiler along the length of the furnace, creating The com'pos iion of wood waste used 
vvaries considerablv as the rate of burn- a cyclone effect. The differential pres- for steam generation falls into three 
ing each fuel changes,. Hence. steam- sure between the w'all and the center or" broad categories: 
temperature control in units with high- the furnace causes a portion of the hot R Sawmill wastes, consisting of saw
temperature' superheaters becomes a gases to recirculate back to the burner dust. shavings, bark. etc in var_.inu per
difficult task. Design conditions are area, This way. liquid wastes are dried centages. 
complicated further by the variations in before reaching the wall area. a Prepared wood ,old as a boiler 
heating value with time, for some waste Note 'hat the combustion of liquid fuel. conistin., primarily of chips. with.fuels such as blast-furnace gas. bvproducts from pulp mills is not dis- little or no sawjdust or havings. 

'Liquid industrial wastes varv consid- cussed here because the systems and • Paper-mill waste', consisting
erably in viscosity. moisture.' heating equipment for preparing a'nd burning mainly of bark; 



process wastes insuspension j 	 boier design andood 	 efficiency. But 
the so-called tower boiler appears to be 

ors, ash Isrgmoved from the grate contin- ideal Ibr burnin, waste fuels-such as 
uously; either vibrating (Fig 9) or traveling ho,,.ed %'ood. sander dust and ba
(Fig 10) grates are suited for this type of 0 "asse-in mass. or partial]. in suspen
service. Where wastes have good corn- . ion with inal burnout on a ,rate. 
bustion characteristics, and/or when a Furnace heicli provides maximum 
highly turbulen. gas stream exists in the time for combustion and assures loA 
furnace, a large portion of the waste mate- furnace exit temperatures, while lonsi
rial is consumed In suspension. Under 	 tudinal gas, tio, throu,ch the generatin.gthese conditions, final bumout may take t 	 bank reduces gas-side pluccace arid 
place either on the furnace floor (Fig 11) -	 erosion problems with minimum draft 
or on asmall burout grate (Fng.12) 	 loss. The unit shon,. capable of pro

ducing 60.000 lb/hr of steam at 425 
psi-. 500 F when burning hos! fuel alone 

damp"r 	 the front wall Retractable sootblowxers 

gus// ,_Irearprovided in the boiler hank ' 
Fkr gas /0 An efficien \a to mas -hurn mn 

-
w W-" 	 solid astes. epecial, 
mo' ,n o>IUIl a has ,tppe, 
or,,h olt aeln.uhar c\,hose 1varNo. 	 teurnersthat in 

1,in size and compoitit is ona. reciprotheetbureri 
cati:narate riblodular cornstruce 

hoppertion permits these Lraitc, ito be arrancd 
Iinan\ combiniin, IoII%Ji and 

lenuths to tit reciaminclar Iurnaces of At
most B.a\ sizei.nad to 'I.npl\ whaieer 

Noi r o 	 area ii handle Oastesgrate is ncs ,lr.\
secfunry a n on fmad t 	 in quantities ibolea 1 lber(/ -f/, rom 	 io'ii 1000 hFig 11 arta n u n on. Fig 2 Reciprocating grates are idaptale io 

.n-ed.F 	 .n brun th.. chi as are.r..dd fr eah. r- siniermitent hatch reedin either b\ 
c~arginuc ram or bn Ildoler: ho'mes er. 
eeritnuous charint! i1 recommended 

Bagasse. wood, and other solid pro- saturated -ahout 55-t of the heat fti. ehciend \hen the unitsteaneo hiher o is( 
ceCs wastes can be burned in a boiler comes from coffee waste, and the re- large enouh to ustit %. Crane Grates 
furnacesI in (2) in suspenSIon. tao oil Lare in . mermass. mainder from 	 arranled e,.cthburners mounted Lteral ro'ast 

parti t aall lapping the adicei rom bin shimele-likand 3 allin suspension. with fi- in the front w Warmup ga burners 
nal burnout on a thin bed. Final choice also are prosided for each t the re- fashion Alternate ro\ .ire linked to a. 
depends heavilson the size ot the in- tractor cells. power source \%hich lo%\ 1\eIreciprocates 
stallation and the steam-2eneraticn eti- Some low-ash wastes, such as sa%- them back aindtourth.icros tlie tlces t 
cien desired. be mass-burned the staionire rofsro. ot tiledust, can in small boil-	 \oreeeni 

Thle simplest method of mass burning ers with acceptable ericienes b ra,- -,rate tumbles thehasi thus icratinu, i 
IS to take unprepared waste and burn it ,t-feedin them. from a hoaper o an and hproridine mai nnnemirace eso
on a pile a refractor% cell-tpe inclined stationar ,Fic.asure the ut Coniu'ion isin fur- ,,rate ,,te tlame. air 
nace fiteds Aith either statio.nar or little ash there is' ev-entuallw . orks its supplied through cloncls and esen-
Jump crates. Years ago. this was a stan- wa to the bottom Of the incline. here spaced ports in the crate cistings Non
dard method of destroyin baasse but. it can be removed manualls or blown combustibles and ash c be discharged 
since combustion is relthivel\ inefficient off tneyrate b\ steam I Ftc o t r tl. use o iintermitten bs dumpine 
it issseldom used todas One of the tenl Another wa to etract heat from rate. or continuousl 
remaining applications Ifo this tpe of sawdust and sood sha m,!, is to teed Thin beds. Perhaps tile most populai 
furnace is for coffee rounds,. which the %sastes into a modern ater-cooled method torunein stearm from solid 

and them 	 m some combushte a hiugh moisture content IFi-, o furnace burn on a itionar wastes is it burn of the 
Grouns are the residue remaining oor crate Fi 4 As shown, the sood tble material in suspension and the re

after instant coffee is made Thell are bvproducts are deposited in the bctler mnainder on a thin bed. This approach 
Tushed from the process t a blo-off s'ha variable-speed. under-toor scre requires that the wasnte material be pre

tank, and then pass through a rotar\ conveyor. This insures quiet dier. pared before admitting it to the furnace 
press. which produces a cake containin minimizes particulate carrover. pro- For relatiels hocea ,ouCouswaste 
60't water. cake into good coverage of the crate streams, all thats Lenerall% inolved isThe is pumped uides and, at 
each of the boiler's four refractor cells the same time,alows the _Aood to dr size reduction. In suar mills, for ex

e so n e a shredder with revolving knivesohrouuh 3-in -diameter cast-iron as itris fed up from,the bottom of ample. 
thimbles set in the roof of each corn- the pile. For part-load operation and cuts the cane %%aise. which then passes 
partment. Hot combustion air is sup- more-efficient pile burning, the caeis throughI sets, of grooved rolls, each set 
plied throtmi ' side Aalls of each cell. divided into twso sections. The center. comprising a mill having finer grooves 

The cells are designed so thata slop- "%here the pile is. receie.s hih-prsure than the precedin oinet Tie end prod
1i roof protects out past ia. the peripher\. -p: essure uct a oi tit'finesthe side lo,, aiir, has percentage .(' 
oft the boiler Ref'ractors . theretore. A- The tall furnace in this unit repre- short fibers. 
most completel \ surrounds thle , ile of sent>, a relatisels' nt:e"concept in prick- Thle paper industr'.. iilarl\%. uses 
cotfee being, burned. insuringo igtion a1ced-bOiler desig-n It %vas des eloped hoggers Or chippers to reduce the size at" 
and good burnout of' the g!rounds. wsith originall\ to optimize shop assem bl\ of' its ssood and bark wastes. 
a minimum of' au\iliars fuel At%full fossil-rired steam generators. larcer than Once the h\ product fuel is sizedi tor 
boiler load- 100.000 lb. hr of 200-psig 200.000 lb' hr. wi7thout compr-omising proper combustion, it is transferred. b,, 
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polluti)This be replaced with ahout of the theoretical comhus- oversize particles.would,Cof courne, 2 0 mr 

a drihutor de,,gned for the partiular nion air required. A forced-draft fan i ndustrial sludge. One of the more -,
 
wa e fuel eipnburned, supplies the are the uor classes of waste fuels to xncinennder, plus air diffcut 

Traveling grazej are the monst popular supplementa wuste small cent- rate is sludoe. Despite the hi Ihpercent
type or solid-waste-iredboilers larger aseeo, wood that does n burn in sus- a e of moisture contained in these
 

than: about 50.000 lb/hr. The endless pension falls to the furnace floor ahead wastes, however, they" can be burned in . ...trates move-at speeds between 4 and ofa bridbewall. There it bus, aided by a boiler ti they are "properhprepared

b0 fthr. depending on steam demand- a smallamount of" air introduced One lay to do'this is to usea flash-dr

tows'iard the flront end of the boiler dis- through the bridpewall. Every sif in system (Fiw20).

cheiraig ash ontinuously . Preheated months or so. the turnaceis raked out In operation. the wet s udge is re

1 m/ . Loolin.gl l t'wandb combustiore .sair.',res.upplied p le ceived.wi ie and cleanedherof'all noncombustibles.throughl arots and oerdesi n sludge. l adlse fed .niepn. ho , n the The onltrestrctonsonm id r b lsarCr h ifc blended withtoer sefesta portionare of dried.e...e. 

grate:- air teperature depends on the imposed ba wood-waste combultion are flash-dryin is iniated. Hot flue ,,as
monitedture content of the fuel, but rarel. limitations on gas weocitand volu- from the boiler completes the drin. 

Ae r' metric heat release. Experience with pocess in the vertical conveying le, .Aq Increadse eucien,'. With -spreader- lhese packaedunits dictates that. with cyclone aseparates the spc drs gases
 
stoker installatonsit iseod practice to about the sh and a smal quanit of. from the dry s udae and most of the
oletriunburned l a snd in the wqod. as velocities in"he slUdge isconveyed to the boiler. rcombusetiule from 
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M4unicipal reftusle is,.onverted into a fuel for power~plants 
oy shredigddi.im vn noncombustible matter.' 

Spiingenero and raw-materials process heating or cooling or for gen.er- have had a great deal of operating ex.pecosts and restrictions -on landfill activi- ating electricity.vNote thit the terms rience, bothi :h
ties. have trasformed mboiler" 
 'and i"waterwall incinerator" , systemse not.have Furop:theA;from to a valuable resource. are two different ways ofsaying""refuse- Costs ,sociated with boiler and inwhich lontains a substantial number of firedwaterwall steam generator." The cinerator projects can be estimated rea'recycleablematerials and a substantial first is more commonly used by domes- listicallv: the othe: methods are in vari"
 
' amount of energy. Whether some or all tic boiler manufacturers when referring ous staes ofdevelopment. and cost s are
of the materials found in refuse can bt to their equipment: the latter by freiv, not well definedo... n...t..r
 ..recovered economically depends on incinerator manufiacturers. orei.n defAssuminedd,their value and on the cost of recovery, Several other methods recover energy .our seectindo n t he a brronw 
.,both o'which vary widely from location from the waste stream after noncom- ing and suspension-firing systems citedto location. One thing is sure, however: bustible materials have been removed. above as prime candidates, the next step J'Enero. recovery is economically attrac- The most direct, and perhaps the most is to determine what is involved in Prelive-now, , practical. is to burn the prepared, or- paring ref'use for suspension burning.nThere are several ways to extract ganic portion of the refuse in a standard The various resource-recovery processes
energv from municipal refuse (diagram, utility or industrial boiler, in conjunc- also must be investigated. With this inbelow). Two of these recovery tech- tion with fossil fuels. Other'wavs-such formation. vu can evaluate the advan.
niques use the contents of the 
 entire as anaerobic digestion and pyrolysis- taves and d advantaees of stoker andSoaurbape pail and. generally, do not pro- generillv convert the organic fraction suspension iring more accurately.
vide for materials recovery. T.e e siest into a more conventional fuel. whichi approach is to landfill refuse in conven- can then be burned in a boiler. iastur- The..aste.steam 

utional fashion and draw off the gas pro- bine or internal-combustion engine. Government statistics show that the. Aduced by thedecomposition of organic The extra step associated with these averae citize-,-rodtices over 5 lb/davmaterial. Althouah his fuel gas con- .methods could. however. increase the of waste prducts. with an avera2e heat-.tains about 500 Btu/cu ft and is of a cost ot recovered energv. ing value of between 5000 .and 6000
quality that can be burned in a boiler, a Selection of the .energv-recoverv sys- Btu/ b Nationally. Americans throw
as turbine or an internal-combustion tem best suited for vour area will be away, each \ear. over 125-million tonsenaiine. recovery is not efficient, and the based, in part. on commercial 'experi-: of' refuse from residential and co iierproblems associated with sanitary land- ence, economic considerations and local cial sources, This contains more than
fills still exist, variables. if the first two points are hiah 1.2-million billion Btu. 30-million tons.
i)A better wayJ' to release energy from on your list. then systems designed to, of' paper 4-million tons of plastio. 48raw refuse: Burn it on a grate in a burn'raw or prepared refuse in a water- billion cans and 26-bhillion bottles a:nd
stoker-fired industrial boiler or water- wall steam'2enerator will be prime can-
 jars. These numbers are increasina an"wall incinerator to produce steam for didates. Reasons: Plants of these types nually, About 75'" of'this wa3'te is found .. 
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Conveyors and bucket elevators handle refuse fuel and ash
 

-.
 

-44. 

Fig 25 . .&_. . Fig 26 -.,,
Fig 27 

Belt conveyors, which offer relative simplicity, few moving parts as from live-bottom storage pits, apron conveyors may be the 
and low power requirements, can do many of the materials-han- choice (Fig 27). When the pit is fuh, the cables shown support
dulng jobs In refuse-fired power plants (Fig 24). To Illustrate: In some refuse to prevent overloading of the conveyor motor. Drag 
some facilities, fixed-end-discharge conveyors are used to con- conveyors are popular for removing I'ottom ash and flyash from
trol the flow of raw refuse to shredders, carry the shredded refuse quenching troughs lr systems thet bp rn unprepared refuse (Fig
to resource-recovery systems and storage bins, convey re- 25). Finally, remembel that bucket elevators sometimes are spec
claimed materials to loading docks, and move bottom ash out of ified for vertical lifts I ash-handling and reource-recovery sys
the plant. Where raw refuse must be lifted at steeper angles, such tems. Continuous type hasgreatest apacity (Fig 26). 

in major metropolitan areas. where duce the need for presorting. ham- feeder on one machine is gripped by a 
energy- and materials-recovery plants mermills often are equipped with an slowlh rotating shaft holding man% 
would be economicallv feasible. ejection mechanism to remove non- gear-shaped plates (Fig 33). A paralle!

In man, respects. refuse ;s not an grindable material. Mills var, in power shaft, which faster than the first.rotates 
ideal fucl. The mriad of municipal and requirements. depending on the t.pe has impactors that comb through adja
commercial w.astes do not lend them- and quantity of' material to be pro- cent gear plates. Both the impaclor and 
selves to accurate definition b, particle cessed. Medium-duty mills used in the gear teeth penetrate the refuse: gear
size. moisture, chemical composition or shredding municipal refuse typicall\ re- surfaces act as anvils for secondar. pen
general physical characteristics. Wide quire 25 hp per ton-hr of'throughput. etration. The close clearance between 
fluctuations in these variables, which Hammermills mav have a gravity- the impactors and the ,haft holding the 
are influenced by weather, economic feed or a forced-feed svstem. The com- gear-like plates provides further tearing
conditions and changing technolog.v oc- pression or force feeder (Fig 32) can action. 
cur on a dailv and seasonal basis, eliminate some input problems. jam- Up to this point. hammermills and 

The phssical composition of refuse is ups and choking bv pushing material 
outlined in the table on p 73: chemical into the shredder at a continuous rate. 
properties on p 83. and bv flattening bulky items. 

But raw refuse can be transformed. Most machines have hammer shafts Physical composition of 
by dry (as-received) or wet shredding, oriented in the horizontal plane: some. typical municipal refuse 
into a relatively homogeneous mixture, however, have vertical shafts. In the 
with uniform size. heating value and vertical unit illustrated (Fig 36). milling Weight percent (as fired) 
moisture content. Almost all refuse to. begins in the prebreaking section. In the With Withou! 
be shredded is milled as-received. rejection section. which is the narrowest Category yard waste yard waste 

A wide variet, of equipment is avail- part of the machine. heavy or resilient Paper 44.2 50.7 
able for reducing the size of raw refuse, objects that are not reducible are hit by Food waste 16.6 19.1 
but hammermills are the most popular. the hammers and thrown up the sides of Yard waste 12.6 
Two basic mills used for this service are the cone-like a ball in a pinning rou- Metal 8.7 10.0 
the swing-hanimer type and the fixed- lette wheel. Shredding is completed in Glass 8.5 9.7 
or rigid-hammer type. S\wine- and the grinding section. and the milled Wood 2.5 2.9 
fixed-hammer machines are similar. ex- refuse is discharged. Textiles 2.3 2.6 
cept that in the former the hammers are Some crushers perform essentiall\ the Leather. rubber 
pivoted on the rotor ( Fig 31) to prevent same jobs as hammermills. To illus- and plastics 2.9 3.3 
internal jamming and damage. To re- trate: Ref'use discharged 'rom the force Miscellaneous 1.7 1.7 
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:.iqieyor.sattractive as feeders. When so used, tho are ehoirti~i-: L. 
ha.xll&e 	 :.:
closely spaced Idlers for extras upprt(Rig 28). 

V .b .tlngfeeders use an electromagnet;,or a rotary/drive. to-::
 
I,mpart vlbratorymotion (Fig 29). An adlvantageat theserunits Is.";
 

;the!few, ifany, parts are subject to friction wear. Hence .'.:,
 
i<,malntenance Is light. Screw feeders genoraily are found In :""
 
,stor'age bIns, where they are-used to load belt ccgiveyors (Fig 30). 


crushers have been discussed with the rial. The et|'ects of this step are: 

intent of using them in continuous * To increase the heating value of 

shredding operations to produce a the refuse fuel. 

homogeneous fuel. This use only ap- * To minmi~ze wear of pneumatic

plies to plants burnn refuse in suspen- transport equipment and boiler heat-

sion. Facilities that burn raw refuse on a transfer surfaces. 

crate often have mills to shred oversize * To increase the suitability for reuse 

wastes for more convenient handlirng, of bottom ash f'rom the boiler. 

Other., may use other types of crushing Density separation can be accom-

device, such as that shown in Fig 37. 	 phshed when refuse is dry, or in ,,lurr\ 


"7ost or h:omogenizing the ,a,':te form. But, as mentioned in the section 
stream by shredding is not low Po~ er on shredders. virtually all waste is han-
costs are sagniticant. and maintenarnce dIed dry: thus.- discussion here will he 
can run ti0c/ton of waste milled. Bulk confined to such systems.
of the maintenance el'or is scent to Air classifiers are used in many, in-
retip hammers and replace grate hars. dustries to separate mixtures of drv ma-
Hence. at 5sin your best interest to con- tertals acco~rding to one or more ph.,,sa-
sider a machine that I 1)provides quick cal propertes-such as size. hape or 
iccess to internal parts, and (2)has eas- specitic gravity-of the parties in the 
iL, removable hammers and grate bars. mixture. In t'ood processing. tor ex-
Some units have an added advantage: A ample. air classifiers separate peanuts 
reversible rotor, which permits ham- and other nut meats f'rom their hulls, 
mers to take twice as much wear before Prior to. selecting an air classarier. Cs-
retippig is necessary tablish the primary objective of \our

Other aspects tha't should be consid- plant's refuse-processing system. If"it is 
ered before making a final selection; energy recover-v, then the classiier ,you 

* Protecting plant personnel from ex- choose should be'designed to maximize 
plosions or fires that can occur inside the amount of"clean, ight fraction pro.
the mill during operation. duced. Where materis recover,, is theounting the shredder in a man-0 goal, the heavy fraction is of primar 
ncr to minimize severe vibration, concern, and th~e recovery of metals and 

* Providing protection against exces- glass must be maximized. 
si.'noise. The classification system illustrated in 

* Designing the macerials-handling Fig- 38 appears to be the unit most 
equipment on the inlet and outlet sides talked about in utility circles. Its sue-
of1the shredder in such a way as to mam- cessfu[ operation depends on taking the 
imize the possihiit' of O,,erload. erratic, variable discharge of refuse 
Density separation is next 	 from the shredder .ind metering it. at a 

constaint \olume. to the air class:,hr.
Once niunicpal ref'use is,,hredded to This isaccomplished b\, a t O-deg tihcht 

a ton size of I': in or so. it undergoes.i corn',e'or. which permits gras it.,to lev el 
deitsit\,-sep:iratio n step to) remo, c mOSt the rcfuse .i,it is'dragged up to the '. i
of the hea,,, or notnconthutlbe mallte- bramiag, feeder. .\s, a rotaitinga backup. 

A 

leveling roll .,calps oil" in', excess maite
rial reaching_ the top of"the conveyor 
Refuse then is transported hb,the 'vibra
tine feeder to the infeed airlock, which 
allows air to enter the classifier only 
through the falling curtain of refuse in 
the separation Zone. 

Hinged panels in the separation area 
permit,'.ou to vary the.shape and cro.,s
sectional area of' the .zone Thbus. w.tth a 
constant volumetric input of air and 
garbage. ou can control which items 
drop and which items tlv 

Another relatively co~mmon t.'pe ot 
air classatier has' a zig-zag path tor the 
light and heavy streams, tO follow. 
raither than the vertical column charac
teristic ofl the unit in Fig 3$ Design phi. 
losoph,, isthat each chaine ndirection. 
o)rg-.,_.creates a turbulence in the 
air stream, which causes' the ,olied waste 
to tumhle aind allows hunched materials 
to he broken up 

The heav. t'raction rerno) ed fro~m the 
air cl.sirer is transported to laindill or 
a resource-recover, stem, light,,\ the 
t'raction me,, be con',e',ed to another 
shredder tor" milling to not more th,.n I 
in. in size before it is sent to an appro
priatestoragebin. 

Live-bottom storage bins specified tor 
most. if not all. refuse-to-energ_._ plants 
committed thus tar are shown :n Figs 41 
and 4.2. The circular bin, used exten
sivelv in the puip-.ind-paner ainu cane
sugar industries for ,t,,ring chips and 
hagasse, Is er'.populair Shredded re
t'use is,,creed pneumaiti,.i.=l or me
.hanic.,ill\ to bhet,,p.,tiih!ti .ini :.i, 
oto .aconi,.il pile 

\tateri,il reco, er', is.. o,.ipiushed h,, 
chaiins, ,1 ,seeri HuL.K ets, Ihrne-r,,rn to 
six sw eep chaiins .ire used., dependin,, on 
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Shredders mill all therefuse, or just large objects
 
. .
..- feeder... '1....Compression 

' , , t * I . . * 

Long... - Short hammer /"-" . Fe htLoghammer eed chute :: 

Wydraulic1 %k 
''.' . opening..t Hydraulic votcyindr. 
PT * cylinder 

Tmnr ... * ... , ..."
 plate *.-" " " "" 

metal of 0 w- /
l'rap brqaker.-,....,.' '/,trap . a"-r...... .a..t • -aes Cutterbar " 

- . 0 . - '"-';' .- ",Hamm er Hammerol -orenvil . . • , "", " r:.. T;": 
.ar bar ./. . r . 

" GeBr [* + Shredde-reluse conveyor Fig32
Ssements 

Hammermills with horizontal rotors . ' 
commonly are used for shredding refuse. 
These machines are of the gravity-feed 
(Fig 31) or forced-feed (Fig 32) types. ,ft "o 

Here's how they work: Refuse fed lrino ..the ' 

mill Is chopped between hammers and .
 

breaker plate, then it Is ground between *. ". 
; 

i I
the hammers and the grate at the bottom*
 
of the unit. Tramp metal Is removed by a -A"
 
trap. Design of the hammers or crushing ..
 
device depends on the vendor. Haramers 
shown in Fig 34, which weigh about 150 lb
 
each, are typical of those used In a heavy
duty mill. In another design, refuse is
 
broken rnd torn between adjacent gear- 1
 
like wheels and impactors which comb • 
 ".' 
through eachother (Fig 33)... 

.l•Fig33 -. '*• • . . . 

Blades ' .; ..' - . Junk remover . .. , '-g34 
Vorlica-haff himmmtrlila, crushers and Hydrapulpers also are-, 
used to reduce tMe size-of raw refuse. The first two handle waste-. 

SluyDischargepr - drythe-ast, wet-The crushei (Fig 37) is designed toreduce the 
~otingrejects fuse,Fl size of bulky Items, sauchas refrigerators, by crushing and *..., '.i 
-.. -S: to surfacerand shearing the3between its jaws. Hydrapulpers (Fig 35) essentiallyare picked upby .arG oversize blenders, containing water, which convert old,bucket elehator.h
eI;i't . rbucke.. . waste to aslurry ,. ". 

Hydraplulper .Floa- ng r ...ecfs: . ...-, :".'-.. .,-.-. te +..;" 

H-7eavy7,Jacfschute" ""jj 

.Buckerelevator " . ' 

Organic materialItne . ,
metal and'glass

,"washer/from lurk -:'.';, :' .. 

Fig 36 reects reurntohydrakpulper ,.Rlectton 

Continuous extraction Wasb-water ine. 

'Inlet -. 

Fig 37, 36 .Discharge' drive 



Separating heavy materials from light 
CYCIlo7e refuse 

Air Elbow with Light fraction 
Light fraction replac able back I Air clenng t0 cyclone 

Heavy fraction ai / "vice 

-.&- air lock 
Scr-ew feeder*Ajsal 

er' I fr ton t othroat 
feeder. Hing=~4-=rrJ 

Ylbrat fExahaustr
-High-pressure High pressure blower Hinge

airlockpoints 

- Adjustable separation chamber 

Metering bin- - r-vavy fraction of waste dropis onto conveyor Heavy 
rFig.38 fractionl to conveyor 

Air 4,r Fig 39 

Air classification systems separate the shredded raw-waste the light fraction is lifted up the pipe and the dense fraction is 
strea:n into two fractions: heavy and light. One system (Fig 38) dropped out.'Heavy materials are removed by a belt conveyor, 
uses a metering-bin/conveyor unit to deposit reju'se ort a vibra- while the light fraction is separated from the conveying air in a 
ting feeder, which evens material and screens out much glass, cycl6ne. An exhauster discharges transport air to atmosphere; 
sand and dirt The rotary airlock (Fig 39) supplies refise'to an ad- the combustible .material is transported to storage. Note that an 
justable separation chamber. Latter helps control air velocity so air-cleaning device can be installed if necessary 

bin diameter and the volume rate of 
flow desired. Each is fixed at one end to 
the rotaiing pull ring encircling the ,for-
ace area; the other end is free. 

.As the. pull rink rotates around the 
peripher., of the bin. the sweep chains 
automaticall, trail to%ard the center. 
Buckets contact the stored material t 
the outside of the pile. and, as the pull 
ring continues to rotate, the buckets fill. 
and the refuse is swept through the griz-
zlv openings onto an outfeed conveyor 
recessed in the door. The conveyor de-
livers the recovered refuse fuel at a uni-
form and controlled rate to either a 
pneumatic or a mehanical con'.e',in 
svstem. for transpo,,t to the boilers. 
Resourcernscovery 

When one nears some of the fabulous 
prices quot'.d for scrap steel, aluminum. 
glass, and copper and brass. there is a 
temptation to look at the heavy fraction 
discharged from the air-classification 
system and think it contains a fortu'ne in 
readily recoverable materials. Before 
making any quick decisions. however, 
consider these facts: 

u Most svstems for recovering mate-
rials other than ferrous metals have not 
vet been proved commercially. 

* Scrap prices are subject to rapid 
and wide rluctuattons, 

* Scrap prices often quoted are those 
paid for materials delivered to the rec'-
cling plant: therefore, recover'.' plants 
located at a considerable distance from 
recvclers might find it only marginallv 

economical to ship .,ome reclaimed 
metal.,, and or claSs, 

n EPA is ,upporting leuislation--,u.:h 
as h prohihit nonreturnable hot-hill to 
tes in interstate commerce-that ulti-
matel, could remove 310"; of the steel 
and 50c" of the glass ind aluminum 
from the waste stream. 

What this means. in short. is that rela-
tivelv little is known about the reco.er'. 
I.or profit. of .class and metals from mu-
nicipal refuse. It should not he consid-
ered un\, ise to invest ,ome capital in 
materials-recover. s'stcms-but I" ,.ou 
do. base .our plant economics on the 
recover% of ener., alone or on the re-
cover\ of ferrous metals and ener .v 

Scrap stee. cans-the ma.jor compo-
nent of ihe ferrous metals recovered 
from municipal refuse-prohahl \ can he 
rec-cled byl four or more industries. The 
steel industry. for example. has made 
some promising efforts toward can recy-
clinc in the last few years. But old cans 
generally are not a very desirable raw 
material because they contain tin. 
aluminum and lead-all of which can 
lower the quality of a steel product even 
if the'. are present in the melt in rela-
tively small quantities. 

Quality of steel scrap can be up-
graded to desirable No. I dealer bun-
dIes if the reclaimed cans are first pro-
cessed through a detinning plant. Some 
utilities contemplating large materials-
recover' operations have found detun-
ners willing to pay as much as 50c of 
No. I dealer-bundle prices for ferrous 

crap deli.red to the:r plants. Rernctn
her that the onl'. domei.,c Source of tu 
i, from detinnin- planis. 

Reclaimed teel cans .lo c.in hc uscd 
h. the copper-mining indlr'. a, pre. 
cipitaion iron to reco'.,er copper from 
low-,,rade ore, and h\ ferroallo,, pro
ducers in the product.ion t mlts,i to( 
foundr\ casin,_,s. 

The most common method oi rcco 
erint ferrous ,crap trom muntcipal re
f'use is io use heft- or drum-i\p' ma,
netic recuoer' .,st,,.s 0-l1,N .0.-4h). 
Single-,taee '',stems-thit is. thoe a,-
Ing one it1. ect-o.t ten arc found in re
fuse-to-encrg\ plant., that reco', errp 
after cornbustion. \lUIiS.Ce '.,stenm,, 

are needed %%here ,teel i. to he re
cliimed from unburned ,hredded iC

fu.se, becaube the'. mininiiic the imount 
of toreitg material that i, carried alone 
with the scrap 

In a t.pical multistage belt u'tem 
(Fli 4t). three separate magnets arc 
used to do the t'ollo%, ng: attract met.il 
conve it a lonc distance around 
cur' e. aditate it. release it. attract th
same metal again, redirect its path. con
vey it again. and discharce it. WVhen at
tracted metal reaches the area %%here 
there is no magnetism. it falls aka' 
freely, and an' nonferrous mater;al 
trapped b% the' metal acainst the 'ei 
also falls. Thus. clean metal is pulled 
back to the belt b'%the fina m;.net. 

Aluminum mitht be removed fron 
the heav. fraction of municipal ref"se 
b%either chemical, mechanical or edcc
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Reject dump valve closed when cyclone 	 Bin Refuse-to-energy plants that bum " 
is to ump reject/Fotg:gopen -. 
 exterior . shredded waste use live-bottom storage. 

Fig 40 

Liquid cyclones are used to separate the 
light and heavy refuse fractions in wet 
processing systems. These units have no 
working parts; they come with ceramic,. 
liners in areas of heavy wear to minimize 

maintenance and equipment downtime 


trical separation methods. A system of 
the first type, called heavy-media sepa-
ration, has the most operating experi-
ence. Even so, there are fewer than a 
dozen such plants in 	 existence-all in 
the automobilc-recovery industry, 

Here is how heavy-media separation

works: A shredded feedstock rich in 

aluminum-such as the noncombustible 
portion of municipal refuse after fer-
rous metals and glass have been re-
moved-is dumped into a process 
stream of high specific gravity. The 
gravity is maintained at a level that per-
mits the aluminum to float and the 
other materials to remain submerged. A 
disadvantage of this approach is that an 
optimum-size plant requires 2000 to 
3000 tpd of feedstock. Thus, it probably
would not be economical for use in sys-
tems processing less than about 15,000 
tpd of raw refuse, 

A new type of magnet appears to 
offer great promise for removing alumi-
num from relatively small quantities 
(250 tpd and up) of municipal refuse, 
There are a few prototype systems opel'-
ating, and at least one commercial-size 
system will go into use at a municipal 
power plant some time this year. 

Design of these systems is based on 
fundamental electrical principles. To il-
lustrate: When a moving magnetic field 
passes through a nonmagnetic metallic 
conductor, the field induces eddy cur-
rents in the metal. This phenomenon is 
used to drive a rotary induction motor. 
If a linear induction motor stator-

/bins to hold the prepared fuel prior to 
combustion. In one design (Fig41), 
sweep-bucket chains transfer refuse rom 

Outside a centralpile tortwo (topy or four (bottom):
42)has- ameter ot.conveyor..Another system ( -ig 

.retuse.pile 
Fig 41 	 , 

• -." .-..J-.',.,.L.',._ ... ,-'o:..;......,,I.. . 

which can be considered a rotary-induc-
tion-motor stator that has been cut and 
straightened-is placed below a non-
magnetic moving belt, it can create the 
field necessary to drive nonmagnetic 
conductors from the belt. 

In one system, linear induction stators 
are arranged perpendicular to the 
length of a 0.040-in.-thick austenitic 
stainless-steel conveyor belt, and are 
positioned underneath 	 the top surface. 
Nonmagnetic conductors, except stain-
less steel, are forced upward from the 
belt and off the side. Early tests of this 
process indicate that overall recovery of 
can stock and other aluminum is greater 
than 75%. 

Recoveringremaining 
Clean, color-sorted glass is an attrac-

tive raw material to the glass industry, 
and demand reportedly exists at prices 
comparable to those of virgin materials. 
No major process changes are required 
to use even very large quantities of 
color-sorted waste glass (known as cul-
let) in glass manufacturing. There is no 
proven process for color-sorting of 
waste glass, however, although at least 
one method is in the early stages of 
demonstration. This is a device that is 
able to sense and reject material having 
light-transmission qualities different 
from that of standard glass. 

Glass in mixed colors can be sepa-
rated from other mattrials in the waste 
stream by at least two methods-elecro-
statics and froth flotation. But the eco-

two augers that traverse the bin and - '. 
-"'deposit the waste fuel on a conyeyor ""
 

. . . . . . . . .. "...
' .. ' _".. . . .,... ..... 

nomic attractiveness of mixed-glass re
covery is not clear. Reason: Use of 
mixed glass probably will be confined to 
low-grade products, such at construc
tion and road-paving materials. 

High-voltage electrostatic fields can 
be used to separate glass from the heavy
fraction of air-classified refuse, free of 
ferrous and aluminum scrap, in the fol
lowing manner: A vibrating feeder me
ters feedstock to a negatively charged 
rotating drum, and a positive electrode 
near the drum and the feeder induces a 
charge in the small particles. Noncon
ductors, such as glass and clay, retain 
the charge; metals and crystalline mate
rials-such as rock-lose it rapidly. The 
drum holds the nonconductors, and the 

material drops off 
Froth flotation can be used to recover 

a container-grade glass cullet from a 
glass-rich feedstock produced by 
screening the heavy fraction of air-clas
sified refuse. First step in the process is 
to immerse the feed material in water, 
so that the organics and other materials 
that float can be removed. The glass 
chips, rocks, bricks, bones and dense 
plastic that sink are ground in a rod 
mill. screened to remove rubber and 
metal chips, and sized for flotation with 
a screen and classifier. 

Material in the minus-20-to-plus-200 
mesh size range is dewatered to remove 
contaminants from grinding, repulped 
with reagents to a 30c-solids content. 
and fed to roughing flotation cells. 
where most of the glass is removed with 



Mgn remove ferrouS scrap before or after combustion
 

!: .: .*:,Drum magnet 

'1 A ~~Ferrous- ArSrde 

_ ~materialNonmagnetic 
:. .:'....... ... :; ". •
. - . ' Fig 43 

Iron-andsteel scrap Iseasily removed tromr municipal refuse'with 
'":elther-drurm-type or a belt-type magnetic sqparatlon systeme 

Singe-stage systems (Figs 43, 45) have ohe magnet and 
generally are used to pick metal from bottom ash In plants 
burning unprepared refuse. When refuse Is shredded, f, rrous 
scrap is-removed bofore combustlon.A multistage sysiem is used 
here, so-the scrap Is picked up clean (Figs 44,_46) . 

" 4k 

the froth product. The froth is repulped 
in a cleaner cell and retloated with no 
additional reagents. After one more. 
cleanin-, the product glass is over -)91'-
pure. 

Putting a system together 
Knowing something about the ke') 

equipment needed, both to manufac, 
ture a homoueneous refuse fuel for in-
dustrial and utilit. steim cenerators 
and to recover basic materials from re-
f'use, lets, see how it all ,oes to_,ether. 
An example of Mhat appears to he a 

Shredded~~~~~~solid-waste 

""material 

the rate of 50 tph. to a shredder (similar 
to that shown in Fi 3!). which reduces 
the maximum size of' the fe'Cdstock to 
about 6 in. A magnetic separator (Fig 
46) then removes most terrous mate
rials: the remainine ret'use is conm eed41 
to another shredder and reduced in sze 
to I', in. or less. The shredders are 
identical. and each Is, millin,,capable of 
the raw refuse to the desired I' :-in. iic 
in one pa.ss. 

This millin2 arrancement was 'e
lected to increase plant a,aila ilito and 
reduce maintenance costs. 'Notcthat the 

w.ell-desimned sssten is the Solid aV,iste ,,aste stream can be diserted t)entire 
Recover, Project for the ciorif -\mes. 
I.A. vhich isexpected to begin o ier-
ations about mdear. It prohahl, is the 
most advanced u tlii' ,ostem of its tpe 
in operation or under construction. 

The S5.5-mtllion f'acilht, will convert 
the combustible fraction of approxi-
matelv 1000 tons/week of municipal re-
fuse into a supplementary f'pel for three 
existing boilers in the ctt's municipal 
power plant (see equipme.,t list. p 86 . 
for specifics on plant components). It 
will also recover some norco.mbusible 
materials. Realize thai the cit,of Ames 
is responsible for its own ret.use collec-
tion. as '. ellis for it.spow.er .ener.ition. 
The refuse-processing plant i.,loca.ted 

three blocks from -\mes's .central bust-
ness district, and onlo. SOO t'tfrom (he 
power plant. Truck.s duni refuse on the 
floor o1' the processing factlit. and a 
front-end loader pushes it into .i belt 
convevor. Raw refuse I,delivered. at 

and 1 'rocessed ho, the second -hrcdder it 
the first unit i I''orced out of service. If 
the -second unit i.,down. -rate hars in 
the tirst machine can be changed to re-
duce the refuse to the desired 'size. 

.Milled ref'u.e is air-classiied I Fi 38) 
and pneumaticallY cunvesed to a stor-
age bin (Fig 41) at the power plant. 
From there, it is conveved pneumat-
tcall, to a tancentiall, ired boiler: one 
or both of the plant's spreader-stoker-
fired boilers will burn the waste tuel it 
the primary unit is out of service 

Materials it overy. The heavv frac-
lion from the air-classilication s.stem is 
passed throLu,,,h two more staies of mag-
netic separation belre betn, duniped 
to ! surge bin (8-hr capaciltv). whiLh 
leeds the non.errous-materials recos.er-s 
sNstem. Bear in mind that operation ,f' 
nonerrous recov.cr equipment in no 
\.,\ itfects tuell-preparation actliitles, 
ind. il'operating dilliculties are encoun-

i
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Fig 47 
Trommel screens are sometimes used to 
remove scrap metal from the bottom ash 
in plants burning unprepared refuse 

tered with it. the contents of the ,ur,,e 
bin can be sent iolandfill• 

Nonf'errous materials, dtschar,ed 
from the surge bin flow into a tromiel 
screen. which first less-than-'iremoves 
in. matertal-primaril\ sand and glass. 
This fraction can be rejected or recov
ered for municipal street maintenance 
and pipe-emhedment activities Scrap 
larger than 'A in. is passed throuch a 
polvpha.e AC electroma,,netic field. to 
separate nonferrou, metals l'rm other 
junk. The latter is sent t)landfill. Non
'errous metals are then -bilctCd to in
other cdd -,.:u,.nI held, hut inthis Ckic 
the pow.ker Ire, ienc\ 1isadj uted to re
lo ,c JtM the all 'tok. theilunltnui C.1i1 
aluminum-lr rnonferrtuis stream trid 
'he alumimlnuli-.an strealin are cte..d 
to storage i iM.ii1 r scliich ho.,h.th'r,,. 
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Utilities, industry burn 
refuse to generate power 
Many existing coal-fired boilers can be modified
easily to use prepared refuse as a supplementary fuel 

Incineration plants at eight locations in can finance and own a plant that indus-
the Lnited States and Canada currentl tr\ desiuns. builds and operaies. or 
are producin.g steam in %afenall hoil- (3 ) uosernmeni can pa. indusmr, a fee 
er, solel. from the combustlion ol mu- I'0r rel'use it drops at a plant that -is ti-
nicipal refuse. Some central-,tation and nanced. o%%ned. desined. constLructed 
Industrial po\%er plants also are burninL and operated b\ pri\atle enicrprise
rcl'ue in their hoilers it, ,ce.rate ctam. L p to now, tihe first mtnC1od 2enerall. 
hill in .1lIncIion lids been preferred. primarill hecause11 %.ioh,on\.'ntional 
lo,,,I fuel, Seseral more ,telm-,een.r- indLitr\ did not ,.anl to.,ceii insolsed in 
miln,- n.'liI inclneralllo prolct, politic or the uarha e.dtsposal hut,-

id refuse-lircd poser plianis arc in nes But the last meithod is no%% hecom-
varhiuS ,ih'_", 01 dCsi11 ind construc- ing quite popular The reasons 
tion, mans others vIIIl -ommitted a \tans landtills and conventional 
o\er the neitIIe\ 'ears d mtnicipal- incinerators are pollultin water and air. 
tiles are forced t, sol\c their bur- and are hetm, closed dolin h\ EP\. 
.eoning Solid- a'ic disposal problems Thus. municipalities ma he faced %kith 
liable. belos I immediate building of ens ironmental l, 

There are se\ eral i\ ene, for ooper- acceptable 'acilitles for the disposal ot 
atton hetsy cen municipalities and solid vaste-at a time wkhen tinancin,
pri%ate indusir' on rel'uSe-to-ener,,\ often is e\tremels dilic.uh, 
projects. rthe most common (I) Go\ - Sonmle method.,, of financim, ;%alI-
ernnent cat fitance. oss I ad operaite able It pr:ate enterprise vstllh munici-
the plant. \till indusir, doing tihe dce- pal cooperation can he cheaper than 
sin and c ,onstruction:(2) so\crninent general-obligation nunicipal bonds. 

Refuse-to-energy projects operating or planned 

Generate steam - for off-site use. Generate steam to produce electricity
"Location (Owner/operator) Status Location (Utility 7) Status 

Montreal, Que., Canada (Muni)-! Op St. Louis, MO (Union Electric) Op
Quebec. Que.. Canada (Muni) Op Brockton, MA' SS 
Hamilton, Ont.. Canada (Muni)' Op Chicago. IL (Commonwealth Edison)
Harrisburg. PA (Mun)' Op UCon 
Chicago, IL (Muni) Op Ames, IA (Muni) UCon 
Nashville. TN (NPC) Op Bridgeport, CT (Northeast Utilities) CAwd 
Braintree, MA (Muni) Op Hempstead, NY (Muni 1) CAwd 
Norfolk, VA (U S Navy) Op New Britain, CT (Muni) CNeg
Saugus, MA (PriC) UCon Monroe Cnty, NY (Rochester G&E) CNeg
Portsmouth. VA (U S Navy) UCon Lane Cnty. OR (Muni) PDC 
Akron. OH (Muni) DSC Memphis, TN (TVA) PD 
Albany. NY I DSC Hackensack Meadowlands, NJ (Public 
Cleveland. OH (Muni) FSC Service E&G) FSC 
Palmer Twp, PA (Muni) FSC Milwaukee, WI (Wisconsin Electric) FSC 

Wilmington. DE (Delmarva P&L) US 
CAwd-Contract awarded CNeg-Contraci oeiag Washington, DC (Pepco) US 
negotiated OSC-Oesign study complete SC--.eas. Montgomery Cnty, MD (Pepco) us
boity study comp ee M un,-Mun,c pa i government C nty,
NPC-Nonoroit cororaion Oc-Ooeralionai PO- Madison, WI (Madison G&E) USPreliminary design underway POC-Preiminary des gn Los Angeles, CA (Muni) US 
comoiete PrC-Private corporation SS-Sysiem
snaxedown ,n progress UCon-Under consiruction Honolulu. HI (Hawaiian Electric) US
US-Under Studv Housatonic Valley, CT (Mum) US 

As reoori.d 05 the 1 S Environmental Protection Agency Dcl 1974 - -,om proces'sed or raw refuse in a water. 
wall Doder or waierwai ncnraior Steam avaitaole for sale Out no contract signed vef I City o own 'efuse Dro-
cessing oiani whicn contractor w,ll ooeraie siate to own and oDoeale steum-oroducton faCiliy -tom processed
wasie-mat s shredded refuse wtn leavv fraction meiais glass aic) removeo or predated refuse fuels in pow
dered pellet or oriuelte form - Localfon of refuse orocessing olant in some cases the utility may not navesigned a Contraci 10 Dun te orepared refuse in ,is !oilers out I is parhlcioarlng in engineering and esting as-

' oects of ime project " Oemonsitahon piant Doerailonal exoansion vlanned Poparatlion facility nere already nasmajor oaper comoany under contract for aoout 70000 tons of is fuel produci over a lO-yr period ' Sale of 
electricity iO Long Islano Ligting Co 

I Prisate enterprise has been success
ful both it reco' eriL eneris from solid 
%\aste and in sellin the b.product 
steam. Onl smo municipall\ owned 
plants tQuehC.L and Braintree) have 
been able t, ,ell the team the-\ produce 
to heIlp delras disposal costs 

* l.ronn'el t itlhi le skills reqairet: 
tor pi\ker-plint ,peration suall are 
not attracted h tihe Io\% salaries tradi
i'nallk paid tl inunici a! ,orkers 

a ile proit nl ISot _,eneral Is eil ihles 
prisate indusir,, to o perate plants of tiltl 
t.\pe more ellicientls. Itid kith lesser 
personnel. than ,oser nient. 

\.lost nitn.iciplties ,re \%ell asmare ol 
their responsihilit\iOr Nolid-s aste man. 
Aemenl. and of the problems of finalc
ir . o%%ning ,.id operating disposal 
plants. This is. iherelore. an ideal time 
I'Or industrial and utili\ companies to 
approach gtoiernment and determine 
lhu ihe' miuht help both the commu
nit,. ind themsel\es. 

Poyer engineers ,hould realize that 
there is no ma'ic in burnin _,arha.e el
ficientl ,.All that is needed are well
dest.ned s\stems and equipment, and 
experienced operators %illh a good 
knowlede o" holer operation and basic 
c principles. The combustioncombustion 
of" municipal refuse is a natural esten
sion of the technolon that his been de
%eloped. bs industry and the boiler 
manul'aclurers., to burn process solid 
s%a.ie, (see section he inn ri on p 66) 

- look at the experience gained bs 
others in burning retu.,e ma, help you 
asoid some of he common pitfalls in 
plant desjn Discussion here will I/ocus 
on those plants operating or under con
struction in the L' S and Canada. Euro
pean experience. where applicable to 
operation on this continent. generalk, 
has been factored into these desitns. 
and is not presented separately. 

G u ary c o rrosoo n 
Guard against corrosion 

"sv o potential problems that must be 

it. en special consideration in the desiLn
of an\ boiler used for tirin refuse

vshether b. mass burnlne or suspension
irlng-,ire fouling of' heat-transter sur

tl'.ins a d corrosion. All heatin2 surf'aces 

ire subject to I'ouline, f'rom sla, and fly
ash deposition. but the buildup of de

posits can be minimized with proper
'urnace sizing. a suitable irransement 

http:dilic.uh


$Reverse, reciprocating grates tumble refuse continuousl
 
-Operation of the HarrIsburg'and Chicago waterwall Incinerators_

0I gs begins with unprocessed refuse being deposited In the stoker 
hopper by a crane (Fig 48). Waste material moves down through

on7zer Electrostatic a water-cooled chute to areciprocating feeder, which has ' 

precipitator 	 staggered pusher blocks to prevent big clumps of refuse from 
being deposited on the grate (Fig 49). This design feature,!helps"/ promote rapid Ignition, thereby minimizing the formation of 
corrosive gases. The 7-ft-wide grat sections (there are three in 
each of these.Incinerators) are inclined at an angle of 26 deg, 
creating agravitational downward flow of refuse over the grate 
area. In the section of grate closest to the feeder, furnace heat 
drives off excessive moisture from the waste so that, as it moves 
downward, Ignition is relatively instantaneous. Note that the 
reverse reciprocating action of the grate (Fig 50) pushes the " 

tudde w arwll bottom layer of burning refuse back up the inclined bed, creating 
vr d:-- rW l tumbling action that Insures complete burnout before the grateYin.a 

aRevssn rblde Is traversed. The hydraulically driven, air-cooled grate bars are 
cast of a special chrome-steei alloy to maximize service life. The 

r manufacturer estimates that, when the stoker/grate system is 
operated properly' grate bars in the hottest areas of the furnace 
should last about 20,.000 hr. At the end of each grate section, an 

rced-dralt fan' ash discharge roller with variable-speed drive controls the depth 
F1"48 of the residue bed to assure that the grate is always covered 4 

I'. o. rite 

•."• 	 ' , , • ° , . -. * . 

: ! ;
i} g1t "Moiving 	 ; 

us. •c,, "" 	 I pm.-l in.t , ; 1! .Saton. 	 . ,Irt 

!i~i"' 7,. , 

, '". of heat-transfer surfaces, :and correct remember that many units desig~ned for f'urnace with a reducine_ amm ,phere. I 
' use of boiler-cleaning equipment, coal already have some of these charac- occur% primaril innm; s-burnii1,' instal-

Proper furnace sizing means (M pro- teristics. To. illustrate: Corner-fired. lations. Bear in mind that a reducing 
viding adequate volume and residence coal-burning steam generators normally environment can exist locllh in a rur
time to insure 	 complete burnout of can take up to about 20" of' design heat nace that is .upplied with as much as 
combustible gases and solid particles, input in the form.of prepared refuse 100 excess air, or even more. as a re
(2) absorbing enough heat in the fur- fuel with relatively little modification. suit of stratification or improper di-,tri
nace so the ash will be dry when it con- Combustion is achieved with essentiallv bution of air or fuel. Carhon mono\ide 
tacts boiler tubes, and (3)maintaining a normal excess air in a unit of this type and hVdroen sulfide, which ma. be 
temperature in the combustion zone because of furnace turbulence. Gas formed under these conditions. aita:k 
that is hot enough to destroy odor-caus- weight increases slightlv, but existin, furnace tubes and remove the protective
ing bacteria . . fan capacity usually is adequate. laver of iron oxide. exposing, tube metal 

Heat-transfer surfaces should have Serious gas-side corrosion always is a to'further corrosive activit\._ 
wide spacing in convection passes-es- threat when a high percentage of' the Another potential problem that can 
peciallv in the high-temperature zones- boiler heat input is from refuse, There be created by reducin, am o,)phere i: 
and in-line rows of tubes. Also, gas ve- a-e t' least three types of corrosion that liquid-phase corrosion. Iti, ,aused h 
locity should be low, and suitable clean- must be guarded 'against: (Ill corrosion the att.ick on boiler tties of' ullate, Ai 
ing equipment must be provided in the ;precipitated by a reducing environment kiih and chloride compound. Mhih 
convection sections. -. in the furnace. (2) halogien corro.1on. ha'e lower fus.ion temperature, in the 

Although these criteria may appear as and (3) low-temperature corrosion. reducine, environment. 
stumbline blocks in Your efforts to burn The first is caused by the products of Halogen corrosion has been reo,'
municipal refuse~ln an existmin boiler. partial combustion that always exist ina nced for earoK hut there is 11e d%.refuse.. .. ...... .. .....	 ...... ...... 	 ... .. ..... ................
............ 




mz ' 
A Fig 52 Fig 53 

Residue leaving the Chicago and Harrisburg furnaces drops to a springs, which are removed through the access door At Harris
water-sealed ash discharger where it is quenched Occasionally. ourg. objects bigger than a 1-gal paint can are removed after the 
these devices become lammed with large oblects. such as bed- discharger to prevent jamming of a bucket elevator (Fig 53) 

a. renr ni ,tl i't, nicchinini anJ ,,n the 
temperature rartuLe in hich it Occurs. 

Tests conducted at a midkkestern inci
neralor plant b\ Battelle Col u bus 
La horalories ho\w that the corrosion 
rate lo - ,I lk k Ieels increasedI is 

miarkedlt as the amount ot polxx int l 
chloride iP\ C' in the reluse. and tle 

metal temper.itur e ,f the sanlple. in-

crease. PVC( can contain chiorrue in 
concentrations av, hieh as 

Low-temperature corrosion ocurs 
%khen the tlue . ' coltakta surlace, that 

are at temperatureN h ltx the deu point 

ol corrosi x cinttituent, in the .,s. 
,

Tem erature, lot\ enoueh to cause acid 

condensation max. he found at the %%a-

ter-inlet eid Of An economizer it teed-

water temperature is too loss. at the cold 

end of ian air heater. in particulate-
remos al equipment and on boiler outer 
can2 

L, x, I-inpcraiure corrosion also can 
he a pr,,blem duirin,, unit outages 
'let, dcp-,,it, are holh ,.orri,,s e and 

h',ero,,..v tie ,,,ndition becomes 
nitre aclute a, the leneth of the outaize 
Incrcases This is %\h,. trie unit •hk,uld he 
,,ater-,s.hed %.'hen a lenLth 'hut. 
do,.s, n-- such is 'or a-.k cekend-is con. 
t..mniiated Other'. ise. the boiler should 
. e Kept hot b, using an external ,ource 
of heat 

,As ou can see. the three i,,pes of' cor-
rosion that max attack refuse-hred boil-

ers are relatiel comples and are in-
tluenced h\ man,, .ariables related to 
malterials 11 constructton, unit desin. 
fuel com posittr and operatin,_, -,rac-
tie-s Ihus it e, un',.%ise to c,.-,neralkx 
traplite ,Ipetitic experienc.e at .itiothcr 
plant () '.oiir particular itualiin 1I an 

e\lIIL hil r is 1to e fused for hurnin 

retuse in ct tu.nciion "ith ttssil fIels. 
,xiu carn obtain an% necessar\ ,orrosion 

and deposit data eas.ll\ h. first imerting 
probes in areas of the boiler that are no-

...... 

/ 
-1 

. 

Fig 54 

Motor-control centers should be located 

in areas where clean air is readily 

available, to prevent dust problems 

tentialiv subject to ,sasta ,e and f'ouline. 
and then conductin, te-st b'urns xsith 
prepared refuse. It Is a 2od Idea to dis
cuss *vour plans v.ith the boiler manu
I'acturer before conducting tests. 

Environmental considerations 
The impact of' refuse-fuel combustion 

on boiler emissions is another area that 
must be investigated thoroughlt hi en-
nineers before a compan., cOmmits Itself' 
to burning municipal wastes For utih-
ties and large industrial companies con
siderin refuse as a supplementar% 'uel. 
an important part of this studt, will e 
to determine the applicabilit,. of various 

emission standards. Example The LS 
En iron mental Protection -\ gencs 
(EP-\) does not noss have It re-u-
latiors that applit speciticallk to large 
,te.im CenCrators (2501-1nit1lion Iltu hr 
heat input and abi,,c) .lith Is,,,ills burn 
ind refuse fuels in combrtriath l 1-hi, 

silttiti n 01 1ix he tfrporarx%. ti%-

exer. because the 2o\ernmncnt is ,oin-
ductin. a stldx to determine ,shether 

additional re, ulations are nece,,arx 
Just hos, refuse timrn, e xsill affect 

Z 
- -

i 
. 

e 'I " 

if, 

Fig 55 

Conveyor systems, when improperly 

designed. can cause problems-for 

example, spillage at transfer points (Fig 

55) and droppings from carryover (Fig 56) 

(.1".. 

-1--

P -. 

-

"" 

Fig 56 

botlIr )pe'ration under eiti ne .ian
dards depends on , hether the nuIler Is 
cinsidtred b. [:I-\ It be a new ou rco: 
or an ix!isitiL' ouirce I-i ric,.% ,)rce, 
detined JS noC Ln i, instilled iter 

\li 1- I I -. , It tic h,i ,ic refer

etmce- 'i i ill riced ire tle "s.tindirds 

lor Nes% Staittitar\ Sourtcs." orie,nall. 

prom ulIa ted Dec 3. Ii-1'. and the 
amendment iti these standards that ksas 
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:.. conjuction w s.Wafssilfuedthenar~w aoion eeting, s n ath t of pl-ite r el'uereion in5 ihtep7ti oae il frolfrng h iigpteno h e's.aerla 

stletabetai-ultsadrs Th ue1 uesys neOc.ta ivl notolbe 
pu li in-cn t n 9.Pe mudtrh thnt e lo ds.ant, m au,,.e, .tmin. 

mt. eqrtemenst eistin p en t a i l nto be l vespcfid1 teCea i At urhr sichn ro osi ue ocobn- oay ot f hesem rdce i 
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whileones uresd must tue bhenlevels: enrthe west_ incinerator, lhencble capable cra ospei _,arl idetical, 

vised wean buri the lsab+ perforace selrc tandards e do td dr 3-51h). Pruicial AtHarosile fo ~e Fg a,, 
exim t o m e t ier other- cnvso n ispfro plant t 1 instlatons. slr "'the.s:stndad sThil o-dis an r aes isa lledrUS 
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,' -Chemical composition ofItypical municipal refuse 

\ 1As 

Fig 61 . 

Furnac walls in modern refuse-burning , 
p'ants typicJy are eonstruc?, d of all-
welded flnned-tube panels. These enclose 

the furnace in a solid, gas-tight ;iZeel 
envelope, assuring maximum efficiency • . 

and minimum maintenance (Fig 61). A • '. " 
layer of wear blocks (Fig 62). or refractory, .-" 
over tubes near the grate prevent damage 

'Fig62 - ;. ,. . " 

fMixng chamber -. Scubbedtlua .. . •- 

-.gas to stac* .......-


Stack gas/ 'z 
v-ater separatorCco,!" "sio. 

Low-temperalure pumpe t. . . . 

L. ur . tWte.r .ilte" 
Surge 

tank 

t "r. -I 
..I 


,1 a! . "" "' , Water v.",b ""
 
Supply aeratr 

Flue . . - , .' .mans 
gas .. . . .. . filteroaC 

Nlgh-engy scrubber oysten may replace exiting air-pollution.Control equipnt 
the Nashville Thermal Transfer.Plantsome timeJn.1975,The original scrzbber.Andthe: 
unit operating now are not capableb.meeting the clean-airlaw:." --- ."' 

.. . ....,." .". ''i 


nea r it1 b , m ent. haein a N e',c -tre , m .nt p la n t ca use d w l e r im p n u 

The dr\ lud,,e %kill then he conse' ed been eliminated hs mod h1nll'n, 


pnCumaliCalhs back to the Lurnace and sobthloser drain .,:tm

hurried in sUpJremion Bear in mind that W\hen some laroe 
 \asle objec,-,uch 
the produ ,ton of ,learndo,.- ,.r5e a as maltresses-are dropped into [he 
purpose Itreduce, tile \olurne of Ilue hoi hr hopper b" the crane operator, 
,:i,.ihereh. decre.sing the 'ost o1 Las the'%do not burn completel%. and otten 
cleanup trom incinerator plants. lam in the ash dischareer (F, -') Rec-

Tube damage. Harri,hur. and Chi- tilfsinc this problem can take up to a 
ca,_o boilers have prf,.rmed wveilexcept couple of hours, in an unpleasant cn,.-
for tube 'alures. In the Pennslsiani_ ronment. Difculies such is this are 
plant. the pendant superheaters were ben2 minimized b educatine truckers 
damnied b. particulate impingement and crane operators to, sort ,u1 hl' oh-
on te,mild-steel tubes and had to be redis for preshreddn. 

repi.iced. The Harrisburg boiler d ,Leien \larntenance cos,, for Harrihur.s', 

ha, itic been modilied hs the nianil- hulk -refuse hanlniermill %kcrc reason-

lac.turer io eliminate ih ero'ion proh- ale oer the nrI .earol operation En-
lems. is %ell is problems associated cincers' found ihat rotatine tilehammers 
%kihtile f1ouln of heat-trnter sur- and cuter har ese\- three nioiith,. And 
face,. in later installations The nne\de- replacine them ,e, ,,is. ,ields opli-
sign. sshich reportedl.,, has performed mum results. 
\%,ell in Europe. i,sho, n in F C,-4' Conveyors and other materials- han-

Tuhe failures in the ChicaL.) boilers. dim,, equipment can be the source of 

Category Avg Max Min 
Heating value, Btu lbreceived 4981 7593 2293 

Dry 7248 13.002 6602 

Moisture. wt% 
Total 31.2 66.3 111 
Inherent 1.2 2.62 0,36 

Ash, wi 54 

A e11Dry 23.1 33.0 14.3 
Sulfur, wt %. 

As received 0.10 0.28 0.04 
Dry 0.16 0.36 0.07 

Chlorine, wl % 
As receied 040 094 0,14 
Dry 0.58 1 14 0.31 

Common salt, wt %. 
As received 0.30 0,55 0 11 
Dry 045 076 033 

Ash analysis, wt %. 
P:.O. 1.52 2.04 1 0649.6 56.7 399 

AI.O 1 26.9O. 11.3 61TiO . 0.89 1 52 0.07 
Fe-.O 1 789 22.2 3,03 
CaO 13.0 15 8 9.09 

MgO 1.55 2.32 064 
SO, 1.54 2.72 0.73 
KO 1.78 2.91 107 

NaO 8 70 19.2 3.11
SnO. 0.05 0 10 0.02 

ZnO 043 2.25 0.19 
CuO 0.28 1.23 0.06 
PbO 020 0.62 0.12 

headache, iI"the are not de
 
ice properl\ 1'r relfu'er-ee
 

S,\stems Here Nome ns
are 1 1hi1 %OU 
should consider 

* Specll\ Nze and capacl\ t( all 
Luipment to handle the Iircst pa\,

load anlicipa ed Fhis s a, not done in 
on, em at HrriNhur'". and emir i 
%ork hls resulted To llusirate Buckets 
, n the bt LK.. eltn aihr r e 10 0 ,, 11 for 

,ome ohhcctN dici r'ed from the fur

nace Thu,. I niari musi hc used full 
time at tle ash dischar,er to renio\e 
metal lar, er han .ilhout the ,ize 01" a 
paint can IF 3) In the 'hcI'o ash
haidlin- ,,','em. jamups occur in the 
hopper 'unnelinc ash from the dis
chiree cons eor to the disposal truck. A 
man must he stationed at the hopper to 
remove osersize object,, and operate the 
hsdraulic _,ae. 

A conve\or traisler points in-rranue 


,uch a manner as to minimize spillage 
(FI, _5)
 

2 Install in air-%',sh or %.iter-,nra. 
,\,tern to continLouSl, clean residue 
from [tic cns, ,\orhe)rt is it dischar2-> 
.iro Thi, pre\ent, :arr %back arkc 
housekee'pin prohlei> such as that 
.hwsn inF--,[ (, 

* Specitf ,hear pinN 1isr bucket clea
lors and conve\ors of all t\pes. FalurL 



to do so can lead to damage it' re(use 
Jams the machine ,, operatin,.hie it I,, 

I a Reu.re' "ear-resistanl part, and 
sealed hearings tollallcquirpmcni that 
handle.,s, tash, to lininiicl ain-
nilalce costs 

* Proside _,ood s isihilit and a corn-
I' ens,ironninl ti keecp crane op-ortalf'c 
crators alert. Thes are the first lire of 
defense Li outa1CN caused h% poor 
tuel composition on the .rate, or h\ 
amLipS and diiae 'ront oversue oh-

jeet., in the rel'use,. 
The ialvage-fuel boiler plant at the 

L r S Nav Pblic \Work.s Center in Nor-
Colk. VA. has been operating since 
fI 7-lonmer than an.%other installation 

of, its tpe in tileL'S. It produces 275-lb 
.Iilihar steai for ships in port. As 
oriinalis constructed. the plant had cv-

Ie,me 

Lwer 

Sdrat 
Cu,,gas !0 

\ii 
A L --------__!' 

Uf 


Fig 64 
Flue gas flows from furnace straight 
through surerheaer. evaporator and 
economizer in boilers at Saugus. Quebec 

Grateolaaes owverec Orate :aeos 
aiseo 

• 


-d,\ 
"I- .',2tk. 

-" .
 

-

Fig 65 
Blades In this burnout grate can be raised 
to break up lumps of clinker, thereby 
insuring complete combustion of refuse 

Fig 66 

Slag buildup in refractory furnaces with 
uncooled wails can te troublesome 
Waterwails shouid extend to the grate 

clone collectors for particulate control. is Incapable of producin an effluent 
hut the more-stringent pfllniion-control flue U-S that %%,ill neet federal and local
rculations Imposed o,er the last I'c\ enl ronmnental codes. The Iact that this 
scars have necessitaled the addition f 
electrostatic precipitators Thi,, cquip-
nont.. plus i new' et f IndULUed-dralf 
lan.,. is c\pected to he operatinue earls 
this \eatr. 

The ncw l'ans. %hich ha c a ereater 
capa .it than the units now in sers ice. 
are espected to eliminate I ratle-over-
healing prohlem - a Cause f'accelerated 
-rate detertoraion (Fi tio). Thlis over-
heatine at Norfolk has been traced to 
insutlicient planninu at the des]gn 
stagce-not to anv probems with the 
stoker rate ssttenim. 

Fhe oricinal thinkine %%as that solid 
%w.steIron the \i \ base wkould he 

Lomrparable to Municipal reflie in halt 
content. But its heatine %.itieturned otilt 
ito he considerahl hi- her. hec;usc there
is aliare amount 1f %koodand paper in 
tile waste sreatm. Resuflt ileinduced-

lns clectcted itialls .outid hi 
lind!e the actual gas fow throul'hl thLe 

(.ecao, ,omeoperating coildlitl1tier undet 
Encineers. therefore, hlad it)re Juce tn-
derrire air to keep from pre.S.urizinu tile 

fZfurnace, and this,,is w hat created the 
oserheatine condition. 

Despite the periodic instabilitV of" the 
f'urnace environment. there has heen no 
_e
idence of tuhe corrosion ,r erosion in 
the cwo Norfolk boilers. Normal oper-
attn practi: calls for maintaining fur-
nace exit-gas tcmperature at aboul 
I -00 F. and for low in withsoot v. 

steam. t ice daily. Boiler passes are air-
lanced two or three times a %earit) etim-
inale deposiis-such as clas --that are 
not remosed h the soothlowers. 

A s.hredder was installed *it the plant 
late list eare to mill the pinus. iare 
packim crates and other oversize oh-
JecisI_____ for incineration. Thisdell eredcte- .n d-the belt-
m.acinl, and tle bell macnet post-

the ,lh pit. 

Nashville's Thermal Transfer Plant i, 
producnL steam and chilled %waferfor 
commercial buildtns in that cits, from 
the Combustion of" rel'u.se.This facills 
has receved some adverse puhlicity, 
latel..
because o' its scrubber problems, 
But this t,,pe of'coverae in the popular 
press generall. appears to be unjustified 
for a plant in its first .ear ol'operation. 

The problem simpl. is this: The 
scrubbing equipment oriinall,, speci-
fied for the plant was.," teti low.-%-eneres 
type designed for conditionine air in ci 
mate-contro s%tsetfs. not for cleaniun 
hotuir tue ,i.sThis became es dent 

during2 lmen-perr iance tttu ts
last sprin, and the c:nsultinL. -noineer. 
thouc'hill the dt-,_n error could be cor-
recred h ins,llitnL,,Iscruhher of hicher 
enerues The tke'.unit hs itself'. ho%%Cer. 

nllediun-ener,,s ,.ruhhcr would toi do 
tile .olh %,is reco,ni'cd bclorecomplete 
tlie cq lllniellt %%.s.I'iNilIl d, billit %.Is 
the fas!est and m1ost pr.actical t.as to 
otrcomnc the IO dlicIcn-'Ics fl:the 
origntal unit. 
Itis hoped that he entire problem 

%Ill he cleared up somC f1tC tlits ,ear 

with the installation tot more efficient 
gas-cl.anine equipment. At press time. 
several s stenis ,ere heilne, "siialed. 
One was a hiih-ener.es, scruher that re
portedlv has performed ell under con
ditions similar to those at Nish, tille I Fi 
nri It introduces siperh .ted \waier till
der hilh pressure into tilecruhher 
chimnher throtuch .i icinoi.fe \%,%tcr 

Iilas es InIh ii c'ott, .ili i tilt 

iiW ic I.Lc r,ttlci, lile rLii.iiin C .,itcr
droplsct. \htici %% itnd rc.Alidc til 
nohC i itm,,i'trill. :tie ,., irciin 1i 
tihl' ,icnii ,s c!ctt: . the ill;'.ir!tA-uiar 

terlill ehhcr ,titin ill 10,rt, i wtill e tus., 

]LICttLI i tine ,-,as beo (tihecio enters 
hidh%. ,crubhcr-cr 

\losi if not ill of lie renfainin 

tioned o,,er its di ,charge :kne,or I-i, miter have a ,in,,Ie -,as pa.ss ,nd in-line 
45 t. will help minimize carbon loss It) iube,. to minl tie tuhe erosion and 

es niulent at Ilernial Transier was de
uiced conser atit el\. aind lito problens 

are anticip:ted The furnace, for' es,
ample. was sized for iamailum heat
releas rate of'ons .0)0 Btu u f't-hr 
iFi 5.) Enough 'heat-transfer surface 
was included iodrop tile temperature to 
the ,as enteriln. the superhe:itcr helom 
ItO() F. so sacn,, in tile boiler bank 
would he mi inimted. \fost of the ft r
nace is )I'mfnembran.- all construction. 
Con Ist inco, 2' :-in tube,, on S-in i

ters wkith a bar %elded hctcen the 
tubes IFic hit The section of %aiter, all 
nearest tilecrate i, co.Crcd %kith rel

ractor,. both fo profect tite uh1beIsind to 
rerleet hea back onto the Crate ito tt
roe rninc. Vile boiler a.d ecoinlpr,. htr
 

pI u .ing. 

Braintree has the only ma.sso-I'urn
in,- traselin-crate combustion ssstem 
in the L S i Ftc, .8t. Reluse is handled. 
however. in the same manner ,is in 
other plants: Pack:!r truck. dis-harce 
their cargos into a large pit. antd the raw, 
waste is moved from there itothe botler 
hopper b a crane. Although the boilers 
are rated at ortl\ 310.00 lb hr. the refuse 
has a high paper content. and operators 
are able to as as J 1ui hr,et much Ibl 
fCrom each unit .kithout .ins ads.ere re
.OIts Corrosion )f:he e:lectrotitic pre
cti iitor, 'i .i ,prkih m llthe li . tit 

i.:urned ,uito hae nctt .ucd 1,.,'p. 
,rir ,rr,,r Fhe pi,in s,-it ,.'A n 

woid ,n wee'.kend,. 
Waterwall incinerators ii IL;C',ueC 

.und S Cessenirisire1 ,c ,anOsi., .t I 
design i-,,h4i Likc nt,,i me i,ther 
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Air B18yproduct steam 
heater .Hot 	 air 

Air " 	 ' Retuse Hotaar 

furnace
 

egasto 	 eaHot air 

waste-fuealr -echanism
 
air-swept mschaHo&m 
spout AiIr 

Coal 
leeAer 	 ir-cooled 

...	 Fig 09;apron 


Traveling grate 'Tangential firing systems burn refuse i,,! 
Tra-elin _Ash hoppe suspension without a burnout grate. Oil 

Fig 68 coal must be the primary fuel, however 

- Prepared municipal refuse, like many 
- process wastes, can be burned in most 
- industrial boilers capable of handling solid 

fuels (see pp S.2-S'7). Some equipment .

3rate orive changes probably will be necessary, but 
generally they will be relatively

Traveling grate 	 straightforward. To illustrate: The 
spreader-stoker-flred unit in Fig 67 was 
equipped to burn waste by adding refuse 

AsV feeders in the furnace wall, and a separate 	 Fg7A fuel-supply syster to handle the 	 Fig 70 
additional fuel. The same type of steam Quality of bottom, sh decreases markedly 
generator also can be designed to burn when refuse is burned Insuspension with 
refuse as the primary fuel (Fig 68) icoal. Photo is of a utilityash pond

Fig 67 .....-. ... ..- . .... :.. - ....... 


mass-burning plants. the\ also burn re- Suspension firing 	 * Refuse firing rates equal to about 
fuse on reciprocating grates (Fig 15). 20% of the total heat input appear to be 

Designers of the Quebec plant. look- Experience at Union Electric Co's practical for coal-fired units. There is no 
inc to minimize the threat of forced out- ,Merimac plant has shown conclusivel, indication of furnace slagging or car.'
aces from corrosion damage. selected a that prepared municipal refuse can be over of unburned material to the con
boder-cleantn s,.stem that uses rapping used as a supplementer\ fuel in large ection sections under these conditions. 
assemblies. The same type of equip- pulverized-coal-fired boilers. Design of For oil tiring, the boiler manufacturei 
ment Is bein, Installed at Saucus. E\pe- what is currentl thought to be the opti- thinks the limit on refuse heat input
rience ,.ith rappers thus far in Canada mum method of preparing refuse for should be reduced to 10'r of the total. 
has, been promisina. Sla2 deposits, but utility boilers evolved from the St LouIs because oi1burning, does not produce 
not the protective iron-oxide coating. exp. riment. It is described on p 78 for enough ash to absorb corrosive ele
are remo,.ed from the tubes. Note that asimilar protect in Ames. A. ments olthe Hiue gas tFi,, 09).
,1iinilar t\pe, of rappiiL cqtiiprneni and The fuel-preparation s\stem is the s There ma\ be a shght increase in 
, \,eniN ha\ e been u.,ed I'r .\cars it) ke\ to successful suspension firinL, The boiler emissions caused b, retuse com
clean .. boilers the metal-a.te-heat in only modifictions that must he made to bustion. but no final conclusions on this 
lurcical industr . the boiler are the addition of refuse- have been reached vet. 

Miontreal's combustion system is the burning ports. For the Merimac boilers. a Milled refuse ( 1)does not decom 
same as that used at Saugus and Que- which are tangentiall., fired, one port is pose. 2)is free of disease-causing pa'
bec. but the boiler is of an older, three- installed in each corner of the boiler. ocens. and (3)attracts no rats. skun:.K 
pass design. Also. furnace waterwvalls betw.een the two middle coal burners flies. etc. It has a light musk, odor. 
onl\ extend to within about 15 ft of the When prepared refuse I,,burned at .i .,hich can be rltminaied bv deodoriza
,,rate: from that point to the ,rate there constant rate. combustion controls on tion if desired. 
i,an uncooled re fractor\ v.all Initiall . the boiler automriticall '.,ar. the rate of * Ref'use fends to mat and compact
the hot kkall caued m .s,,\e iccuniuli- coal firin- to mainitain the heat input of %khen left in ,torage. particularlx if it is 
tions of,sla, in the iirnace. Sometimes. the unit. If tor an, reason the boller o'.er about '0 tt deep. MIatting results in 
in tact. the 101-I-,,idc l'urnace '.,: trips ,uddenl,.. an electrical ntcrlock reduced and erratic bin flow, but the 
bridued cornplete]I This condition ,.as mmediate. tops feeding the relu.e problem is not serious. 
rectined b installing s.,.iternozzles in Here is some of Union Electric'., ex- * The small amount of glass, fine 
furnace wills to cool the slag and pre- perience in hurnimtg shredded. ,iir-class- metals,. sand and other abrasises not re
'ent excess buildup tFig ho) tied municipal refuse. 	 mosed b%air classification cause wear 
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problems at bends in pneumatic con- The pulverizers reduce the refuse to as rugs. tires, etc-are picked manuall\veying systems. Replaceable wear-back about a 2-in. maximum size. Ferrous from the convevor just before the pulelbows should be used in these areas, materials are then removed, and tle re- verizers. ,nd ire sent to landrill. ReamThe volume of bottom ash in- mainder of the waste stream is con- sun: A cost htud\ rc',.ealed this \,screases substantially with refuse firing veed to storage b, belt conse.or. An- more economical thain in.stallin,, larger(Fic 70): actual quantities have not other belt convevor reclaims the shredders,. which ia,.e increased powverbeen determined, but two to three times shredded refuse from stora,,e and trans- requirements and .!enerall.. hi-herthe normal amount of ash-sluicing usu- ports it to the two boilers. ,here swing- maintenance costs.ally is required. Foreign material in the i distributors feed the material via Ham lion has had its share of probash hopper also tends to jam air-lock chutes to air-swept spouts (Fig 15). This Iemts. too. but most of these ha, e beenfeeders. Better burnout can be obtained system is very similar to some systems mentioned earlier in connection withby milling refuse to a smaller size. ,,..d that are used in industr' for burning experience at other plants.by admitting refuse at a higher point in solid process wastes. Construction is expected to begin onthe furnace. One aspect of the Hamilton design at least two other refuse-to-energvHamilton has the only refuse-fired philosophy that differs from other re- plants shortly: one for the city of.Akrcn.steam generators in which part of the fuse-to-energy plants is found in the OH. and the other for th'e town otwaste is burned in suspension and the shredding operation. Where most mass- Hempstead. NY. The Akron plant (Figremainder on a traveling grate IFig 68). burning sstems have heavy-duty shred- 71) wiII he similar to that at H.Imilton:Refuse is dumped in a live-bottom stor- der' to reduce the size of'overstze items, the Hempstead facjht\ will he the firsiage pit (Fig 27). and is conveyed from Hamilton has only mills designed for ,ommerc:al-,I,'e plant u.sin, .%et tuelthere t one of four vertical ham- relatively iht-du'tv operation. Large preparation (Fig '2). A Plot plant ol'mennills iFi, 36). arranged in parallel. objects. or those difficult to mill-such this I.pe is op-:ratine in Ohio. 

Principal equipment in refuse-fired power plants operatir
Solid waste mcovery systen, Ames, IA... Solid waste reductlon unit, Hamiflon, Ont, Canada.Owner . ................... 
 CltyofArmes-...... Owner.... ...... .... ........... Cliyof Hamilton
Consung engineer .......... ..Gbb 

Expected startup 

Hill. Durtisen & Richardei Ino Consulting englnee.L...................GtdIl L Suthn &Associates Ltd
..... ..................... 

Primary-shredder 

...... June 1975 Commercial operaon .. :...........................................Summer 1972
ed conveyor-7 ft wde............................
.JMaytran Inc Incineration ca.i y. ..........
......
..... ................
.... _.6.00 ttdS r d a;.2.....
...........................................................
Amerian Puiverizer Co Retuse iptsize .... .......... ............. ....... 40 tt;(80 ft x
One primary, one secondary each 50-fph capacity, 5-fi-diam wheel x 30 ft deep
ftrotor 7000-hp, 4160-V, 720-rpm motordri,. 

7.5- Refuse-pit apron conveyors 4..'-.............Rex Chainbite Ltd (Can)
..............

PutserizeM 4-Each verdcal-shmtttype, 200-ho motor drn- : .... Hell Co.......
Shredder discharge conveyors. 2 .............................. 
 Rexnord, Carrier OW Belt conveyor., ......... i...
................. 
 Rex Chainbeot (Canada) Ltd-. Orte elseddereach osillatlng y/e,6ff wide, 15-hImotor drtve . Magneatc-mietalseparators, 2... . ......EnezMagnetics, OlngsCo.Acond-stage feed conveyor (standby) .........................


S 
Rexnord.Carrier Div Shrodded-refus. storage bin-70ff m..........Aas Systems Corp..
VIratlng type. 4 ft wide. 7.5-hp motor drive. Normally, an incllned bet. Shredded4efus fuel-supply systers. 2 ........ Oetrott Stoker Co
..............
conveyor 5 ft wide, would be used tcconvey refuse to the second. .. Eaclh(one per boiler)consists of a swingingdistribution spout and threeshredder

Magneuc-meta4 sapaalo * perailef pneumatic chutes forilecting refuse Into the boiler.,. ..................... ..

lgCo ':Traveling grats 2-One oaf boilr...... Derott Stoker CoOne 5 ft wide, two 2-ff-widemagnetic beltpulley "" .." -,, ~~~~BoilemlBlr 2,;. . .....--.. ...... :...LBabcc..... 
 .. 2 .... .,........ _.k
.abc.. &&Wicox Ld (Can)Alrclas*ficauon syrtem.............. , . Std C
Rader Pneumatics Inc "'. Eacr 106,000 lb/hr st 250 psig (saturata)jg3atomperatutr at economizerIncludes one 600-cu ft surge bin complete with scalping rolf and flight t"oulet: 590 F efficiency, 71 % feedwatef emperature. 227 F. excess aitconvyor vibrating feeder. 8 ft wide x 10 tlong; refuse convoying pipie, leving the boiler, 37%.42In. dlam cyclone separator, 14 ftaam x 35fthIgh: exheusttanwith Electrostatic preolpilator. 4-.............. &iBabcoc&Wcox
Ltd (Can)-200-hp motor drive, etc , l u-idsg~r~ nsre e olrmaximumt particulate emisslons.P'neumatic conveying systems..5 ................PnuumatIc Systems Inc 0 081W 1000b o dry fluse air
. .....
... gas a0 50% excesmProcess plant to storage: Onesystem consistrigof a pofttve-osplacemen ' . r 0 e r . . .b-ower rated 645 cfm at 4.53 psi, 200-hp motor die:inlet silencer, Thern trwur plant Nashville, TN 

piping, feeder cyclone separator. etc. Storage to boders: FourIdentical Owner .,..'......... Nash lHeThermal Transfer Coro.
and separatesystemaeach consoting.of a rotaryposttve-rilac nt . Consulilgengtnee.;Z...... . . C.....,bioi rated 2390 GThomesson &Aasociates Incm at.51 P34 80-hp motor drive; silencer. feeder; inlet Comnnurclaloperaltorf .........
feed chute; fluffing roll, etc A 9..........7.Al
..
Incineration capacity...........-...
Refuse storage bin-5-ton capacity,84 ff :Colpddiem .......Ata Systems Corp
... Stoker/grate Systems. 2-Oe per boiler....Noncomoustibles separation system............ e ...................
e.trolt Stoker Co ..........
Combustion Power Co Botilers. 2.... .... ............... .. abcock & Wilcox Co
Sep ration.systemrconveyors, 12-Vanous sizes...a..Flrtield Engineering CoSeparaflon..systm bucket elevators. 5 .................. Each 135.000tblhr 4*00ps1/600 -gstampeamtue at economizer
Fairtl;d Engmeering Co outlet, 537 F: eftciency d7.3% 'eadwater temperature. 240 F; excess aIrBoilers (existing), 3..........
Combustion Engineering Inc, Riley Stoker Corp. leaving the boiler,84. airopoiluitioncontrol device, wet scrubber 
Union Iron Works Co .One'300,0001lb. hr at 900p.a'ig/ 900F with tan gential bdmers andelectrasta,-Pcorclpltato. Salvae fillboileir plant, Nodlolk,.VA.. -:one 125.000 lblr at 725 asig1825F with' Owner.....- .;-.......... ......... u S N
...travellng-grarespaader stoker and multiple-cyclone dust collectorT one Consulting eange... .-...Metcal &Eddy Contructlion Engineers95.001bJIfr at 7101psg /825 F with tr.*velln reader toker aRd.ggrat. 
 .. .... .,..li_.: ......'...tmulple-cycJon.dLstcoflector- Janur 1967 

....... ".... . 360 tndSo~~wss~wzao 
. . 

ssem 
st; 

t.ious 
MO 

~ +7' Refu=ti car---ii2-~crac ........ _.HaMischlegat Corp
uis, MOy-russedn....of St. Lojta/Union"" ErctricrCo Ja'" uactunn" "-" ""-:City or ,-erltunha ... - .. ._h,.i....,lac r
tu/
Consuling englneer----------oer SittnIn XSlo kr/ grteCommerc il ... qtems.4Qziaper of,...-.~~ Dtroi Ste Co. .
 .... 
. E4utP. Mntat Clty of St. Louis-processingfac ty... .Ec*5rhOiOrt Corp...t,,75piq ... -ApnT,,t-gRa..tus.ruoFi., conf.84/ in rsa. tenperam.C 
elt conveyor 

. " - * '. F_" "t.: 16f...fortautw 6.Auzd.ry oil bum se-.capacity,.
,...... .................
......
.. lContnetCorrweyorCo'.-: . ,funlt.,iTOOnkWIpor n FeetCtsW uittbeOV fumOceSlag.
Vibrating: teederand tnnveyors .;_.Borg-Warner Corp, Stepherns.Adamson Div scern anri boilerbPankci
- j.2 ". . Gruend lerC rusr er ne-~atinits i boler bank-:Sh." oer "- . ...... .. &Pulv er aerCo . Ou s cR r -2n....i:;; .ll rto ,l5-fdatsnm wheet x 6.7-ft rotor, 1250-hp motordrive. . " ,,c/(Oe. cAtr•casitteeuon ten-46-tph per boiler) iinsout e-.ycionetyp. iiInrt dust loading.. 

eumu 
Rade Pneu cs Inc ra0.0 1t611D1b6 o0dry itr gotasdjustedta "ir.Pn'.,.. .trnaport ............ 0% .xces ..
.e ........... Rader pir tsnc Eectros , tato, . . . ,. .rc-Coit . e Inc"St=orage bmn-3O.ton ca aciy........... ....... Miler Hofft Inc 
 Ors corveyors forpottom ash aAfisl:-One-.... Reaumont Bircth Co.uggetizer (hammermill fordensitying ferrous scrap) .... ... . Eida Corp, ... .d2"Equipm et 2tUn ion Electric.Co's Meramnec Station Crp.. ... • .,-1O-cu ycapaciy .... '....... "7 ~ t ~ l t.... ",sa u ' l rd , ', , , ',
lboiler pant,Portsmouth, VA-

PneUnm brain ent.. .....Pne,-n,.,trnsor aupmen- rpMer san. owner ... ..................... _ -Radar Penumeatics-Inc
SCooraltgngi.2. -oe. ...• .,'Con suittrg engineer"ne"-. ,.. ., - ...Atla Syems Corp ,' ' 197n.......- ....... ' ,•
... •n, L
,. ,-,-'(xl2,. ....................
. g) ......... Combusoon Engineerng Inc" tnT ffdc8 ty :..,. 
. .9
I era0on . ;. -:...?6,t d ' 

fo-urz".-eatlnslneachcorerozhefuma)atndelacrostatic.-'
. " Rot ''esr. ":,t', ":,.E I*-. .. :" -''< 

•*- e n. .e. t0 ft. ncro; ru. total . ,. ,. V3o. ... , . ."s . .1 ..,EbK e-le.Co "l'o, - e r cI e' 1,i .7 Er.w . .",T-0.lb/... -p . :.a.. ... . ....,e........ -
.Q- i¥ t=-f,-,.o q .Stker .Co. .. . 
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How to design boiler controba
 
for waste fuels
 

Waste fuels can no longer be wasted. Control systems must be designed to get the
 
best possible efficiency and capacity while displacing as much prime fuel as possible
 

By Frederick D Gelineau, Foxboro Co 

aiste lucls are usualll fired b% become unclear or even to disappear 

base-loading them manuall\ at completelk 
,somc level determined b\ the Simple 'conventional fecdback control 

operator. and then responding to load- loops cannot provide acceptable per-
demand changcs b\ manipulating the formanec \dditional feedforv.a rd tech-

primc luel. usualll gas or oil. Because niques must be incorporated using ana-

much of the load is carried by a fucl that lytical or other measurement, to a nttci-

is thought to cost nothinu, there is often pate and compensate for variations in the 

itlIe attempt to minimize prime-fuel effects of dilrerent l'ucl,,. Some of these 
usage or to optimize CtliciCnC\, \nd. as functions can best be performed b\ ana-
might be expected, the operator often Iog control. while others can be done 
leaves himself plen., of margin for error cquall, \%ell bs analog or digital control,
b\ burning much more prime fuel than is Hoevcr. some are clearl, better han-
realls needed, dled dwiitall. or cannot be handled b\ 

Procedures must now be chanced. analog control at all The specifi,: hard-
Todas %% important displacing as., ware conliurat ion will havc to be cho-hat is 
much prime l'uel \%ith waste fuel ansposi- en on the basts of" the application. The 
ble. mra\imi7ing overall boiler elicienc\ best control conliguratnon usual[\ con-
and capacit.. and keeping stack cmis- tain, both analog and diital elements. 
,;ions within regulated limit,. Reachinc though ana log-mls and digital-onkl con-
for these goals impacts directl. on basic trol s stem. haVe been stuccessfull\ 

boiler-control techniques. It creates a used. 

need 1'(,r optimilation over and above the 
 Since the aim is to minimi.,e or climi-
normal control function, and sometimes nate the consumption of prime fuel. the 
causes the boundar, bctvcen boiler con- i%.asit fuel must be manipulated ito con-

rol and economic optimi atiton to trol steam-header prcssure Waste f'uels 

Steam-neater Total toier 
oressure steam flow 

FT 

50-oSig 
steam 

-Maste 

oressure control
 
Kynam Statntro 


C moensation cry'iracterrize, A om T sLow 
olock l.

arc ncvitabl, dillicult io handlc. and 

problems ma\ be encountered in an\ or 
all of the following areas 

a Conve mnc and distribution. 
2 Combustion stabilit 
8 Is namic responsc. 
a \ ariable properties. 
0 \lcasurabilit\ 
a Toxicit,. 
It is important to idenilf\ all of" the 

problems of' a particular .astc fuel so 
that the controll:billi of' the plant can 
be .valuated. But. in an\ event. e\pcct 
controllabilit, to be much less than l'or 
the oil- or gas-tired plant. and the con
trol i\stems t be more complex. 

Steam-pressure control 
In an oil- or gas-tired plant. simple 

proportional-plu,,-integral fP + I) 'ed
back control i, sufficient to control 
steam pressure. The oil- or gas-tired boil
er is stable and quick to respond. Rcla
tivel\ severe load transients can be 
absorbed easil. with minimum long
term up;r,,l to steam pressure 

9L 

0 

0o 

ign gain 

Pressure error + 

gain 

'-eectorw6 c 

1. Con'tol system for firing solid.-wastr fuel has two feedtorward loops 2. Control system has two levels of gain. Highwhose purpose is to anticpate sudden changes in demand. fuel gain comes into play only when large steam-Oroperties. or other boiler-side disturbances pressure error signals are detected 
Reprinted from 
1952 Energy Systems Guidenook 



Boiler total 
firing rate 
demand 
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Subtractor 
Measurement 
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or data input <A 

, ltt' 
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Cring
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Rate-of-change 
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firingdemand 4. Waste/prime 
fuel ratio con
trolled. Ratio is set
by the multiplier. 

3. Waste fuel base-loaded, prime fuel tlimterowscatio 
Waste-fuel firingmodulated. This control-system subcircuit sets rate demandthe firing-rate demand for the prime fuel 

The relatively poor dynamic response 
with waste l'uel as the primary manip :-
lated variable demands a I'undame,,al 
change in the approach to steam-pres-
sure control. In the past, no limitations 
were placed on process demands. It was 
the responsibility of the boiler plant to 
meet these demands, and no restraints 
were placed on either cost or transient 
loading. But transient loading of any 
thermal machine is inefficient, and 
waste-fuel-fired boilers are generally 
slow to respond. Thus. better coordina-
tion between steam user and supplier is 
needed. 

User demands under normal operating 
conditions must be stabilized. This 
means better scheduling and coordina-
tion of batch processes and limiting the 
rate of change of all t,.pes of" process 
demands. \l.io. under abnormal or emer-
-ency conditions, the ,.stem needs much 
more than feedback control of firing 
rate. Fcedforward control from different 
parts of the steam-distribution system 
may help. Temporary steam venting 
and/or steam load shedding ma list) be 
needed. This may be done via high or low 
steam-pressure override controls that 
take emergenc. action during upset con-
ditions. 

\ feedback, feedforward s,stcm re-
centl, used for stea m-pressure control of 
a boiler firing .a solid woaste fuel is shown 
in Fig I. To establish the iring-rate 
demiand, a linearized measurement of 
boiler steam Ilow is fed through a sum-
mer, a static characterizer f'(x), a 
dynamic compensator fit). and a multi-
plier. The summer provides a feedfor-
ward .;orretlve trim from two additional 
measurements. Input C r; a Ceedforward 
derivative response from low -pressure 
steam llow to the process. \n\, sudden 
change in ow-pressure team i,, fed for-
ward to the summer, where it is com-
bined \%ith the firin-rate demand to re-
l'lect the proccs-stearin load chance 
Thu.,. the elect oI" the loaid chance is 
sensed intinedialeI', .%, wthot1u the usl, 
dela. .%hile it ripple , up ihr ughi the 
Ntc'1ant-distribution ',stcn. 

Input \ provides lfc.df'orward contpen-

sation for stored energy lost or gained as 
a result of changes in I'uel heating value 
or any other boiler-side disturbance. 

During steady state. an, change in 
fuel heating value or manual fuel suppl, 
causes a change in steam Ilow and ,team 
pressure. A signal proportional to the 
pressure deviation from setpoint is fed 
forward and combined with the iring-
rate demand to minimize the effect of 
chancing heat value of the fuel. This 
control also makes 'up for any surplus or 
deliciencv of stored energy during load 
transients. 

Static characterization is provided by 
I( \M, which characterizes the I'eedfor-
ward steam-low signal to the tirine-rate 
demand. Dynamic compensation for 
over. or under-tiring on a load change is 
provded by f(t). which is a lead. lag 
unit. 

Control output ss header pressure error 
is shown in Fig 2. The proportional-
plus-intecral-plus-derv:tive IPID) con-
trol trims the tiring-rate demand for 
chances in steam pressure from the set-
point. The error signal is characterized 
such that the control block gaiin during 
steady-state operation is relativel lm 
and output changes sI,%%l', This assures 
stable opera tion witthin the normal pres-
sure band. For large ,team-pressure 
upsets, the error signal is such that the 
control block -ain is rclativel high This 
assures rapid restoration of pressure con-
trol to the low-cain region. 

This coniguration prevents the sstem 
from cha:;ing every small pressure devia-
tion. ohich would onl, exaggerate the 
small upsets t.,picall. caused by waste-
fuel lirine. Notice that the derivative 
mode is used on the pressure controller 
even though this is not normal!, consid-
ered applicable. \lost pressure-COntrol 
processes are I'or mas. Inventor control, 
Since thi: is an energ. inntor\.-con rol 
process..t, ire most tempera ture pro-
ccsses. derl'jtiVe control can be i te 
vf'ectiye i*f the pressure si gnal is not 
noisy . 

To .ittenuate cha r: cterist ic nm se, the 
pressure transmitter should be inst illed 
,.t, it' it we.re i lt transititter locate it 

limiter allows ratio 
to change during
transients 

in as long a straight run o!" pipe as 
possible, and careful, deburr tle tap. In 
addition, a snubber or length of capillars 
can be used in the sensin line. 

Combustion-control guidelines 
The best combustion-control conligu

ration depends entirekl on hoo the waste 
and prime Iuels can be used in the boiler 
Four possible as of using w.aste fuel 
are: Il) waste f'uel tired alone: (2) waste 
'uel base-loaded, prime luel modula'ed: 
(3) controlled ratio of waste to prime 
fuel: (4) prime fuel base-loaded. 'aste 
l'uel modulated. 

Waste fuel fired alone. This -:an be 
done onliif sullicient waste fuel is avail
able, if prime fuel is not needed to stabi
lize combustion. and if the d.namic 
response of the boiler with this fuel is 
compatible with th,: ,tCam-load pattern 
of the plant. If these criteria are not met. 
then an alternative mode must be used. 

L suallv a parallel-nietering .ssten I'or 
air and f'uel is best. larcel, because tf1" 
enironmental restraints. T picall.,. di
rect measurement of fuel lw i,, not 
possible, Ind inf'crential mcasurement 
must be used to correct for fuel inconsis
tenctes. : Sorlie i 's of inferential 
measurement that have been used ire 
belt-scale weight, fuel properties, and 
boiler heat balancec. 

\Waste fuel base-loaded, prime fuel 
modulated. The level at which waste tul 
can be base-loaded depend,, ,in its avail
ability and the capacit\ needed from the 
boiler GeneralIM. the capacit, ol a boiler 
firing waste fuel is less than when firine 
prime. This mea, limit the amount of 
wastc that can be base-loaded. \ simple 
manual loading station nia' be used b 
the operator to set the base load. but a 
more desirable .iuktomatic control is, 
shown in Fig I \\ ith this contiguration, 
the base-load deattrnd is the lo, cr ,t 
cither the total iirina -r te dern.i nid r the 
iperatkir-set b.C load This c'surcs that. 

in ithe e. .nt 0F .1 sIImdLh.I isN, ,1' steam 
loa.d. the denlcznd oir latuel L:tin, h 
reduced .icctrdi n;, l e ti hirjact ir cal
culiate the di'erei~cc betwcen htal lir
in, rate Ind basc ltad it) find net 
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5. This subcircuit optimizes waste/prime ratio by calculating 6. Prime fuul base-loaded, waste fuel modulated. Subcircuitheat release from waste fuel and monitoring the difference subtracts the prime-fuel base load from the boiler fiing-ratebetween this and waste-fuel setpoint 

demand for prime fuel. The rate-of-
change limiter is optional and is 
described below 

Controlled ratio of waste to prime fuel. 
A fixed ratio of waste to prime fuel may 
be necessary to stabilize combustion, 
This ratio may be set manually or by 
measurable, or known, fuel characteris-
tics. For instance, combustion of wet 
hydrogen gas must be stabilized with oil 
or natural gas. Wet woodwaste mav need 
an auxi'iar, fuel for stabili::ation and/or 
for handling transient loads 

A system for fuel-ratil; control is 
shown in Fie 4. Input \ to the multiplier 
determines the proportion of' the total 
lirina-rate demand that is transmitted to 
the waste-fuel feed. .\t steady state, the 
subtractor sees the difference between 
total and waste-fuel demands. and calcu-
lates net prime-fuel demand. 
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Durine transients, the rate-limited 
waste-fuel demand is different from the 
steady-state value. Load changes are 
thus handled b, the prime luel, after 
which the waste-fuel firing rate ramps to 
the ne, steady-state demand, 

The rate-limiting function ma, be 
either: (1) Not required. This would 
probably apply for gaseous or liquid 
wastes: (2) Required for both increasing 
and decreasing demand. This might 
appl. to all types of solid-waste-burning 
units: (3) Required on incr.asing de-
mand onl, This might apply to wet 
solid-waste firing where little fuel is 
stored in the unit: (4) Required on 
decreasing demand onlx This mieht 
apply if a relativel%large quaritit% of Fuel 
is stored in the unit. 

.\n effective wav to optimize the 
prime'waste Fuel ratio is to close a con-

trol loop on waste-fuel- encrated steam 
loI (Fig 5). Here the summing block 
calculates equivalent heat release From 
waste fuel by subtracting prime-fuel l1o 
from characterized steam lo%% (steadv
state total heat release) and adding rate
of-change of steam pressure (transient 
heat release). The summer output is the 
measurement into a controller whose set
point is the waste-fuel liring-rate dc
mand (which is rate-limited). 

A second control algorithm (sam
ple/hold software) monitors the devia
tion seen by the controller. If the devia
lion is excessive or sustained, it either 
rate-limits and./or clamps the waste-fuel 
tiring-rate demand. and, or it increases 
the prime, waste-fuel ratio. In normal 
stead,-state operation, the control action 
drives continuousl, to ards maximum 
tiring of waste fuel. 

7. This control circuit can be set to modulate eitherwaste or prime fuel in various modes or combinations. 

The setup on each is as follows: 
Waste fuel only 

PWasteprime ratio on manual, set at 1.00cPrmetuer Switch accepts input from left 

A,'Ae Waste-fuel rate-of-change on manual, set at 
minimum 

easter Waste fuel base-loaded, prime fuel modulatedselect I A Waste.'prime ratio on manual, set at 1.00 
W nc, Sucractor I Switch accepts input from left 

TTI- T Waste-fuel base setter set by operator 

lImiteo) 

Waste-fuel irinr 
rate aemano 

Prime fuei ony 

Prime case waste 
mopulated 

A Waste-fuel f 
Dase setter 

Rate-ol-criance 
hmle, (veioc.hi 

Waste-fuel rate-of-change on mL.nual. set at 
Prime-luet minimum 
firing rate Waste/prime fuel ratioed 
demano Waste/prime ratio on auto or manual 

Switch accepts input from left 
Waste-fuel base setter at 100% 
Waste-fuel rate-of-change on auto or manual 

Prime fuel only 
Switch in either position 
Waste-fuel basc etter operator-set at 0% 

Prime fuel base-loaded, waste fuel modulated 
Prime-fuel base setter operator-set 
Switch accepts input from right
Waste-fuel base setter at 100,'.
Waste-fuel rate-of-change limit auto or manual 
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H eating System
En ineeringg g 
American Hydrotherm 
offers complete engi-
neered heating/cooling 
systems for processes 
and buildings. 
0 	Conserve fossil fuels by in-

cineration of mixed refuse 
orwaste materials with heat 
recovery, 

0 	Save 50, f initial in-
stalled cost and iioor space
with our packaged temper-
ature contio systems. 

, Save 20,o. Cut steam 
'osses by converting to 
high temperature water 
systems. 

, Achieve, easy, practical, 
proven healing/cooling 
ambient to 1.0000 F-with 
non-flammable molten salt 
dilution systems. 

I Save 10-to-3091o fuel ,with 
waste heat recovery sys-
tems. 
" For stack or exhaust 

gases ... 

" For nigh temperature 
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N Reduce costs with cogen-
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plants, utilizing fossil and 
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resident.el comfort and 
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so-	 Designing central HTW 

e nrilactor 
olants and OistriOubc. y 

" Converting existing steam 
plants to HTW 
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retrofitting existfng plants 
for increased neat utliza-
lion ana reduced energy 

consumption 

American Hydrotherm 
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(212) 889-7100 

Prime fuel base-loaded, waste fuel 
modulated. This mode may be used if' a 
constant ivnition-stabiliine source is 
neSy meded.It m also be used 11the waste-
fuel iring rate must be limited and load 
changes absorbed by the prime fuel I Fie 
6). The prime-fuel base load is deter-
mined by the rite-of-chanae limit and 
the steam-load pattern. If the rate limit 
applies to both increasing and decreasing 
demand, then the value of the base load 
must be such that the prime-fuel firing 
rate can be decreased sufficiently during 

transients. If this setting is left up to the 
operator, he will probably burn too much 
prime fuel. The only way to optimize the 
amount of prime fuel burned is to calcu-
late both the continuous runnine average
load and the transient bandwidth. Obvi-
ously, this needs a computer or micro-
processor, and cannot be done satisfacto-
rily with analog control, 

If the rate-limit is applied to decrcas-
inc demand onl., then the average band-
width of' decreasing loads must be calcu-
lated. The optimum (minimnum) prime-

I fuel irine rate is the linirnui stable 
prime-fuel rate plus the bandwidth of 
decreasing transients, 

The prime-fuel base-loaded mode i, 

best applied where the waste fuel is 
rate-limited for increasing demand onl%'. 
Here the base load of the prime fuel is 
the minimum stable Iiring rate. Increas-
inc transients are absorbed by the prime 
fuel. after which the waste fuel ramps up 
to return prime f'uel to the minimum. 
Decreasine transients are absorbed by 
the waste fuel. 

\ control system that can be set to 
handle waste and prime fuel in all the 
above modes is shown in Fie - This 
system also includes a prime-fuel-onl 
mode. This should alwav. be included as 

t backup.
Other controlled variables 

Fuel and air are the variables directl, 

manipulated to control steam pressure.
elliciencv. fuel cost. and emissions. The%' 
are not the directli' manipulated var-
ables that control drum level, furnace 
pressure. or steam temperature. [low-
ever. they can still have sivnificant 
impact on these controlled variables. 
""pical problems encountered with these 

variables in a waste-f'uel-lired boiler may 
have one or a combination of causes. The 
trouble is that units designed to burn 
multiple fuels (tne or more O)t"%hich mau 
be waste fuels) necessaril. compromise 

the designof 'urnace and heat-exchang-
er Nurfaces. \n optimum design can be 
achieved ofl. for a single homogenous 

Iuel. 
Suth flrum-lesel control. The Io%% heating 

,alue dfnian, %,.sCf'uel, dictaitc, .: needIo,'a rcativl'cl. farce furnace oilumc ind 
rato

(2 2i Iraic of aporatir voliic to 
drun %o lunie lor I given stcanil-.!cncr:i-

tion rate. The result is that fireside 
upsets mlav have an over\%hclmingl\ det
rimental effect by upsettinL the drum 
level. Lnfortunacl . fireside upsCe, are 
ver\ often the rule because of the dilli
cultics encountered in handline most 
waste fuels. 

Similarl\. dill'erent flucls have differ
eni heatinL values and ma\ be intro
duced into diterent areas of the boiler. 
Normal sequencing and fuel changeover 
by the combustion-control sstem can 
create the same disturbances in drum 

level that are caused by liring upsets.
Steam-temperature control. Most 

large units built today are designed to 
deliver superheated steam and to burn a 
variety of fucls. \lso. some are installed 
to operate at reduced pressure with pro
visions to raise steam pressure and tem
perature later. \n example mighl be 
where cogeneration isplanned. 

\ll of" this creates an almost ilmposil
ble ituakion f'or optiniing si/c and ,ur
face ctnligurtmions )f ,uperlc:i ters [, I'
ferefit fuels have dill'trent heatine val
ucs: the\ ma be introduced to different 
parts of the furnace: the have ditferent 
excess-air requirement,: their ash and 
crud characteristics are different: and 
the% have different cOrrosion and erosion 
effects. The list goes on and on to create 
a complex matrix of interacting vari
ables. This means that control must be 
exerted over a much \%ider and more 
variable rance 

Furnace-pressure cohnrol. This is much 
more ditlicult. Different I'uels have dif
ferent exc.ss-air needs. and the ' mav 
carr' .iiditional inert material and waler 
vapor. \,atc fuels ma' carry toxic. 
dirt',. or -oxious matcrials. These make 
ncgative furnace pressure cmoirol crilal 
to prevent contamination of" the boiler 

room. Nonlinear and 'ccdtor.,ird con
t.rol algorithms may" be needed for .atis

' control fI"this critical variable. 
The important thin, to remember is 

that a problem defined is a problem
solved. Evaluate the effect of different 
fuels on each of the controlled variables. 
and consider both oner:i'mon obiectives 
and nrocess constraint the control 
design. 

Basic process limitati, , cannot be 
overcome b' an overlv ccoplicated or 

misapplied control s',stem. \ properly 
designed control s'stem doesn't . limit 
operation of' the boiler itself, but permits 
safe and stable operation up it) the limit.,,
determined b\ the process. 
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SESSION 18: BIOMASS GASIFICATION 

For the last few years, a great deal of interest has arisen in producing gaseous fuels 

from biomass resources (i.e., biomass gasification). This session will b'e a summary of 

the various aspects of biomass gasification, including basic principles (chemistry), feed
stock characteristics, gasifier types, applications, economics of use, and safety con

siderations. Most of this material has been drawn from a report titled "Biomass Gasi
fication in Developing Countries" prepared for the World Bank in December 1982. Tech

nical considerations for using producer gas in industrial applications are discussed in 

Appendix 18.A. 

BASIC PRINCIPLES 

The Four Phases of Biomass Gasification 

Four distinct processes take place in a gasifier: drying of the fuel, pyrolysis, combustion, 

and reduction. Although there is considerable overlap, each process can be considered 

as occupying a separate zone in which fundamentally different chemical and thermal 

reactions take place. The fuel must pass through all of these zones to be completely 

gasified. 

The combustion zone is generally situated near the base of the gasifier (see Exhibit 
18.1). Also referred to as the oxidation or hearth zone, this area is where air is fed 

into the gasifier, allowing combustion of the fuel to take place as in an ordinary stove 
or furnace. Depending on the application, the necessary air draft may be created by 

the suction of an engine or by an appropriate arrangement of fans. The key feature 

is that the air supply is restricted so that the burning does not spread to the entire 

fuel load. If this situation occurred, the gasifier would simply become a stove, producing 

heat and incombustible gases. 

The basic chemical reaction taking place in the combustion zone is the combination of 

oxygen in the air with carbon from the fuel to produce carbon dioxide, an incombustible 
gas. This reaction is exothermic (heat-releasing), and the temperature in the2 combustion 
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Exhibit 18.1 

Schematic Diagram of the Reaction Zones in an Updraft Gasifier 
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zone consequently rises until the rate of heat loss balances the rate of heat gain from 

the combustion. Normally, the combustion zone reaches a temperature of between 
9000 C and 1,3000C, but in some gasifiers (particularly those of the crossdraft type 
using charcoal as a fuel), it can rise as high as 2,0000 . If any hydrogen is present in 
the combustion zone, it also reacts with oxygen. This reaction is also exothermic, and 

water vapor is the product. 

From the combustion zone, the hot gases are next drawn into the reduction zone. The 

reduction zone is always adjacent to the combustion z)ne, but -- depending on the con

figuration of the gasifier -- it may be above, below, or beside it. No air is admitted 

here; hence, there is no free oxygen, and a different set of reactions takes place. 
These reactions are referred to as reducing reactions, and they play an essential role 
in gasification, as they convert some of the incombustible gases emerging from the 

combustion zone into combustible products. 

The principal reaction in the reduction zone is that of carbon dioxide with hot carbon 

to produce carbon monoxide. This process is endothermic (i.e., it absorbs heat), and 
temperatures in excess of 9000C are required for it to take place. It is sometimes 

referred to as the "Boudouard" reaction, and the carbon monoxide produced is the major 
combustible component in the final mixture of gases drawn from the gasifier. 

Another important reduction reaction is that between water vapor and carbon. This 

reaction, which is also endothermic, takes place only at temperatures above 9000C. 

Water is dissociated, yielding carbon monoxide and hydrogen as the products. It is usual
ly called the "water gas" reaction; since both products of the reaction are combustible, 

it also increases the calorific value of the final gas. 

In the course of these endothermic reactions, heat is absorbed from the gas stream. 

The temperature of the reduction zone, therefore, progressively drops as the gas is 
drawn further from the combustion zone. As it drops, a different set of reactions 

take over, one of which is the reaction of water vapor with carbon to produce hydrogen 

and carbon dioxide. This reaction predominates between 500 0 C. and 6000C. 

If excess water is present in the reduction zone, the so-called "water shift reaction" 

can also take place. In this reaction, carbon monoxide reacts with water to produce 
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carbon dioxide and hydrogen. This exothermic reaction is generally regarded as unfavor
able, since it reduces the calorific value of the final gas. Excess moisture in the fuel, 

therefore, is to be avoided. 

If pure, dry charcoal is used (from which : 11 the volatile components have been driven 
off in the manufacturing process), no hydrogen is available; hence, there is none in the 

final gas. Thus, the thermal value of the gas is typically about 20 percent lower than 
that from a wood gasifier. For this reason, it is common practice to add a small 
amount of water to the gasifier. Provided that the quantity is judged correctly, the 
resultant endothermic reactions lower the operating temperature of the gasifier and 
enrich the final gas, which also has the effect of reducing the thermal stress on the 

gasifier equipment. 

Most of the hydrogen that is produced in the reduction zone remains free. However, 
of can to ofa portion it combine with carbon form small amounts methane. 

With the majoritv of biomass fuels, the quantity of water originally present is more 
than adequate. In fact, a considerable proportion normally passes through the gasifier 
without being dissociated and simply becomes a component in the final gas stream. 

The principal chemical reactions occurring in the combustion and reduction zones are 

summarized below. Their precise sequence is complex, and their relative importance 
depends on fuel type, gasifier design, and operating conditions. The temperature profile 

within a gasifier is particularly important, as temperature affects both the position of 
chemical equilibria and the relative rates of different reactions. 

1. C + 02 = CO 2 (combustion reaction) (+393,800 kJ/kg mole) 
2. C + CO 2 = 2 CO (Boudouard reaction) (-172,600 kJ/kg mcle) 
3. C + H2 0 = CO + H2 (water gas reaction) (-131,400 kJ/kg mole) 

=4. C + 2 H2 0 C0 2 + 2 2 (-88,000 kJ/kg mole) 

5. CO + H20 = CO 2 + H2 (water shift reaction) ( +41,200 kJ/kg mole) 
6. C + 2 - 2 = CH4 (methane reaction) ( +75,000 kJ/kg mole) 

The pyrolysis zone is generally above the combustion and reduction zones. No air is 
admitted to it, but it draws heat from the hotter regions that are adjacent to it. Once 
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the temperature reaches about 400 0 C, a self-sustaining exothermic reaction takes place 

in which the natural structure of the wood or other organic material being used as 

fuel breaks down. This reaction is similar to that which occurs inside a kiln or closed 

retort in the manufacture of charcoal. Water vapor, methanol, acetic acid, and a con

siderable quantity of heavy hydrocarbon tars are evol',ed. In the case of wood, 50 per

cent or more of the original weight may be given off as tars and volatiles. 

The solid material remaining after pyrolysis is carbon, in the form of charcoal. This 

material passes down through the gasifier and is consumed in the combustion and reduc

tion zones. When charcoal is used as fuel, there is little or no evolution of pyrolysis 

products, since they have already been driven off in making the charcoal. 

If the gas is to be used in an internal combustion engine, it is essential that it be free 

of tar. The volumes of tar produced when wood is used as fue! are so large that it 

would be virtually impossible for any gas cleaning system to eliminate them from the 

gas stream after it had left the gasifier. In addition, there would be a considerable loss 

of energy if the tars were simply rejected. Most wood-fueled gasifiers used for shaft 

power, therefore, are designed to draw the tar-laden gases through the combustion and 

reduction zones. Provided that the temperature in these zones is high enough, and the 

time taken to pass through is sufficiently long, the majority of the tars are broken 

down, thus yielding a reasonably clean final gas. 

The drying zone is generally at the top of the gasifier, above the pyrolysis zone. Here 

the temperature is not high enough to cause chemical breakdown, hut any moisture in 

the fuel is driven off in tLe form water vapor. 

GAS CHARACTERISTICS 

Producer gas has a relatively low thermal value, generally only 10 to 15 percent that 

of natural gas. The diluting effect of nitrogen in the combustion air is the principal 

reason for this low thermal value. The air fed into a gasifier contains approximately 

78 percent nitrogen. Since nitrogen is inert, it passes through the gasifier without 

entering into any major chemical reactions. The final gas mixture, therefore, usually 

contains at least 50 percent nitrogen. 
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Using pure oxygen, instead of air, to feed the combustion leads to a much higher ther
mal value in the final gas. However, the added expense and complexity of the process 
preclude it from most small-scale uses and from any widespread application in the rural 

areas of developing countries. 

Typical data for the final composition of producer gas are shown in the table below 
for both wood and charcoal gasifiers. These values are drawn from a variety of sources 

and are based on the composition of a dry gas. While figures of this kind provide a use
ful indication of the chemical reactions that have taken place in the gasifier, they do 

not tell the whole story. The quantity of water vapor present is also important, as it has 
a major effect on the net heating value of the gas. The more water vapor the gas 
contains, the less useful heat can be obtained from the gas; in the extreme case, the 
gas may be incombustible. Practical difficulties can also arise from water condensation 

after the gasifier has been shut down, which can dampen the fuel left in the gasifier 

and make it difficult to reignite. 

COMPOSITION OF GAS FROM WOOD AND CHARCOAL GASIFIERS 

Gas 
Wood gas, % 

(dry basis) 
Charcoal gas, 

(dry basis) 
% 

Nitrogen 50-54 60-63 
Carbon monoxide 20-22 23-33 
Carbon dioxide 9-i 3-7 
Hydrogen 12-15 4-14 
Methane 2-3 _ 

Heat content 5,500 kj/m3 4,100 kJ/m 3 

Fluctuations in the load on a gasifier can also cause a variety of problems. To vary 
the output of a gasifier, the supply of air must be adjusted. As a result, the combustion 

zone expands or contracts, which in turn affects both the size and position of the other 
reaction zones in the gasifier. Small variations in load can usually be accommodated 

quite easily, and the gas composition will not change radically. Larger changes are 
more prohlematic, since the balance of the chemical reactions -- and, along with it, 

the final product mix -- will change. 
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At very low loads, tar production becomes a problem in designs that rely on drawing 

pyrolysis products through the combustion zone to crack them. Since both the size 
and the temperature of the combustion zone are reduced at low loads, the cracking 

may not be fully completed. In some cases, cold channels can form, allowing pyrolysis 

gases to percolate through the combustion zone unchanged, thus producing a very dirty 

gas. 

The ability of gasifiers to respond to load changes varies between designs. in all cases, 

however, steady-load operation is preferable, as it allows the design and construction of 

a gasifier to be optimized around a particular set of operating conditions. 

FEEDSTOCK CHARACTERISTICS 

Almost any carbonaceous or biomass fuel can be gasified under experimental or laboratory 

conditions. However, the suitability of a particular fuel* for a given gasifier design 

can be established only by prolonged practical use. Without this type of experience, 

there can be no guarantee that the fuel will perform satisfactorily under actual operating 

conditions. 

Wood, charcoal, various types of coal, and -- to a much lesser extent -- peat have 

been used extensively. A vast body of experience has been built up around them. En

suring satisfactory standards of size, cleanliness, and moisture content was a recurrent 
problem. In countries where gasifiers have been widely used, very detailed government 

specifications have usually been drawn up to protect gasifier users from careless or 

unscrunulous suppliers. 

Charcoal has been amply proved as the most reliable and trouble-free fuel. Nevertheless, 

care is needed in its preparation and storage. Most charcoal contains some of the 

original tarry substances from the charcoal-making process. In small quantities, these 
substances are unlikely to cause any problems and may even be beneficial in that they 

make kindling easier when the gasifier is being started. Charcoal made by the traditional 

*"Fuel" and "feedstock" are considered here as synonymous. 
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pit method, however, may be little more than lightly-charred wood and may contain up 
to 40 percent volatile material. Such charcoal would be heavily tar-producing and 
quite unsuitable for most charcoal gasifiers. Quality control in the manufacture and 
selection of charcoal for gasifiers, therefore, is essential. 

A major disadvantage of using charcoal is that, in energy terms, it is generally a very 
inefficient way of using forest resources. nriving off the volatiles from wood to pro
duce charcoal wastes a substantial amount of energy. Under good manufacturing condi
tions (for example, a steel kiln or retort), around 50 percent of the original energy in 
the wood is likely to be lost. When made by the pit method, the losses may be as high 
as 80 percent. One solution is to salvage the tars and pyrolysis gases and use them 
for other purposes. However, to do so greatly complicates the charcoal-making process 
and has not yet proven to be practical or economic in most developing countries. 

Wood is also a thoroughly well-tried fuel. The World War I experience exposed most 
of its problems and advantages. The size of the wood feed is one factor that can be 
important, depending on the design of the gasifier. The wartime Swedish gasifiers, for 
example, could use billets of up to 90 mm in diameter and 75 mm long. In contrast, 
modern Swedish designs require small wood chips with a maximum dimension of just a 
few millimeters. A uniform size distribution generally is preferable. Large amounts 
of very small particles can cause difficulties in drawing air through the gasifier, and 
may also result in bridging of the fuel. 

Chipping and screening of wood, if required, is a relatively straightforward process, 
given the necessary mechanical equipment. It is a standard feature of the forest
product and wood-pulp industries. In developing country villages, however, such equip
ment will often be unavailable or too expensive, and producing small wood chips will 
be out of the question if hand-chipping is the only method available. The choice of 
a gasifier in such cases will be restricted to units that can accept reasonably large 

pieces of wood. 

Sawdust has the advantage of being a readily available waste product in areas near 
forest industries. However, major problems have been encountered in gasifying it effec
tively. A handful of direct-heat gasifiers have been devcloped that can use sawdust, 
but in most systems it is still an experimental fuel. 
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Other biomass fuels may also be used in gasifiers. A list of materials on which limited 

tests have been performed is presented in Exhibit 18.2. However, much more experience 
will be required with most of these fuels before definite pronouncements can be made 

regarding their practical suitability. 

Of these candidate fuels, coconut shells are among the most promising. They are sim
ilar to wood in many of their properties and are already used as a source of high

quality charcoal in a number of countries. Tests on coconut shells in gasifiers have 
been carried out in the Philippines without any major problems. All that appears to 

be is period of extendednecessary a operating experience to confirm this view and es
tablish a set of specifications for the maximum and minimum size of particles, the 
maximum moisture content, and any other relevant charcteristics affecting their use 

as fuel. 

Much the same can be said for maize cobs. Based on the experimental results that 
now exist, they too appear quite suitable as gasifier fuels. Again, however, the extended 

operating experience necessary for full confidence in their use is lackirg. 

As far as most other biomass materials are concerned, the amount of practical operating 
experience is so small that any discussion of their suitability must remain at a largely 
theoretical level. Nevertheless, some general observations can be made about the types 
of materials that are most likely to be suitable as gasifier fuels. 

One of the major factors is the amount of ash contained by a fuel and its chemical 

composition. Ash is the mineral material that remains after complete combustion. It 
usually derives from the fuel itself, but it may also occur as a result of the way the fuel 

is collected, processed, and stored. For example, clay and dust may be unavoidable in 
the collection of some kinds of agricultural residues and waste products. 

Ash can cause a variety of difficulties. If it is present in large quantities, it may ac
cumulate in the gasifier and impede the chemical reactions or clog the equipment. 
Problems tend to be particularly severe if the ash has a low fusion point. When the 

temperature in the combustion zone exceeds the fusion temperature, the ash melts. 
As soon as it leaves the combustion zone and the temperature drops, the molten ash 
resolidifies. Slag is the term usually used to describe the deposits of solidified ash 
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Exhibit 18.2 

Ash Content and Gasification Properties 
of Selected Biomass Fuels 

Ash content 
Material (% of dry weight) 

Alfalfa straw 6.0 

Almond shells 4.8 

Barley straw mixture 10.3 
Bean straw 10.6 

Coconut husks 6.0 

Coconut shells 0.8 

Cotton gin trash 17.6 

Cotton gin stalks 17.2 
Maize cobs 1.5 

Olive pits 3.2 

Peach pits 0.9 

Pelleted rice hulls 14.9 

Prune pits 0,5 
Safflower straw 6.0 

Sugarcane bagasse 1.5-1 1.3 

Walnut shells 1.1 
Wood 0.2-1.0 

Remarks 

No slagging 

No slagging 

Severe slagging 

Severe slagging 

Some slagging 

No slagging 

Severe slagging 

Severe slagging 

No slagging 

Nc slagging 

No slagging 

Severe slagging 

No slagging 

Minor slagging 

Slagging 

No slagging 

No :lagging 



that can form on the internal surfaces of a gasifier. A serious build-up of slag will dis

tort the geometry of the combustion zone, making control difficult; it may also block 

the grate and interfere with the air and gas flow. 

Tl-e ash content of a feedstock and its melting characteristics, therefore, can be crucial 
determinants of the suitability of a particular material as a gasifier fuel. Wood and 
charcoal generally cause no serious problems with slagging or clirkers because their 
ash content is usually low, in most temperate species less than 2 percent. The ash con

tent of maize cobs and coconut shells is between 0.75 percent and 1.5 percent, but 

rice husks and cotton trash can have ash contents of as high as 20 percent. 

Rice husks are a particularly attractive subject for research workers. Large quantities 
are available, and disposal of waste husks is a considerable problem at many rice mills. 

However, they are a notoriously difficult fuel to gasify. 

Although many researchers are extremely pessimistic about the prospects for rice husk 
gasification, encouraging results have been ieported from work in the Philippines. The 
use of compressed or pelletized husks is said to be promising. Progress ;- also being 

r.ade in the Peoples Republic of China. Delegates to an FAO conference held at 
Suzhon, near Shanghai, in June 1982 were shown a 150-kW rice husk gasifier that oper

ates 24 hours a day, with I day per week set aside for cleaning. 

Careful analysis and testing are essential before any fuel can be declared suitable, even 
in principle, for practical gasifier use. The indications are that the minimum require
ments for a fuel to be usable with present technology are that it should have an ash 

content not greater than 5 to 6 percent, a total silica content of not more than 2 per
cent, and an ash fusion temperatture above l,1500 C. Outside these limits, problems can 
be anticipated. At the time of use, it is also usually necessary for the moisture content 

to be below 20 percent; for some gasifier designs, the maximum is 10 percent. 

In addition to their chemical composition, the suitability of fuels is also determined 
by their physical characteristics. The permeability of the bed of fuel is extremely im
portant, for example, in determining the pressure drop that occurs across the gasifier; 

it also affects the manner in which the chemical reactions in the combustion and re
duction zones take place. Sawdust tends to agglomerate, for instance, and develops 
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channels through which pyrolysis gases can pass without being broken down. With some 

types of straw, coconut husks, and other low-density materials, bridging may occur and 
slow the rate of movement of the fuel into the combustion zone. Means of stirring 

the fuel bunker to break up the bridging and clogging may be necessary in such cases. 
Pelletization of fuels can also be a successful way of dealing with problem materials, 

although experience with gasifying biomass pellets is still minimal. 

Apart from general considerations regarding fuel suitability, individual gasifier designs 

also have their own particular limits; fuels usable in one type will not necessarily be 
suitable for another. A gasifier designed to use wood blocks will not always be able 
to work satisfactorily on wood chips, nor is it possible to use wood and charcoal com
pletely interchangeably. Many of the rapid-starting, high-performance gasifiers devel

oped during World Var II relied on clean, good-quality charcoal and became unusable 
if run on any other fuels. The price of high performance in a gasifier is usually a very 

low tolerance to variations in the quality of the fuel. 

GASIFIER TYPES 

The cessation of interest in gasifiers at the end of World War II has meant that the 

technology has remained virtually static for the last 35 years. There have been improve
ments in materials -- better high-temperature steel alloys are available, for example 
-- and science is equipped with much more powerful analytical tools, but basic gasifier 

designs have not changed, nor have there been any major advances in the technical or 
scientific understanding of the fundamental principles on which gasifiers work. The 

textbooks are still those of the 1930s and 1940s. 

Gasifier designers are faced with a series of conflicting demands. Ideally, a gasifier 
should be able to produce a clean, high-quality gas from a wide range of fuels; it should 
be capable of working efficiently without constant attention; it should be able to respond 

rapidly to changes in load; and it should be cheap and durable. In practice, many of 
these requirements are mutually contradictory. Individual designs must be a compromise 

based on the necessities of their particular end use. 
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Updraft Gasifiers 

The simplest gasifier is the updraft or countercurrent type. The air intake is at the 
bottom, and the gas is drawn off at the top. Fuel is fed in at the top and moves down

ward as it is consumed. The term countercurrent rel~ers to the fact that the air and 
gas flows are in opposite directions. An updraft gasifier was shown schematically in 

Exhibit 18.1. 

Updraft gasifiers tend to have a high thermal efficiency because the hot gases from 
the combustion zone pass upward through the incoming fuel load and preheat it. Double
wall arrangements are also sometimes used to enable heat exchange to betweenoccur 

the outgoing gas and the incoming combustion air. The exit temperatures for the gas 

are usually between 100°C and 200 0 C. 

Simplicity is the major feature of the updraft gasifier. Its main disadvantage is that 
unless a tar-free fuel is used, the gas tends to be extremely dirty. None of the tars 
and other pyrolysis products are cracked in the combustion zone; instead, they are 
drawn into the upward flow of the gases. They leave the gasifier and will condense out 

of the gas stream if its temperature is allowed to drop. 

Some updraft gasifiers are deliberately designed to operate at high temperatures (1,3000 C 
and above) to melt the ash so that it falls through the grate. This type is called a slag
ging gasifier. Refractory materials are usually used to line the combustion zone and 
sometimes the entire interior of the gasifier. As well as protecting the metal structure 

of the gasifier, this lining acts as an insulating layer and cuts down heat losses. 

Updraft gasifiers can be built to handle a wide variety of fuels. A number of manu
facturers, for example, have reported considerable progress in the design of large up
draft systems for the gasification of municipal wastes. The fact that the gas produced 
in an updraft gasifier nc-mally contains a considerable quantity of tar almost totally 
precludes its use with internal combustion engines. When the gas is used for direct
heat purposes and is simply burned, tar is not such a problem. The modern use of up
draft gasifiers, therefore, is almost entirely restricted to direct-heat applications. 
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Downdraft Gasifiers 

By far the most common gasifier is the downdraft or co-current type. Most of the mo
bile gasifiers used in World War II were of this type, theas are majority of those cur
rently being developed for shaft-power applications. A downdraft gasifier is shown 
schematically in Exhibit 18.3. The combustion zone is part-way up the unit, with the 
pyrolysis zone above it and the reduction zone below. Fuel is fed in at the top. The 
flow of air is downward through the combustion and reduction zones, and the term co
current refers to the fact that the movement of air is in the same direction as that of 
the fuel. 

The essential characteristic of the downdraft gasifier is that it is designed so that the 
tars given off in the pyrolysis zone are drawn through the combustion zone, where 
provided that the gasifier is working properly - they will be broken down or burned. 
When this happens, the energy they contain is usefully released, and the mixture of 
gases in the exit stream is relatively clean. The arrangement of the combustion, or 
hearth, zone is thus a critical element in a downdraft gasifier. If low-temperature 
spots are allowed to form there, the tar-laden gases will percolate through them without 
their tars being broken down, thus defeating the purpose of the design. 

In most downdraft gasifiers, the internal diameter is reduced in the coiabustion zone 
to create what is referred to as a throat. The throat is frequently made of replaceable 
ceramic mat,_rial. Air inlet nozzles are commonly set in a ring around the throat to 
distribute air as uniformly as possible. 

Temperature considerations put an upper limit on the size of the downdraft gasifiers; 
very few are capable of running engines much in excess of 100 kW. 

There are many variations on the basic downdraft design. Gasifier technology is still 
far more an art than a science, and experience has led to a large number of empirical 
modifications that improve efficiency and assist in running, cleaning, and maintenance. 
Double-wall arrangements similar to those used in updraft gasifiers are common as a 
method of achieving some heat exchange and increasing the thermal efficiency. Many 
types also incorporate a means of draining the condensed water and tars from the up
per internal walls of the gasifier. The combustion zone is frequently lined with a 

18-14
 



--

Exhibit 18.3 

Schematic Diagram of a Down-Draft Gasifier 
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Exhibit 18.4 

Schematic Diagram of a Cross-Draft Gasifier 
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replaceable refractory lining, but in other cases a specially heat-resistant steel may 

be used. 

Because the gas leaves directly from the reduction zone, it tends to contain significant 
quantities of ash particles and soot, in contrast to the updraft gasifier where these 
particulates are mostly filtered out as the gas passes upwards through the unburned 
fuel. The exit temperature also tends to be somewhat higher with downdraft designs 
because the heat exchange in the fuel drying zone does not take place. 

Downdraft gasifiers have the advantage that they produce a relatively tar-free gas 
when they are working properly. However, the difficulties involved in doing so must 
not be underestimated. The design of the hearth and the control of the air flowzone 

are critical factors. Downdraft gasifiers are particularly vulnerable to the problems 
caused by high ash-content fuels and those with a tendency to slag. They are also 
sensitive to changes in moisture content. 

Crossdraft Gasifiers 

In the crossdraft gasifier, air is introduced on one side of the gasification chamber and 
the gas outlet is on the opposite site. Normally, an inlet nozzle is used to bring the 
air into the center of the combustion zone, as shown in Exhibit 18.4. 

The velocity of air as it enters the combustion zone is considerably higher in crossdraft 

gasifiers than in other designs, creating an extremely hot combustion zone from which 
the liberation oi gas is very rapid. Both the combustion and reduction zones are con
centrated into a small volume in the center of the gasifier, which means that refractory 
materials are not normally needed for lining the combustion zone walls. 

Ti, main advantages of the crossdraft gasifier are its rapid response to changes in 
load, its simplicity of construction, and its reduced weight. It is best suited for running 
engines with an output of up to 50 kW. However, it is very sensitive to changes ;n 
fuel composition and moisture content. For practical purposes, specially selected clean 

charcoal is almost always required. 
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Crossdraft gasifiers were quite popular during World War 1I, particularly for running 

vehicles. One of the best known makes was the Gohin-Poulenc, of which 8,000 were in 

use in France in 1939. It has now re-emerged on a commercial basis in Brazil. A 

small crossdraft unit has also been developed in the United Kingdom, relying on charcoal 

dust as a fuel and aimed specifically at uses in the Third World. 

Fluidized-Bed Gasifiers 

The problems of gasifying high-ash fuels, particularly when the ash has a low melting 

point, have already been noted. These fuels are extremely difficult to deal with in 

downdraft gasifiers. An approach that is being investigated in a number of rlaces is 

the use of the fluidized-bed principle. 

In a fluidized bed, air is blown upward through an alumina sand bed at sufficient veloci

ty to keep it in a state of suspension, thus behaving like a fluid. The bed is heated by 

an external fuel source. When it reaches a sufficiently high temperature, the fuel -

which must be in the form of small particles -- is introduced by a mechanical feed. 

The major advantage of the fluidized-bed gasifier is that its temperature can be con

trolled easily by varying the rate of air and fuel inputs. Because of its low operating 

temperature, which at 800°C-9000 C is below the fusion temperature of most types of 

ash, slag and clinker formation can be avoided, thus opening the possibility of gasifying 

a range of fuels that cannot be used satisfactorily in present gasifier designs. 

However, there are a number of problems with fluidized-bed gasifiers. They work at 

a slightly higher pressure than atmospheric pressure: hence, their construction must be 

of a very high standard to avoid gas leaks, and their fuel-feed systems must have a 

pressure lock. They are extremely slow to bring into ooeration, and require several 

hours to heat up from cold before they can begin to produce gas. On the other hand, 

their h,-at retention is high, and they can be closed down overnight and restarted rapidly 

the next morning. 

Another important limitation is their poor load-following characteristics. As the fuel 

is fed into the bed, it is gasified immediately. Hence, there is no buffer stock of 
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unburned fuel inside the gasifier, as in the case of other designs. The gas output is 
thus directly related to the speed which fuel is added,at and changes of load in on the 
gasifier must be matched by changes in the fuel-feed rate, making fluidized-bed gasifiers 
inherently slower in their responses to load changes than are other types of gasifiers. 

The gas from a fluidized-bed gasifier tends to have a rather high tar content. Using 
wood, one currently operating test installation yields a gas with a tar content of 250

3500 mg/m , which puts heavy demands on the cleaning equipment. The gas also contains 
a large amount of unburned carbon particles, as well as all of the ash originally con
tained in the fuel. These materials must also be removed by the cleaning system. 

Although the limitations are clearly evident, and some of the practical and economic 
problems to be resolved are severe, many researchers feel that there is a large future 
for fluidized-bed gasifiers. This view stems from the ability of these gasifiers to use 
fuels such as rice husks and sawdust, which are widely available but are difficult to gas
ify with presently available technology. The development of fluidized-bed techniques 
for gasifying biomass fuels is still at a relatively early stage. 

Other Gasifier Type 

A variety of other gasifier types has been developed over the years. The 19th century 
saw double-stage gasifiers in which different fuels were used in each, the first taking 
a tarry fuel and producing a gas that was fed into a second unit that used clean coke. 
l'ouble-fire gasifiers have been produced in which there are two combustion zones in 
the same cylinder, and various methods have been devised for extracting the pyrolvsis 
gases and reinjecting them into the combustion zone. 

One contemporary French gasifier manufacturer, Moteurs F)uvant, has developed a dual
chamber gasifier system for use in engine applications of 200 kW and higher. It is es
sentially a downdraft gasifier, but the pyrolysis gases are drawn off from the pyrolysis 
zone, burned in a separate chamber, and reinjected into the combustion zone, thus en
suring a complete breakdown of the tars and avoiding the problems caused by percolation 
of pyrolysis products through cold spots in the combustion zone and the resultant con
tamination of the output gas. However, the complexitv of this arrangement makes it 
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completely uneconomic for smaller gasifier sizes. These dual-chamber units are large 
and costly pieces of equipment that must be individually designed and tailored to their 
location, application, and available fuel. 

APPLICATIONS 

Biomass gasifiers be used forcan variety of fixed and mobile applications. Ina the 
following paragraphs, four types of applications will be presented: industrial shaft 

power, rural electrification, irrigation, and direct heat. 

Industrial Shaft Power 

The main use for shaft-power gasifiers in industry is in rural areas where grid electricity 
is either expensive or unavailable, and diesel or gasoline power are the main alternatives. 
Stationary gasifiers are rarely attractive in towns, because even when biomass fuels 
are available at no cost, grid electricity is usually a cheaper source of power. Electricity 
from the grid also has the obvious advantages of versat'lity and convenience. 

For large-scale shaf-L-power requirements, steam power must also be considered as an 
alternative. Although less common than they once were, steam engines are still used 
in quite a few developing countries. They are much more flexible than gasifiers in 
the types of fuel they can accept, and they pose fewer technical problems. Steam pow
er has a particular advantage in industries where demands for heat and shaft power ex
ist together. Process steam can be generated in a conventional solid-fuel boiler, using 
biomass fuels or coal, and part of it can be run through a steam turbine to produce 

electricity. With well-run equipment, this is both efficient and cost-effective. Using 
gasifiers in such cases would generally be more complicated and would not neces!.arily 

save money. 

Examples of industries where steam systems of this kind are currently used include the 
sugar industry and large-scale wood processing, where heat is required for kiln drying 
and other purposes. The principal disadvantages of steam systems are their high initial 
costs and the fact that there are very few steam engines currently available with an 
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output of less than about 200 kW. Several research groups are now looking into small.
scale steam systems, however, and the results of this work should be monitored to 
l.eep abreast of future developments. 

Sawmills present good opportunities for using gasifiers in isolated areas, as a biomass 
residue is produced as part of the process. The most obvious sawmill applications for 
gasifiers, therefore, are in cases where grid electricity is unavailable, diesel oil is ex
pensive or scarce, and residues have a low economic value. These conditions are most 
likely to coincide where sawmills are located in forest areas with a low population 
density. For flexibility and convenience, it will generally make sense to run gasifiers 
to generate electricity and to use the generated electricity to run machinery, rather 

than employ direct-drive systems. 

Of the residues produced in sawmills, offcuts and edgings are technically the best suited 
for use in shaft-power gasifiers. They simply need to be chipped or cut into small 
blocks and dried to the appropriate moisture content. However, w,,.re there are com
peting demands, these residues also tend to be the most valuable. In such cases, saw
dust would be a more economically attractive feedstock. Designs for sawdust gasifiers 
have not yet advanced to a commercial stage, however, and further developmental work 
will be required before they can be considered for shaft-power applications. 

Rural Electrification 

Diesel-powered electricity generators are widely used, particularly in remote rural loca
tions where grid electricity is either unavailable or unreliable. Although the theoretical 
potential for using gasifiers to run generating sets is quite large, they will be feasible 
only in cases where the electricity demand is relatively steady and an adequate supply 
of fuel can be provided. The opportunities for using gasifiers in this role are probably 
greatest in forest areas, where a local demand exists for electricity for village use or 
small industries. 

In areas where wood is scarce, tree plantations will be essential if gasifiers are not 
to aggravate existing pressures on wood resources. The size of plantation needed to 
supply a gasifier-powered generator can readily be estimated. Using a dual-fuel diesel 
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engine, approximately 1.75 kg of air-dry wood would be required to produce I kWh of 
electricity, assuming a generator efficiency of 80 percent. A tonne of wood would 

give roughly 570 kWh. 

With an annual plantation productivity of 5, 10, and 20 air-dry tonnes per hectare and 
an operating period of 2,000 hours per year, the plantation area necessary to supply 

generators of different sizes is shown in Exhibit 18.5. 

To put these estimates in context, a village of 400 people with a fairly low per-capita 

electricity demand of, say, 200 kWh/year would require 140 tonnes of wood per year 
to run a gasifier-powered generator. At an annual wood yield of 10 tonnes per hectare 
(which might be expected in a region with moderate rainfall), a 14-hectare plantation 
would be needed, which is equivalent to 0.035 hectares for each person in the village. 

Irrigation 

One of the most widespread demands for shaft power is for irrigation pumps. Diesel 
pumps of various sizes are al-eady in use in many locations. Where diesel fuel is ex

pensive, and where interruptions in supplies are common, there are strong arguments 
for seeking alternative fuel sources such as gasifiers. 

The shaft power required to irrigate a hectare of land depends on the pumping depth 

ind the quantity of water applied. A typical range is from 0.3 to 0.7 kW per hectare. 
Irrigation requirements are generally seasonal, however, so systems will often be needed 
for only part of the year. An annual operating period of between 600 and 1,200 hours 
is probably a reasonable average in most cases. Where the level of use is toward the 
low end of this range, gasifier-powered irrigation will often be ruled out for purely 

economic reasons. 

The question of fuel supply is also important. Assuming a shaft power demand of 0.5 
kW/ha and an irrigation period of 800 hours per year, the total annual shaft power re
quirements would be 400 kWh. A series of simple calculations can again provide use
ful indicators of what is involved in supplying the necessary fuel for a gasifier. 
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Exhibit 18.5 

Plantation Area Requirements for Gasifier-Powered 
Electricity Generation Systems 
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A reasonably efficient gasifier system with a dual-fuel diesel engine uses approximately 

1.4 kg of wood per kWh of shaft power generated, which means that wood consumption 

will be roughly 560 kg per year for every hectare irrigated. Assuming that wod is 

specifically grown for the purpose, the area required would range from 0.035 to 0.11 
hectares for plantations yielding between 5 and 20 tonnes of air-dry wood per hectare 

annually. In other words, an area equivalent to between 4 and !I percent of the irri

gated land area would have to be planted with trees to supply enough wood to run the 

pump. 

Direct Heat 

The primary application for direct-heat gasifiers is in industries where fuel oil is cur

rently being used to generate process heat or to run furnaces and kilns. Since fuel oil 

is used extensively by the industrial sector, a large number of uses are possible (see 

Session 6). At the individual plant level, of course, there will be many instances where 

retrofitting with gasifiers will not be feasible. Equipment will riot always be compatible, 

given the limited range of gasifier systems now available, and in special applications 

(such as where rapid load fiu'ctuations occur), gasifiers may not be able to match tile 

performance of conventional oil-burning systems. In general, however, there will be 

no shortage of applications that are technically suitable for retrofitting with direct

heat gasifiers. The main limitation in most cases will be the problem of providing an 

adequate biomass supply. 

As a rough guide, a 10-GJ/hr gasifier system operating at 60 percent capacity for 4,000 

hours per year would use approximately 4,000 tonnes of air-dry wood each year. Given 

an annual yield of 10 tonnes/hectare, a unit of this size would require 400 hectares of 

plantation to provide the necessary fuel. 

Since there is considerable flexibility in the price that can be paid for wood, having 

to establish a special plantation does not necessarily rule out the use of direct-heat 

gasifiers. However, it does increase the managerial and organizational requirements, 

as well as introducing a 4- to 6-year delay before trees can be harvested. 
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In summary, the economic and technical problems of using direct-heat gasifiers appear 
to be relatively minor. As experience is gained and designs improve, the range of po
tential uses will widen further. However, fuel availability constraints will remain, and 
in the long term will probably be the principal limitation on the spread of the technology. 

ECONOMICS OF USE 

The economic case for gasification rests on the savings that can be achieved by using 
cheap biomass instead of high-cost petreleum fuels. The capital cost of gasifier equip
ment, as well as the increased operation and maintenance expenses, must be offset by 
these savings. 

In the analysis presented here, shaft-power and direct-heat systems are considered sepa
rately. In each case, baseline calculations are performed using typical values for all 
the major cost items likely to be encountered in a gasifier installation. The major as
sumptions are then varied systematically to test their effect on the economic feasibility. 

Economics of Shaft-Power Systems 

The conversion of stationary diesel engines to run on producer gas is one of the most 
important potential uses !or shaft-power gasifiers. The example chosen for the economic 
analysis is a comparison between a conventional 50-k1W diesel unit and a gasifier-powered 
dual-fuel diesel engine with the same output. The gasifier fuel was assumed to be 
wood, but an additional calculation was carried out to assess the effects of using 
charcoal. An assessment was also made of the cost of running a gasoline engine on 

producer gas.
 

Estimates of all the major cost components were included in the calculations, which 
permitted a figure for the total cost of shaft power both systems to befrom derived. 
The important parameters were then varied to observe the sensitivity of the final result 

to changes in the original assumptions. 
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As might be predicted, with a varia,!on of a factor of 10 between the capital cost of 

a cheap, locally-manufactured unit and a sophisticated imported model, the initial cost 

of the gasifier proved to be the single most important factor determining the final cost 

of power. If gasifiers are cheap, cost savings are possible under a wide range of con

ditions. If they are expensive, the economics are much less favorable, and the circum

stances where they can be economically justified are fairly rare. 

Assumptions and Baseline Cases 

The main parameters used in the economic analysis are listed in Exhibit 18.6. The 

key assumptions, and the reasons for their choice, are discussed in more detail below. 

Capital Cost of Equipment 

Variations in the reported cost of gasification equipment are very wide. The sys

tems currently being produced in Europe and the United States cost between 

$400/1kW and $1,000/IkW for the gasifier and gas cleaning system alone. At the 

other end of the spectrum, systems now commercially available in the Philippines 

and Brazil cost as little as $40/W to $80/1kW. To reflect this large variation, 

three separate assumptions were used for the baseline calculations: 

Case A: low-ccst gasifier $75/kW 

Case B: medium-cost gasifier $200/kW 

Case C: high-cost gasifier $800/kW. 

These costs include the cleaning equipment and installation costs but not the asso

ciated diesel engine. Engines were assumed to cost $300/kW in both the diesel 

and the gasifier systems. 
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Exhibit 18.6 

Assumptions Used in Economic Analysis of Shaft-Power Systems 

Variable 
Value used for 
baseline cases 

Range of vAues used 
in sensitivity anlysis 

Power output 50 kW 
Interest rate 10% 5%-30% 
Oil price inflation 0% 0%-9% 
System lifetime 6 years 3-9 years 
Annual operating period 2,000 hours 500-8,000 hours 
Diesel cost $0.40/liter $0.30-$0.60/liter 
Wood cost $20/air-dry tonne $0-$40/tonne 
Charcoal cost $40-$150/tonne 

Diesel system 

Diesel engine cost $300/kW $150-$600/kW 
Annual maintenance cost 5% of capital cost -_ 

Lubricant cost 5% of diesel cost -_ 

Diesel consumption 0.4 liters/kWh 0.3-0.4 liters/kWh 

Gasifier system 

Cost of gasifier $75; $200; $800/kW __ 
Annual maintenance cost 10% of capital cost 5%-20% 
Lubricant cost 2 x lube cost for diesel system 1-4 x lube cost for 

diesel system 
Additional labor cost $1,000/year $500-$2,000/year 
Diesel substitution 80% 50%-100% 

Engine derating 0% 0%-30% 
Diesel consumption 0.08 liters/kWh 0.06-0.08 liters/kWh 
Wood consumption 1.4 kg/kWh 1.0-1.8 kg/kWh 
Charcoal consumption 0.7 kg/kWh 



Annual Operating Period and System Lifetime 

Systems were assumed to run at full power output for 2,000 hours per year, with 

replacement after 6 years. This rate of output is equivalent to 8 hours of opera

tion per weekday and a total working life of 12,000 hours. It is the kind of oper
ating schedule that might be expected from a unit supplying motive power or 
electricity in a manufacturing or year-round processing industry, and would also 

apply in the case of a heavily-used commercial road vehicle. 

For the sensitivity analysis, a minimum operating period of 500 hours was taken. 

This would occur in highly seasonal activities, such as crop processing, and in 

some irrigation applications. The upper limit of 8,000 hours would rarely be 

reached in practice, as it represents virtually full-time operation, day and night, 

throughout the year. 

Fuel Consumption 

In the baseline case, fuel consumption in the diesel system was taken at 0.4 liters/ 

kWh, which corresponds to an engine efficiency of 25 percent. While efficiencies 

of up to 35 percent are possible with steady running and a well-maintained diesel 

engine, such high levels are rarely achieved in Third World applications. The ef

fect of engine efficiencies of up to 33 percent is considered in the sensitivity 

analysis. 

When operating on producer gas, an 80-percent replacement of diesel was assumed, 

thus cutting diesel consumption to 0.8 liters/kWh. This arrount is close to the 

maximum diesel replacement practical for dual-fuel engines. The sensitivity analy

sis considers a lower bound of 50 percent and a hypothetical upper limit of 100 

percent. 

A moderately high wood consumption of 1.4 kg/kWh (air-dry wood) by the gasifier 

was assumed for the baseline case, which corresponds to an efficiency of 58 per

cent for the gasifier unit alone. The range of gasifier efficiencies considered in 

the sensitivity analysis was 43 to 78 percent. 
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Engine Derating 

Although operation with gasifiers almost always leads to a certain degree of en
gine derating, this was not taken into account in the baseline case because in 
many applications, engines are run at less than their maximum output, the efso 
fect of engine derating is unimportant. The influence of an engine derating of up 
to 30 percent, in cases where it is necessary to use a larger diesel engine to 
compensate for the loss of power, is discussed as part of the sensitivity analysis. 

Maintenance, Lubrication, and Additional Labor 

Annual maintenance costs were assumed to be 10 percent of the capital cost of 
the gasifier system, and 5 percent of the conventional diesel system. The upper 
figure of 20 percent in the sensitivity analysis represents a high level of dependence 
on imported spare parts and technical assistance; at 5 percent, the lower figure 
represents a greater indigenous repair and maintenance capability. 

Lubrication costs were assumed to be 5 percent of the total fuel costs in the 
diesel system. Double this amount was assumed for the gasifier to allow for 
more frequent oil changes and replacement of filter materials in the gas-cleaning 

equipment. 

A figure of $1,000 was altowed to cover the extra labor required for fuel loading 
and general running of a gasifier. This reflects the cost of hiring one ful-time 
operator. In the case of the diesel system, labor costs were assumed to be in
cluded in the figure for annual maintenance. The sensitivity analysis explores 
the effect of doubling and halving the cost of lubrication arid labor. 

Fuel Costs 

A diesel cost of $0.40/liter (equivalent to $II/GJ) was assumed for the baseline 
case. This price is typical in rural areas of many developing countries, although 
in locations where there are major transportation and distribution problems, diesel 
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prices can be substantially higher. The sensitivity analysis examines a range of 

prices from $0.30-$0.60/liter. 

A wood cost of $20/air-dry tonne was assumed, based on estimates of wood pro

duction costs in efficiently managed plantations. This figure includes the cost of 

chipping, where necessary. The sensitivity analysis covers a range of prices from 

zero to $40/air-dry tonne. 

Interest Rate and Inflation 

A real interest ra.te of 10 oercent was used in the baseline case, and the effect 

of inflation was ignored. Fuel price inflation of up to 9 percent per annum and 

a range of interest rates from 5 to 30 percent were considered in the sensitivity 

analysis. 

Using these assumptions, the annual costs of running a dual-fuel diesel engine with a 

wood gasifier were calculated for the three baseline cases. These costs were compared 

with the corresponding costs for a conventional diesel engine. 

The results are given in Exhibit 18.7. They show that with low- and medium-cost gasi

fiers (Cases A and B), the power from a gasifier system is significantly cheaper than 
from a conventional diesel system. Power costs worked out at $0.15/kWh and $0.17/kwh 

for Cases A and B, respectively, which represents respective savings of 30 percent and 
20 percent when compared with the estimated cost of diesel power at $0.21/kwh. Ex

pressed as a simple payback period for the gasifier equipment, a low-cost gasifier would 
pay for itself in roughly 7 months, whereas a medium-cost system would have a payback 

period of 1.6 years. However, these power costs are clearly much higher than typical 

electric utility rates. 

The results of other cases clearly demonstrate that expensive imported gasifiers are 

not economically attractive. A sensitivity analysis used to explore the effects of varia
tions in the system parameters on these findings showed that the main factor influencing 

economics is the capital cost of the gasifier (see Exhibit 18.8), not diesel prices (see 

Exhibit 18.9). 
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Exhibit 18.7 

Breakdown of Annual Costs for 50-kW 
Shaft-Power Systems: Baseline Cases' 

Cost component 

Annual capital charges 2 

" Engine 
* Gasifier 

Maintenance 

Additional labor 

Lubricants 

Diesel fuel 

Wood 

Total annual cost 

Overall power cost (dollars/kWh) 

Annual costs (1984 dollars) 

Gasifier system 
Diesel 
system Case A Case B Case C 

3,440 3,440 3,440 3,440 
-- 860 2,290 9,160 

750 1,880 2,500 5,500 

-- 1,000 1,000 1,000 

800 1,600 1,600 1,600 

16,000 3,200 3,200 3,200 

-- 2,800 2,800 2,800 

20,990 14,780 16,830 26,700 

0.21 0.15 0.17 0.27 

Savings compared with diesel system 30% 20% (+29%) 

'Costs are estimated on the basis of the assumptions listed in Exhibit 18.6. 
2Annual capital charges (ACC) are the initial equipment cost (C) annualized over a 6
year period at an interest rate of 10 percent. They are calculated using the relationship: 

ACC = C x i -f
I - (I + i)-t 

where i = annual interest rate and t = lifetime of system. 

Case A = low-cost gasifier ($75/kW). 
Case B = medium-cost gasifier ($200/kW). 
Case C = high-cost gasifier ($800/kW). 



Exhibit 18.8 

Results of Sensitivity Analysis for Shaft-Power Systems 

Overall power cost (1984 dollars/kWh) 

Gasifler system 
Value of Diesel 

Variable variable system Case A Ca&-e B Case C 

I. Diesel cost (dollars/I) 0.3 0.17 0.14 0.16 (0.26) 
0.4* 0.21 0.15 0.17 (0.27) 
0.6 0.29 0.17 0.19 (0.29) 

2. Wood cost (dollars/tonne) 0 0.21 0.12 0.14 (0.24) 
2* 0.21 0.15 0.17 (0.27) 

40 0.17 0.18 0.20 (0.30) 

3. Charcoal cost (dollars/tonne) 50 0.21 0.16 0.18 (0.27) 
100 0.21 0.19 0.21 (0.31) 
150 0.21 0.23 (0.25) (0.34) 

4. Diesel consumption (I/kWh) 0.3 0.17 0.14 0.16 (0.26) 
0.4* 0.21 0.15 0.17 (0.27) 

5. Wood consumption (kg/kWh) 1.0 0.21 0.14 0.16 (0.26) 
1.4* 0.21 0.15 0.17 (0.27) 
1.8 0.21 0.16 0.16 (0.28) 

6. Extent of diesel replacement 100% 0.21 0.12 0.14 (0.24) 
80%* 0.21 0.15 0.17 (0.27)50% 0.21 0.19 0.21 (0.31) 

7. Extent of engine derating 0%* 0.21 0.15 0.17 (0.27) 
15% 0.21 0.15 0.18 (0.27) 
30% 0.21 0.17 0.19 (0.29) 

8. Engine cost (dollars/kW) 150 0.19 0.12 0.14 (0.24) 
300* 0.21 0.15 0.17 (0.27)
600 0.25 0.20 0.22 (0.32) 

9. Maintenance, labor, and Low 0.21 0.12 0.14 (0.23)
lubricants Medium* 0.21 0.15 0.17 (0.27) 

High 0.21 0.18 0.20 (0.33) 

10. Annual operating period 500 0.31 0.28 (0.34) (0.06) 
(hours) 2,000* 0.21 0.15 0.16 (0.27) 

8,000 0.18 0.12 0.13 (0.17) 

11. Lifetime of gasifier system 3 0.21 0.18 (0.21) (0.36) 
(years) 6* 0.21 0.15 0.17 (0.27) 

9 0.21 0.14 0.16 (0.24) 

12. Interest rate 5% 0.21 0.14 0.16 (0.25) 
10%* 0.21 0.15 0.16 (0.27) 
20% 0.22 0.16 0.19 (0.31) 
30% 0.23 0.18 0.21 (0.35) 

13. Annual oil price inflation 0%* 0.21 0.15 0.17 (0.27) 
3% 0.22 0.15 0.17 (0.27)
6% 0.24 0.16 0.18 (0.28) 
9% 0.25 0.16 0.18 (0.28) 

Notes: see next page. 

*Baseline case. 

Case A = low-cost gasifier ($75/kW).
 
Case B = medium-cost gasifier ($200/k').
 
Case C high-cost gasifier ($800/kW).
 

Numbers in parentheses indicate that power from the gasifier system is more expensive than 
from the corresponding diesel system. 



Notes to Exhibit 18.8 

1. 	 The cost of lubricants is defined as a proportion of diesel costs, and varies with 
changes in the diesel price. 

2. 	 Prices include the cost of chipping. 

4. 	 Diesel consumption figures refer to the diesel system. Diesel consumption of the 
gasifier systems is assumed to be a constant proportion (20 percent) of these figures. 

5. 	 Wood consumption of 1.0, 1.4, and 1.8 kg/kWh cnrrespond to gasifier efficiencies 
of 78, 55, and 43 percent, respectively. 

6. 	 Diesel and wood consumption at different levels of diesel replacement were assumed 
to be as follows: 

Diesel Wood 
Percentage consumption comsumption
replacement (liters/kWh) (kgdkWh) 

100 	 -- 1.75 
80 	 0.08 1.40 
50 	 0.20 0.88 

7. 	 15% and 30% derating implies that larger engines will be required to provide the 
same peak power output (59 kW and 71 kW, respectively). Capital cost of the en
gine and maintenance costs, therefore, are increased according!y. 

9. 	 Maintenance, labor, and lubricant costs were assumed to be half and double those 
listed in Exhibit 18.6 for the baseline cases for the low and high cost cases, re
specti vely. 

10. 	 Maintenance, labor, and lubricant costs were all assumed to be directly proportional 
to the length of the annual operating period and were altered accordingly. 

13. 	 Figures refer to annual oil price (diesel price) inflation over and above the general 
rate of inflation. 



Exhibit 18.9 

Comparison of Diesel and Gasifier Systems -

Effect of Diesel Price and Gasifier Cost
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SAFETY AND HA7ARDS 

Unless stringent safety precautions are taken, gasifier operation can be dangerous. The 
safe operation of most machinery requires care and proper precautions, but special dan
gers arise in the case of gasifiers because of the high carbon monoxide content of the 
gas they produce and the possible risks from fire and explosions. 

Carbon monoxide is a colorles', odorless gas with about the same density as air. When 
breathed, it is preferentially taken up by the hemoglobin in the blood. The affinity 
of hemoglobin for carbon monoxide is about 250 times greater than for oxygen. A per
son breathing an atmosphere containing carbon monoxide tothus begins become starved 
of oxygen. At a concentration of 0.5 percent by volume in the air, unconsciousness re
sults in 2 to 4 hours, depending on the level of activity (and hence rate of breathing) 
of the victim. If higher concentrations are inhaled, death may ensue immediately. 
The poisoning effect has been described as comparable in speed with an acute cerebral 

hemorrhage or serious coronary thrombosis. 

Inhaling minor amounts causes dizziness and lack of concentration. A person suffering 
from mild carbon monoxide poisoning will tend to become careless and less aware of 
the need for safety precautions. In the case of a small leak into the driver's cab of 
a gasifier-fueled vehicle, the driver may begin to show symptoms similar to those of 
alcohol intoxication and become a serious danger to himself and other road users. 

In much of the contemporary literature on gasifiers, far too little attention is given 
to this aspect of the technology. The hazards of normal engine exhaust gas, which 
contains 6 to 7 percent carbon monoxide, are well known; leaving vehicle running ina 
a closed garage is a common cause of both accidental death and suicide. In producer 
gas, the carbon monoxide component is normally at least 20 percent, and may reach 
30 percent under certain conditions. It is thus very much more hazardous than normal 

engine exhaust gas. 

When a gasifier is operating normally, it is under a negative pressure because of the 
suction created by the engine or fan system used to draw air through the gasifier. 
The risks of a leak, therefore, are small. If a supercharger is used, however, a positive 
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pressure is created, and precautions agdallst any welding defects or loose connections 

must be correspondingly increased in all the portions of the equipment under pressure. 

The most hazardous time with shaft-power systems is usually when the engine ceases 

operation. Gas continues to be produced in the gasifier, and a positive pressure builds 
up inside it. Gas leaks may occur through defects in manufacture or simply because 
of imperfect sealing of the loading-hopper lid. Precautions also must be taken when 
cleaning and repairing a gasifier, since the amount of residual gas in the unit may be 
sufficiently large for it to be dangerous. The exhaust gases from an idling gasifier
powered engine may also contain considerably more carbon monoxide than those from 

a normal engine. 

A gasifier should never be sited in a building without a high degree of natural ventilation. 

A large portion of the wartime accidents resulted from working inside garages with 
vehicle gasifiers in operation. The need for security and protection against weather 
must not be allowed to dictate a degree of enclosure in which accumulations of gas 

could occur. Stacking of fuel and other materials around the gasifier must be arranged 
to ensure that the space is fully ventilated. The venting of the engine must be such 
that gas cannot accumulate or reach significant levels of concentration in nearby build

ings. 

Seventeen people were killed in Sweden between December 1939 and March 1941 as a 
result of failure to observe the necessary precautions in gasifier operation. Generator 
gas illness became Sweden's most common occupational disease in the early war years. 

Even at levels which do not cause symptoms of illness, carbon monoxide may be a cause 

of fetal damage. 

Precautions must also be taken against explosions and fires caused hy gasifiers. Explo

sions can occur for a number of reasons. If refueling is delayed too long in a batch
fed system, the temperature of the pyrolysis gases in the region above the feedstock 

can rise to ignition temperature. When the cover is opened for refueling, the entry of 
air resulting from the slight vacuum in the system may cause an explosive mixture to 

form. The result is a minor explosion or rapid flare-up of the gases. In World War 

I, there were thousands of vehicle fires as a result of such incidents. Between 1939 
and 1944, the number of fires reported to the Swedish Gas Generator Bureau was 2,865. 
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An eloquent commentary on the risk is given in another wartime publication in which 
drivers are advised to carry a fire extinguisher and a pail of water to prevent forest 
fires, since "from a country lane or a field it is often not far to the woods, and a burn

ing vehicle may set fire to the trees." 

Another time of risk is after the gasifier has been shut down. The residual combustion 
of the fuel causes an accumulation of gas to occur, which may cause an explosion 
when the gasifier is next ignited. It is therefore essential that the equipment is thor
oughly ventilated before any attempt at re-ignition is made. 

The tars produced in a wood-fueled gasifier are also a potentially serious environmental 
hazard. They can kill fish life if discharged into watercourses, or render water unfit 

for drinking. In large quantitites, they can put a normal sewage works out of action 
by killing off the bacteria in the sludge digestion plant. They may also be carcinogenic. 

With care and proper safety Drecautions, gasifier technology an be made to work to a 
perfectly adequate level of safety. However, a full recognition of its hazards is re
quired. It is not a technology for the technically unsophisticated or those likely to ne
glect safety precautions. Producer gas should never be considered as a village cooking 

fuel. 
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Units and Conversion Factors 

Units 

I Gigajoule (G3) = 109 joules 
I Megajoule (MJ) = I06 joules
 
I G3 = 0.95 x 106 Btu
 
1 G3 = 0.24 x 106 kilocalories
 
I GJ = 280 kilowatt-hours (kWh)
 
1 kilowatt (kW) = 1.34 horsepower
 
1 G3/hour = 25.4 boiler horsepower
 
I G3/hour = 410 kg steam/hour 
I hectare = 2.47 1cres 
I cubic meter (m ) = 35.3 cubic feet 
I tonne = 1,000 kg = 2,205 lbs 

Energy content of fuels* 

Fuel oil = 43 G3/tonne 
Natural gas = 38 M3/m 3 

Gasoline = 32 M3/liter 
Diesel = 36 MJ/liter 
Charcoal = 30 GJ/tonne 
Oven-dry wood = 20 G3/tonne 
Air-dry wood = 15 G3/tonne (20% moisture) 

*All values are approximate. 



APPENDIX 18.A: TECHNICAL CONSIDERATIONS FOR USE OF PRODUCER GAS 

In this appendix, technical modifications and specific considerations for using producer 
gas in shaft-power and direct-heat systems are discussed. 

SHAFT-POWER SYSTEMS 

In principle, any internal combustion engine can be converted to run, either wholly or 
in part, on producer gas as fuel. In practice, there may be considerable problems in 
the conversion of a particular make of engine, and in some cases, it may be completely 
impractical. Some of the very fast-running modern automobile engines, for example, 

are not suitable for running on producer gas. 

Spark-Ignition Engines 

Most spark-ignition engines use gasoline as fuel. These engines are the type used in 
the majority of automobiles. Some diesel engines also operate with spark ignition. In 
both cases, it is theoretically possible to convert the engine to entirely on producerrun 

gas. 

The precise alternations will depend on the engine make, its intended application, and 
the degree of control required on its running. In essence, the conversion is quite sim
ple: the gas pipe from the gasifier is connected to the air inlet manifold of the engine, 
and a throttle control mechanism is fitted to regulate the flow of gas and air. 

In some engines, alterations also must be made to the inlet ports of the engine cyl
inders, and the spark plugs may need to be changed. In addition, the ignition timing 
generally has to be advanced to as much as 35 to 40 degrees before top dead center in 
the case of high-speed engines. The correct changes in any particular case will have to 
be determined by skilled and knowledgeable experimental work, but carrying them out 
and fitting the gasifier is within the scope of a reasonably well-equipped mechanical 
engineering or motor repair shop. 
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The simplest conversion is when the engine is altered to run entirely on producer gas 

without any provision for an auxiliary gasoline supply. In this case, the gasoline pump 
becomes redundant and the carburetor can be removed or bypassed. In vehi-le appli

cations, however, these parts are often retained so that it is still possible co use gas
oline for starting the engine and for giving additional power when accelerating or climb

ing hills. 

When a spark-ignition engine is converted to operation on producer gas, there is a sub

stantial decline in its rated power output. Usually, this derating amounts to 40-50 

percent. This is not a decline in the efficiency of the engine, as is sometimes described, 
but merely a reduction in the maximum power that it can deliver. flerating occurs for 
a number of reasons. The principal cause is the low energy density of the producer

gas-air mixture, compared with a gasoline/air mixture, which alone can lead to a 30
percent loss of power. The pressure drop that results from the need to create a suction 
through the gasifier and the gas-cleaning equipment is an additional factor. Power is 

also lost if the gas temperature is higher than that of the ambient air. 

Various measures can be taken to reduce these losses. In some engines, it is possible 

to increase the compression ratio, but this tends to shorten the engine life and may 

make starting the engine more difficult. Another approach is to use a fan or supercharger 
in the gas feedpipe, which increases the pressure of the gas reaching the engine and, 

to some extent, compensates for the power losses. However, it does increase the cost 
and complexity of the equipment. The practice of supercharging the whole gasifier 
plant by increasing the pressure inside the gasifier vessei adds greatly to the risk of 

leaks and is not generally recommended. 

The fact that the rated output of an engine is lower when running on producer gas is 

not necessarily a serious problem. Few engines are run at their maximum power, par

ticularly in stationary applications. In fact, the installed capacity of the engine in 
most cases is well above that required for its function. This oversizing means that 

the power output will generally be adequate even when run on producer gas. 

Ideally, an engine running on producer gas should have a relatively slow speed. Engine 

speeds of around 1,500 rpm are widely regarded as being about the optimum. At higher 

engine speeds, performance usually drops off. One of the main reasois for this lower 
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performance is the slower rate of flame-propagation inside the engine cylinder of a 

gas/air mixture, compared with a gasoline-air mixture. Experience in the Philippines 
and elsewhere, however, indicates that the decline in performance is not too serious a 
problem up to engine speeds of about 3,000-4,000 rpm. Very high-speed engines are 
generally thought to be unsuitable for conversion to producer gas. 

Compression-Ignition Engines 

Most diesel engines work on the compression ignition principle. Fuel is injected into 
the cylinder by an injection andpump, the fuel/air mixture is ignited by the increase 
in temperature caused by the upward movement of the piston. In theory, any com
pression-ignition diesel engine can be converted to run on producer gas, but because 
producer gas does not have the necessary self-ignition properties, diesel cannot be dis

pensed with entirely. A certain minimum injection is required to ensure that ignition 
occurs during each engine cycle. Around 10 percent of the normal fuel injection is usual
ly needed, although in some cases slightly less will suffice. This type of operation, 

where gas and diesel are used together, is referred to as dual-fuel operation. 

Again, the exact changes necessary will deoend on the make of engine, its application, 
and the control systems required. In practice, not all diesel engines are suitable for 

conversion. Some of the problems center around the fuel injection systems. Those 
with direct injection are generally the most suitable; those in which the Luel is injected 

into an antechamber to the cylinder are more difficult to convert. The actual altera
tions required are similar to those for a gasoline engine; a gas inlet must be provided 
to the air intake manifold of the engine, and air and gas throttle controls must be 
fitted. The work requires roughly the same workshop facilities and a similar level of 
technical skills as required for converting gasoline engines. 

Diesel engines tend to run at somewhat slower speeds than gasoline engines, and are 
generally regarded as being better suited for conversion to producer gas. The loss of 
power when converted to gas is also lower than with gasoline engines, due in part to 
their higher compression ratio. A derating of 20 percent is typical when running with 

the minimum fuel injection. 
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It is also possible to convert a compression-ignition engine to run entirely on producer 

gas. Such conversion requires fitting it with spark plugs and their ignition system, re

moving the fuel injection equipment, and making any necessary alterations to the method 

of lubrication. It is a major, and rather costly operation, but the resulting engine has 

considerable merits. It has the robustness and high compression ratio typical of the die

sel engine, while at the same time it is freed of any dependence on diesel fuel for 

ignition. In some instances, these advantages may be judged sufficient to compensate 

for the extra cost and complexity of the conversion. 

Gasifier Operation and Control 

Starting a gasifier can be a distinctly troublesome exercise, especiallv in cold or wet 

weather. The fuel is kindled at an ignition port, and a draft must be created to pull 

air into the gasifier. With a dual-fuel diesel system, this is done by starting the engine 

on diesel and using its suction to draw air through the gasifier. 

With spark-ignition engines converted to using gas only, this method of starting is not 

possible, and the engine cannot run until the gas-production level is adequate. To 

achieve this level, a draft through the gasifier must be created by a hand-operated or 

battery-operated fan. 

Gasoline engine systems in which the gasoline pump and carburetor have been retained 

can be started in the conventional fashion usinf, gasoline and subsequently switched 

over to running on gas once the engine is going. The switch-over can be difficult and 

requires a certain amount of skill and mechanical aptitude. 

Some modern gasifier designs claim a normal strrting time of 3-5 minutes, but it may 

be much longer. A stop of about 30 minutes is usually feasible without having to re

light the gasifier or encountering problems in bringing it back to full load relatively 

quickly. Stops of up to 6 hours in which the fire is banked down, but not extinguished, 

may also be possible. 

Most practical applications of gasifiers require an ability to respond reasonably quickly 

to changes in the load on the engine. The inherent operating characteristics of a 
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gasifier are somewhat of an obstacle to this desirable characteristic. A change in gas 
output r-quires an expansion or contraction of the combustion zone in the gasifier, 
which is relatively slow in comparison with the speed with which the power output of 

a conventional engine can be altered. Some gasifier types, such as the crossdraft, are 
specifically designed to cope with this problem and provide a rapid response to fluctu

ations in the load upon them. 

Control techniques, therefore, are ar, aspect of designing gasifier systems to which con
siderable attention has been paid. With a dual-fuel system, the simplest method of 
varying the power output is by increasing or decreasing the quantity of diesel fuel in
jected, while keeping the gasifier output constant. The gasifier thus supplies the base 

load, and fluctuations are taken up by varying the use of diesel. 

An alternative method of controlling the operation of duala -fuel issystem to set the 
diesel fuel injection to the minimum level and use the gas to take up the load fluctua

tions. Here, the economy in fuel is maximized, but it haopens at the expense of the 
reaction time of the system to changes in load. It also means that the gasifier is fre
quently operating outside its optimum conditions, thus increasing the problems with tar 
production. Spark-ignition engines that have been converted to run solely on producer 

gas suffer from the same problems. 

Stationary gasifier units are somewhat easier to design and build than those for vehicle 
applications in that they are subject to fewer restrictions on their weight and layout. 
On the other hand, stationary engines are normally expected to function without an 
operator in constant attention, which requires a much higher degree of automatic control 
than with mobile units and greatly increases the cost and complexity of the system. 
In many developing-country applications, providing a full-time attendant will be more 

cost-effective than buying a completely automated gasifier. 

Electricity generation also requires special care. Here it is generally highly desirable 

that the generator speed remains constant to prevent fluctuations in the frequency of 
the current. With modern control systems, a diesel generating set requires perhaps a 
couple of seconds to respond to a change of load of 25 percent. Such fluctuations are 
extremely common in the small electricity grid systems installed in many developing 

countries. The response-time of most downdraft gasifiers may be 10-15 seconds or 
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longer, given a load change of this magnitude. These differences in response charac

teristics make it difficult to run a gasifier-powered generating set in parallel with a 
diesel set, or even with another gasifier-powered unit. In'effect, this means that gas

ifiers cannot yet be integrated into an electricity grid system with any degree of assur

ance. Their use in electricity generation in developing countries, therefore, is largely 

restricted at present to isolated units driving single generating sets. 

An ingenious method of circumventing this problem is possible, however, in places where 

there is a large electricity grid and an electricity authority that is willing to cooperate. 

Rather than using a gasifier-powered engine to drive a generator, it can be coupled 

instead to an induction motor that is itself connected into the grid. The induction 

motor can be used as a generator, feeding back into the grid and thus earning a credit 

from the electricity authority. The inertia of the grid is sufficient to act as a flywheel 

and maintain the speed of the motor despite any fluctuations in the gasifier output. 

In summary, running a gasifier is a relatively complex operation, particularly if full 

advantage is to be taken of the opportunity to save liquid fuel. It is not something 

that can be easily handled by technically unqualified people. Although many combinations 

of controls are possible that simolify the task of obtaining optimum running, full auto

mation is both difficult and expensive. Under normal operating conditions, and par

ticularly where the level of operating skill is low, the saving in dual-fuel operation will 

be far below the theoretical maximum of 80-90 percent; a figure of 50 percent is proba

hly a much more reasonable assumption. 

Gas Cleaning and Cooling 

An internal-combustion engine requires gas that is free of tar, dust particles, and ex

cessive water vapor, and is as close to the ambient temperature as possible. 

Tar is extremely troublesome if it gets into the engine. It can cause sticking of the 

valves, coking in the cylinders, and in extreme cases may require dismantling of the 

engine for c!eaning, or complete engine replacement. The primary aim of a gasifier 

designer is to prevent the problem at its source and break down the tars inside the 

gasifier. Any tar that does escape must be captured in the cleaning system so that 
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only minimil amounts reach the engine. The Swedish wartime experience indicated 
that acceptable engine performance can be achieved with a tar content in the gas of up 

to 0.6 gm/m 3 . 

Cooling the gas is required for thermodynamic reasons. Raising the inlet temperature 
of the gas at the engine by 20 0 C causes a reduction in power output of around 3 
percent. %owering the gas pressure below atmospheric also reduced the power; a drop 
of 100 mm water pressure lowers the engine output by I percent. 

Given engine requirements such as these, the type and degree of sophistication in the 
cleaning and cooling equipment will depend on the temperature and quality of the gas 
leaving the gasifier. This, in turn, is a function of the gasifier design, the way it is 
run, and the quality of the fuel used. As a consequence, cleaning and cooling systems 
vary considerably. The simplest systems, dealing with clean uniform-quality gas, need 
incorporate no more than dust extraction and cooling devices. Where the gas is heavily 
contaminated, more elaborate filtering and scrubbing devices are required as well. 

Each element in the cleaning system causes a pressure drop in the gas in addition to 
the decline that occurs in drawing the gas through the gasifier itself. A tradeoff, 
therefore, must be made by the system designer. Producing a clean gas places demands 
on the design and operation of the gasifier and restricts the fuel that can be used. 
Cleaning a dirty gas, on the other hand, is costly in equipment ard increases the pres
sure drop. A total pressure drop across the system of 1,000 mm of water is generally 
felt to be about the maximum acceptable. 

DIRECT-HEAT SYSTEMS 

Direct-heat -asifier systems are those in which producer gas is burned directly in a 
furnace or boiler, instead of being used in engines. Because the gas quality is less crit
ical than in shaft-power applications, direct-heat systems are not as demanding tech
nically and are more versatile in the fuels they can use. 

Only a handful of systems are commercially available at present, most of them made 
by companies in the United States, Canada, and Brazil. Operating experience is limited 
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to a few dozen units worldwide, most of which have been running for no more than a 

year or two. 

Although a number of technical problems have emerged in the development of direct

heat gasifiers, most nf them have proved to be avoidable through careful design. 

Design Considerations 

Because gas quality is less important, the main emphasis in the design of direct-heat 

gasifier systems is on other factors. Depending on the application, these factors can 

include maximizing thermal efficiency, minimizing the size of units so that they can 

fit into existing boiler rooms, automating the operation as much as possible, widening 

the range of acceptable fuels, and improving the degree of control over the process. 

Most of the direct-heat gasifiers currently available are of the updraft or fluidized

bed types. Precise designs vary considerably, and most of the systems on the market 

contain proprietary features that are protected by patents. The main differences be

tween systems tend to be in the techniques used for adding the fuel and removing the 

ash, and in the method of supplying air to the gasifier. 

Most of the systems developed in North America are completely automated and operate 

continuously, rather than by batch feeding. This means that the feedstock is continually 

added to the reactor, and air is supplied in an appropriate quantity using a variable

speed fan. A variety of novel approaches has been developed for achieving controlled 
gasification in this fashion. The Biotherm gasifier, for example, produced by C.H.H. 

Technology, Inc., employ. an entrained-bed technique in which the majority of the gasi

fication occurs in suspension as the fuel falls by gravity through the gasification cham

ber. In the Forest Fuels system, biomass is added to a moving gra'te that is constructed 

in the form of a continuous belt. As the grate moves, the fuei is gradually gasified. 

When it reaches the end of the belt, the resulting ash is deposited in a disposal chamber. 

The thermal efficiency of direct-heat systems tends to be higher than that of most 

shaft-power gasifiers because the gas does not have to be cooled or cleaned before it 
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is used. Efficiencies of 75-85 percent are typical, using air-dried wood as a feedstock, 

at roughly 20 percent moisture content on a wet basis. 

Most of the direct-heat gasifiers currently on the market have an output in the range 

of 0.25-25 GJ/hr, but toere are no inherent reasons why larger or smaller models could 
not be produced. With very large systems, the main technical problems are likely to be 

in controlling the flow of fuel and air inside the gasifier, rather than with the basic 
thermochemistry. A vood feed of between 400-450 kg/hr is required for a unit with 

an output of 5 G1/hr. This is roughly equivalent to the wood consumption of a 250

kW shaft-power system. 

Fuel Specifications 

The general flexibility of direct-heat gasifiers in the fuels they will accept is greater 

than that of shaft-power systems. Individual systems, however, tend have preciseto 

specifications for their fuels, which must be rigorously observed for reliaole operation. 

The moisture content of feedstocks is one of the most important characteristics. Some 

systems can accept fuels containing up to 50 percent moisture, and are designed so 
that the water is driven off once the fuel is inside the gasifier. There are disadvantages, 

however, in the use of wet fuels. The efficiency of the gasifier is imDAired, tar Dro

duction is greater, and the heating value of the final gas is reduced. 

In most designs, a reasonably dry feed material is essential (less than about 30 percent 

moisture). When the gas is being used to produce a high-temperature flame, the mois
ture content must be no more than 10 percent. Unless a guaranteed supply of ready
dried feed is available, a drying stage usually has to be incorporated as part of the 

fuel preparation. In many applications, drying can be conveniently achieved by using 
waste heat from the boiler or kiln to which the gasifier is coupled. Even if it is not 
essential, drying has the advantage of improving the thermal efficienicy of the gasifi

cation. 

The size and flow properties of the fuel are also important. Some systems require a 

clean and very uriform fuel, such as pulp-grade wood chips. When this is the case, 
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size-reduction and screening may be necessary in preparing the fuel. Other designs 

can take a variety of fuels, ranging from sawdust to nut shells and agricultural wastes. 

Fuels that contain a large amount of ash or grit can cause problems with clinker for

mation. 

Operation and Control 

As with shaft-power systems, starting up a direct-heat gasifier can be time-consuming 

and rather tricky. The fuel inside the gasifier must be lit, and a suitable draft must 

be created to kindle and spread the fire. Once the fire is going, the air supply and 

fuel feed rate must be adjusted so that they reach the appropriate steady state. 

In some systems, starting is done manually by using an ignition port and controlling 

the draft and fuel feed by hand. In more advanced systems, the starting-up is automated, 

using timing devices or a microprocessor. A small oi! burner is sometimes used to 

light the fuel, and temperature probes can be fitted to provide the feedback information 

necessary to control the draft and rate of fuel addition. As a result of careful ex

perimentation, a number of manufacturers have managed to develop control systems 

that can provide fully automatic start-up of the gasifier. 

Once the gasifier has reached its working load, the con'rol problem becomes one of 

matching its output with the heat demand of the unit it is supplying. If the demand 

changes, the fuel feed rate and the air supply must be adjusted accordingly and in a 

constant proportion so that the volume of the gas output changes without seriously 

altering its composition. 

Small fluctuations in heat demand can be accommodated fairly easily, provided that 

the primary air supply and the fuel feed rates can be accurately controlled. Feedback 

control systems can be designed so that the response to load changes becomes automatic. 

In boiler applications, for example, this can be done conveniently by monitoring the 

steam pressure in the boiler. 

Major fluctuations in heat demand are more difficult to cope with, and different gasifier 

designs have different degrees of flexibility. Some are designed to work only in an "on 
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or off" mode, and are best suited where the load is steady. In others, the output can 
be varied by a factor of five or so, although the efficiency may suffer somewhat at 
low operating levels. 

If very wide variations in load must be accommodated, or rapid response is necessary, it 
is difficult for direct-heat gasifiers to compete with conventional oil- or gas-fired 
burners. On the other hand, their response characteristics are substantially better than 
most solid fuel boilers and furnaces. 

Gas Use 

The gas produced by most direct-heat gasifiers is both hot and dirty. As it emerges, 
it will typically be at 250°C-3500 C, a temperature at which any tars present will be in 
the vapor stage. If the gas is allowed to cool, thermal energy will be lost and conden
sation of tars will occur. 

The simplest application for direct-heat systems is where gasifiers are positioned directly 
adjacent to the appliance where the gas is used, which may be a converted oil-fired boil
er, a kiln, or a dryer. In such cases, the gas can be passed directly to the burner 
where, when mixed with secondary air, it spontaneously ignites, producing a flame that 
is approximately equivalent to that obtained with oil or natural gas. A gasifier fitted 
in this way is sometimes described as "close-coupled." 

Recause of the low energy content of the gas, typically 3.8-5.6 Nlj/m3 (which is ap
proximately 10-15 percent that of natural gas) special burners are generally needed. 
Some manufacturers have also found that preheating the secondarv air helps to maintain 
a stable flame. If the heating value of the gas drops below about 2.0 M/m 3 from using 
a very wet fuel, or because too much primary air is being fed into the gasifier, main
taining the stability of the flame can become major problem.a 

The quality of gas required varies greatly between end uses and has a considerable bear
ing on the design of the gasifier and the type of fuel it can use. In certain applications 
in the ceramics and glass-making industries, an extremely clean high-temperature flame 
is required. Normally, this can be provided only by using natural gas or a light fuel 
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oil. Matching this performance with a direct-heat gasifier requires extremely careful 

control over the fuel quality and the operation of the gasifier. The Hatsuta "Cargas" 

system claims a flame temperature of up to 1,9500 C as a result of using specially

prepared charcoal with a low moisture content. Other manufacturers such as Thermoquip 

and Omnifuels report temperatures of over 1,600 0 C using dry wood fuel and measures 

such as preheating of the secondary combustion air. 

If the gasifier cannot be located close to the burner, special precautions must be taken 

to prevent the tars from condensing in the gas feed pipe. Insulation of the pipe can 

be effective over short distances. If the gas has to be piped more than 30-40 meters, 

however, problems start to mount. Scrubbing out the tars as the gas leaves the gasifier 

or artificially heating the connecting pip, are two possible solutions, but both are ex

pensive and may not always be effective. 
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SESSION 19. ON-SITE INDUSTRIAL POWER GENERATION 

On-site power generation at industrial plants is an old and common practice worldwide. 

Besides the traditional standby generation capacity used during interruptions of electric 

utility service, industries use on-site power generation to displace purchased electric 

utility power. Using self-generated power to displace purchased power can occur on 

a continuous basis, displacing all purchased power, or on a periodic basis, displacing 

purchased power during peak demand periods of the electric utility. 

There are basically two categories of on-site industrial power generation: cogeneration 

and small power generation. In the broadest terms, cogeneration denotes any form of 

the simultaneous production of electrical or mechanical power and thermal energy (usu

ally in the form of hot gases or liquids) from the same system. In contrast, small pow

er generation denotes the production of electrical or mechanical power only. 

In general terms, the potential benefits of on-site industrial power generation are widely 

recognized and include: 

* Industrial benefits 

- reduced energy costs (e.g., using waste fuels for on-site power gen

eration can be less costly than purchasing from the utility electricity 

gcnerated from oil) 

- enhanced reliability of power supply (e.g., by generating their own 

power requirements, remote and isolated industrial facilities can either 

reduce or eliminate the need for electric power purchases from an 

electric utility, thereby eliminating the need for the utility to construct 

and maintain expensive electricity transmission equipment) 

- improved quality of power supply (e.g., by self-generating power, in

dustrial facilities that require high-quality electric power can either 

control or eliminate unacceptable voltage transients and frequency 

shifts that may occur in utility-generated power) 
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* National benefits 

- primary fuel savings (e.g., reduction in imports of expensive premium 

fuels for utility power generation) 
- reduced (or deferred) capital expenditures for construction of electric 

utility power plants (e.g., reduced debt financing in international capi

tal markets) 

- enhanced quality cf electric utility service (e.g., on-site industrial 

power generation facilities can represent dispersed sources of electric 

power in close proximity to major load centers in prolonged periods 

of electric utility emergencies). 

Of all these potential benefits from on-site industrial power generation, the opportunity 

to save energy (typically premium fuels) is the most significant. As shown in Exhibit 

19.1, the amount of premium fuel such as oil to cogenerate steam and electricity is 
less than the amount of premium fuel required by the industrial firm to produce steam 

and the utility to generate electricity separately. For small power generation, the sav
ings in premium fuel are realized only when the small power generation facility either 
is more efficient than the electric utility or uses a cheaper nonpremium fuel such as 

wood wastes and perhaps coal. As shown in Exhibit 19.2, the savings in premium utility 

fuels are dramatic, despite the lower efficiency of the small power system. 

In the following sections, we describe the conventional and commonly-used technologies 

used in industrial cogeneration and small power systems. In each instance, the perfor
mance of each technology and system configuration, the estimated capital cost, and 
the nonfuel fuel operating and maintenance costs will be discussed. 

COGENERATION 

Traditionally, cogeneration systems have been differentiated according to the energy
using sectors in which they are used. For example, total-energy systems are designed 
to provide electricity, heating, cooling, and sometimes even waste water-treatment 

services to entire communities. Waste-heat utilization systems and dual-purpose power 
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Exhibit 19.1 
Energy Savings from Industrial Cogeneration 

(A} 	 Conventional electrical-generating system requires the equivalent of 1barrel of oil to produce 600 kWh 
electricity. 
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[B] Conventional process-steam system requires the equi,,alent of 2% barrels of oil to produce 3,850 kg of process steam. 

Fuel 	 Steam 

Low-pressure boiler 	 Industrial process 

[C] 	 Cogeneration system requires the equivalent of 2/ 4 barrels of oil to generate the same amount of energy as 
systems A and B. 

~Exhaust 

IMechanical inefficiency Generator inefficiency 

i " .... i,--Electricity 

Fuel 

-- Generator "'T 7_~~~~Steam 	 . ',' 

Water High-pressure boiler 	 T., _ 

Industrial process 

SOURCE: Hagler, Bailly & Company 



Exhibit 19.2 
Oil Savings Resulting from the Use of
 
Biomass in Small Pcwer Systems
 

(A) 	 Conventional electric generation system requires 1 barrel of oil to produce 
600 kWh electr city 

' Mechanical inefficiency 
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(B) 	 Small power system requires no oil to produce 600 kWh electricity, but
 
instead uses wood waste amounting to an equivalent of 2 barrels of oil.
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plants, on the other hand, have traditionally been used by the industrial and utility 
sectors. 

Technically, there are two fundamental types of cogeneration systems, differentiated 
on the basis of whether electrical or thermal energy is produced first: topping cycles
and bottoming cycles (see Exhibit 19.3). In a topping-cycle system, electricity or me
chanical drive is produced first, and the thermal energy exhausted is captured for fur
ther use. In a bottoming-cycle system, still-usable thermal enegy is extracted from a 
waste stream (after it has been used in a process) to produce power, usually by driving 
a turbine to generate electricity. Both oftypes systems vary in size and hardware,
depending on the specific electrical and thermal needs of the particular industrial appli
cation. 

Topping-Cycle Systems 

In a topping-cycle system, thermal er:ergy exhausted in the production of electrical or 
mechanical energy is used in industrial processes. Of all the types of industrial cogen
eration systems available today, only three have been demonstrated through widespread 
use to be commercially re.dy and applicable to the specific requirements of industry:
boiler/steam turbine; combustion turbine/heat recovery boiler (and/or heat exchanger);

and reciprocating engine/heat 
 recovery boiler heat(and/or exchanger). As shown in
 
Exhibit 19.4, each these of
of types cogeneration systems has varying degrees of fuel
flexibility and different power and thermal energy generating capabilities. The fuel
 
flexibility of a heat engine, or its ability to 
operate efficiently using alternative fuels,

has become increasingly important in recent years, as the availability of clean-burning

fuels such as oil and natural gas grows less certain and the prices of these premium 
fuels continue to rise. 

Boiler/Steam Turbine Cogeneration Systems 

The boiler in a steam-turbine system, which generates steam thrcugh the combustion 
of fuel, can be "fired" by oil, natural gas, coal and coal-derived liquids and gases, wood, 
or synthetic liquids and gases. As shown in Exhibit 19.5, mech-anical power is produced 
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Exhibit 19.3 

There are Two Basic Types of Industrial Cogeneration Systems 

Fuelul Topping Cycle Power 
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Exhibit 19.4 

There are three basic types of technologies most suitable for industrial topping cycle cogeneration 
systems: 

Energy forms produced 

Basic technology Type of fuels used Power Thermal energy 

Boiler/steam turbine Solid, liquid, and Mechanical, Steam, hot 
gaseous fuels electrical water 

Combustion turbine/heat recov- Solid, liquid, and Mechanical, Steam, heat, 
ery boiler (or heat exchanger) gaseous fuels electrical hot water 

Internal combustion engine/heat re- Liquid and gaseous Electrical, Steam, hot 
recovery boiler (or heat exchanger) fuels mechanical water, heat 



Exhibit 19.5 

Boiler/Steam Turbine Cogeneration System 

H.P. steam High-pressure steam 
L.P. steam Low-pressure steam 
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as the high-pressurc steam drives a turbine. The mechanical power can be used directly 

in driving devices such as pumps, compressors, and conveyors. Through the use of an 
electrical generator, this mechanical power can be converted to electricity. The low

pressure steam exhaust from the turbine can be used for industrial-process application. 

The power boilers in a boiler/steam turbine cogeneration system (as differentiated from 

process boilers) have the capability of producing -team of sufficient pressure and temper

ature to drive a steam turbine. With some exceptions, the typical lower limit is ap

proximately 25 bar saturated steam. In most instances, superheated steam (ranging 

from 40 bar to 100 bar) is produced by power boilers to drive steam turbines. 

Power boiler efficiencies depend primarily on size, fuel used, and the moisture content 

of the fuel. UJider normal conditions, the efficiencies of power boilers (in decreasing 

order) are: 

" Coal-fired atmospheric fluid bed boilers: 84-88 percent 

" Pulverized coal-fired boilers: 84-88 percent 

* Stoker-type coal-fired boilers: 82-86 percent 

" Oil-fired boilers: 82-86 percent 

" Natural gas-fired boilers: 80-84 percent 

" Waste-fired boilers (i.e., black liquor, wood waste, bagasse): 40-70 per

cent. 

Backpressure steam turbines are available in unit sizes, from a few kW to over 50 MW. 

Steam can be obtained from the turbine at one or more extraction points to serve a 

variety of useful functions such as process heating, boiler feedwater heating, and de

aeration. However, the only configurations for which the total power generated is con

sidered to be cogenerated are noncondensing backpressure, extraction/noncondensing, 

and extraction/condensing steam turbines where the noncondensed steam is used for 

process applications. Because the relative amount and quality of steam delivered to 

process can vary dramatically for the various types of steam turbines, the power-to

steam ratios can range from about 0.05 GJ/G3 to over 0.40 GJ/GJ. 

Depends on moisture content, which ranges from 40-60 percent by weight. 
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The power conversion efficiency of steam turbines in cogeneration configurations varies 

in general with load conditions, the thermodynamic conditions (pressure and temperature) 

of the steam at the entry and exit points of the turbine, the size and speed of the tur

bine, the number and type of turbine stages, and the manufacturer. In the case of 

noncondensing steam turbines, small (less than 100 kW) single- or double-stage turbines 

usually have a low efficiency, typically 20 to 50 percent; medium-sized turbines (500 

to 5,000 kW) have efficiencies in the 50 to 75 percent range; and very large multi

stage units (greater than 5,000 kW) may have efficiencies exceeding 80 percent. Electric 

generator efficiencies typically range from 95 to 98 percent. The variation with load 

is shown in Exhibit 19.6 for non-condensing steam turbines. 

The extraction/condensing configuration is favored in those cases where steam and elec

tric loads vary significantly and frequently. The flexibility of this configuration resides 

in the fact that more steam can be condensed to generate additional power at times 

when process steam demands are low, or the boiler output can be reduced to give con

stant or reduced power at different process steam demands. However, in gaining this 

flexibility with extraction/condensing steam turbines, efficiency is reduced. Depending 

primarily on size and operating conditions, the efficiency can range from less than 20 

percent to about 75 percent. 

The major system costs are composed of those costs of the major equipment required 

for the construction of a boiler/steam turbine cogeneration system and include: 

* Fuel handling and storage equipment 

* Boilers and ancillary equipment 

* Steam turbine (and electric generators)
 

9 Balance of plant (e.g., waste handling, electric substation, control room).
 

Regardless of the fuel used, the boiler(s) and ancillary equipment represent the most 

expensive subsystem in the total plant, ranging from 50 percent to 80 percent of the 

total cost (depending on the system design and fuel used). 

Overall, the total installed cost (1982 dollars) ranges from $1,500/kW for a large (ap

proximately 20 MW and greater) oil-fired boiler/steam turbine system to more than 

$4,000/kW for a small (less than 3 MW) coal- or waste-fired boiler/steam turbine system. 
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Exhibit 19.6 

Non-Condensing Steam Turbines: Variation of Efficiency with Load 
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Depending on size, fuel used, and integration requirements into the industrial plant's 
processes, installation time can range from less than I year to more than 3 years. 

Nonfuel operating and maintenance costs are largely dependent on site-specific factors. 
The cost of spare parts and expendables (e.g., fuel oil filters) depends primarily on the 

fuel used and varies over the life of the boiler/steam turbine cogeneration system. 
Roughly, these costs annually average about 1.5 percent of the capital cost of the total 

system. However, the largest contribution to the nonfuel operating and maintenance 
costs is labor. The size of the labor force required to operate and maintain the boiler/ 

steam turbine cogeneration system will also vary with the type and size of equipment, 
but is dependent to a greater extent on the particular industrial plant. For instance, 

for an industrial plant which does not already generate power, a small boiler/steam 
turbine cogeneration system (less than 5,000 kW) may require three or more additional 

skilled laborers per shift, which may be prohibitively expensive when compared with 
the expected benefits of cogeneration. In contrast, the same personnel investment 
(three skilled laborers per shift) will be required for a larger (up to 30 MW) boiler/steam 
turbine cogeneration system, which may be a more acceptable cost when compared 
with the expected benefits of cogeneration. If the boiler/steam turbine cogeneration 
system will use coal (or waste) and the existing process boilers use oil or natural gas, 

the additional nonfuel operating and maintenance costs will be even higher. 

Reliability for steam-turbine technology has been high for several decades. Manufac

turers usually recommend minor annual inspections and major inspections every 3 years. 
Replacement parts are readily available, and maintenance schedules can be typically 

coordinated with operating schedules of the industrial plant. 

Gas Turbine Cogeneration Systems 

Instead of generating steam to drive a turbine as a means of producing power, the gas 
turbine burns natural gas or oil and uses the combustion gases to produce mechanical 
shaft power (or electricitv, if connected to an electrical generator). The exhaust gases 
from the gas turbine can be used to produce steam (or hot water) in a heat recovery boil
er and direct heat (i.e., heated air or hot exhaust gases) for industrial process applica

tions. Gas turbines are commercially available in unit sizes ranging from 6 kW to 100 
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MW. They can operate on natural gas, refined fuel oil (distillate and residual oil) and 

crude oil. Dual-fuel units are also commercially available, but dual-fuel units and units 

capable of burning residual oil and crude oil are available only in sizes exceeding 10 MW. 

The gas turbines used in industrial cogeneration systems typically have efficiencies 

ranging from about 15 percent to just over 30 percent and exhaust temperatures of 

between 3500C and 5000C. In the predominant method of gas, turbine cogeneration in 

existence today, the exhaust gases are passed through a heat recovery boiler to generate 

steam for industrial process applications (as shown in Exhibit 19.7). Although not used 

as frequently, the exhaust gases can either be delivered directly to process for heating 

applications or passed through an air-to-air heat exchanger to generate hot air for 

process heating. 

There are four major factors related to the performance of gas turbine cogeneration 

systems: 

* 	 Because the amount of power generated by the gas turbines is strongly 

affected by the ambient air temperature, the highest prevailing ambient 

temperature is used in system sizing. 

* 	 When natural gas is used as a fuel, a compressor is usually required to 

increase the pressure of the natural gas entering the combustion chamber. 

* 	 The gas turbine efficiency at part load is dramatically lower than that 

at full load (see Exhibit 19.8). 

* 	 Using fuel to directly heat the gas turbine exhaust (or the heat recovery 

boiler) will significantly change the overall system efficiency and the 

relative amounts of power and useful thermal energy produced. For in

stance, the power-to-steam ratio of gas turbine cogeneration systems is 

typically 0.45-0.90 GJ/GJ for unfired boilers; 0.29-0.60 GJ/GJ for sup

plementally-fired boilers; and 0.09-0.15 GJ/GJ for fully-fired boilers. 

Although the capital costs of a gas turbine cogeneration system depend on many factors 

(including heat recovery technique, use of additional fuel for increasing quality of recov

ered waste heat, type of gas turbine design, and fuel used), the primary factor is size. 
For large gas turbine cogeneration systems (i.e., 10 MW and greater), the total capital 
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Exhibit 19.7 

Gas Turbine Cogeneration System 
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Exhibit 19.8 
Heat Rate Power Output and Ambient Temperature No Loss Conditions 
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costs range from $400/kW for a 100-MW system to about $750/kW for a 10-MW system. 
At the smallest size, the cost approaches $1,500/kW. Depending primarily on size and 
integration requirements into the industrial plant's processes, installation time can range 
from a few months to less than 2 years. 

Gas turbines require more maintenance than do steam turbines. The combustion system 
must receive minor inspections, and mechanical parts must be inspected at intervals 
ranging from 5,000 to 10,000 hours, depending on the fuel used and the frequency of 
starting. Major overhauls are required at 20,000 to 75,000 hours. However, the gas 
turbine or its major modules can be replaced on-site without major disassembly. 

Nonfuel operating and maintenance costs vary widely for gas turbine cogeneration sys
tems. The most reliable operation (and therefore lowest maintenance costs) is obtained 
when natural gas is used as the fuel. In this instance, forced outages (i.e., equipment 
breakdowns) occur less than t percent of the operating hours, and scheduled outages 
(i.e., planned maintenance) occur 2 to 3 percent of the total operating hours. Units 
operating on oil require more frequent scheduled and unscheduled maintenance; for ex
ample, gas turbine cogneration systems using No. 2 oil (i.e., distillate oil) require 
twice as much maintenance as a system using natural gas. Although a gas turbine co
generation system is not as complex as a boiler/steam turbine system, additional skilled 
labor typically is required for both operation and maintenance beyond that already dedi
cated to operating and maintaining process boilers. These costs can be excessive when 
compared with the potential benefits from small gas turbine cogeneration systems. 

Reciprocating Engine Cogeneration Systems 

A reciprocating engine burns oil or natural gas to generate mechanical shaft power for 
electricity if connected to an electrical generator. In a manner similar to the gas tur
bine, the combustion gases exhausted from the engine can be used to produce steam 
(or hot water) in a heat recovery boiier and direct heat (i.e., heated air or hot exhaust 
gases) for industrial process applications (see Exhibit 19.9 for a typical configuration). 
Unlike a gas turbine, steam (or hot water) can be produced by thermal energy recovered 
from the engine cooling system. For direct process heat applications, the engine exhaust 
(ranging up to 4000C) can either be used directly or through air-to-air heat exchangers. 
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Exhibit 19.9 

Diesel Engine Cogeneration System 
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Reciprocating engines for cogeneration systems can be broadly classified in ternis of 
engine speed in three categories: high-speed engines at 900-1,500 rpm, with unit sizes 
ranging from 100 kW to 3,500 kW; medium-speed engines at 500-600 rpm, with unit 
sizes ranging from 3,000 kW to 9,000 kW; and slow-speed engines at 90-1 50 rpm, with 
unit sizes ranging from 8,000 kW to 28,000 kW. 

The type of fuel used in reciprocating engine cogeneration systems depends on the en
gine speed and, to some extent, on the engine design. As engine speeds are increased 
in diesel engines, higher grades of fuel oil generally must be used. Exhibit 19.10 illus
trates typical limiting fuel-oil properties that apply to each of the engine categories. 
High-speed diesel engines almost always use No. 2 distillate fuel oil (high-grade residual 
fuel oil is generally either unavailable or equal in cost to distillate). Medium-speed die
sel engines can use either residual oil or distillate oil. Slow-speed diesel engines almost 
always use residual fuel oil. High-speed and medium-speed reciprocating engines can 
use natural gas either as the only fuel or as one fuel in a dual-fuel engine. 

The reciprocating engines used in industrial cogeneration systems typically have efficien
cies ranging from 20 percent to almost 40 percent (see Exhibit 19.11). The efficiency 
of reciprocating engines depends primarily on fuel used and engine speed. High-speed 
reciprocating engines using natural gas generally have efficiencies between 20 percent 
and 30 percent. In contrast, the efficiency of slow-speed diesel engines using residual 

fuel oil approaches 45 percent. 

In the predominant form of reciprocating engine cogeneration used in industry, only 
the engine exhaust gases are recovered for industrial steam and/or direct heat applic.'a
tions. The temperature of the exhaust gases released by reciprocating engines is gener
ally lower than that of gas turbines, typically operating between 2501C and 475 0 C. 
For this reason, the pressure of the steam generated in heat recovery boilers is generally 
lower than 3 bar. In slow-speed reciprocating engines where exhaust gas temperatures 
are lower than 325 0 C, the steam pressures are usually less than 15 bar. In a manner 
equivalent to that described for gas turbine cogeneration systems, using fuel to directly 
heat the engine exhaust (or the heat recovery boiler) will allow high-temperature direct 
heat (or higher-pressure steam) and greater mass flow to be produced. 
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Exhibit 19.10 

Typical Limiting Fuel Oil Characteristics for Reciprocating Engines 
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Exhibit 19.11 

Typical Full Load' Energy Balance for Representative 
Reciprocating Engines as Fraction of Input 

Slow speed Medium speed High speed 

Input (LHV) 2 100 100 100 
Power 41.3 38.0 32.8 
Exhaust gases 32.2 33.7 30.5 
Cooling system3 24.5 25.0 31.9 
Radiation, other losses 2.0 3.3 4.8 

1Energy balance changes with load.
 
2Lower heating value.

3Includes lube oil, cylinder, and charge air cooler.
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In addition to releasing their heat exhaust gases, reciprocating engines reject a substantial 

amount of low-temperature hea in their cooling systems: oil cooling and water jacket 

cooling. Oil cooling is the lowest grade of recoverable heat, with maximum temperature 

levels approaching 800 C. Water jacket cooling systems on some engine designs can be 

operated at 20 bar pressure levels to produce low-grade steam at 120 0 C in ebullientan 


cooling mode.
 

Because of the widely varying configurations (i.e., use of cooling system heat and sup

plemental boiler fuel), reciprocating engine cogeneration systems can produce a broad 

range of power-to-heat ratios. With unfired heat recovery boilers, the power-to-heat 

ratio varies between 0.85 GJ/GJ and 1.70 GJ/GJ, depending on the recovery of heat 

available in the cooling system. When steam only is generated, the power-to-heat ratio 
increases to between 1.50 GJ/GJ and 5.00 GJ/GJ. With either supplementally- or fully

fired heat recovery boilers, the power-to-heat ratio can be as low as 0.44 GJ/GJ. 

Although the efficiency of the reciprocating engine cogeneration system varies with 

the engine design (e.g., slow-speed), the fuel used (e.g., natural gas) and system configura

tion (e.g., recovery of heat from cooling system), the engine efficiency will change 

under part load and changing ambient temoerature (see Exhibit 19.12). However, these 

effects are much less significant than those incurred for gas turbines. 

For the same reasons as those cited ft:,rgas turbine cogeneration systems, the capital 

costs of reciprocating engine cogeneration systems will depend primarily on size. For 

small reciprocating engine cogeneration systems (i.e., 1,000 kW and smaller), the total 
capital costs approach $2,000/kW, the upper limit representing systems using both heat 

recovery boilers and cooling-system heat recovery. For large systems (i.e., over 15 
MW), the costs are close to $400/kW. Oepending primarily on size and requirements 

for system integration into the industrial plant's processes, installation time can range 

from a few months to almost 2 years. 

Of the three types ( cogeneration systems addressed, reciprocating engine systems re
quire the most maintenance. Although the reliability and service life of reciprocating 

engines are high, they typically require mincr inspections and maintenance at 7,000.. 
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Exhibit 19.12 
Typical Variation of Reciprocating Engine 
Heat Rate with Load 
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to 10,000-hour intervals and major overhauls every 20,000-30,000 hours. As a rule, en

gines using natural gas require less service than those using fuel oil. However, the 

reciprocating engine and its ancillary equipment can be replaced on-site without major 

system disassembly. For the same reasons as those cited for gas turbines, forced out

ages and scheduled maintenance for reciprocating engine cogeneration systems using 

natural gas are less frequent than those for systems using fuel oil. However, the total 

hours for forced and scheduled outages of a reciprocating engine represent 2-3 times 

the amount of time for a gas turbine using the same fuel. For this reason, standby 

reciprocating engines are sometimes required. 

Because a reciprocating engine is the simplest of the three cogeneration systems to 

operate, the requirement for additional operating labor may be less than that for gas 

turbine and boiler/steam turbine cogeneration systems. However, at a minimum, skilled 

labor will be required for maintenance. For small system sizes, this additional cost 

may be excessive when compared with the potential benefits. 

Bottoming-Cycle Systems 

In a bottoming-cycle system; thermal energy exhausted in the industrial process is re

covered for the production of electrical or mechanical energy (see Exhibit 19.13 for a 

typical configuration). In a bottoming-cycle system, fuel is first consumed by high

temperature processes and energy is extracted from the rejected heat to drive a turbine 

that produces mechanical power (or electricity, if an electrical generator is used). In 

this manner, power can be generated without requiring additional fuel. In this type of 

system, a liquid working fluid is heated and vaporized by rejected process heat; the 

hot vapor passing through a turbine produces electric or mechanical power. The turbine 

exhaust is typically condensed, but may be used in industrial process applications. 

There are basically two categories of bottoming-cycle cogeneration systems used in in

dustrial applications: steam bottoming systems and organic-fluid bottoming .system. In 

a steam bottoming system, heat from the exhaust gases is used to produce steam in 

a recovery boiler. The steam is then expanded in a turbine to generate power. In an 

organic-fluid bottoming system, organic fluids with low heats of vaporization are used 

in place of steam. 
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Exhibit 19.13 
Waste Heat Recovery Boiler/Condensing Steam Turbine 
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Steam Bottoming Systems 

The boiler in a steam bottoming system, which generates steam through the recovery 

of heat rejected by an industrial process, is a power boiler in that it has the capability 

of producing steam of sufficient pressure and temperature to drive a steam turbine. 

As cited previously for boiler/steam turbine topping-cycle systems, the steam produced 

can range from about 25 bar saturated steam to 100 bar superheated steam. Boiler 

efficiencies depend on a number of factors, including the temperature and mass flow 

of the rejected heat and the configuration of the boiler in relationship to the rejected 

heat, but typically range between 85 and 95 percent. The temperature range of the 

rejected heat most commonly used in steam bottoming systems is between 150 0 C and 

600 0 C. 

Several steam turbine configurations can be used in a steam bottoming system. The 

turbine can be a straight backpressure or extraction/condensing turbine delivering steam 

for process use in addition to generating power. Also, the turbine can be a condensing 

turbine generating power without producing process steam. With the backpressure and 

extraction/condensing steam turbines described previously, system efficiencies range 

from less than 20 percent to more than 70 percent (see Exhibit 19.14). With condensing 

steam turbines, the system efficiencies range from less than 5 percent to approximately 

20 percent (see Exhibit 19.15). 

As in the case of gas turbine and reciprocating engine topping-cycle cogeneration sys

tems, the heat recovery boilers in the steam bottoming systems can be fuel-fired to 

increase the amount and pressure of steam produced. In the extreme where the heat 

recovery boiler is fully fuel-tired, the exhaust heat recovered from the industrial process 

could possibly make - minimal contribution to steam production. 

Because the boilers used to recover the rejected heat exhausted by the industrial process 

are designed specifically to meet site requirements, the total capital costs of steam 

bottoming systems vary widely. However, typical costs appear to range between $1,200/ 
kW for large (sizes exceeding 10 MW) systems and $2,000/kW for small (sizes up to 

500 kW) consisting principally of standard "off-the-shelf" equipment. The amount of 

time required for installation depends primarily on the fabrication and installation of 

the heat recovery boiler, ranging from I to 3 years. 
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Exhibit 19.14 
Power and Steam Generation by Noncondensing 
Steam Turbine Bottoming of Waste Heat 
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Exhibit 19.15 
Power Generation by Condensing Steam Rankine 
Bottoming of Waste Heat 
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Because steam turbines require little maintenance (see previous sections), the heat re
covery boiler will be the dominant factor in determining the operation and maintenance 
costs. The temperature and cleanliness of the industrial process exhaust heat will dic

tate the maintenance schedule and ultimately the service life of the heat recovery boil
er. However, other site-specific factors such as additional labor requirements may de

termine the overall operating and maintenance costs. 

Organic-Fluid Bottoming Systems 

The organic-fluid bottoming system operates on the same principles as the condensing 

steam bottoming system and, depending on the organic fluid used, may produce more 
or less power than steam systems. A variety of such fluids are currently in use or be

ing tested: toluene, butane, pentane, Fluorinal, Dowtherm-A R , mortochlorobenzene, and 
a variety of fluorocarbons, particularly Freons RlI, R22, R113, R114, and C318. 

The maximum amount of power that can be generated with these fluids is shown as a 
function of process exhaust gas flow and temperature in Exhibits 19.16 and 19.17. The 

discontinuities in some of the ci'rves in these exhibits are caused by the fact that, at 
low source gas (i.e., process exhaust) temperatures, the limiting temperature difference 

for organic fluids occurs at the inlet of the heat recovery boiler and not at the point 

of liquid saturation. 

The two major advantages of most organic fluids over steam is that these fluids can 
recover energy at process exhaust temperatures below those for steam, and organic
fluid systems have higher efficiencies than steam bottoming systems at low process 

exhaust temperatures. For instance, systems using Freon 11 can operate at process 

exhaust temperatures as low as 100 0 C, which is almost 100 0 C lower than the lower 

limit for condensing steam bottoming systems. At a source ga: temperature of 200 0 C, 

an organic-fluid bottoming systems using toluene has an efficiency of 10-15 percent, 
which is about three times that of a condensing steam bottoming system. 

The major disadvantages of organic-fluid botLuming systems relate to the organic fluids. 

All organic fluids have corrosive properties and are volatile and flammable above certain 

temperatures. 
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Exhibit 19.16 
Power Generation Using Organic Fluids in Condensing Systems 
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Exhibit 19.17 
Power Generation Using Organic Fluids in Condensing Systems 
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Bottoming systems using organic fluids have capital costs approaching and sometimes 

exceeding those of steam bottoming systems, typically ranging from $1,700/kW to 

$2,500/kW. Organic-fluid bottoming systems are commercially available but are generally 

custom-designed for most applications recovering exhaust process heat. The amount 

of time required for installation is generally equivalent to that incurred for steam bot

toming systems. 

Because these systems use organic fluids, the operating and maintenance costs are typi

cally greater than those incurred for steam bottoming systems. The cost of procuring 

and handling organic fluids is obviously greater than that of water. In addition, using 

these fluids may require labor that is especially skilled in the operation and maintenance 

of these systems. These costs may be excessive when compared with the potential 

benefits. 

SMALL POWER GENERP.TION 

Small power generation has traditionally been associated with emergency and standby 

electricity generation used primarily during periods of interruptions in e:ctri. utility 

service. The most prevalent form of on-site standby electrical generation is reciprocating 

engines using fuel oil (i.e., diesel engine/generator sets). 

However, small power generation for industrial applications can represent something 

other than on-site standby electrical generators. In the broadest terms, small power 

generation denotes any on-site continuous, cycling, and standby production of power. 

The remainder of this session will focus on small power generation for continuous and 

cycling operation consisting of widely-used and proven technologies and systems. 

Technically, there are two fundamental types of small power systems, differentiated 

on the basis of whether fuel is burned or not. Fuel-fired small power systems addressed 

in this session are boiler/condensing steam turbine, gas turbine, and reciprocating engine 

systems. 
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Boiler/Condensing Steam Turbine Systems 

Unlike cogeneration, steam is not exhausted or extracted for process applications. In 
small power applications, high-pressure steam produced in a direct-fired power boiler 
flows through a steam turbine and is condensed in a liquid-to-air (or liquid-to-liquid) 

heat exchanger. Condensing steam turbines are designed to maximizc the extraction 
of energy contained in the steam for generating power. As a consequence, the steam 
emerging from the turbine is at or below atmospheric pressure. Once the steam is 
condensed, the condensate is pumped back to the power boiler. In small power applica
tions, condensing steam turbines generally have power generation efficiencies of between 

15 and 40 percent.
 

Depending on the fuel used, total system efficiencies can range from less than 10 per
cent to about 35 percent. The lower end of the range is representative of small sys
tems (i.e., less than 500 kW) using waste fuels with high moisture content (i.e., approach

ing 60 percent by weight). 

As in the case of boiler/steam turbine cogeneration systems, the boiler(s) arid its an
cillary equipment represent the most expensive eqlipment in a boiler/steam turbine pow
er plant, ranging from 50 percent to 80 percent of total cost (depending on system de
sign and fuel cost). Overall, the total installed cost (1982 dollars) ranges from $t,000/kW 
(approximately 20 MW and greater) for an oil-fired boiler/steam turbine system to al
most $3,000/kW for a small (less than 2 MW) coal- or waste-fired boiler/steam turbine 
system. Installation can range from less than a year to almost 3 years, depending on 

size and fuel used. 

The cost of spare parts and expendables will be the largest component of nonfuel oper
ating and maintenance cost. Up to three additional skilled laborers per plant shift may 

be required to operate and maintain this system. 

Condensing steam turbine technology has been demonstrated worldwide. Manufacturers 
usually recommend minor annual inspections and major inspections every 3 years. Re
placement parts are readily available, and maintenance schedules can be typically coor

dinated with operating schedules of the plant. 
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Gas Turbine Power Systems 

Unlike a gas turbine cogeneration system, where energy is recovered from the exhaust 

gases to produce steam, the energy can be recovered in a recuperator to preheat the 

combustion air before it is mixed with fuel and burned. This can improve tl: ! efficiency 

of a gas turbine up to 40 percent for small gas turbines (less than 2 MW). Typically, 

gas turbines for small power applications have efficiencies ranging from about 15 percent 

to approximately 30 percent (without recuperators) and 20 percent to almost 40 percent 

(with recuperators). A regenerator (or recuperator) is nothing more than an extended

surface, counterflow, one-pass heat exchanger that transfers exhaust heat to the com

pressed air before it enters the combustor (see Exhibit 19.18). Its rirpose is to reduce 

the amount of fuel needed to heat the air to combustion temperature. Since it frees 

more fuel for combustion, a regenerator can cut fuel consumption dramatically. 

There are two basic types of industrial gas turbines: aircraft-derivative and heavy

duty. Aircraft-derivative types are lightweight units modeled after familiar jet engines, 

while heavy-duty machines combine the rugged mechanical construction of utility-size 

gas turbines with the light weight and compactness of aeroderivative combustion turbines. 

Gas turbines are available as one- or two-shaft models. In a single-shaft configuration, 

typically used to drive a generator, the turbine is built on one continuous shaft; there

fore, all stages operate at the same speed. On two-shaft machines, on the other hand, 

the low-pressure turbine rotor is completely separated mechanically from the high-pres

sure turbine and compressor rotor. This allows the low-pressure turbine to operate over 

a wide range of speeds and makes two-shaft combustion turbines ideally suited to vari

able-speed (mechanical-drive) industrial applications. 

Although capital costs will depend on fuel used, size, and type of duty (i.e., standby 

and continuous duty cycle), capital costs range from $200/kW for large systems (exceeding 

10 MW) to more than $800/kW for very small systems (less than 100 kW). Because of 

the simplicity of this system relative to a gas turbine cogeneration system, installation 

time is generally less, and normally should be I year or less. 

Although combustion turbines require more maintenance than do steam turbines, the 

lack of a heat recovery system results in less maintenance than for combustion turbine 
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Exhibit 19.18 
Combustion Turbine Power System
(without and with recuperator) 
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cogeneration systems. The maximum maintenance is generally required for a combustion 
turbine using a low-grade oil and operating on a continuous duty cycle. However, be

cause of frequent start-ups, a combustion turbine operating on intermittent duty will 
require almost twice as many inspections as a combustion turbine operating on continuous 

duty for the same number of operating hours. 

To minimize the requirements for skilled labor for day-to-day operation, control devices 

are available that allow automatic start-up, operation, and shutdown with limited moni
toring. Units driving generators can have systems that automatically regulate speed 

and voltage. They synchronize the unit to the line before closing the switch and bring
ing load up to a predetermined level. In many instances, current employees can be 

trained to perform operating and monitoring duties. However, in the case of large 

combustion turbines (exceeding 10 MW), additional skilled labor will likely be required. 

Reciprocating Engine Power Systems 

In contrast with engines in which fuel and air mix before compression are those engines 

in which only air is compressed and fuel enters near the end of compression (see Exhibit 
19.19). In the diesel engine, a prime example of this class, heat of compression is used 

to ignite the fuel.
 

In a typical diesel, air is compressed to about 30 bar, which brings it up to about 

5000C. When finely atomized oil is sprayed into this "red-hot" air, it ignites and burns. 
Thus, in the diesel, the high compression ratio necessary for reliable ignition means 

inherently high efficiency. 

Regardless of the category of the reciprocating engine (i.e., high-speed, medium-speed, 

and slow-speed), the overall efficiency of the engine is improved with the use of a 
supercharger. In simplest terms, the chief purpose of supercharging is to cram more 
air into the cylinder so more fuel can be burned and engine output increased. It is 
accomplished by supplying intake air at a density above atmospheric pressure and re

taining this increased density in the cylinders at the start of the compression stroke. 
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Oil-Fired Reciprocating Engine Power System (diesel engine)
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Diesel engines used in industrial power systems typically have efficiencies ranging from 

20 percent to almost 40 percent without recuperation of waste heat. With a supercharger, 

the engine power generation efficiency can be increased by up to 15 percent. 

Although costs will depend primarily on size and engine-speed category, the total in

stalled costs for reciprocating engines will range from $200/kW for large slow-speed 

engines to more than $800/kW for small high-speed engines. Due to the lack of process 

integration requirements necessary for a reciprocating engine cogeneration system, re

ciprocating engine power system installation period can range from a month to a year. 
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SESSION 20: 	 ELECTRICITY USE, PART I - ENERGY
 
PERFORMANCE OF VARIOUS TYPES OF EQUIPMENT
 

INTRODUCTION 

Electricity plays a very important role in the operation of any industrial facility, pow
ering lights, motors, instrumentation, and process equipment. The major attraction of 
electricity as an energy source is its ease of use when compared with other energy 
sources such as fuel oil or solid fuels. 

Historically, efforts to improve plant efficiency have been aimed at the more obvious 
sources of energy waste (e.g., combustion systems, space conditioning, process areas), 
while the conservation of electricity has generally been overlooked or given a low prior
ity in favor of areas where savings could be achieved more readily. This approach to 
conservation is shortsighted when even the most superficial analysis of industrial or 
commercial energy use patterns show that electricity is a major contributor to 'ny fa
cility's total energy bill. Exhibit 20.1 shows the distribution of energy by type and 
cost for a typical manufacturing facility. Examination of the two pie charts shows 
that relatively small savings in electrical energy can reap significant financial savings. 
Accordingly, the emphasis of this session will be to discuss the operating principles of 
some of the more common equipment that consumes electricity and how it can be 
made more efficient. It is worth noting at this time that the one cardinal rule for 

conserving electricity -- as with any other energy source -- is: 

WHEN YOU DON'T NEED IT - TURN IT OFF. 

The main industrial users of energy are ac motors and lighting, and these discussedare 

together with other common users. 

MOTORS 

In any modern manufacturing facility, electric motors are the single largest consumer 
of electrical energy and deserve particular attention in their selection, operation, and 
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maintenance. Observation of proper practice will go a long way toward ensuring an 

energy-efficient operation. 

Fundamentals of motor selection and maintenance are presented, with the aim of im
proving reliability and operating efficiency. In additi n, concepts of some of the cur
rently available motor control systems are introduced. It is not possible in a single ses
sion to cover fundamentals of operation of all the various types of motors and controllers 

available; that is more properly the subject of a separate seminar. The following are 

discussed: 

" Operation 

* Maintenance 

" Energy conservation opportunities. 

Motor Operation 

Care should be taken to operate the motors in accordance with restrictions on the 
nameplate. Information provided defines safe operating limits of the motors, both from 
an environmental point of view and from that of motor operation. The primary purpose 
in placing a nameplate on a motor is to convey sufficient information to the user to 
ensure that the motor will be operated in accordance with design criteria. In general, 

criteria used by reputable motor manufacturers are based on standard industrial practice 
and established safety standards. 

Satisfactory performance of most motors can be achieved when motors are operated 
within the normal line of variations of plus or minus 10 percent of nameplate voltage 
and 5 percent of nameplate frequency. Exhibit 20.2 shows which operating characteristics 
are affected adversely by variations from nameplate ratings. The following list of 
"don'ts" should be strictly observed for all types of motors. Failure to operate a motor 

as designed will seriously shorten motor life and can create safety problems. 

* 	 Don't operate motors at other than plus or minus 10 percent of nameplate 
voltage. Higher voltages adversely affect motor temperature, speed, and 
vibration, and can affect voltage-sensitive motor control relays. Lower 

20-3 



Exhibit 20.2
 

EFFECT ON MOTOR OPERATION OF VARIATION FROM NAMEPLATE SPECIFICATIONS 

PERFORMteNCE PARAMETERS ADVERSELY 
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NAMEPLATE c. Q 
PARAMETERS 4L Q .-

0 VOLTAGE X X X X X X X X X 
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® TORQUE(HP, RPM) X X X X X X X X 

O TEMPERATURE RISE X X X X X X 

®CAPACITOR X X X X X X X X 
® DUTY X X X X X X 



voltages can cause motor overload when starting and result in nuisance 

trips of thermal overload protective equipment. 
* 	 Don't operate motors on nominal frequencies other than those specified 

on the nameplate. 

* 	 Don't load motors in excess of nameplate ratings. 

* 	 Don't exceed nameplate temperature rise. 

* 	 Don't subject the motor to duty cycles for which it was not intended. 
"Continues" ("Cont") or "intermittent" ("Int") as stamped on the motor 

nameplate indicates the operating cycle for which the motor was intended 

and is generally based on the insulation class of the mocor and the watts 

that the motor must dissipate when energized. Operating a motor at a 

different duty than specified will generally result in higher operating 
temperatures, shortening of motor life, and nuisance operation of thermal 

overload protection devices. 

Motor Maintenance 

The function of an electric motor is to provide motive power to a variety of equipment 
that performs useful work. Equipment driven by electric motors includes air compressors, 

pumps, refrigeration equipment, and fans. There are many other types of equipment 
dependent on electric motors for motive power. Because so much equipment is dependent 

on the proper operation of electric motors, it is essential that they be operated and 
maintained in a manner to ensure reliable and efficient operation. 

Exhibit 20.3 shows the losses of a typical motor. Without proper maintenance, these 
losses can be much higher. Improper lubrication can cause increased friction in both 

motors and associated drive transmission equipment. Since electrical resistance in con

ductors increases with tempe.'ature, resistive losses within the motor will increase if 
ventilation ports or cooling systems are obstructed or dirty. Dust and lint should be 

removed regularly from motor openings to allow motors to run as cool as possible. 
Since increasing temperature also shortens insulation life, keeping motors cool will not 

only save energy but increase motor life. 
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Exhibit 20.3 
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Exhibit 20.4 shows the effect of abnormally high motor temperatures on insulation life. 
Note that relatively small increases in hot spot -emperature can cause a severe shortening 
of effective insulation, and hence motor, life. A good rule of thumb is that for every 

10°C increase in motor operating temperature over the recommended hot spot tempera

ture limit, winding life is cut in half. The converse is also true: for every I0OC de
crease in motor operating temperature under the rated limit, the winding life is doubled. 

The list below shows some of the items that should be checked regularly to ensure 
proper motor operation in your plant. These items are: 

e 	 Inspect motors regularly (at least annually) to detect wear in bearings, 

housings, and for dirt and dust in motor ventilators. 

* 	 Check load condition to ensure that the motor is not over- or underloaded. 

A change in motor load from the last test indicates a change in the 
driven load, and the cause should be identified and corrective action 

taken as needed. Load tests can be conducted at the time of normal mo

tor inspection or on a continuous basis if permanent instrumentation is 

installed. 

e Replace worn brushes. Worn brushes can cause damage to rotating motor 

parts, as well as dropping the motor's operating efficiency owing to in

creased electrical resistance. 

* 	 Keep commutators clean. Much as with worn brushes, dirty commutators 

will have a detrimental effect on motor efficiency. 

* 	 Take extra care in lubrication. Motors should be lubricated in accordance 

with the manufacturer's recommendations, but care should be exercised 

not to over-lubricate. Excess oil or grease from the motor bearings can 
enter the motor and saturate the motor insulation, causing premature 

failure and possible a fire. 

e Watch alignment. Check periodically for proper alignment of the motor 

and the driven element. Improper alignment can cause shafts and bearings 
to wear quickly, resulting in damage to both the motor and the driven 

element. 

e 	 Be sure that the supply wiring is properly sized and installed. At regular 
intervals (usually annually), inspect the connections to the motor and 

starter to be sure that they are clean and tight. 
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A reference guide can be used to identify the most likely causes of motor trouble (see 

Exhibit 20.5). 

Energy Conservation Opportunities 

In this section, motors are considered as independent units, ignoring the effect of the 
driven equipment. The best way to save electrical energy is to shut off the consuming 

equipment. For motors, this means evaluating a plant or building's operating schedule 

and ensuring that idle or unnecessary equipment is secured. The need to secure partially 
ioaded equipment is shown in Exhibit 20.6, which shows motor operating efficiency and 

power factor as a function of motor load. Operation at reduced load does not propor

tionally reduce the energy consumption of the motor. The effect of the reduced effi
ciency and power factor is that at 20 percent of load, the motor is still drawing about 

50 percent of the power required to operate the motor at full load. 

Data from load readings discussed in the earlier section of this session can be analyzed 

to determine if the motor for a particular application is properly sized. It has been 

normal practice in the past to size motors for the worst case condition to ensure the 
operation of a system under any circumstances. This practice was acceptable when 

both the cost of purchasing energy and building new power plants were relatively inex
pensive. In today's environment, however, it is both wasteful and costly to continue 
this practice. Wherever possible, oversized motors should be replaced with smaller 

motors of adequate size to improve the operating efficiency of both the individual 

piece of driven equipment as well as the system as a whole. 

When selecting a replacement either oversized or thatfor an motor one has failed in 

service, consideration should be given to installing a high efficiency motor as a replace
ment. There are several styles of improved motors on the market today. The most 

common are the conventional electric motors that have been re-engineered with improved 
conductors in the field and rotor windings reducing 12 R and windage losses. Typical 

efficiency improvements are about 3-5 percent, depending on the load factor of the 
motor, for motors rated between 5 and 100 hp. Energy-efficient motors cost between 

15 and 20 percent more than standard motors; hence, paybacks can be less than 3 

years. The second type of retrofit that is becoming more common is the Wanless 
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Exhibit 20.5
 

REFERENCE GUIDE TO PROBAdLE CAUSES OF MOTOR TROUBLES 

Motor Type A. C. SINGLE PHASE A.C. &RUSH TYPE 
POLYPHASE (Univeraol,SPLIT PHASE CAPACITOR PERMANENT- SHADED (2 or 3 phase) Series, Shunt

START SPLIT CAPACITOR POLE or Compound) 
TROUBLE *PROBABLE CAUSESWill not start 1,2.3,5 1,2,3,4,5 1,2,4,7,17 1,2,7,16,17 1,2,9 1,2. 12,13

Will not always start, even with no load. but will run in either direction when 3, 5 3, 4, 5 4, 9 9 
started manually.

Starts, but heats rapidly. 6, 8 68 4'8 8 8
 
Starts, but runsb - - too hot. 8. __ . . 8 48 8 8 8 

. . . .

Will no t start, b ut w ill run in eith er d irec- , 

. 

-, 

. . . . . . .
 

. .. . . . .. .... ...tion when started manually-over heals. 3 3,4,5,8 4,8.9 8.9
Sluggish-sparks severelyat the brushes. 

10,11,12,13,14 
Abnormally high speed-sparks severely
at the brushes. 

Reduction in power-motor gets ioo hot. 8, 16, 17 
15 

8, 16, 17 8, 16, 17 8,16, 17 8, 16, 17 13, 16, 17 
Motor blows fuse, or will not stop when

switch is turned to off position. 
 8, 18 8, 18 8, 18 8. 18 8, 18 18. 19Jerky operat ion-severe vibration. 

10,11,12.13,19 

'PROBABLE CAUSES 8. Winding short circuiled or grounded. 14. Oil-soaked brushes.1. Open in connection to line. 9. One or more windings open. 15. Open circuit in the shunt winding.2. Open circuit in motor winding. 10. High mica between commutator 16. Sticky or light bearings.3. Contacts of centrifugal switch not bars. 17. Interference between stationary andclosed. l. Dirty commutator or commutator is rotating members.4. Defective capacitor. out of round. 18. Grounded near switch end of5. Starting winding open. 12. Worn brushes and/or annealed winding.6. Centrifugal starting switch not brush springs. 19. Shorted or grounded armatureopening. 13. Open circuit or short circuit in the winding.
7. Motor over-loaded, armature winding. 
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Exhibit 20.6 
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motor. This method involves remanufacturing the existing motor to improve its operating 
efficiency. The approach that is taken in a particular situation depends on the size of 
the motor, energy costs, annual hours of operation, and the cost of purchase or re
manufacture. A 25-hp motor manufactured as a Wanless motor costs about $30,000 in 
the United States. Energy savings give simple paybacks between 3 and 5 years. 

Another option to improve motor operating efficiency is to install a variable-speed 
drive on a motor. Variable-speed drives or load controllers enable a motor to follow 
the load of the driv. equipment while maintaining close to peak operating efficiencies. 
The benefits of speed control will be discussed in a later part of the session; here we 
will present the basic methods in current use and some of their inherent limitations. 

Speed control of direct-current (DC) motors can be achieved using either large resistor 
banks to control field voltage or through the application of specific solid-state drives 
to provide continuously variable speeds from zero to the design limits of the motor. 
DC motors can provide extremely high starting torques, but often require maintemore 
nance than alternating-current (AC) motors since they have brushes and commutators 

that are subject to mechanical wear. 

Ther are many methods for achieving variable speed control of AC motors, ranging 
from simple dual windings to sophisticated solid-state controls that shape the frequency 
of the voltage supply to reduce motor speed. The most common is the dual wound 
induction motor, widch provides for two operating speeds, depending or; which winding 
is active. These type motors are commonly applied in air conditioning systems where 
two different fan speeds may be required at different times of the year. Continuously 
variable-speed control using AC motors can be obtained either by using variable-ratio 
power transmission systems or by varying the motor speed directly. 

A number of variable-ratio power transmission systems exist, including traction drives, 
hydraulic drives, eddy current drives, and variable-diameter pulleys. Traction drives 
and variable-diameter sheaves are generally used at low power applications. Hydraulic 
drives and eddy current clutches can drive heavier loads but are less efficient than 
belts or gears, particularly at the lower end of their speed ranges. 
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The most efficient method of speed variation is to control motor speed directly. For 

AC motors, this is possible by using one of two methods: variable-frequency AC motor 
drives or slip-power recovery systems. Variable-frequency drives are used with standard 

squirrel cage induction motors and are available in sizes up to several hundred horse
power. These units work by converting the AC line power to DC and then back to AC at 

a frequency required to operate the motor at the desired speed. The speed of rotatizn 
of an induction motor is dependent on the number of poles and the frequency of the sup
ply voltage, so that for a fixed number of poles in a motor, the speed of rotation is 

dependent only on the frequency of the supply voltage. 

Slip-power recovery systems are used with wound rotor motors and work by controlling 
the impedance of the rotor winding. Early model speed controllers for wound rotor 
motors operated by inserting a resistance in the rotor winding circuit and dissipating 

the excess energy as heat. Modern systems rectify the rotor current to line frequency 

and feed it back into the supply line, reducing the overall consumption of the motor. 

This system is the most efficient form of motor control available today. Note that 
this form of control can be used only on wound rotor motors. Where it is desired to 
use slip-power recovery on an installation with an induction motor, it will often be 

necessary to replace the motor. The added costs of the motor replacement often make 
this conversion unattractive. Exhibit 20.7 shows a comparison of drive efficiencies for 

the three common types of speed control currently in use for AC motors. 

LIGHTING SYSTEMS 

Proper selection of lighting systems is critical from both the aspect of operating plant 

efficiency and maintaining acceptable levels of productivity. Many studies have been 

conducted in recent years showing the relationship between variations in lighting level 
and worker productivity. As there is a direct relationship, care must be exercised in 
developing and implementing a lighting conservation program to ensure that any cost 

benefits achieved from reductions in lighting load are not offset by a greater loss in 
revenue from lowered worker productivity. The results of one study of worker produc
tivity as a function of varying light levels are presented in Exhibit 20.8. Observation 

of productivity trends show a direct relationship between increased light levels and im
proved worker productivity. The task of the energy conservationist is to evaluate the 
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Exhibit 20.7
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Exhibit 20.8
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tradeoff between productivity and energy consumption to achieve the best overall com

bination. 

Different types of light sources aailable and their relative efficiencies are presented. 
The predominant lighting source used throughou the world for lighting in commercial 
and indUstrial facilities is the conventional fluorescent fixture. Recent advances in 
technology have led to reduced power requirements for essentially the same or slightly 
reduced lighting levels. Other systems coming into use for industrial applications are 
the several types of high-intensity discharge lighting now available on the market. In 
the following paragraphs, these systems will be briefly described and the advantages 

of each presented. 

Lighting Sources 

The multitude of light sources can broken down into basicbe three categories: 
incandescent, fluorescent, and high-intensity discharge (HID). Each of these has its 
own characteristics that make it more or less suitable for a particular application. 

The most important characteristic of a light source from an energy viewpoint is the 
efficiency with which it converts electrical energy into usable light. The measure 
commonly used is lumens per watt (LPW) or light output per watt input. Exhibit 20.9 
shows the general range of LPW for each type of light source. 

The chart separates the HID family into mercury vapor, metal halide, and high- and 
low-pressure sodium. The values presented ignore the effect of ballast loads that are 

required to operate fluorescent and HID lamps. 

In addition to considering the absolute efficiency of a light source, consideration must 
also be given to system efficiency. Efficiency of a lighting system is the efficiency 
with which light is delivered to the seeing task, and determines the cost of the light 
and energy used to deliver it. Therefore, system efficiency -- the lamp/fixture/ ballast 
combination -- should be the basis of selection of a light source, not just lamp efficiency. 
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Exhibit 20.9
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Incandescent Lamps 

An incandescent lamp is the least efficient source of electric light available (17 to 24 

LPW). In an incandescent fixture, light is generated by passing electricity through a 
tungsten filament in an inert atmosphere. The resistance of the wire causes the element 

to heat up and glow, producing visible light. 

Although the incandescent lamp is an inefficient converter of electrical energy, there 
are many applications where it is used. Incandescent fixtures are particularly suitable 
where light control from a point source is required. An example is display lighting in 
a store or museum. The incandescent source is a point source that lends itself well to 
fine control, resulting in a high system efficiency if properly applied. 

Lumen depreciation is caused by changes in the characteristics of the filament. As 
the filament burns, it slowly evaporates, becoming smaller in diameter and allowing 
less current to pass through it, thus reducing the power consumed. At the same time, 
the lumen output falls off owing to the lower filament operating temperature and black

ening of the inside of the bulb. Exhibit 20.10 shows the characteristics of a typical 
incandescent lamp as a function of rated life. 

Fluorescent Lamps 

Fluorescent lamps are the predominant light source around the world. The fluorescent 

lamp is an electrical discharge source that makes use of ultraviolet energy generated 
at high efficiency by mercury vapor in an inert gas (argon, neon, krypton) at low pres
sure to activate a coating of fluorescent material (phosphor) on the inner surface of 
a glass tube. The coating acts as a transformer converting the ultraviolet light into 
visible light. A conventional 40-watt fluorescent bulb converts approximately 23 percent 
of the available energy into visible light, as opposed to II percent for an incandescent 
bulb; this translates into 74 to 100 LPW for fluorescent lamps, excluding the effects 

of ballast operation. 

Fluorescent lamps, in common with all discharge lamps, must be operated with a ballast 
that provides the required starting voltage and limits the current draw. The more the 
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current in the arc increases, the more the resistance of the arc increases, so the arc 

in the fluorescent lamp would "run away with itself" and draw so much current that 

it would destroy the lamp if it were not controlled. Limiting current draw of the lamp 

is the most important function of the ballast. Each fluorescent lamp requires a ballast 

designed for its electrical characteristics, type of circuit, and the voltage and frequency 

of the power supply. 

An important consideration in the specification and selection of ballasts is the ballast's 

power factor. Power factor is the ratio of real power to apparent power in an electric 

circuit. For the inductive load of a simple ballast, this causes a lagging power factor 
of 50 to 60 percent, making the electric supply system work harder to supply a given 

amount of real power. Modern ballasts are built with compensating capacitors in their 

circuits to correct this problem. 

Fluorescent lamp output drops rapidly during the first 100 hours of lamp life (as much 

as 10 percent) and so published "initial lumen" figures are the value measured after 
this first 100 hours. After that time, the dropoff in light production is much slower 

for the balance of the lamp's useful life. The two principal reasons for the depreciation 
in light level are (1) a gradual deterioration of the phosphor coating, and (2) a blackening 

on the inner surface of the tube caused by the emission of metal from the cathode. 

Exhibit 20.11 shows the light characteristics of three typical fluorescent lamps -- (I) 

40-watt rapid start (F40), (2) high output (HO), and (3) very high output (VHO). 

Fluorescent larmps have become the standard light source for many applications, particu

larly in commercial environments, because of their high relative efficiency, the diffuse 

nature of the light source, and the ability to tailor the light source characteristics to 

meet a variety of color rendition and daylight simulation criteria. 

High-Intensity Discharge (HID) Lamps 

There are several types of lamps in this category, including: 

e Mercury , apor 

* High-pressure sodium 
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Exhibit 20.11
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9 Low-pressure sodium 

* Metal halide or multi-vapor. 

The basic operating principle of all these lamps is the same. Light from these lamps 
is produced by the passage of an electric current through a gas or vapor under pressure, 
similar to the fluorescent lamp described earlier. Because of the many variations in 
gas mixtures and firing methods used, no attempt will be made here to describe in de
tail the operating systems of each type of lamp in the HID group. It is sufficient to 
note that the lamps have varying operating efficiencies and are generall' more efficient 
than incandescent and fluorescent lamps. The one exception is the mercury vapor 
lamp, which falls between incandescent and fluorescent lamps in efficiency. 

In common with other light sources, the light output of HID lamps decreases over time, 
principally as a result of the deposit of emission materials from the electrodes on the 
wall of the lamp. A lumen depreciation curve for a mercury vapor lamp is presented 
in Exhibit 20.12. While the curves for other types of HID lamps are not identical to 
this curve, the general shape of the curves is similar. 

HID lamps are generally used in applications where large open areas must be lighted. 
The most common application is for street and yard lighting, although many of these 
lamps are becoming popular for the illumination of large manufacturing areas and ware
house and storage areas. The advantages of high efficiency in light generation make 
these lamps a natural selection wherever applicable. 

One characteristic of low-pressure sodium lamps should be mentioned. While these 
lamps are the most efficient light source currently available, they are a monochromatic 
light source. This rneans that with the exception of yellow, there are no other perceiv
able colors under low-pressure sodium lamps. The potential disadvantages of this situa
tion are obvious, and care must be exercised in their application. 

Operation and Maintenance 

The efficiency of many existing lighting systems can be significantly improved by the 
application of some simp!e steps to ensure that all of the light being paid for is put to use. 
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The first step is to check the facility's operating schedule. It is likely that there are 
many periods during a work week when it is not necessary to maintain light levels in 
the building, as the space is either unoccupied or being cleaned or inspected by security. 
During these periods, lighting should be provided at reduced levels or can be secured 
completely. Obviously, when the lights are off, no power is being used and energy is 

being conserved. 

The second step is a physical survey to determine the condition of the fixtures. Dirty 
fixtures, broken or aged diffusers, and old bulbs near the end of their life are all conai
tions that con tribute to reduced lighting system efficiency. Part of this survey should 
also check the condition of the building walls and ceilings. Dirty walls or dark painted 
surfaces reduce the amou.tt of reflected light. 

After the steps above have been completed, a lighting level survey should be under
taken. The first phase of this survey is to determine what actual light levels are 
throughout the facility at representative work locations, in storage areas, corridors, of
fices, and other plant locations. Next, the measured lighting levels from areas where 
similar work is being performed should be compared to see what is the lowest reasonable 
level at which worker productivity is still acceptable. Results should then be compared 
with levels recommended by the Illuminating Engineering Society or a similar agency. 
Exhibit 20.13 shows the recommended illumination levels for a variety of classes of 
work activities. The levels are only recommendations and should be considered as the 

maximum to be supplied. 

The lighting survey provides the basis for all future recommendations for changes to 
the existing lighting system. The first result is recommendations for delamping and 
reductions in light level. A second might be to recommend replacement of conventional 

fluorescent bulbs with high-efficiency tubes. The most costly result of the survey 
would be the recommendation for outright replacement of part or all of the existing 
system with an alternate light source. 

One common technique employed to maintain lighting system efficiency is group re
lamping on a scheduled basis. Group relamping is the replacement of all the lamps in 
a defined area on a predefined schedule. Lamps are subject to a lamp characteristic 

known as "lumen depreciation." The amount of light produced by a lamp degrades over 
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Exhibit 20.13
 

RECOMMENDED ILLUMINATION LEVELS IN FOOTCANDLES 

I Illuminance Categories and Illuminance Values for Generic Types cf Activities in Interiors 

Type of Actiity Illuminance Ranges of Illuminances 
Typeof ctiity Work-PlaneateoryReference 

Category Lux Footcandles 

Public spaces with dark surioundings A 20-30-50 2-3-5 

Simple orientation for short B 50-75-100 5-7 5-10 General lighting

temporary visits 
 throughout spaces 

Working spaces where visual tasks C 100-150-200 10-15-20 
are only occasionally performed 

Performanco of visual tasks of high D 200-300-500 20-30-50 
contrast or large size 

Performance of visual tasks o E 500-750-1000 50-75-100 Illuminance on task 
medium contrast or small size 

Performance of visual tasks of low F 1000-1500-2000 100-150-200 
contrast or very small size 

Performance of visual tasks of low G 2000-3000-5000 200-300-500 
contrast and ve'y small size over a prolonged period 

-Illuminance on task.
Performance of very prolonged and H 5000-7500-10000 500-750-1000 obtained by a com

exacting visual tasks bination of general 
and local (supple-

Performance of very special visual I 10000-15000-20000 1000-1500-2000 mentary lighting) 
tasks of extremely low contrast 
and small size 

Examples of applying the recommended values to specific tasks are given below for office and industrial 
assembly tasks. For a complete list of various tasks. consult the IES Lighting Handbook. 1921 Reference
Volume, pages A3-A17. Consult page A-19 for weighting factors for room reflectances. task and worker 
characteristics. 

Offices Assembly

Accounting (see Reading) Simple .......... ......... D
 
Conference areas (see Conference rooms) Moderately difficult ....................... E
 
Drafting (see Drafting) Difficult .................................. F
 
General and private offices (see Reading) Very difficult ......................... G
 
Libraries (see Libraries) Exacting .................................. H
 
Lobbies, lounges and reception areas ........ C
 
Mail sorting ............ ... E
 
Off-set printing and duplicating area ......... D
 



the life of the lamp at a predictable rate. Instituting group relamping programs enables 
the user to ensure a uniform light level over the lamp's useful life cycle, thereby re
ducing the total number of fixtures required as well as providing for planned replacement 
of lamps and maintenance of fixtures. 

Lighting System Retrofit 

Significant energy savings can be achieved through modifications to existing lighting 
systems either through reduction in the total number of active fixtures or by replacing 
present lamps with more efficient ones. Lamp replacement runs the range from simple 
bulb changing to complete replacement of the existing system. In most plants, the 
final program will likely incorporate a variety of elements, resulting in a program 

somewhere between the two extremes. 

In the case of incandescent lamps, there are three basic options. The first is to relamp 
with an incandescent lamp of lower wattage or different design that better directs the 
generated light. The second alternative is to use one of the many direct screw-in re
placement fluorescent bulbs to relamp the incandescent fixture. A replacement for a 
60 incandescent saves 38 watts with no loss of light. The cost of a replacement lamp 
is $15 in the United States. Payback periods are usually around I year. The firnl al
ternative is outright replacement of the present lamp and fixture with a completely 
new light source, either fluorescent or HID. The option chosen in a particular situation 
will depend on the lighting requirements and the local implementation costs. P*-place
ment of incandescents with HIDs usually have payback periods between I and 2 years 
in facilities that operate on a three-shift basis. 

Recent advances in the design of fluorescent lamps and ballasts gives the end user a 
multiplicity of direct replacement high-efficiency lamps to choose from. Exhibit 20.14 
shows a typical listing of conventional fluorescent lamps for a variety of applications 
and the high-efficiency replacements suggested by General Electric. The use of a par
ticular replacement lamp should be reviewed against the constraints imposed by the 
manufacturer for its application. An example is that some high-efficiency lamps cannot 
be used in environments where the ambient temperature is below 150C. High-efficiency 
lamps can usually be justified, as the incremental cost increase over a standard lamp 
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Exhibit 20.14 
REDUCED WATTAGE/WATT-MISER LAMP AVAILABILITY 

STANDARD LAMP AVAILABLE INOperang IoAVAILABLE IN:
 
Chalacierishcs (You are now using) 
 Nal Color Nominal WATT-MISER WATT-MISER '11 

Rapid___Start__-_36 Walls Walls 
Rapid Slar-36 F30TI2/CW/RS 30 Cool While 25 F30T12!CW!RS/WM 

F30T12/WW/RS 30 Warm While 25 F30T12/WW1RSiWM
 
Preheal-60 F90T17/CW 
 90 Cool While 82 F90T17/CW/WM
 
Rapid Start-


jRapid Stan Only) Rapi( Start OnyPreheat- 48 F40CW 40 Cool While 3. F40CW/RS/WM F4PLW RSWMII 
F40CWX 40 DeLuxe Cool While 34 F40CWX/RS/WM 
F40WWX 40 DeLuxe Warm While 34 F40WWXIRS/WM 

.... 
 Rile-While 34 F40RW3/RS!WM 
F40D 40 Daylight 4 F40D/RS/WM 
F40W 40 While 3-1 F40W/RS/WM 
F40WW 40 Warm While 34 F40WW/RS/WM 

Slimline- 48 F48T12/CW 40 Cool While 30 F48T12/CW/WM F48T12,LW/WMII 
425 Ma 
Slimline-96 F96T8/CW 50 j Cool While 40 F96T8/CW/WM 
200 Ma 
Slimline--96' F96T12/CW 75 Cool While 60 F96T12/CW/WM F96T12/LW/WM1I 
425 Ma F96T12/CWX 75 DeLuxe Cool While 60 F96T12/CWX/WM 

F96T12/WWX 75 DeLuxe Warm While 60 F96T12/WWX/WM 

Rile-While 60 F96TI2/RW3/WM 
F96T12'D 75 Daylight 60 F96T12/D/WM 
F96T12/W 75 While 60 F96T12/W/WM 
F96T12/WW 75 Warm While 60 F96T12/WW/WM 
F96T12/C50 
 75 Chroma 50 60 F96T12/C50/vJM 

High Oulpul-96' F96T12/CW/HO 110 Cool W -le 95 F96T12/CW/HOIWM F96T121LW/HO/WMI
800 Ma F96T12/CWX/HO 110 DeLuxe Cool White 95 F96T12/CWX/HOIWM 

F96T12/WW/HO 110 Warm While 95 F96T12/WW!HO/WM 
Power Groove-48' F48PG17/CW 110 Cool While 95 F48PG17/CW/WM 
1500 Ma 
Power Groove-96 F96PG17/CW 215 Cool While 185 F96PG17/CW/WM F96PG17,LW/WMII1500 Ma F96PG17/WW 215 Warm While 185 F96PG17/WW/WM 

1500 Ma -96 F96T12/CW/1500 -15 Cool White 185 F96T12/CW/1500/WM 



is around $0.50-$0.75. If ballast replacement is included, outright replacement is often 
difficult to justify. Paybacks are usually in excess of 7 years. 

For existing HID systems, the opportunities for retrofit are more limited, owing to the 
many different types of ballast and bulb mounting systems in use. Where these systems 
are inadequate, the solution will generally involve outright replacement. When this is 
done, ensure that the new system provides adequate lighting for minimum operating 
cost with maximum flexibility for control. 

Exhibit 20.15 is provided as a means of rapidly estimating the potential annual savings 
achievable from reductions in lighting load. When performing the calculation for dis
charge type lamps, be sure to add in the load of any ballasts disconnected. This chart 
can also be used to compare lighting systems by entering at the connected kW for 
each system and comparing operating costs. 

The ability to control is the key to the successful management of any system. Lighting 
systems are no different. Unfortunately, in many existing facilities, no provision was 
made at the time of construction for the control of the plant's lighting systems. In 
most cases, a single switch or breaker controls an entire floor or bay, making it difficult 
to regulate lighting levels as a function of area use. Under these circumstances, it is 
necessary to evaluate the economics of providing additional circuits for system control. 

Numerous devices are available on the market today to aid in the control of plant light
ing systems. These range from simple time clocks to sophisticated devices that sense 
whether or not a space is occupied and turn the lights on and off automatically. For 
most commercial and industrial applications, the most common control devices are time 
clocks and photoceils. 

Time clocks are devices that are programmed to turn the lights on and off in a particu
lar area a(-,rding to a predetermined schedule. This schedule normally tracks the fa
cility's daily operating schedule allowance those arrive orwith for who early leave 
late. Additional levels of control can imposed to allow for the various lighting require
ments of normal operation, plant clean-up, and security tours. 
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NOMOGRAPH FOR DETERMINING APPROXIMATE
 
ENERGY SAVED BY REMOVING LAMPS
 

ENERGY EQUALS MONEY-
Here is a conversion chart that tells you how much you will aclually save in dollars based on the geographical costs of KWH and as a
function of square footage of your building. 
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INSTRUCTIONS FOR NOMOGRAPH 

1. Locate number oflamps to be removed on scale A. 
2. Place stralghledge from auner oflamps to hours
 

of operation per year an scale E.
 

3. Mark Intersection with suale C. This is the number
 
of KWH that will be saved per year, including air
 
conditioning.
 

4. Place straightedge from mark made in step 3 toeffective cost per KWH on scale F. 
5. Mark intersection with scale 0. This Is The approx-

Imate dollar savings per year realized by removing 
l-
the lamps. 

COMMENT: 
1. Itthe number oflamps tobe removed Is more than 

1000. di.id the number by 10 and use the nomo
graph. Than multiply the savings by 10. Itlb. 
number ot lamps is less than 100, multip the 
number by 10. use tb nomograph, and divide lhe,o.,
savings by 10. 

2. Kilowatts saved (scale 5) Includes an allowance at 

watt ofair conditioning foreach watt at lightIng. 
which Is typical at medium-sized Installations.3. Effective cost per KWH (scale F)should be deter

mined by allowing tar ilied charges, fuel adiuspower factor charges, and any othercharges made by lbe utility, tbe whole divided by 

KWH used to gel the effective cost per KWH. 

EXAMPLE:
 
600 lamps are to be removed trom a lighting s tesm.
 
The system is operated 200C haursiyear, and the
 
effective cost per KWH Is 7j.
 
Connect 500 on scale A with 2000 on scale E. The
 
intersection with scale Cis at 72,000 KWH, which Is

the amount saved par year. From this intersection, 
run a line (I) to 7c an scale F. The Intersection with 
scale 0 is at $5000, which is tM dollar amount that 
will be saved Inenergy per year. 



Photocells are generally used to control outside security lighting systems and control 
the exterior lighting as a function of ambient light levels. This method of control is 
preferable to time clock control for outside lighting, as conventional time clocks cannot 

readily account for seasonal variations in daylight hours or for local conditions caused 

by severe weather. Time clocks and photocells have relatively !ow capital investment 

requirements (typically less than $100), and if lamps can be grouped together, savings 
in energy can justify the capital expenditure in less than 12 months. 

CONSERVATION OF ELECTRICITY IN SYSTEMS 

Earlier, the principles of energy conservation for electric motors and lighting systems 
were presented. The following paragraphs discuss conservation of electricity at a sys

tem level, incorporating the effect of the driven equipment on the motor and how to 

ensure an efficient operating system. Also, the operating principles of some of the 
more common equipment driven by electric motors will be discussed, including: 

* Fans
 

" Refrigeration systems
 

" Compressors.
 

Fans 

Fans ar used for a variety of purposes in industrial and commercial applications ranging 

from simple pedestal-mounted fans for personnel cooling to very large units used to sup
ply conditioned air to office or commercial facilities. The key to conserving fan energy 

lies in three sequential steps: (1) reduce the resistance to air movement in the system; 

(2) reduce the quantity of air supplied to or returned from the conditioned space; and 
(3) limit the periods during which the fans operate. These steps will achieve maximum 

savings when executed sequentially. 

Resistance to air flow in any system is a function of air volume delivered and duct 

configuration, intake louvers, supply and return air diffusers, heating and cooling coils, 
filters, dampers, and fan characteristics. Improvements in any of these system 
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characteristics will result in reduced energy consumption and improved operating 

efficiency. Implementing energy conservation measures that reduce the heating or 

cooling load will permit reducing the air volume handled by a HVAC system. Whenever 

air volume is reduced, resistance to air flow is also reduced. Reducing resistance to 

air flow results in an increase in delivered air volume that, in turn, permits a reduction 

in fan speed to bring air volume down. For multivane centrifugal fans (the kind most 

commonly used in large HVAC systems), the power output varies directly as the cube 

of the speed; thus, any reduction in fan speed -- which is also proportional to delivered 

air volume -- results in a sizable reduction in fan power input. 

The basic fan laws for centrifugal fans are as follows: 

* Volume delivered varies directly with fan speed.
 

" Pressure varies directly with the square of the speed.
 

* Power input varies directly with the cube of the speed.
 

" Volume varies directly with the square of the pressure.
 

Most of the fan characteristics listed above are speed dependent and show the value 

of the motor speed control systems. Reducing fan speed has a significant impact on 

energy consumption. For example, a reduction in air volume of approximately 10 per

cent will reduce energy consumed by about 27 percent. 

A second consideration is to reduce the quantity of air delivered to or returned from 

the conditioned space. The amount of air delivered is related to the cooling or heating 

load of a particular space and can be reduced if the load can be minimized. This is 

accomplished by evaluating the current loads against the design criteria and seeing if 

they were realistic. If (as is often the case) the system was oversized in the original 

design, or if loads have been reduced due to other conservation measures (e.g., additional 

insulation, improved glazing, reduced infiltration), the amount of conditioned air delivered 

can be reduced, resulting in savings in fan horsepower. An additional benefit of reducing 

air volume will be to reduce the load on the refrigeration or heating plant serving the 

area, thus generating additional energy savings. 

Finally, by checking a facility's operating schedule, energy can be saved by not operating 

equipment when it is not necessary for the environmental conditioning plant to be 
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running. Securing HVAC equipment when it is not required will reap obvious benefits 

in extended machine life. A fringe benefit will be the ability to schedule routing 

system maintenance for predictable down periods. 

In summary, to conserve fan energy: (1) reduce heating and cooling loads; (2) reduce 

the resistance to air flow in the system; (3) measure the increased volume that results 

and determine the new air volume needed to meet the new loads; (4) reduce the fan 
speed accordingly; and (5) change the motor if necessary. Motor replacement will not 
normally be required; however, if the load on the existing motor is less than 40 percent 

of full load, consideration should be given to replacement with a smaller unit. Exhibits 
20.16 and 20.17 are provided so that annual savings from reduced delivery volumes can 
be estimated. These curves are for centrifugal fans with forward and backward blades, 
the type of fans most commonly found in large central HVAC systems. 

Refrigeration Systems 

Mechanical refrigeration systems use compressors to raise refrigerant pressure and tem

perature, condensers to reject the heat of compression and change the refrigerant from 

a gas to a liquid, and evaporators to absorb heat from the transport medium (air or 
water). A schematic of a typical refrigeration system is shown in Exhibit 20.18. 

The operating efficiency of all refrigeration equipment is evaluated as a function of 
the heat absorbed in the evaporator and the heat rejected in the condenser. This rela

tionship is called the system coefficient of performance (COP) and is defined as: 

Heat absorbed in the evaporator 
Heat rejected in the condenser - heat absorbed in the evaporator 

Typical COP values range from 2 to 5 at full load. Machines operating with air-cooled 

condensers tend to operate at the lower end of the range. Refrigeration units can be 
operated as heat pumps, and the system COP tends to increase because some of the 

heat rejected from the condenser is put to useful work as heating. 

COP is directly related to evaporating and condensing temperatures. For a water chill

er using a cooling tower for condenser water, these temperatures are normally 40 C 
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Exhibit 20.16 
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Exhibit 20.17 
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BASIC Exhibit 20.18
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and 400C, respectively. If evaporating temperature can be raised (by using chilled 
water at 100C rather than 40C), or it condensing temperatures can be reduced, the 
COP will increase and a greater cooling effect can be achieved for the same energy in
put; alternatively, the same cooling effect can be achieved for less energy input. In 
general, either raising the evaporator or lowering the condenser temperature by 50 C 
to 60C will result in an increase in efficiency of approximately 20 to 25 percent at 
full load. At partial load conditions, the effect will be more marked, and on a seasonal 
basis the effect will be greater than would be indicated by consideration of full load 
operating conditions only. 

Compresso 

Compressors are also used to compress air and other gases for use in buildings and 
plants. The most common use is to provide compressed air for process use and to 
drive process control systems. Compressed air is also commonly used as a power source 
for tools such as drills, impact guns, hammers, etc. This discussion will center on 
compressors used in central station applications that supply air to an entire system or 
complex. 

Compressors can be divided into two basic types: positive displacement and centrifugal. 
There are a number of subtypes within the first group (i.e., reciprocating, vane, rotary 
screw, and lobe types). In general, positive displacement compressors are used to meet 
system demands ranging from fractions of a cubic mneter per minute (cmm) to approx
imately 200 cmm (7,000 cfm). Screw compressors can be used for loads of up to 70 
cmm (2,500 cfm), and vane compressors can handie loads up to 15 cmm (500 cfm). 
Centrifugal compressors do not Lecome efficient until the load is in the range of 65 to 
70 cmm (2,300 to 2,500 cfm). 

In addition to the compressor, there are a number of components common to any com
pressed air system. Exhibit 20.19 shows a basic system configuration. The function 
of each piece of equipment is described briefly: 
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Exhibit 20.19
 

TYPICAL COMPRESSED AIR SYSTEM 
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VAPOR WATERINSTRUMENT OUT 

AIR DRAIN
TRAP ,'--

TO DRAIN 
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" 	 Filter -- removes dirt and dust from the incoming air to prevent excessive 
wear. This is particularly important for centrifugal and screw compressors 
that have extremely close internal tolerances. 

" 	 Compressor, first stage -- compresses air from atmospheric to an inter

mediate pressure. 

* 	 Intercooler -- removes the heat of compression generated in the first 
stage. Intercooling reduces temperature of the air entering the next 
stage, lowering the specific volume of the air and reducing the physical 

size and horsepower requirements of the subsequent stage. Using multi
stage compression with intercooling uses less energy than single-stage 

compression because intercooling reduces the temperature and volume of 
the air, allowing the same weight of air to be compressed with less 

horsepower. 

" 	 Compressor, second stage -- compresses air from intermediate to discharge 
pressure. For a typical plant system using air at 7 bar, only stagestwo 

of compression are used, although many centrifugal machines 
 may use 
three stages. For process compressors operating at very high pressures, 
it is not unusual to see machines with 10 to 15 stages, and even 20 
stages are not uncommon in the petroleum refining industry. 

* 	 Af, rcooler -- reduces the heat of compression added in the second stage, 
bringing the air temperature down to a level where it can be safely used. 
Also in the aftercooler, oil and water vapor are condensed so they will 
not be transmitted through the distribution system. 

" Separator -- collects and removes the oil and water vapor condensed in 
the aftercooler. 

" Receiver -- serves several functions. It (1) dampens pressure pulsations; 
(2) 	separates, collects, and removes any remaining condensed water and 
oil 	vapor; and (3) provides storage for compressed air to level out the 
load on the compressor by providing a reserve for peak demand period,. 

" Dryer -- removes additional water vapor to prevent control failures owing 
to condensation and/or freezing of water vapor in instruments. Some 

processes also require dry air. 
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There are many ways in which the operating efficiency of an existing compressor system 
may be improved. The following is a list of typical projects that apply to small and 

medium-sized industrial facilities. 

e Use extra air receivers. In some situations, the use of additional air re

ceivers to provide extra storage capacity may relieve the need to add 

more air compressors to meet short-term peak demands. 

e Eliminate air use during non-operationa; hours. On machines that use 

control or process air and are shut down for extended periods (nights and 

weekends), install elec,-Lc solenoid or control valves to turn off the air 
to the machine when it is shut off. This type of control will control idle 

air loss on pneumatic controls that normally bleed 0.01 to 0.04 cmm (0.5 

to 1.5 cfm) even in the standby mode. 

* Use a time clock to control compressor operating hours. If the compressor 

serves only process users and is not required to support environmental 

or plant control systems during off hours, install a time clock control to 

secure the unit when it is not required. In situations where plant control 

air is also supplied from a large central unit, the potential for installing 

a small compressor for weekend or standby use should be considered. 

* Locate and repair all piping leaks. Many manufacturing plants lose 10 
percent or more of their compressed air through leaks in pipes at fittings, 
flanges, and valves. The air distribution system should be inspected annu

ally at a minimum for leaks, unused lines, and unauthorized users. A 3

mm leak typically will waste 11 dm 3 per second at a pressure of 7 bar, 

which is equivalent to an energy requirement of 3.5 kW. 

* 	 Consider recycling compressor waste heat. Heat rejected by the compres

sor in cooling water or air is normally in the range of 350 C to 450 C. 

The heat available at this level can be used :o produce process hot water, 

heat areas adjacent to the compressor room, or possibly preheat makeup 

water to the boiler plant. As a rule of thumb, heating boiler makeup 

water from 130C to 350 C will save approximately 7.5 liters of No. 2 oil 

per 3,800 liters of makeup water. 

The measures described above represent the basic initial measures that should be eval
uated and implemented first in a program to improve the energy efficiency of a plant's 
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air system. After these measures have been accomplished, plant management may wish 

to consider installing advanced load control systr'ms that vary motor speed as a function 

of system demand or conduct an evaluation of the existing plant with the aim of in

stalling a new, modern, properly sized, and efficient system. 
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SESSION 21: 	 ELECTRICITY USE, PART 2 - ENERGY
 

MANAGEMENT IN HOTELS AND OTHER LARGE BUILDINGS
 

INTRODUCTION 

Energy management is not only applicable to industrial process systems, but can be 

applied to any 	facility that consumes energy. In this session, we will outline practical 

and economic 	options to reduce energy costs in a hotel facility as an example of energy 

management in large facilities. It may be puzzling at first to see the connection 

between hotels and industrial facilities. However, many industrial plants have office 

and administration facilities that, although part of the industrial complex, function 

similarly to comraercial buildings. Many of the conservation opportunities presented 

in the following session have been identified in industrial office buildings as well as in 

commercial facilities such as hotels. 

The session will outline briefly a system of analysis which can be used by the energy 

auditor or coordinator to analyze these facilities. Specific energy cost reduction oppor

tunities in kitchens, laundries, and hotel guest rooms are also presented. 

SYSTEM OF ANALYSIS 

For analysis purposes, a building or facility can be considered as a combination of sev

eral energy-consuming systems: 

* Building envelope 

* Lighting
 

e Ventilation
 

* Heating 

* Cooling
 

9 
 Water 

* Special processes. 

The systems interact to a certain extent but can be examined by an energy auditor on 

a stand-alone basis. 
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Occupancy of a space has a major impact on the energy consumption in a building. 
Hence, buildings are often examined based upon their function and energy-consuming 
systems within functional areas. For example, a hotel can be divided into the following: 

" Hotel room floors
 

" Public and private areas
 

" Kitchen and laundry.
 

Within earh of the functional areas, the energy auditor can seek measures based on 

the performance of the consuming systems listed above. 

The effect of function on energy consumption in a hotel is illustrated in Exhibit 21.1. 
Data shown are for a hotel in the Chicago area of the United States. The information 
was gathered by installing approximately 30 energy meters, including flow meters, and 
utility meterings. Normally, an energy auditor would not use that amount of instru
mentation, but the results of the analysis are very revealing. 

The hotel was divided into function areas -- hotel room floors, kitchen and laundry, 
and public and private areas. Even though they only occupy 6 percent of the total 
floor area, the kitchen and laundry account for some 49 percent of the energy use. 
In contrast, the guest rooms floors, which represent over two-thirds of the area, consume 

only 26 percent of the energy.
 

Energy use by system for the three areas is also shown in Exhibit 21.1. The analysis 
shows that the majority of the energy consumed on an area basis is used for process 
operations in the kitchen and laundry Energyareas. auditors should, therefore, focus 
their attention on these areas. The following is a list of no cost/low cost operating 
procedures that can be implemented in both food preparation and laundry operations. 
Energy savings opportunities in hotel guest rooms resulting from the use of occupancy 
sensors and energy management systems are also reviewed. 
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Exhibit 21.1
 

Hotel Energy Budget:
 
Breakdown by Area and Function
 

Function 

Hotel-room floors (69% of area)
Cooling 
Domestic hot water 
Heating
 

corridor air 

rooms 


Light and power 

Total 


Kitchen and laundry (6% of area) 
Cooling 
Process 

Heating 
Equipment 

Total 


Public and private areas (25% of area) 
Cooling 
Heating 

lobby level 

service floors 

Fans 

Garage ventilation 
Elevators 

Storage 

Miscellaneous unaccounted 

Total 


By area (approximate - overall) 

Rooms 
Kitchen and laundry 
Public and private areas 

Total 


103 Btulft2/yr MW/m 2/yr 

7.6 86.26 
11.9 135.07 

32.5 368.88 
11.5 130.53 
29.6 335.96 
93.1 1,056.70 

51.0 578.85 
1,093.0 12,405.55 

228.0 2,587.80 
626.0 7,105.10 

19998.0 22,677.30 

29.5 334.83
 

64.2 728.67
 
12.8 145.28 
66.7 757.05 

5.1 57.89 
15.4 174.79 
25.7 291.70 
7.7 87.40
 

227.1 2,577.61 

% energy % $ 

26 32
 
49 37
 
25 31
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Food Preparation 

* 	 Turn on equipment only as needed and make certain it is turned off at 

night. 

* 	Keep equipment and door seals free of debris to prevent heat leakage 

and energy waste. 

* 	Reduce "peak loading." Your electric bill is in part determined by a
 

demand charge function of the highest (or peak) kilowatt use recorded 

during the billing period (usually measured by 15- or 30-minute periods). 

Some rules to reduce peak use and demand charges are: 

a. 	 Schedule energy-intensive cooking, such as baking and roasting, 

during non-peak demand hours (periods in which the least amount 

of electric energy is being used in the kitchen and in other depart

ments). 

b. 	 Set a limit on the number of electric appliances that may he used 

at the same time. 

e 	 Set up a schedule of preheating times for kitchen appliances and stick to 

it. Equipment should be turned on at specific times to reach specific 

temperatures, and turned off when it is not needed. A 10- to 15-minute 

preheat period is sufficient for solid-top gas ranges. A deep-fat fryer 

requires only 7 to 15 minutes for preheating. Consult manufacturers' 

instructions for individual appliances. 

* 	 Ensure that thermvstatic controls are operating properly. Maintenance 

of higher than necessary temperatures wastes energy. 

* 	 Set thermostats to the lowest tomperature giving satisfactory results. 

Dialing higher does not reduce preheating time, while a low temperature 

results in lower energy consumption because less energy will be lost to 

the surrounding air. 

a 	 Regularly use a reliable commercial thertnometer to check surface temper

ature against the control dial reading. If the readings do not match, 

your thermostat may need recalibrating. 

e 	 Plan menus to minimize energy usage. Meals that require less cooking 

time to prepare will use less energy and can still be appealing. 
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* 	 Cook foods in the largest volume possible. Most food service operators 

find they can cook food in advance, thus making m - e efficient use of 

energy.
 

* 	 Keep all cooking surfaces clean. Build-up of grease and other encrusted 

matter reduces cooking efficiency by reducing heat transfer. 

* 	 Check cooking oil level frequently. Food must be covered with oil to 

cook ccrrectly. Add fresh oil if level drops below marker. Cooking 

without sufficient oil wastes energy. 

e 	Check the temperature of cooking oil often to be certain that heating 

elements and thermostat controls are working correctly. 

* 	 Clean heating elements at least weekly. This should be done daily if you 

do high-volume frying. Remove all traces of burned food, grease, or 

carbon. 

e Have gas burners checked semi-annually by an experienced service repre

sentative. 

e 	 Regularly check all gas units for uneven or yellow flames. To correct 

the condition, clean the burners, pilot lights, and orifices with a stiff 

wire brish. If the flame is still yellow or even, have your serviceman 

correct the gas-to-air mixture by adjusting the air shutters. 

e 	 Regulate gas burners for optimum heating and energy efficency. Adjust 

the flame until it is entirely blue and has a firm center cone. The tips 

of the flame should just touch the utensil bottom. 

v 	 If you must keep electric burners on for short periods when they are not 

actually in use, reduce the temperature until you are ready to cook. 

This will not only conserve energy, but it will also prolong the life of 

the burners. Only a few minutes are required to bring the surface of a 

solid-top range up to cooking temperature. 

* 	 Do not turn gas burners on until you are ready to cook. 

* 	 Fill cooking vessels according to manufacturer's recommendations, and 

to capacity, if possible. 

* 	 Use flat-bottom pots and pans to maximize heat transfer. 

• 	 Cover pots and pans with lids tp keep the heaied air in and decrease 

cooking time. 
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* 	 Burners should always be smaller than the kettle or pot placed on them. 

The diameter of the pot should be about 25 mm larger than the diameter 

oi the electric coils or plates. 

" 	 Group kettles and pots on close-top ranges. By using as little surface 

area as possible, and adjusting heating elements to desired levels, heat 

loss will be decreased. 

" Turn down heat as soon as food begins to boil, and maintain liquids at 

a simmer. Keeping the heat higher than the boiling temperature does 

not cook food any faster, and it uses more energy. 

" Turn the burners down during slack periods. Use thermostatic control 

when possible to avoid continuously high or excessive heat. 

" 	 Place foil under range and griddle burners. The operating efficiency will 

improve, and the equipment will be easier to clean. (However, do not 

block air inlet openings for gas burners.) 

" Remove boil-overs and spill-overs promptly to avoid build-up of carbon 

deposits that can adversely affect unit efficiency. 

" Clean burners and be sure that openings as well as air shutters are clear. 

(Handle ceramic refractor units carefully.) 

" Where possible, begin cooking food in a steamer. Then, finish it as 

necessary in the desired manner. 

" 	 When practical, consider using steam cookers for such items as vegetables, 

rice, and pasta to speed up cooking time. Only small amounts of energy 

are required to maintain the cooking temperature once it has been reached. 

" 	 Regularly inspect and clean interiors of fixed-well fryers for grease or 

carbon deposits. 

" 	 Do not load beyond manufacturer's stated capacity. Normally, baskets 

are loaded to one-half to two-thirds capacity. Crowded food takes longer 

to cook and wastes energy. 

" 	 Clean fryers regularly. 

" 	 Turn thermostat up only as high as -equired to reach frying temperatures 

(154 0 C-1820 C). Preheat time from room temperature to 182 0 C is only 

about 5 minutes. 

* 	 Use a low or medium flame for light griddling. 

" 	 When practical, load heated broilers to capacity to use the entire surface 

area. 
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" 	 Use infrared broilers to aavantage. They can be turned off when not in 

use and quickly reheated. 

" Turn char-broiler heat to medium after briquets are hot. 

" Plan baking and roasting to use ovens to capacity. This eliminates bring

ing the oven to full heat more than once or twice a day. Energy is 

wasted when all of the available cooking heat is not used. In standard 

ovens, allow at least a 50-mm clearance for air to circulate around pans. 

" 	 Use warm-up time to begin cooking food (except for food that will dry 

out or overcook). Start the day's baking with foods that require the low

est oven temperature. Use other electrical appliances sparingly while 

preheating electric ovens to avoid excessive demand charges. 

" 	 Load and unload oven quickly to avoid unnecessary heat loss, and avoid 

opening doors to look at food. For every second an oven is open, the 

interior temperature can drop as much as 5oC. 

* 	 Wipe up spills frequently, and keep interior surfaces of oven clean. 

* 	 Clean and wipe out the grease troughs and remove any stuck-on food at 

least once a day. 

* Repair broken door hinges and cracks that allow heat to escape from oven. 

" Once or twice a year, check chat ovens are level. 

" 	 Have the oven timer professionally checked at least once a year. 

" 	 Turn off rotary toaster when not in use. 

" 	 Clean rotary toaster regularly. Clean equipment performs more -,fficiently 

and uses less energy. 

" 	 Consolidate foods stored in refrigeration and freezer space where pc.ssible. 

" 	 Check to be sure that refrigeration units are not left running with little 

or 	 no food in them. Consolidate small amounts of leftovers, and turn 

off 	 those refrigeration units that are not needed. 

" 	Set up procedures to reduce the time refrigerator and freezer doors are 

opened. Frequent and lengthy openings are extremely wasteful of energy. 
Plan ahead to take out or replace several items at one time. Clearly 

label stored items. Prepare schedules for use of walk-ins. 

" Be sure that items do not jam against closing doors. 

" Do not store anything within four feet of the compressor. 

* Do not store products in front of coils in a manner that restricts air flow. 

" Keep blower coil free of ice build-up and dust. 
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" 	 Allow hot food a few minutes to cool before placing it in refrigerator 

or freezer. Air cooling reduces the amount of work that the refrigerator 

or freezer must do. 

" Thaw frozen food in the refrigerator.
 

" Equip walk-ins with pilot lights on light switches.
 

" Turn off lights in walk-ins when leaving.
 

" Feel the outside walls for cold spots. Do this frequently for a new unit.
 

" Maintain proper tension on refrigerator compressor belts and replace worn
 

or damaged belts. 

" Schedule food deliveries, where possible, to avoid overloading refrigeration 

facilities, or undercapacity utilization. 

" Close ice-maker storage bins after each use. 

* 	 Use hot tap water for cooking whenever possible. A water heater uses 

less energy than a range-top to heat the same amount of water. 

" Drain and flush hot water tanks semi-annually. Accumulations of water 

impurities prevent the efficient transfer of heat to the water. Where 

water contains heavy amounts of lime or other sediment, drain and flush 

tanks more frequently. In areas with heavy lime deposits, consider install

ing a water conditioner to reduce the lime build-up. The heating coil 

should be removed and cleaned every year on storage-type tanks heated 

by a steam coil. 

" Make sure that the power rinse on the dishwasher is turniig off auto

matically when the tray has gone through the machine. 

" 	 When a power dryer is used, adjust it so that heated air is delivered just 

long enough to barely dry the dishes. Drying will continue after the ma

chine is shut off. 

" 	 Consider using a wetting agent that will eliminate the need for power 

drying. 

" 	 Be sure that the dishwasher is shut off after use. 

" 	 Regularly check the flow controls to be sure that you use the proper 

amount of water in the rinse. 

" Regularly check the rinse water temperature. 

* 	 Regularly check the speed reducer on conveyor-type washers for proper 

lubrication. 
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9 Keep pressure reducing valves in full order. If you do not have one, 

check to see if it is needed. While dishes will not rinse thoroughly if 

the pressure is too low, higher than necessary water pressure will waste 

heated water. 

* Inspect the feed drain valves weekly for water leakage.
 

e Inspect pumps monthly for water leakage.
 

* Check to see that the hot water lines in a recirculation loop are insulated. 

In addition, we describe in the following two hot water energy-saving products that can 

be used in kitchens. The first product can be used in restaurants and kitchens to heat 

hot water wherever air conditioning is used: it consists of recovering heat by replacing 

the condensor for hot refrigerant from the compressor of the air conditioning unit. 

The size of the refrigeration load will determine the amount of heat recovered, but a 

14-kW load typically will produce 341 liters per hour of 600C7 water when the supply 

water is 150 C. Because the rate of water use is unlikely to coincide with operation of 
the air conditioning system, a storage tank is usually used in conjunction with the re

frigerant water heater. 

The second product'to improve water heating conditions in kitchens is the heat pump 

water heater. The heat pump water heater operates basically like a window air con

ditioner except that it takes hot air from an area such as a kitchen cooking area (see 

Exhibit 21.2). Rather than exhausting hot air to the outdoors, it uses the hot air in 

conjunction with a compressor, evaporator, expansion valve, and refrigerant to gather 

the heat and a condensor located in a water tank to deposit it. The water tank is vir

tually a standard electrical hot water heater containing heating elements to supplement 

the condensor. As a benefit, cool air is provided into the kitchen space, thereby im

proving the working environment. This unit was developed with the support of the 

U.S. Department of Energy. The unit will deliver the equivalent of 2 kM for an energy 

input of 0.8-1 kW. Savings over traditional electric resistance heaters are 50-60 percent. 

An estimated installed cost for the system is $1,200 in the United States for a 40

gallon water heater. 
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Exhibit 21.2
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Laundry
 

Hotels that do not have laundry facilities send out their laundry. Many h'4els, however, 

have in-house laundry capabilities. The type of equipment used in lrundry facilities 
can vary significantly. For example, drying can be completed by hot water, steam, or 
thermal fluids. The following list is not meant to be exhaustive; rather, it is meant 
to stimulate the energy auditor at a facility having laundry equipment to seek out con

servation opportunities within these facilities. 

o 	 Develop concise operating procedures for each piece of equipment. Place 

instructions on or near the equipment. 

o 	 Iron only those items that require it. 

o 	 Use heated water only in the wash cycle, if practical. 

* 	 Wash and dry full loads only. 

o 	 Remove items from the dryer immediately after the drying cycle is com

pleted to prevent wrinkling. This reduces the 

would be required for ironing. 

o 	 Instruct workers to keep lint filters and exhaust 

Perfo.,n spot checks to ensure compliance. 

* 	 Operate exhaust systems installed over washers, 

blers, etc., only when needed. Check periodically 

and repair as necessary. 

o 	 Consider rescheduling laundry work hours to avoid 

energy that otherwise 

hoods of dryers clean. 

flatwork ironers, tum

for improper operation 

periods when the hotel 

experiences its peak electrical and/or steam demand. 

* 	 Reduce the water temperature to the minimum required by law. 

o 	 If using steam, reduce boiler operating pressure when laundry is not work

ing, and check steam trap operation regularly. 

o 	 Check pipework insulation for damage on a regular basis. 

o 	 Return condensate to the boiler. 

o 	 Recover heat from hot rinse by heat exchanger. 

There are also opportunities for energy conservation in peripheral services associated 

with hotels, such as vending machines and vater coolers. These appliances are often 

neglected by the energy auditor; yet, they can waste relatively significant amounts of 
electrical energy if left to operate continuously. Electric water coolers can consume 
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more than 1,000 kWh per year each and vending machine display lighting another 300
400 kWh per year. These amounts may not seem significant on their own, but when 
totalled can add up. Obviously, the control of the operation of these machines by 

time clocks can achieve noticeable savings. 

Guest Rooms 

Until recently, the options for conservation in hotel rooms were limited. New technology 
developments, such as occupancy sensors and energy management systems, have, however, 

enabled conservation measures to be implemented there. 

One major source of waste has traditionally been guest rooms, where, rather than risk 

compromising service, hotels permit guests to have individualized control via in-room 
switches for lights, air conditioning, etc. Often, however, guests do not turn off these 
services when they leave their room, and services are then provided irrespective of 

whether guests are in their room or not. 

To combat this, hotel owners have installed in guest rooms occupancy sensors, infrared 

or ultrasonic, that detect whether the guest room is occupied. By linking the sensor 
to the control circuit of the HVAC and lighting systems, it is possible to have the 
equipment operate only when the guest is in residence. There are two major shortcomings 
with this method of control. First, because equipment will be turned on only when 

the room is occupied, conditions may not always be exactly to guests' liking when they 
first enter their room. Second, if the room is occupied and vacated during very short 

time intervals, equipment may suffer from excessive switching. 

To overcome these problems, it is possible to use more sophisticated ultrasonic and 

infrared controllers that function in conjunction with the opening and closing of the 

guest room door. The occupancy sensor is normally installed on a wall and then con
nected to the HVAC control and a door switch (see Exhibit 21.3). The HVAC unit will 
operate under guest-selected settings whenever the room is occupied. When the guest 
leaves the room or the guest room door is opened, the occupancy sensor overrides tile 
guest-selected controls and turns the unit off. The energy auditor can pre-select 
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Exhibit 21.3
 

TYPICAL GUEST ROOM INSTALLATION 

................. Door Switch 

..----- 24 VAC Relay 
24 volt AC Supply 

ULTRASONIC/TROUGH-THE-WALL UNIT INFRARED SENSOR 

Run wire between wall and carpet DOOR SWITCH 
tack strip to avoid possible shorts. 



temperature limits that will turn the HVAC back on if the unoccupied room temperature 
drifts. 

To prevent cycling of the unit when the door is opened, a minimum run interval can 
be selected. The minimum run interval will permit the HVAC unit to continue to oper
ate for a predetermined time after the door is opened. This feature can be particularly 
useful for meeting rooms and hospitality suites where doors are often open even when 
the room is occupied. Alterrately, it is possible to override the door-open control fea
ture and control by occupancy sensing alone. 

Energy savings by these forms of controllers were measured at a Holiday Inn in the
 
United States. Three 
 groups of rooms were monitored for energy consumption. One
 
group of rooms had the normal control arrangement, one had ultrasonic sensors, and
 
one infrared sensors. Exhibit 21.4 shows that 
 the energy consumption for the rooms
 
controlled by infrared 39 less than
sensors was percent that of the uncontrolled rooms. 
The ultrasonic controller produced a 16-percent reduction in energy consumption. These 
savings levels are impressive. However, it should be realized that if - guest occupies 
his room continuously or if he turns off the HVAC system whenever he leaves his room, 
the savings will be much reduced. Typical costs (including installation) for ultrasonic 
or infrared controllers are $230 per ronm in the United States. Installation time can be 
as short as I hour. The occupancy sensor controller offers a totally automated approach 
to controlling consumption in guest rooms and can be adjusted to the individual needs 
of the space in which is it placed. These controllers function without the need for 
guest or staff involvement, and savings are achieved without the quality of servicesthe 
provided to guests being compromised. 

Ene-gy use in guest rooms can also be reduced by instailing energy managment systems 
(EMS) to centralize control of several energy consuming systems. The EMS interfaces 
with the existing controls of each consuming system and permits new control strategies 
to be employed. Depending on the sophistication of the EMS used, control strategies 
available include: 

* Time of day 

* Duty cycling 

9 Optimum start/stop 
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" Sequential start/stop 

" Demand control shedding 
" Optimize hot and chilled water temperature 
" Control boiler operation 

* Control chiller operation
 

" Enthalpy control
 

* Night setback
 

" Economizer cycle.
 

In addition to the control features offered, some EMS systems have feedback capabilities 
and can provide a monitoring duty and supply information pertaining to consumption 
by interface with utility meters, as well as checking the operation of the units under 
control. 

The most complex systems include full-facility management function capability, with 
alarm systems for fire and security applications in addition to programs for preventive 
maintenance planning. 

Claims for savings made by EMS are often exaggerated, and the systems are seen to 
be the panacea for all energy ills. This is not the case in reality. Before considering 
an EMS, the energy auditor must complete an evaluation of the building and the potential 
for Using an EMS. The evaluation should include analysis of the following: 

* Existing utility rate schedules for all fuels 
" Mechanical systems and their associated controls
 
" Operating characteristics of the spaces served by 
 the above mechanical 

systems 
" Process systems, including laundry, swimming pools, litchens, boilers, etc. 
" Transportation systems, including elevators 
* Lighting systems 
• Desired building environmental conditions and operating schedules. 

The energy auditor should use the evaluation process to determine what loads are con
trollable, and what control strategy is to be employed. He should then consider what 
other methods of controlling the loads (alternatives to the EMS) are available to produce 

21-16
 



similar control strategies. In general, t he majority of the savings projected for EMS 
systems can be achieved by simple load controllers and time clocks with a corresponding 

reduction in capital investment requirements. 

An EMS cannot overcome any inadequacies of the existing controls. The energy auditor 
must ensure that the controls in place are in a good state of repair and that they are 
functioning as intended. As part of the evaluation, he should determine what information 
he requires the system to supply and in what form and frequency he will require it. 

The analysis should include projections for potential savings achievable by application 
of the EMS under the proposed control strategies resulting from the evaluation. Having 
determined potential savings, the energy auditor is then able to judge whether or not 

an EMS is required. If there appear; to be a justification for the system, the energy 
auditor is faced with deciding on what type of system he requires. 

EMS systems have different configurations based upon their operational characteristics. 

There are three basic types of system: 

" Programmable load controller 

" Large-scale EMS 

" Facility management system. 

The programmahle load controller (PLC) consists of a microprocessor controller module 
wired to individual control relays. Typically, PLCs handle eight or sixteen loads, but 
more loads can be connected by grouping a series of units. Some PLCs handle upcan 

to fifty loads and can provide limited feedback. 

Large-scale EMS systems have the capabilities of PLCs, but offer more load capacity 

and full analog or direct digital feedback and control capabilities. Load capacities go 
up to 500 points, and often these systems are capable of ;emote communication. Re
mote communcations capability allows a trained operating engineer or energy auditor 
to monitor and reprogram the operation of a building from other locations hundreds of 
miles away from the facility by using a portable computer terminal and regular telephone 

lines. 
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The facility management system (FMS) has all of the energy management and feedback 

capabilities of the large-scale EMS. In addition, it provides security and fire alarm 
functions and occasionally schedules equipment maintenance according to unit operating 

hours. The FMS is designed to serve very large single or multiple buildings from a 

centrally located computer. An FMS can have control capacities in the range from 100 

to 8,000 points. 

In the United States, the cost for an installed PLC with a capacity of 50 points would 

be below $25,000. The cost of an EMS can cost between $25,000 and $100,000 installed. 

An FMS will normally exceed $100,000 and, depending on the function and loads con

trolled, can reach $1,000,000. The major categories of EMS system hardware are sum

marized in Exhibit 21.5. 

The variation in installed costs is a function of the following: 

@ Number of control points 

e Monitoring and control requirements 

* Data transmission method(s). 

The data transmission method is generally the most important cost consideration. 

Communication between the control relay and the central processing unit can be 

completed in the following ways (see Exhibit 21.6): 

* Hard wiring and multiplex 

* Power line carrier current 

* Radio signal. 

Obviously, running dedicated pairs of wire for the EMS is the most expensive approach. 

Hence, a number of EMS manufacturers have developed systems that permit EMS to 

communicate with load points by use of existing in-house wiring. Although the former 

approach is preferable, the majority of EMS systems in place use existing wiring 

wherever possible to minimize capital costs. 

Savings from the use of an EMS system are hard to predict because of variations in 
how buildings are operated. EMS manufacturers often claim savings between 15-20 
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Exhibit 21.5 

Major Categories of Energy Management System (EMS) Hardware 

Typical 

EMS category 
Typical number of 

loads controlled Control programs and features 
system installed 
cost per building 

Typical 
building size (m2 ) 

Programmable load 
controllers (PLCs) 

4-50 Scheduling duty cycle $5,000-$25,000 2,000-10,000 

Large-scale EMS 50-500 Above, plus optimized start/stop $25,000-$100,000 10,000-3G,000 
HVAC optimization, remote com
munications, user programming 

Facility management 
systems (FMS) 

100-8,000 Above, plus capability 
multiple buildings fire 

to serve 
and 

$100,000-$1,000,000 30,000+ 

maintenance scheduling 



Exhibit 21.6
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percent of the overall energy bill. In practice, savings are more likely to be in the 5

to 10-percent range. Credit is often taken by EMS vendors for duplicating existing 

control strategies such as time of day control using a time clock. 

21-21
 



SESSION 22: CORPORATE ENERGY MANAGEMENT - PROGRAM IMPLEMENTATION 

The successful definition, implementation, and management of a corporate energy conser

vation program requires more than the mastering of the laws of thermodynamics or 
the use of a pitot tube. By now, it should be clear that energy conservation requires 
the integration of many activities of a company (e.g., plant engineering, operations, 

maintenance, purchasing, accounting and financial management). A corporate energy 
demand management and conservation program must address and integrate all these 
functions and, in doing so, overcome a variety of obstacles, including problems such as 
past operating practices and employee indifference. From the examination of successful 
corporate energy management programs in the United States and other countries, it is 
possible to identify six elements which transcend countries and industries and are present 

in most successful programs: 

" Top management support 

* Effective organization
 

" Adequate basis for planning
 

" Clearly established multiyear goals
 

* Continuous monitoring of results
 

" Effective feedback and communication.
 

Top Management Support 

Top management support is the cornerstone of any successful program. Without active 

commitment from top management, the financial and human resources needed to carry 
out and sustain a meaningful program will generally not be available, and without ade
quate resources, there is no effective program. Indeed, no company program is stronger 

than the commitment of its top management. In the United States, the chief executive 
officers (CEOs) of many of the largest corporations have been directly involved in the 

definition and implementation of their company's conservation programs. Many of these 

CEOs have also been involved in the promotion of conservation outside their companies 

through newly-created organizations sucn as the Alliance to Save Energy, a private, 
nonprofit coalition of business, government, public interest, and labor representatives 
dedicated to increasing the efficiency of energy use. Top management support is 
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needed in privately- as well as publicly-held corporations. One of the best ways to 
gain its support is to convince top management of the economic reasons for the need 

to conserve energy. 

Effective Organization 

Once the commitment of top management has been obtained, the successful programs 
are those that have developed an organization sensitive to the company's environment 
(e.g., the number of plants, the energy intensity of the process, the management style). 
Larger energy-consuming companies with several plants generally have larger and more 
complex organizations than smaller users with only one plant dependent on one type 

of fuel.
 

The number of personnel assigned tj energy management is not always a measure of 
effectiveness. Once a successful program has been launched, many companies have 
found that they could shrink the size of their energy management organization withoit 
jeopardizing the effectiveness of the program. For example, they may rely increasingly 
on support from the plant maintenance staff. However, one element common to most 
successful programs is the presence at each location of an energy coordinator dedicated 
on a full-time basis to energy conservation activities. This energy coordinator is an 
engineering consultant, management consultant, public relations agent, and labor relations 
specialist, all in one. It is important for the energy coordinator to dedicate the major
ity, if not all, of his time to energy conservation activities to ensure that his other 
assignments do not distract him from achieving the goals that have been set for the 
program. Exhibit 22.1 lists some of the typical duties of an energy coordinator. 

Adequate Basis for Planning 

Another key element for success is a proper baseline for identifying and evaluating en
ergy conservation opportunities. In most cases, the establishment of this baseline re
quires a comprehensive and detailed survey of energy uses and losses at each facility. 
Energy cannot be saved until it is known where it is being used and when and where it 
is being wasted. Some companies create a full-time audit team made up of in-house 
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Exhibit 22.1 

Typical Duties of an Energy Coordinator 

" 	 Serves as a focal point for all energy-related information within the facility, including 
energy purchases, prices, and use 

* 	 Identifies where waste is occurring and quantifies losses in energy resource and cost 
terms 

* 	 Develops strategies, procedures and practices, and realistic targets for reduction of 
waste and identifies areas where more detailed study is required 

" 	 Maintains records of progress achieved 

" 	Generates and sustains interest in energy conservation throughout the facility 

* 	 Provides technical support on energy-saving equipment and techniques for short- and 
long-term applications 

" 	 Keeps abreast of developments in energy conservation by maintaining contacts with 
external bodies such as trade associations, professional societies, and government 
departments 



engineers from several divisions whio then survey all major facilities. Once the job is 
completed, they go back to their divisions. Others hire outside engineering consultants 
to conduct the audit. However, all successful programs are built on a thorough under
standing of the energy use patterns, which very often requires instruments (i.e., some 
capital investment) to obtain measurements. The thorough and periodic energy auditing 
of major facilities forms the basis of any successful conservation program. 

Clearly Established Multiyear Goals 

AIJ successful programs must translate their requirements into clear goals. These goals, 
defined in both financial and energy terms, must be incorporated into multiyear (e.g., 
5-year) energy conservation plans. Program goals should be measurable and tough but 
attainable. These goals should also be flexible to compensate for variations in business 
activity. Some of the yardsticks used in the United States are Btu per sales dollar, 
Btu per standard labor-hour, and Btu per employee. The plans are blueprints for actions 
that detail how each goal will be reached, and are the heart of the corporate energy 
management program. 

Each year, an action plan is prepared for energy conservation along with the company's 
other annual planning activities. This action plan delineates in dgreat etail the ways 
and means required to achieve the coming year's goal. The financial resources and 
manpower requirements for the energy conservation plan are included in the company's 
overall capital and operating budgets. 

A typical 5-year plan is updated ani the planning horizon extended by I year each year. 
It covers items such as (1) energy sources for the baseline year; (2) energy availability 
and price factors; (3) alternative energy sources; (4) major uses of energy by functions; 
(5) historical results of conservation projects; (6) 5-year energy use and cost projections; 
(7) applications for new energy technologies; and (8) action plan for implementing energy 

projects.
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Continuous Monitoring of Results 

Another key element of a successful program is the existence of a regular (generally 

monthly) energy reporting system. This system is integrated into the company's tradition

al financial reporting system, which is submitted to corporate management. The energy 

reporting system reports performance along the same yardstick used to define the multi

year goals, and it relates performance to the production volume during the reporting 

period. This continuous monitoring is essential to identify and analyze promptly any 

significant variances. It also ensures regular communication of results to top manage

ment, whose ongoing commitment is essential. 

Effective Feedback and Communication 

Getting the message to company employees is another typical element of most successful 
programs. The objective of the communication program is to demonstrate company 

and top management support for energy conservation and to make it a vital part of 

the firm's business ethic. Several companies have initiated award programs (e.g., cash 

bonuses, prizes) for their employees. Needless to say, the best communication program 

is no substitute for the visible endorsement and sincere practice of energy conservation 

by top management. 

Exhibit 22.2 is a checklist for implementing a corporate energy management program, 

including organizing program management, surveying energy uses and losses, implement

ing energy conservation actions, and developing continuing energy conservation efforts. 
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Exhibit 22.2 

Checklist for Implementing an Energy Conservation Program 

I. 	 ORGANIZE PROGRAM MANAGEMENT 

A. 	 Inform line supervisors of: 

1. 	 The economic reasons for the need to conserve energy 

2. 	 Their responsibility for implementing energy-saving actions in the areas of their 
accountability 

B. 	 Establish a committee having the responsibility for formulating and conducting an 
energy conservation program and consisting of: 

1. 	 Representatives from each department in the plant 

2. 	 A coordinator appointed by and reporting to management 

Note: 	 In smaller organizations, the manager and his staff may conduct energy 
conservation activities as part of their management duties. 

C. 	 Provide the committee with guidelines as to what is expected of them: 

I. 	 Plan and participate in energy-saving surveys 

2. 	 Develop uniform record-keeping, report, and energy accounting systems 

3. 	 Research and develop ideas on ways to save energy 

4. 	 Communicate these ideas and suggestions 

5. 	 Suggest tough, but achievable, goals for energy saving 

6. 	 Develop ideas and plans for enlisting employee support and participation 

7. 	 Plan and conduct a continuing program of activities to stimulate interest in 
energy conservation efforts 

D. 	 Set goals in energy saving: 

1. 	 A preliminary goal at the start of the program 
2. 	 Later, a revised goal based on savings potential estimated from results of surveys 

E. 	 Employ external assistance in surveying the plant and making recommendations, if 
necessary 

F. Communicate periodically to employees regarding management's emphasis on energy 
conservation action and report on progress 



Exhibit 22.2 (continued) 

Checklist for Implementing an Energy Conservation Program 

II. SURVEY ENERGY USES AND LOSSES
 

A. 	 Conduct first survey aimed at identifying energy wastes that can be corrected by 
maintenance or operations actions; for example: 

1. 	 Leaks of steam and other utilities 
2. 	 Furnace burners out of adjustment 
3. 	 Repair or addition of insulation required 
4. 	 Equipment running when not needed 

B. 	 Survey to determine where additional instruments for measurement of energy flow 
are needed and whether there is economic justification for the cost of their installa
tion 

C. 	 Develop an energy balance on each process to define in detail: 

1. 	 Energy input as raw materials and utilities 
2. 	 Energy consumed in waste disposal 
3. 	 Energy credit for byproducts 
4. 	 Net energy charged to the main product 
5. 	 Energy dissipated or wasted 

Note: 	 Energy equivalents must be developed for all raw materials, fuels, and 
utilities, such as electric power, steam, etc., to express all energy sources 
and uses on a common unit basis (e.g., Btu, kwh). 

D. 	 Analyze all process energy balances in depth: 

I. 	 Can waste heat be recovered to generate steam or to heat water or a maraw 
terial? 

2. 	 Can a process step be eliminated or modified to reduce energy use? 

3. 	 Can an alternate raw material with lower energy content be used? 

4. 	 Is there a way to improve yield? 

5. 	 Is there justification for: 

a. 	 replacing old equipment with new equipment requiring less energy? 

b. 	 replacing an obsolete, inefficient process plant with a new and different 
process using less energy? 

E. Conduct weekend and night surveys periodically 
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Exhibit 22.2 (continued) 

Checklist for Implementing an Energy Conservation Program 

F. 	 Plan surveys on specific systems and equipment, such as: 

1. 	 Steam system 
2. 	 Compressed air system 
3. 	 Electric motors 
4. 	 Natural gas lines 
5. 	 Heating and air conditioning system 

III. IMPLEMENT ENERGY CONSERVATION ACTIONS 

A. 	 Correct energy wastes identified in the first survey by taking the necessary mainte
nance or operation actions 

B. 	 List all energy conservation projects evolving from energy balance analyses, surveys, 

etc. Evaluate and select projects for implementation: 

1. 	 Calculate annual energy savings for each project 

2. 	 Project future energy costs and calculate annual dollar savings 

3. 	 Estimate project capital or expense cost 

4. 	 Evaluate investment merit of projects using measures such as return on invest
ment, etc. 

5. 	 Assign priorities to projects based on investment merit 

6. 	 Select conservation projects for implementation and request capital authorization 

7. 	 Implem-nt authorized projects 

C. 	 Review design of all capital projects, such as new plants, expansions, buildings, 
etc., to ensure that efficient use of energy is incorporated in the design 

Note: Include consideration of energy availability new equipment andin plant 
decisions. 

IV. DEVELOP CONTINUING ENERGY CONSERVATION EFFORTS 

A. 	 Measure results: 

1. 	 Chart energy use per unit of production by department 

2. 	 Chart energy use per unit of production for the whole plant 



Exhibit 22.2 (continued) 

Checklist for Implementing an Energy Conservation Program 

3. 	 Monitor and analyze charts of energy per unit of product, taking into considera
tion effects of complicating variables such as cutdoor ambient air temperature,
level of production rate, product mix, etc. 

a. 	 compare encrgy/product ;P'it with past performance and theoretical energy/ 
product unit 

b. 	 observe the impact of energy-saving actions and project implementation on 
decreasing the energy/unit of product 

c. 	 investigate, identify, and correct the cause for increases that may occur in 
energy unit of product, if feasible 

B. 	 Continue energy conservation committee activities: 

I. 	 Hold periodic meetings 

2. 	 Ensure that each committee member is an effective communications link between 
the committee and the department he represents 

3. 	 Periodically update energy-saving project lists 

4. 	 Plan and participate in energy-saving surveys 

5. 	 Communicate energy conservation techniques 

6. 	 Plan and conduct a continuing program of activities and communication to main
tain interest in energy conservation 

7. 	 Develop cooperation with community organizations in promoting energy conser
vation 

C. 	 Involve employees: 

1. 	 Service on energy conservation committee 
2. 	 Energy conservation training course 
3. 	 Handbook on energy conservation 
4. 	 Suggestion awards plan 
5. 	 Recognition for energy-saving achievements 
6. 	 Technical talks on lighting, insulation, steam traps, and other subjects 
7. 	 "savEnergy" posters, deca'ls, stickers 
8. 	 Publicity in plant news, bulletins 
9. 	 Publicity in public news media 

10. Talks to local organizations 
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Exhibit 22.2 (continued)
 

Checklist for Implementing an Energy Conservation Program
 

D. Evaluate program 

1. Review progress in energy saving 
2. Evaluate original goals 
3. Consider program modifications 
4. Revise goals as necessary 

SOURCE: Adapted from the U.S. Department of Commerce, National Bureau of Standards, 
NBS Handbook 115. 
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