
BTIOASS ENERGY
 

TECHNOLOGY REFERENCE NOTEBOOK
 

PrepareJ Eor
 

EGYPTIAN EF-'EC1'r[CITY AUTHORITY
 
Ca iro, C-gypt
 

and 

U.S. AGENCY FOR INIERNATTONAL DEVELOPMENT
 
USAID Mission: Cairo, Eqypt 

:5Thmiitted to 

LOUIS BEERCZR IPITERNATIDNAL, INC. 
lashinqton, D.C. 

Prepa -ed by
 

MERIDIAN CORPOPATION
 
Falls Church, VA
 

U.S.A.
 

SPTFMBER 1985
 

RENLM'\BLE ENERGY RES(URCES FIELD TEST PROJECT
 



BIOMASS 
 L - ECHNOLOGY 
REFEEE-ij NOTEi300R 

-,% :- i;, -

I 75. 

L, .. .. 

. 

l 

• . 
1 .7 ° 

E---.. ,,E. ,-,,.IN. 

" "Cairo,-Egypt, W ; 

A,', 

U-SA. ",lisin Caro Egypt :' " 

U.S. 

Prepared for: 
.MEGYPTIAN IACT[CITY AUTHORITY 

lC iro, Egypt 

and
AGENCY FOR INTERNATIONAL DEVELOPMENT 

US. II) Mission: Cairo, Egypt 

LOUIS 
Subm~tiitted to: 

BERCER I.NTERN TIO.NL, 
Washington, D.C. 

INC. 

Prepared by: 
MERIDIAN CORPORATION 
Falls Church, Virgqinia, USA 

SEP TEMBER 1985 



Cover photograph: Sludge thickeners for anaerobic digesters 
at the Back River Sewage Treatment Plant 
in Baltimore, Maryland. See Appendix C
for detailed description of this biogas 
production facility. 



TALEO CONTENTS 	 .. 

-7--7-777 7PAGE_'__ 
1. 0 INTRODUCTION . . . . .. . . . . . .. ...	 1..
. . . . . 1... 


2.0. OVERVIEW OF, BIOMASS ENERGY ..... .................. 2-'1
2.1 A Broad Overview of 'Biomass'.Energy Options ........... 2-1
 

2.1.1 Thermochemical 'Convers ion ........................ 2-4
 
2.1.1.1 Direct 0Combustion....................... 2-4
 
2.1.1.2 Gasification................ 
.... ..... 2-4
 
2.1.1.3 Pyrolysis/Direct Liquefaction.................. 2
 

2.1.2 Biochemical Conversion 
....... I..........2-5
 
2.1.2.1 An e o i Di e t o .. ... . . . . . I.. . .
 . 2
2.1.2.2 Fer-mentation ............ I...............~. 2-9
 

2.2 Viable Options for Egypt ................................. 	 2-10
 

2.24; Resource Availability. ..... .................... 2 10
 
2.2.2 Market Readiness ......................... 2-12
 
2.2.3 
 Economic Viability ........... ................ 2-12
 
2.-2.4 Industry Status... 
 2-15,


K2.2.4.1 
 Methane-rom Sewage Sludge.................... 2-15
 
2.2.4.2 Methane from Animal Manure .................. 16
 
2.2.4.3 
 Energy from Municipal~ Waste.,,.................. 2- 7A
 

3.0 	METHANE FROM SEWAKGE SLUDGE.............. . ............... .............. 3-1
 
Sewage Treatment Process Overview............... ... ........ 3-1
 

, 13.1.1 Sludge Treatment ......................... .... 3.3
 
3.1.1.1 Sludge Characterization ........................ 3-3
 
3.1.1.2 Thickening 	 ..................... 3-6
 
3.1.1.3 Stabilizat'ion......I................. 
 3-8
 

3.1.2 Anaerobic Digestioni.'............................ 3-9

7 o3.1-2.1 
 Histor and CurrentStat~us ............ 3-9 .
 

313Microbiology .......... 
 ...................... 
 3-12
3 2 System Options....
K 	 3I2~ '......................................d~~ae~dDiavntgs 
 3-14~
 
321Low Rate Digestion ...................... ............. 3-14
 

3.2.2 High Rate Digestion............................... 3-15
 
3.2.2.11 
 Heating, .... ......................
 3-16
 

3.2.2.2 Auxiliary. Mixing ............................... 3-17'

3.2.2.3 Pre-thickening....... .......... 
 3-17
 
3.2.2.4 Uniform' Feeding. ...... I 	 I
...... 

3233.2.2.5 Two-Stage Digestion................

323Anaerobic Contact~Process...................... 

3-18
 

3-19
 
3.2.4 Phase Separation .............. ........ 3-20
...

13 3.3 	 System Design Considerations ...... -. ....... .... 3-22
 
3.3.1 System Components.... .............................. ..... 3-22
 

*3.3..1...1.Tanks............... 
..........	 3 2
 
3 .3,.1.2 Heating................. 
. .'0. 	 ...... 3_26

3 3.1.3 'Mixing. . . .. . . . . . I.. ... ... . . . 3-28 - 0 

3.3.1.4 Covers':... 
........... jo'~...........3-31
 

3.3.1 *5s -Pipinig. . . . . .......... 
 ... .. .. . ... 3-35
 
3 ,3.31.6 Cleaing........... ..... .......... 13
 

0,j 

http:3.2.2.11


332Sizing of,,A nap robic, Di~gesters....................... 3-40

~~..3.3.2.1 Loading Cri~teria ......
 3 -40 "
 

3.3.2.2' Solids Retention Time'' .............. 3- 41
 
3.3.2.3 Recommended Sizing Procd'ure ....... 
 3
 

3.3.3.1 Solids Reduction.. ........... 
 346
 
3.3.3.2 Gas Production ..... .. . .. 3........... 


3.3.3.~4 Digester Operation................ 3-51
 
3
'Energy Production............
. ......... '.. 3-53

3.3.4.1 Treatmeut of Diges t er Gas................3-5.
3-5
 
3.3.4.2 Corrosion Factors......*-*....... 
 3-57~
 
3.3.4.3 Boilers ...................
.......... 3-57
 
3.3.4.4 PrimeMovers .............................
.... .. .. ...' 3- . 3-59
... .4 . 5 Generators.. .............. 3-60
 

3.3.5 Other Design Considerations .. ........ 
 361
 
3.4 -,,Environmental Impacta.s 
 . .. . 36. ' '3.4.1 Pathogenic Organisms .......... 
 .............. 63 
 ' 

3.4.2 Pathogenic Characteristics...3..6............... 
"' 


3-64
 .... .. ...... . ; .3 .4 .2 .1 .. Viruses ......... . . . ...... ,...;.... .. . . . . 3 6
 

,3.4.2.2 
 Bacteria ................................... 
 365

3.4.2.3 Parasites .................................... 
 3 66
 

- 3.4.2.4 Fungi .. . , . ...."4.... I .... . . . 3 68 . .
3.4.3 Pathogen Reduction During Digestion. ....... ........... 3-69
 
3.4.3.1 4Viruses............................... 
 3-69
 
3.4.3.2,Bacteria.................................... 
 3-70
 
3.,4.3.3 Parasites ....................... .....
3 4 4 . ... .. . 3-70
 . .
 Pathogen Survival in the Soil.............. ....... 371
 
~3.4.4.1 Viruses...................... 


. . . .3-71 ' 3.4.4.2 Bacteri. ... 
 371

,3.4.4.3 Parasi'tes .................................... 
 3 72
3.4.5 Potential Human Exposlure to Pathogens........ i.......... 3-72
 

$3.4.6 
 Other Environmental Iinpac~s ....... .... 
 3-73
3.5 Special Considerations in the Egyptian Context..................3-74
 
'.'' 4.3.6 -Current R&D Thrusts.............................s .............. 7
,$ 4 3 '.4s
- ' 

3.6.1 Industry R&D ........................................... 
 3-76 -.~---J
 
3.6.2 U.S. Government R&D...................... 
.. 3-16.
 
3.6.3 Other R&D~ .. 
 . .. . . . .. . . . . . . .. . . . . . .
 3-78
 

4.0' METHANE FROM MANURE ............................................... 

4.1 Process Description/Overview 

4-1
 
......... 41
 

4.2 Technology Description 42.
$..................... 4 43 System Design Considerations.. ........... 
 ...... 4-8
 
'4 4.3.1 Resource Inventory......................................4-8
 

4.3.2 
Component Selection .............................. 
 ... 4-8
4.3.3 Energy Applications ..................... I....... I......... 4-11 ~ .44Environmental Impacts ...... 44..................... 
 4'-12
 
4.5 Spca osdrtosin-
 the Egyptian Con~text.. . ........... ~ 4-164> 
 .4
4.6 Current R&D Thrust-for Biogas Technology 
 .... ..... ..... 16


4.6.1 Egyptian R&D 
 ............................................ 
 4 16
 
4.6.2 U.S. Government R&D ...... 
 ......................... 
 19
 

' V4.6.2.1 'Agricultural Research Service6.1....... I..........4-20, 4~44
 

4.6.2.2 Biological4.Energy 4Research Division,.DOE......
4.6.2.3 Office DOE ...........
4 6 2
 
-4. . .,
 4 .,Biomass Energy Technology Divisions DOE 
 . 22


4 4.-44-- 6.3 Worldwide:Experience- Using Biogas.;Technology. -23, 



'' i ) I.'4 	
, : 

:- "+ 	 ++ . 

5.0 	ENERGY FR0M,,MUNICIPAL'SOLID WASTE . ........................ 
 1
 
5.1 	 Overview of Process options......).............................. l 

5.1.3 Refuse Derived Fuel ..................... 
 5-2
 
5.1.4 Anaerobic Digestion of Municipal Solid Wastes...".......
5.1 5 Landfill Gas ...................... 
 ..	 

_-________________! 

54J 1 Mass IIIIneaIIIIIIIIIIIIIIIIIII,,,* ,.... 

Source Separation .....................
 

5.1.6 Pros• and 'Cons of 	 •e 

5... ,...
5-
55 9, 

........
the Options ............................ .55 AI
 
5.1.6.*1 Resou.rce Availability ..... .......... 5-5* 9
 

5.1.6.2 Market Readiness..............................
 
5.1.6.3 E•onomif Viabilit .................... . 5 7
 
5.1.6.4 Indust Si
tatus......................... 
 .. .... 5-7 

5.2 	 Mass-BurnTechnoogy Descripti 
............................. 
 5-9
 
5.2.1 Site Built Systems.......... .... ................ 5-9
 

p.2.1.1 RefractorySystems.......................... 
 59
 
5.2.1.2 Waterwal- Systems
' ...................... 
 5-9
 

5.2.2 Modular 4Systems .................................. ~ 5-13 4

53 SystemDesign Considerations......... .. ........... 5 16
 

5.3.1 Energy Applications ........ ........... 516

5.3.2, Resource Invontory & Characterizati0n ............... 5-16
 
5.3.3 Site Selection .............. o...................... 5-21
 
5.3.4 Input Waste Processing..................................522
 
5.3.5 Combustion System....................................... 
 525
 
5.3.6 SysteL- Sizing 	 ... 
 ..... ... ...... 5 28 
5.3.7 
 Operational Considerations .. ..................... 5-29


5.4 	 Environmental Impacts... ' ..................
 5-32 
5.5 	 Special Considerationsinthe Egyptian Context ..... 
f............ 5 3
 

5.5.1 Public Infrastructure....................... 	 5-4.......5
3
5.5.2 Waste Availability.............................5-35
 
5.5.3 Industrial Development......... 
 5-35

5.5.4 Experience........................... I........... 536
 

5.6 	 Current R&D Thrusts 
. . . . . .. . . . . .I. . . . . . ...... 5-384
 
5.6.1 Industry R&Dent.R38........ 	 . 5-38
 
56.2 U.S. Government R&D..................................... 538
 

5.6.2.1 Technology Transfer ...... ,.................. 5-39
 
5.6.2.2 Liquid and Gaseous Fuels Research .............. 5539
 
5.6.2.3 Biochemical Research .. .. I.......... 5-40
 

- 5.6.2.4 Base Research................. ......... 5 41
5.6.3 Other R&D. ........ . ..................... 	 43
 

6.0 	 ENERGY APPLICATIONS ................ .................... ........ -1
 
6.1 	 ThermalApplications •.............
.
 ...... •.
 

6.1.1, Space Conditioning...................................... 6-21
 
6.1.2 	Industrial Processes and''Agricultural Applications ..... 64
 

6
6.1., Desalination ..............
 ...
 .... .................. 6 	
6.2 	 Mechanical Applications ........... 6-7
o................. 

6.3 	 Electricity Generation 
 .............................
! ........ 6677

6.4 	 Cogeneration...................... I.............. I........ 6-8
 

7.0 
ECONOMIC ANALYSIS 	 ............................. 
 .. 	 7-1
 
7.1 	 System Size...........................................~. 
 7-1
 
7. 	 Estimation,of Cap tl Costs .. ................... .7 7 2......... 

7.3 	Estimationts of ARn... lC .... ...... ..........
 
7.4 	 Estimation of Revenes ................................... 
 74.
4. 7.5 Lif 6-Cycle Costing ....	 , ....... I.................. 
 7-4
 
7.6 	 Sensitivity Analysis. ..... 
 ....... ............... 	 7-5
 

-7V 	 0i 



4, 4 ~"4~ 

,4, 

~ 

.4' '~' 8 1. Anaerobic Digestion.. . 

8 2 MunicIpal Solid Waste..,.,..,................ 
8 ~ Manufacturers Address.... ......... 

. 

*...*~.*~*** 

............ 

~44 

~ * .. 

8 
8 

2 
:~y~4

4
444; '44 

APPENDIX 

APPENDIX 
APPENDIJC 
APPENDIX 

APPENDIX 

A: 
B: 
C: 
D: 

E: 

ANAEROBIC DIGESTION VISIT BOOK . ,,, 

~{UN ICIPAL SOLID WASTE V)SIT BOOK , 

ANAEROBIC DIGESTION SIZING/SITE SELECTION GUIDE 
SAMPLE CALCUIATION OF GAS PRODUCTION FROM A SECONDARY 
SEWAGE TREATEMENT PTA NT 

'4 ,MUNICIPAL SOLID WASTE SIZING/FEASIBLITy GUIDE 

4' 

4'~4 

BIBLIOGRAPHY 
4" 

,,44 

~"' (1 

44~4 
44 

44 

(4 
ft 44 44 

44. 
4. 

44. ,~;44. 4 

4. 

4") 

44 

I 

44.4 

~~44 ,~ , 

44 . 

44 

44 

.4 

. 

4 

44 

4,, 

44 

-, I. 44 

A 

V 4
<ii 

44444j4 
4 

4*i 

* 

4' 
4, 

4 

44 

44 ft 

. 

4. 14.4y 
~ 

,~4.4 I 

~44, 
.4, 4 ~. ,; 

~ .-~'s 4~ 

4~44,4(444~ 

44'.,' 

'4 

~' 

.~. ft 

'~ 4.4 

4., 

444 

44 
4 444 

/('4 

44 4 

44 

444 

~4~44 4 

4 

t'~ 

44'", 

44%4:
4 A. 

~ 4 ,4444444444444 44 
444 '.4444444444. 4,4444,4.4 44 ~ 4444444~444 444 4 4444 4 44'

4. 4k'. ~44)444 44~' 
..

4 '
r ~4' '4 .4 .44'444I~ I 4444 4.>~44444'.~ 

4 
44~44 (~~ / 4j ~ 4 444~ 4 44'44" 4' 444~-4~ 44 444 44,44 

',4. ft44 
"4 444.444 44 

'C~~'~~L 
44~ 4~44,4'4 .4.4444 ~,444 4 



LIS T OF EXHIBITS' 

T7-EXHIBIT: PAGE 

2.1 Cycle of Biomass Energy Production..........................
 
2 2 Muni(.ipal Solid'Waste'Incinerator for Direct
 

Biomas
s • 	z• ustion.. ........... ...... ... ..................... 2-3

2.3 	 Characteristics-iu _ :eob ic DigesterSystems."
............. 2-7

2.4 	Anaerobic Digester Designs9............... .......... 
 28
 
2.5 	Annual Biomass Resources in Egypt .............1- ............ 2-11
 
2.6 	Estimated Biomass Energy and Contemporary 'Reference
 

Ssts.........................................................2-14
 

3.1 
 Sewage Treatment Process. Schematic ........................
 
" 3.2 Summary of the Anaerobic Digestion Process 	 3-2
 

.......... .3-12
I .. 
3.3 	 Low-Rate Anaerobic Digestion Syste.... ......... ....... 315...
3-15
 

. 3.4 	 Single-Stage, High-Rate Anaerobic Digestion System ............ 3 16

3.5' Two-Stage, High-Rate Anaerobic Digestion System . .
 ..... 381....8....
 

S 3.6 Anaerobic Contact Process ......... ....... .... ..... 319
 
3.7 	 Two-Phase Anaerobic Digestion Process.. 
 3 21..4
 
3.8 Cylindrical Anaerobic Digestion Tanks........................ 3323
 
3.9 Rectangular Anaerobic Digestion Tank................... .. 3-24
 

3.10 	 Egg-Shaped Anaerobic Digestion Tank....................... 325
 
3.11 	 Circulation Patterns Produced by Draft Tube and Free
 
3.12 	 Gas Lift Mixers........ .......
 "............3 2
.3.


Types 	of Digestion Covers ................................. 
 334
 
,,3.13 Digestion Drain System................... .............' ;.... 3 39
3.14 	Typical Design Criteria for Sizing Mesophili Anaerobic
 

Digesters................................ 
 ...................... .
 3 -41

3.15 	 Effect of SRT on the Relative Breakdown of Degradable Waste
 

Coot dMh Pd i.............................. 
 3-43,

'3.16 	 Effectof Temperature and SRT on the Pattern of Methane
 

Production and 
Volatile Solids Breakdowno............ ..... 3-44
 
3.17 	 Gas Production for Several Co*pounds in Sewage Sludge..........
 3-49
 
.3.18 	Effect of Temperature on Gas Production 
...................... 
 3 .50
 
3.20 Eomergy Fioo Biogas........................................ 3-52


3.20Enegy lowThrough an Anaerobic Sludge Digestion

System.......................................
 3.354
 3.21 	 The Release, Conversion, Forms and Uses of Energy from
 
Sludgen.......................... 
........ 
 ............... 	 355
.

3.22 	Schematic of Combined Boiler/Condens er System for 
Hot Water Production........................................... 

3.213 	 Pathogenic Human Viruses Potentially in Wastewater 
3-58
 

Sludge................................................. 

3.24 	 Pathogenic Human Bacteria Potentially in Wastewiater. > 

3-65
 

. .
Sludge . . . . . . . . . . . . .. . . . ........... .... 3-66: . - .~
 

3.25 	 Path~ogenic Hmnand Animal Parisit'tes Potentially in 
Wastewater Sludge............. 
 .	 . . ...... 3-67,
3.26 	 Pathogenic Fungi' Potent tally in Wastewater Sludge...... 
........... '1
 

3.27 	 Pathogen Occurrence in Liquid Wastewater Sludge........... 3-70
 
3.28 	 Pathogen Survival in Soilq 
......................... 
 ... 	 3-72
 

''. 3.29 Potential'Pat~hogen Pathways to a...,..................... 373
 



4 

EXH~3 ' 

PAGE
 

IBI LITOEXHIBITS
 

......1.. T 
 let -Mi 
Dig.e• ter . ............ ...
. 4-3r
 
4 T4Compaison of Complete-Mix digsePlgFo ........ PAGE
-


Smplee BCoplete-its Dings tr. ........... .. ,.. .. +
.. 4-3 +
 

. Manilem
4.5 Poduti'..of' ComplteMix.............................agyd Plug..Flow.Digester................415
 
4 

CPrsn ..... 4 -7ir~ ~ 4.3. Pl gaFoDigeterbigSe........- .........++...................+....4-3+++
'lug-l .. ... +.........
.............................
5S11Comarisony of EnariyValues ofk 
.......... 4

foricAnaeoic Distion,-.
 

.6.Manurrodtion.. Fuel . ........ ....................... . 5-3
 

+"+++...+ r 5.2 Cross Section of 
Typical Refatry Mass Incineration :i 
 !! + +I+?+<L
4.7 ogsl Pluming Scf.mtic. o. ............... 4910
 

4 Pr.....ac.8lit Biga U' in Egpt.................,.. *...... 8
511
 
56 Ne 
Quantity and Composition

b 
of PostConsumer Resientia
and Commercinal Solid Waste tile
Type fMateial 


.3(CrtismStcAnofyical W..... 
 s .. ncineration.52
98e .... ................................r..a.....Ma ...
 538 ' 

5+:.7a r|unti [tLetj of Refune and Anoc ated Materials ... + =::+. ; . 5-1i9 :.. .... . .
 

S 5. Ne anste Tupia
5.8 TypicalnityChemical CompositioncmstionRipfaacOfof Post-ConsumeRoefuMeacomponetsReidnta
,+ +m- + 3'+ 


5.9 Trommel for Waste Screening .•.. ... .. ........... 523
'++5.73Summaryie of orieIn~and oryofte Wateito Enr' ' 518.., +:
5.52 Cr086....Secin. .. ..... i................
5.4o 5142
+5.10r Waste Shredder.Combustor .. ,15-24+Syste.............5 12
, 5-26
+ +. +++ : T7.. 


6 U1 etn......
Sac ......................................... 
 6-3
 

.2 ppliations Temperature Ranmesfor SomeIndustrial Process
 
and Agricultural Applicatso)ns
'. ............................. 
 2.3, Topping and Sottoming Cogeneration Systeros ....... .......... 6-1
 

6.1Sace 
 ati.g.. ytm......+..... +++.... ;........................6
an+giulurl pplicat"ion 5 . . .:g: ...... + ........ . . . . .
 

++r': . .. + .. . 6
 

6.3 Topn n Bottoming+ +....
Coeerto Systes..................6 1
 

3.3 : +'3+ '43 ' ' 

+: +'>:
r3' : 4+ /++' ++'+ C
" +
 

T ~ l+ sT . .. + ++• ....+J"
 

http:ncineration.52


1.0 INTRODUCTION
 

This document is one 
of a series of Technology Reference Notebooks
 

developed for the Renewable Energy Field Test 
(REFT) Project sponsored by USAID
 

and the Government of Egypt. 
 The serieS includes individual notebooks 
on the
 

following energy technologles:
 

- Active and Passive Solar 
 - Photovoltaics
 

- Biomass - Solar Thermal 

- Geothermal - Wind
 

The objective of this series is provide the most
to 
 current information on
 

renewable energy technologier in an 
easvly tipdated and easily retrievable 

format.
 

The Biomass Energy Technology Reference Notebook is 
intended to give a
 

detailel overview of all phases of hiomniss energy development, from initial
 

resource assessments t1rouLQh operation.
pro jOeCt Areas such as resource inventory 

development, environmental ipact ,issessment, combustion system design, sewage 

treatment plant design, microhiolo!;, pthologpy, application designs, and 

economic considerations are covered in sufficient detail to theallow reader to 

be "conversant highly lIzedin these ser fields. The notebook emphasizes 

biomass energy systems which are inoot appropriate in the Egyptian environment, 

namely municipal solid waste incineratlon and hiogas production from sewage and 

from animal wastes. The appendices include a Biomass Projects Site Visit Book,
 

providing information on specific projects that have been installed worldwide; 

and extensive product literature obtained from manufacturers, suppliers, and 

service companies in the United States. 
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2.0 OVERVIEW OF BIOMASS ENERGY
 

Biomass fuels represent a sLgnificant and diverse set 
of renewable energy
 

resources, many of which are 
prusentlv In widespread use. In this introductory 

chapter we will first present a broAd ov rvlw of biomass energy options and
 

then focus on specific options Il -i v to be viable 
 in Egypt. 

2.1 A BROAD OVERVIEW OF BIOMASS ENERGY OPTIONS
 

Biomass fuels provide almo:;t 1 5 percent 
 of the energy used worldwide,
 

mostly through the direct combuI:son of wood. 
 Half the people in the world
 

today are using biomass to meet 90 pornent of 
 their energy needs for cooking
 

and heating. The 
 Egyptian rural population depends upon bio-fuels to meet 50
 

percent of its energy needs. In the U.S., 
 biomass supplies almost as much 

energy as nuclear reactors or hydroelectric plants. 

Blomass is organic matter derived from plants and animals. There is no
 

single biomass energy technology, 
 but a number of biomass production techniques
 

and conversion technologies that iaerrelated
are in various combinations.
 

Biomass resources include wastes and 
 by-products from industrial and agricultural 

proces ses, plus biomass produced specifically for conversion to energy. The 

resource ba se includes: (1) municIpil solid wastes and sewage, (2) residues 

and wastes from agricultural, forestrv and livestock operations; (3) by-prcducts 

from the food processing industry; (4) grains and sugar crops; and (5) woody, 

herbaceous and aquatic crops 2ravz specifically for conversion to energy. 

Biomass can be converted to solid, liquid and gaseous fuels through 

thermochemical, biochemical and extractive processes. 
 The resulting energy 

products can he used by residential, commercial and industrial consumers for
 

heat, power and fuel; by utilities for electricity production; and the chemical 

industry for petrochemical substi!:utes. Exhibit 2.1 illustrates the biomass 

energy production path. 
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EXHIBIT 2. 1: CYCLE OF BIOMASS ENERGY PRODUCTIOA1 
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2.1.1 	 Thermochemical Conversion
 

Thermochemical conversion processes use 
heat to convert biomass to fuels
 

and energy. There are four thermochemical conversion processes. 
 Direct combis

tion produces heat which, in turn, 
can produce steam for use 
in industrial
 

processes or 
electricity generarion. Gaification yields low-, medium- and
 

high-heat content 
gas which can ho 
used directly an; fuel. Medium-heat content
 

gas can also be refined InLo a natural gas substitute, methanol (wood alcohol)
 

and ammonia. Direct lquefaction converts; bioma:ss 
into crude oil. And lastly,
 

pyrolysis yields gases, oils and solid char.
 

2.1.1.1 Direct Combustion
 

Traditionally, biona s 
 has been burned in open fire 
stoves in villayes.
 

This is 
thermally inefficient (< lO), although design improvements can double
 

the efficiencies of cooking stoves.
 

Many larger scale direct combustion applications exist in which agricul

tural residues or municipal wastes 
are used as feedstocks for incinerator/steam
 

turbine systems to produce steam or electricity. 
Both large and small scale
 

direct combustion projects utilize mature 
technologies to produce thermal energy
 

for a variety of applications (see Exhibit 2.2).
 

2.1.1.2 Gasification
 

Gasification of biomass is accomplished by heating the material in 
an
 

oxygen-starved container and extracting combustible gas 
for use as fuel. A
 

successful gasificstion operation requires properly constructed hardware, 
a
 

feedstock whose characterist.cis are well-established and careful and constant
 

procass monitoring and control. 
 The gas Is typically a mixture of methane,
 

hydrogen and carbon monoxide. It has 
I(vZ to 20Z of the heating value of natural 

gas; thus it is best used at or nuar the si te of production to supply process
 

heat and steam to generate electric power.
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2.1.1.3 Pyrolysis/Direct Liquefaction
 

Pyrolysis i. the chemical decomposition of organic material, at high
 

temperatures, In the absence of oxygen. Products from the pyrolysis of wood
 

and agricultural residues 
are li iht oils, gases and charcoal. The slow heating 

of biomass, characteristics of conventional pyrolysis, typically yields these 

three 	products ta equal amounts. Rapidi heating, called "fast" or "flash'
 

pyrolysis, substantially 
 increasuB the quantities of the higher-valued light 

oils and gases. Direct liquefac Lon in a related process which, in a broad 

sense, 	 includes any thermoch-mical ccnverslon process that produces liquid
 

products (crude 
 oil) from biomass feedAstocks without going through a separate, 

intermediate gas phase. 

2.1.2 	 Biochemical Conversion
 

Biochemical conversion processes involve 
the controlled decomposition of
 

biomass by microorganisms. There are two biochemical conversion processes that 

have been examined extensively for fuel production. Anaerobic (oxygen-free)
 

digestion yields 
 biogas, a mixture of methane and carbon dioxide. Fermentation 

by suitable microorganisms in an anaerobic environment results in the production 

of ethanol.
 

2.1.2.1 Anaerobic Digesnion
 

Biochemical conversion processes utilize microorganisms which break down
 

biomass feedstocks into simpler compounds, giving off energy in the 
process. 

Anaerobic digestion and fermentation are two microbial degradation processes 

used for the production of blo-fuels.
 

Anaerobic digestion provides an energy-efficient method for converting
 

very wet biomass resour:cs such Rs municipal sewage and animal manure. 
Exhibit
 

2.3 lists the characteristics of several anaerobic digester systems. Gaseous
 

energy 	products readily separate 
irom the liquid component and relatively 
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unsophisticated technologies 
are required for collecting the gas. In an
 

anaerobic digester (essentially an enclosed gas-tight tank containing an aqueous 

slurry of biomass material), the aihsence of oxygen, and temperatures between
 

35°C and 60'C, favor bacteria 'hifch doo:o:pos 
 the feed Into biogas consisting
 

of 50Z-70% methane, with 
most of the remainder as carbon dioxide. 

The biogas formation rate depends on the feedstock retention time, pH,
 

temperature, and the 
nature of the ubs-rate. Cellulosic materials, such as crop 

residues and municipal solid waste, prnditce hLogas much more slowly than sewage 

sludge and animal manure. Varions aq uatic plants and wet food processing
 

waste, 
 such as those from cheese and fru it processing, are well suited for 

digestion.
 

Anaerobic digestion involves 
a number of different bacteria and the exacL 

biochemical processes and relaticnships are not yet fully understood. The
 

basic anaerobic digestion reaction, are as fllovs: 
 (1) decomposition (hydro

lysis) of 
plant and animal matter Into usoable size molecules, such sugar;as 

(2) conversion of the decomposed matt er to organic acids; and (3) conversion of
 

the acids to methane. At least two different types 
 of bacteria are involved. 

The methane-forming bacteria (methanogens) involved in step (3) above are
 

especially sensitive 
 to changes In temperature, pH1, or the presence of toxins. 

The necessary bacteria may be prsec in ':he feedstock (as with cattle manure)
 

or they may be introduced into 
 the ruictor upon atart-up. Biogas production 

begins within a few days although complete stanbilization may take months. 

The energy conversion efficiency in digesters is typically about 50 percent, 

with the remaining energy used in haoirerial cell growth and respiration and 

heat loss. An overall thermal/bicchumical conversion efficiency of 30 percent 

is obtained if the biogas 
is then birnzd in appropriately designed burners. 

Biogas productinn Is a relatlvel straightforward technology and numerous 

possible digester designs are available. Selection of a specific design is
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illIII '.3 QIAbATI'A'R:'STIC5 OF ANAEROBIC DIGESTER SYSTEMS 

TYPE OF SYSTPIH APPLICATIONS AND INIUTS SCAL.a STA)E OP DEVELOP.-r ADVANTAGES DISADVANTAUS 

Landfill 
 Ex .Stfng and ylne.) 2lY tuna. Co.ercial ft ra l" Low" co-t, tankalandf lll,. Snic; :a" 
Cy sa generation

U( c.te
so l id Wa s te s , me n ..e o.dw-e c.' 
landtll, contr:lled not Ian oc lad fllli:ls 1n pilot 

required, . l y : ,, ye d rH 
high loadingflUdge, waro :iI. in -.. ins lanj:c 
 *I* . stg'e rat,s possible, fill., gas '1age1, :.hI[ Ili) no moving parts 
 onalte 
a.ny prenent
 

Single-tank pro!le'.%All types 
of organl,:,
pl u g f low fa m 'a n d 5-llr cooperatiorr e e d l t 1 Coaercial L w c u r t , s i pl e Low asI1 1d a Wa s t e s 
design can r,, .y atrt Iy
high solids 
wastes, cSn 
have
 

gravity feed and
 

discharge
Mutlitank 
 Can accept all typeu S;ill to Commercialbatch ayl.tem of wastes, liited in Asia Simple, low main- Gas genera',nlargee not 
c
application crop o 

teAnce, ow cost, cont"i nuc q, anbd)r
Complete digelston Inte'llag Ind an:' 

residues, graaseu, 
chicken broi lels, 
 Of 
 Iaternals a
e 


turkeys 
Single-tank 
 All types of organics, S-ali to Comnzercialcomplete Provenmix sewage treatment, large relabil- Greater nput en1rgyPtye rks welf a ru a n d f e ed , [t troter tt'.-I C Y , Wo r k . 1 1 t o rllr, liie r " . h'l :Iunicipal soil'!Aate l on all types of er c.at thlanwastes plugflow
 

Anaerblr. ewage slurI. sinI tteIIa t," Coamerclal, forcontact utter o rganlra, 
seW- Small tans shea, Tw. tar. Oe-essnr.,

appl Ic,-ovry operation tot
hla) ted I- - age treatnment 

ricl
tion (see variable overly crtical
 

feed)
 
Two or three 
 Cellulosic feedatocka 
 ?tedlit=to 
 Pilot scale 
 Alloas more cow-
 Feed rates vary with
phase 
 large 
 plete decompoul- feedatkcg, 
 have ot
 

tion, greater gas 
 been atrempted ;oil
 
yields, greater 
 scale, requi., tlght

loading ratel, 
 control, Und msnod 
low retention sInt of the opera
timesPacked bed tionDilute orgsnica.lsewAgl 
 Hodiu= to Commercial, as waste 
 High loading rates Tendsfood-proceaslna wnLtea, to clog Withlarge treatesent technology posible,very dilute snlal short organic particlen,
etiotwastes - industrial t organic to l.t 
retentiom times 
 rl-a,to dtl' Ce
 

and commercial 
 .. tes 
Expanded bed 
 Dilute organics-sewa,. ndter- laboratoryfood-procesinK High loading rates Notvery dilutesltt :_i waae developed hlghl n-

wastes low tesperature energy input to 
digestion, high operate pomps, noquality flat, 
 operaig data
 

short retention
 

Kixed bed t I.aea
Sewage sluge, ati..) tksual to Pilot scale Past throughputs,
ceasing fdatem Tends to clog, high
-

high loading
fairly dilute ix_- pumping energy in
rates, highercure put, no operating
 
solids Input 
 data
 
than packed beds
 

Variable feed 
 All types of organics, Sasll to 
 Conceputal-combinea 
 Allows seasonal
farms and feedhtrts Feed-rtschtrge ay.edlu. plug flow with peaking of gas requir,, etra po, p
anaeroic co.tat production, pre

serves nutrient
 

value of materIal, 

low cost
 

a Scale defined as small - 0 to 100 3ale itaa - 100 to 300 3 .. and large - cver 300 .
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Chinese Design of a Bingas Plant 

Gas ventInlel pipe Outlet Cove, Gas ou'ei pice 
clate7
 

Formc.a rilai iFon 

O'.g6.1.s,., j 4,.,n>
. Eo 


Feeding
Diagram of a Gobar Gas Plant (Indian) funnel 'L 

Gas 

q3
4 hoilef 

Feea pipe 

0 1E Co'cnse;
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 ,a ! [ t I r a , 

Spe-: s urr,Plug Flow Digestion System -Fo rrt on rece,.vi,; 
1 , 

2C --ArI aIm!en.Sons in mete,s 

Gas uilizatron system 
PveihanQ & Co., ea:iot heal 

Feed pumnp Insulation 
insuxible 

4a , *co- . -

Feeci recycle Baffle 

-,. _L 
 --- ,.,. T-:..r.a, .; _
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dependent on the feedstock, 'availability of low-cost labor and the purpose of
 

the digestion process. Exhibit 2.4 illustrates some so me of these designs.
 

Major advantages of digestion, especially when compared to combustion
 

of dung or wood fuels, are the abiliity to use wet feedstocks witiput"drying,
 

the greater energy conversion efficiencies realized, and the ability to 
 use the
 

resulting sludge by-product as a soil conditioner, fertilizer, and possibly as 

animal feed. Since.the digestion process is one of waste stabilization, killing 

l'-most pathogenic bacteria and parasites contained in manure and sewage, improved
 

public health and hygiene from increased pollution control is a further benefit.
 

In urban areas, sewage is typically, collected through existing networks
 

and thus is readily available to be fed into anaerobic digesters. The biogas
 

can either be burned in internal combustion engines to generate mechanical power
 

or 	electricity, or the carbon dioxide 
can be removed and the methane used as
 

fuel for automobiles or sold to local gas utilities. On-farm digesters utilize
 

animal manure and agricultural residues to supply farm energy needs, such as
 

.	 heating and electricity. Family/village size units may also prove feasible in 

rural settings using a combination of human wastes, agricultural residues and .. 

manure. Village electricity needs can be met or the gas can be piped short
 

distances to villagers' homes for. use in cooking stoves. 
Raw biogas typically
 

has a heating value of about 18,600 KJ/m 3 
or 	half that of natural gas.
 

2.1.2.2 Fermentation
 

Biomass-also can be 	 fermented in an anaerobic, (oxygen-free) environment ad. 

by 	 yeast or bacteria to produce . hyl alcohol. Ethyl alcohol, or ethanol, can 

be 	 used for space heating; as the sole fuel in modified engines or combustion
 

turbines, as a blended fuel in conventional gasoline engines, and a solvent,
as 


or reactant in the production of organic chemicals, plastics and fibers. a
 

The- production of ethanol Involves 
 (1) treating the feedstock to produce a 

-a , , a-] 	 < 2. . a' ,. 

', -,-<], :: -: 4t 7
L, -'< 
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' concentrated and sterilized sugar solution, (2,) converting the, sugar to ethanol 
andIcarbonand dioxide through fermentation, and (3) distilling to remove 	'ethanol
 

from the fermented solution. Ethanol can be produced fromsugar cro sua 

'cane, 	molsses, sweet aorghum, etc), starches (corn, potatoes cassava, etc. ), 
and fromacelluloses (wood, agricultural residues, etc.). The intensity of the 

required '.reatment process increases with starches and especially with cellulosic 

feedstocks. In general, processes for ethanol'production from cellulosic feed

stocks are more 
complex and larger inscale than those from starches and ,, -

su g a r s .	 '.
 

2.2 	 VIABLE OPTIONS FOR EGYPT
 

The biomass options mostlikely to be viable for Egypt can 
be identified
 

'
by assessing resource availabfZlity, market
 readiness, economic viability, and
 

2 industry status.
 

2.2.1 	 Resource Availability
 

Because of their diverse and dispersed nature, bio-energy resources can
 

be difficult to quantify. 
However, Exhibit 2.5 presents estimates of the
 

annual resource base available to Egypt. As 
this exhibit indicates, the largest
 

:single biomass 
resource is agricultural residues 
- approximately 20 M tons 
,' annually. Although there are considerably more tons of sewage sludge, the energy
 

content of the agricultural residue is much greater, as 
shown in Exhibit 2.5.
 

The principal residues 
are those 
from cotton, sorghum, maize, sugarcane, peanuts
 

and sesame. . 

2 The two primary uses of the Egyptianresource base include direct burning 

and anaerobic digestion. Direct burning of agricultural residues and dung cakes '2
 

(which 	is only about 10 percent ,efficient) completely destroys the organic
 

matter 	and nutrients available in the feed. Conversely,anaerobic digestion
 

produces a residue'which 
can be2 used to meet in reasing demiand for fertilizer
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and soil. conditioners
 

EXHIBIT 2.5 ANNIAl, 11TOMASS, RESOURCES !N EGYPT 

Quantityv on Dry Ton EnFrgy Conve rs ion Net Ene ri,, 
IIt i : a ; Content Efficiency Oit)u tResources Potenrial ElIle r!,y* % 1l
 

6
Agricultural 20x,0 I Ox IO) 200 810
 
Residues
 

Animal Kxcreta 3x10 6 6
l.5x10 17 8 
 1.4
 

Animal Power 96 10 10 

Municipal Refuse 2x10 6 
 27 
 -


6
Sewage Sludge 250x10
 29
 

* The rest is used as animal fodder and organic fertilizer.
 
I - Supply; 2 - End Use
 

while also providing energy. This asvt is extremely Important in this region
 

of decreasin g agricltwLral. productfvit. 
 The present deficit in farm
 

yard mrantur, wa:ited fc : fertilize r compared to that which is available 

is more thin 80 :nillioll tons per yeir. The use of agricultural residues 

for anaorobic di,-,estlon is ton Iffea Ib hn, crmbined with an active soil 

conservation effort. The combined e11,r n: value of agricultural residues and 

animal wastes in 'Egypt is estlimatol at. 217%10 1 5 J annually. 

Municipal wastes are a resource thlat is not only significant in size but 

significant as a highly visible pu l Ic problem. The waste collection and 

disposal infrastructure in most O fqypt urban areas is not keeping up with 

the increasing qiantities of wa.;t. 1.! , enirater,. This resource canl be 

considered highly available. 
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2.2.2 Market Readiness
 

Crop residues currently supply approximately one-third of the total energy 
consumed in Egypt. Animal wa;te; provide about 8 percent of the energy consumed 
in cooking applications. The potren Ifal nergy ma rke: In Egypt consists of some 

4,000 rural farm communities, encomp-ass ing about one-half of the populaLion. 

Digesters can often be adapted uo socific c nditions and end uses and implemanted 

using locally available materials jud labor. Although much of the current 

energy market involves large scale operations, there is conside rable interest. 

in efficient, sinmall scale syntem:; and there have been technical breakthrough s 
in the development of low-cost dige.;t,_ s In countries as diverse as China, 

Tanzania and the U.S. A currently "ntapped market for large scale anaerobic 

digester systems that utilize munici pal se;wage also exists.
 

According 
 to the Egyptian Narlonal Strategy, an attempt will be made to 
establish 400,000 digestlon units by the year 2000, Including 25,000 large

scale units. It is estimated that 6 percent of the total rural energy needs 

and a significant portion of fertilizer requirements can be met with this
 

prog ram.
 

Approximately 
 15 million liters of ethyl alcohol are produced annually 

in the sugar inadustry in Egypt by Industrial- fermentation of molasses.
 

However, 
 most of thin is not tt:tll, I : as,I fuel.
 

A market for energy genera tion 
 froa municipal wastes exists in Egypt, 

not only because there is a need fir adtol onal electricity generating capacity,
 
but also there Is a 
 need - an Imp,_ratye - to solve urban waste disposal problems. 

2.2.3 Econom.c Viability
 

Since transportflng animal andt agrIculture wastes long distances is very 

costly, the most economic use of dlgester,; Involves on-farm systems using local 

wastes in a beneficial manner. 
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On the 	average, 15 percent of 
the energy produced by an anaerobic digester
 

is used to heat the waste entering the system and 
for the other operating
 

requirements, 
e.g., pump!i g. Th1 r+'pAnder of the gas is surplus energy.
 

Removal of 
the carbon dioxide and s;al ,f the methane gas to natural gas pipelines
 

is n6t feasible in small operations because: 
 (I) gas pipelines are often not
 

readily accessible, (2) the cos! 
of carbon dioxide removal equipment is high,
 

and (3) revenues 
from gas sales would probably be relatively low. In very
 

large systems, production of pipellno quality gas m,:y 
be feasible.
 

In most on-farm systems, .iL*-st r energy output 
is sufficient 
to meet the
 

energy needs of livestock operation and, in about 50 percent of 
the cases, also meet
 

the farmers' 
home energy needs and possIbly allow for a small net export of
 

electricity. Thu most econo:m.'ic.lv att:ractive operations are relatively large
 

poultry, dairy, beef 
or swinp operition:. (enabling economy of 
scale) which are
 

relatively energy intens ive 
(cnnblin: the displacement of large quantities of
 

energy bought at retail prices 
 wiuh the production of biogas from large locally
 

available quantites of imanure).
 

Production of electricity from small, family-size digester units is rarely
 

cost--effective. 
 Larger 	systems in 
the 10 to 100 kW range may be able to produce
 

electric power economically in 
the case of larger city/village-size systems.
 

These larger systems 
can also save land which can then be used for productive
 

purposes. The product gas can a I.;n 
 he used to meet heating and cooking needs 

of the 	city or village. 

Besides the potential for economlc production of 
fuel and electricity,
 

digestion produces 
an effluent which can 
be used as a soil conditioner, fertilizer
 

or animal feed. fact,
In the dl ,tl ;:mtertal has a higher value an fertill;,r
 

than the equivalent amount of f.r y,', 
:inrn. Also, nutrients which would 
ho
 

lost if the biomass were diructl; , ' :. are recycled to the land. Furthermore, 

there are social benefits which hould 	 he considered in determining economic viability.
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EXIITB.T 2.6 

ESTIMATED BIOMASS ENERGY AND 
CONTEMPORARY REFERENCE COSTS 

Country Product Cost ($/GJ) 

Brazil (1977) 
 Ethanol 16.1
 
Gasoline 
 12.3
 

Australia (1975) Ethanol 16.7 
Ethainol (industrial) 18.4 

Canada Methanol (Wood) 4.2 - 9.7 

New Zealand Biogas 3.5 - 5.6 
Natural Gas (prod) 1.1 
Coal Gas (prod) 6.3 

Upper Volta 
 Fuelwood (plantation) 25 

Ke rose ne 36 
Butane 31
 

Tanzania 
 Bi ogas 
 3.3
 
Electricity 
 31.4
 

USA 
 Methanol 
 8.0 - 15.1
 
Ethanol 
 14.2 - 34.1 
Medium Btu Gas 4.5 - 7 
S.N.G. 
 4.5 - 6.9
 
Ammonia 5.5 - 10.8 
Fuel Oil 3.4 - 7.5 
Electricity 8.3 - 38.9
 

Approximate Reference Costs:
 

S.N.G. 
 2.8 - 4.7
 
Fuel Oil 
 2.8
 
Ethanol 
 19 
Medium Btu Gas 2.8 - 4.7 
Electricity 8.3 - lb.6
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These inlcude improvcd health and hygiene which can result from the anaerobic 

digestion of manure and sewage. 

Conside.ed solely an a rhormal or electrical energy source, a municipal 

solid waste incinerator will on]y hav borderline economic feasibility, costing 

more" to build per KW of power capacity thon traditional fossil-fuel or nuclear 

power planes. qiowever, when also considers an energy recovery plant'sone 

value in reducing the quantity and noxiouness of municipal waste requirin 

disposal, the economics of the project usually become extremely attractive.
 

Exhibit 2.6 presents cost comparison between selected blo-fuels and conventional 

fuels in various countries. 

2.2.4 IndustLy Status 

The industry varies greatly, worldwide, as pptterns of use vary widely.
 

Some countries have 
technical e:pertlse In virtually every aspect of biomass 

production and conversion to energy. Ulneage 
in developing countries consists 

largely of gathering wood by hand 
for cooking and heating applications. It is 

estLimated that abhout I billIon pvople still do not have adequate supplies of 

fuelwood, which prevents many small businesses and industries 
in developing
 

countries from utilizing more 
efficient biomass 
energy technologies.
 

2.2.4.1 Methane 
from Sewage Sludge
 

Anaerobic digestion has been used 
as a means of sterilizing and stabilizing
 

sewage sludge for almost 
n century. Many large 
scale digestors have been in
 

nearly countinuous operation for periods of fifty years and more, and the design
 

of sophisticated continuous-feed d igestor systems is now a part of standard 

environmental engineering pracrico. 

Until recently the methane gas ,enurated by anaerobic digestion was 

often simply burned off in the open air. Since the fuel price increases of 1973 

it has become more common to utilize his gas for space and process heating at 
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the sewage treatment plant, and, 
in some cases, to scrub and compress the gas
 

for sale to distributors of 
natural gas. 
 This blogas technology is well-established
 

as a means of . tab flizing swa9e clAd;. and can he expected to be 
used whenever
 

anaerobic digestion Is 
clearly in cart,! over alternative stabilization processes
 

includfng aerobic digestion, hea: 
 :1ra::a t or chomical treat:ment. 

As Egypt builds its civil lnI ra5trnucrure, Including sewage collection
 

system; and sewage treatment plan t , It can incorporate sewage blogas utiliza tfion 

as a stanlard feature of 
this co,,nent of 
Its physical development. This will 

require only 
a marginal additional lnve;:ent in these facilities.
 

2.2.4.2 
 Methane from Anrimall>Lnmre
 

On farm anaerobic digescers 
 ,r, rapidly moving out of 
the laboratory
 

and into the marketplace. 
The anaerobic digestion process is 
well known and It 

is often used in 
waste water 
treatment 
plants to stabl1ize sludge. 
 Private
 

sector prospects 
are also Improvifn, bec.ue of 
new 
reactor designs. It is
 

predicted that, 
in the 
next few y,r;s, 2 ;:nmerctally competitive digesters will
 

be available 
for use on farms and fodlots, In 
food processing plants, 
in pulp
 

and paper mills, and in chemical ma n faturtng plants. 
 At present, most systems
 

digest nanures. However, custom-de;igned digestion systems 
ranging from small
 

to larqe scale 
are also commxercially
i vaIlahle 
for handling agricultural wastes,
 

sewage and 
food processing wasten; 
rma on these systems are 
combined with
 

organic composting systemDs. 
 Chia h, ,lemonsrrated 
the use of village-size
 

units with millions of units reportedly In place.
 

Remaining problems in 
tie come:un ,aial development of anaerobic digesters
 

are the lack of 
long-term, det<aile.d 
and 
reliable economic and operating data for
 

use in critiza 
 analyses and dlgesat;er deiagn, along with the 
low conversion
 

efficiencies often associated wilth 
the process. 
 There are, however, vxisting
 

plants that 
are 
far more efficient ln 
tcams of biogas production rates 
than those
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often found in the developing countries.
 

2.2.4.3 Energy from Municipal Waste
 

Municipal solid waste (QW) can be 
used to generate useful enegy in 
a
 

variety of ways. Certain proce.ses, such as combustion to produce steam 
or
 

electricity, have 
a long record of suc iessful use in both the United States and
 

Europe. 
 Anaerobic digestion of MH Q : :ll in the research and development phase. 

Tapping of landfill gas and re- so c-drf vd fuel produc ion are innovations that
 

only receitly have achieved widesopread commercial accel tance. 
 TIe use of MSW
 

in direct combustion -ma ss-burn" sys t em 
 is likely to be appropriate in Egypt
 

just as it is elsewhere in the worLd.
 

In its larger, older cities, 
 Egypt's traditional garbage collectors and 

scavengers can no loanger dispose of quickly aswaste as 
 it is generated.
 

Ulscavenged waste piles 
up in th, streets and new means of garbage collection 

and disposal are be ing soughr. In new, planned cities, there Is an expressed
 

desire to build this Infrastrcturo A, th 
the city so that it keeps pace with
 

the city's garbage disposal needs. 
 The use of MSW for fuel may provide part of 

the solution to Egypt's urban garbage disposal problems in addition to providing 

a reliable source of energy for these cities.
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3.0 METHANE FROM SEWAGE SLUDGE 

Sewage treatment plants generate substantial amounts of organic sludge 

during both primary and secondary treatment of liquid wastes. Anaerobic
 

digestion has been used 
 as a means of sterilizing and stabilizing this sewage 

sludge foc almost a century. Matny 1arye crae digesters have been in nearly 

countinucus operation for periods of . fIfyt years and more, and the design of
 

sophl aticated, continuous-feed dig;.tr systems 
 is now a part of standard
 

environmental engineering practi e.
 

Until recently, the methane 
 gasi; generated by anaerobic digestion was
 

often simply burned into the atmosphere with no heat recovery. 
 Since the fuel 

price Aicreases of 1973 it has become more common to utilize this gas for space 

and prot;ss henting at the sewage treatar-nt plant, and, In some cases, to scrub 

and compress the gas for sale to Ioal distrhutrs,, of natural gas. 

As Egypt builds Its; civil infras;tructure, including sewage collection 

systems and sewage treatment plant,;, It can incorporate neage blogas utilization 

as a standard feature of this compon.nt of its physical development. This will 

require only a marginal additional inves;tme:t in these facilities. 

This chapter begins with a br ief description of the sewage treatment 

process and anaerobic digestion. It thn covers system options, system design 

considerations, economic analysis, eni rom:ental impacts, special considerations 

in the EQyptinn environment and current R&D thrusts. 

3.1 	 SEWAGE TREATMENT PROCESS OVERVIEW 

There are currently a great variety of approaches to the treatment of 

sewage. The apeciff, combination of processes specified for a given treatment 

plant depend on a number of parimeter:: th, composition and characteristics of 

the raw sewage, the means of disposiyu of the lquid effluent and the solid 

sludge, climatic considerations and budgering constraints. 
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Most wastewater treatment plants undertake, at a minimum, initial screening
 

and grit removal, followed by primary qedimenuacion or settling (See Exhibit 3.1).
 

This primary stage removes the lar-,tr susgpended and settleable solids from the
 

waste stream and produces a primary effluent and a primary sludge. The primary
 

effluent often undergoes secondaiv treatmenit. This may involve a process 
as
 

simple as disposal via dJirect 
app. at Iwi to land for either surface or subsur

face percolation. However, quito ,fuan 
it wil1 take the form of biological 

treatment, in which bacteria (and other microbes) metabolize the organic compo

nents of the effluent and then settle: out of 
the waste stream to form an acti

vated 
sludge, leaving a cleaner secondary effluent. The secondary biological
 

treatment process usually involves 
I Gteps: aeration (bubbling air through the
 

effluent) to encourage bacteria] t'rm:h, 
flocculatioa (making solids gather 

together) to cause waste partfcla to aggregate, and sedimentation (settling of 

wastes). The secondary effluent ca" undergo tertiary treatment, which is often
 

a chemical disinfection process such as chlorination.
 

3.1.1 Sludge Treatment
 

Whether the raw sewage undergoes primary, secondary or tertiary treatment, 

sludges are produced and must he disposed of. 

3.1.1.1 Sludle Characterization
 

Primary Sludge - Most wastewater 
 treatment plants use primary sedimentation 

to remove 
readily settleable solids from raw wastewater. In a typical plant
 

with primary sedimentation and a conventional activated sludge process for
 

secondary treatment, the dry weight of primary sludge solids is roughly
 

50 percent of 
that for the total slurdge solids. For several reasons, primary 

sludge is usually easier to manage than biological and chemical sludges. First, 

primary sludge is readily thickened by gravity, either within a primary sedi
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Elemental Analysis of 
Various Sludges - As 
a rule, almost any element
 

can be found in sludge. 
 This parayraph describes 
trace elements in all 
types
 

of sludge. 
 It is a basic principl" o clemistrv that element:s 
are not created
 

or destroyed but 
chemically 
recomhY ne. Therefore, the mass of each element
 

entering a treatment plcnt fixes the miss that either accumulates 
within the 

plant or leaves it. The mass Ieiving the plant does so in gaseous emissions, 

effluent, a special concentrated st:rea:am, or sludge. Extracting toxic elements 

from sludge appears to be imprnctfral; source control is 
the most practical way
 

to reduce 
these toxicants.
 

Trace elements are present 
In industrial process waste, industrial waste
 
spills, domestic water 
supply, feces amd 
urine, and detergents. Additional
 

trace elements 
are derived from:
 

o Chemicals in photographic solutions, paints, hobby plating supplies,

dyes, and pesticides ,sed 
in households and commercial, enterprises.
 

o Storm inflow (thils is tarutclarly true for lead from gasoline anti
knock compounds).
 

o Corrosion of 
water piping, wnich contributes zinc, cadmium, copper,
 
and lead.
 

o Chemicals 
used in wastewater treatment, 
sludge conditioning, etc.
 

Occasionally, elements can 
be converted from a highly toxic 
form to a
 

less toxic 
form in wastewater treatment. 
 Chiomium is 
a good example of this.
 

In its initial form, it 
is highly toxic, but 
may be converted to 
a less toxic
 

form in secondary treatment.
 

The elemental compositions of 
various sludges differ from 
one another.
 

If sludges are to be 
reused, they shtouldi he analyzed for 
a number of elements.
 

The importance of site-specific analysis of 
sludges varies with 
the size of the
 

project, regulatory requirements, Industrial activity, and the 
type of reuse
 

desired.
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Several of the trace organic compounds found in sludge, for example,, 

po1yco.lorinated~lbi"henyls (PCBs), 
are toxic, slow to decompose, and widely
 

dir-h~sAinteenviro~nment. 
Because of [:heir fat-soluble nature, PCBs tend 

to concentrate in skim..ings and scum at wastewater treatment plants. The 


conventional procedure of introducing skimmings into the digesterc an 
 cause
 

higher concentrations of PCBs in the final sludge. Alternative disposal procedures 

for skimmings, such as incineration, can reduce this problem.
 

Miscellaneous Wastewater Solids 
- In addition to the primary, biological, ;. 

and chemical sludges discussed in previous sections, there are several other
 
wastewater solids that 
must be properly han"ied to achieve good effluent,
 

general environmental protection, and reasonable 
treatment plant operations.
 

These solids include screenings, grit, scum, septage, and filter backwash.
 

When mixed with primary or secondary sludges, screenings, scum, grit
 

and septage can interferewith the processing and reuse 
of the sludge. Before
 

mixing these wastewater solids with primary and secondary sludges, design
 

engineers should consider the following: 

4. o Screenings and scum detract from the final appearance, and marketabillity,of sludges. They 
can also clog piping, pumps, and mixers, and occupy
valuable space in digesters and other tankage. 
. .  '4 

o Scum presents a special problem when mixed with othersolids andi ' A 
subjected to gravity thickening, decanting, or de-watering by centrifuge. Under these condi ions, scum tends to concentrate in thesidestream and to be recycled to the wastewater processes. 
Eventually
 
some 
of this recycled scum is discharged to the effluent.,
 

o Grit 
can block pipelines, occupy valuablespace in digesters aIndother tankage, and cause excessive *'iear to solids piping and processin
 
.. equipment. . , 4' 

3.1.1.2 Thickening 

.. Thickening is only one part of the wastewater solids treatment and dis
 

+nsalsystem4,3 . 
and must be integrated into the overall treatment process,.. ,.. so that
 , P 4 

performance for both liquid and solids' treatment is optimied and total cost 
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is minimized. Thickening is defined as removal of water from sludge to achieve
 

a volume reduction. The resulting material is 
still fluid.
 

Sludges are 
thickened primnrily to decrease the capital and operating 

costs' of subsequent sludge processing steps by substantially reducing the
 

-volume. Thickening from one percent solids concentration to five percent
 

reduces the volume to one-fifth its original volume. 

-

Depending on 
t'he process selected, thickening may also prov 
 he
 

following benefits: 
 sludge blending, sludge flow equalization, sludge storage,
 

grit removal, gas stripping, and clarification.
 

The main design variables of any thickening process are:
 

o Solids concentration and volumetric flow rate of the feed stream;
 

o Chemical demand and cost 
if chemicals are employed;
 

o 
Suspended and dissolved solids concentrations and volumetric flow,

rate of the clarified stream;
 

o Solids concentration and volumetric flow rate of 
the thickened sludge.
 

Specific design criteria for selection of a thickening process can also
 

be dependent on the chosen downstream process train. 
Another important
 

consideration is the operation and maintenance (O/M) 
cost and the variables
 

affecting it. Finally, thickening reliability is important for successful
 

plant operation. A reliable thickening system is needed 
to maintain the desired
 

concentration and relatively uninterrupted removal of sludge from a continuously
 
"operated 
 treatment plant.: Sludges are being generated constantly, and if they 

are allowed to accumulate for a long time, the performance of the entire plant
 

will be degraded.
 

Thickening is accomplished in sedimentation basins; gravity, flotation 
 .
 

and cent-ifugal, hickeners; and in miscellaneous facilities such as secondary
 

anaerobic digesters, elutriation basins, and sludge lagoons.
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3.1.1.3 
 Stabilization
 

The principal purposes of 
stabilization 
are to 
make the treated sludge
less odorous 
and putrescible (tendency 
to decay) and 
to 
reduce the pathogenic

organism content. 
 Some procedures used 
to 
accomplish these objectives can 
also
result In other basic changes 
in the sludlge. 
 The selection of a certain method
hinges primarily 
on the final dif ; jalprocdure planned. 
 If the sludge Is to
be dewatered and 
incinerated, f requnt:ly no 
stahilbi atlon procedure is 
employud.


Most stabilization methods, par.IrItl, aedroLc and aerobic di ostion,
result in 
a substantial decrease 
Ina the amount of suspended sludge solids.
 

Four processes 
that have 
tho primary function of sludge stabilization
 
will be discussed. 
 These proces;,; 
ar, anae:robcf 
 digestion, aerobic digestion,

lime stabillzation, 
and ch1or nu 
, : 
 a t.lo: ,,do Both anaerobic and aerobic digestion
 
are 
currently increasing in 
popularity. 
 The former is receiving revived attention
for several 
reasons. 
 The producti 
on of let thane In anaerobic digestion is
attractive in 
view of 
energy shorta,tq, 
and anaerobically digested sludges are

highly suitable for dlsposal 
on land. 
 ntere.st in aoerobi c digestion of excess
 
activated 
sludge is growing because 
It has the potentia 
 for providing a good
quality liquid process 
stream and can 
produce exothermic reaction conditons. 
 A
major impetus for processes such as 
ina,.robic and aerohic digestion and 
lime
 
treatment 
la the growlng emphasis 
on utIIzation of 
sludge rather than mere

disposal. 
 Chlorine oxidation 
in of limited use for special situations or 
where
 
septic tank 
wastes 
are involved.
 

Several 
other sludge 
treatment 
proccsses provide varying degrees of
stabilization, although 
this is 
not 
their prtncpal function. 
 Composting Ispracticed in 
several United StaipN ci l.,,; ,nd! Is being actively investigalted

for ot:her,. Heat trem:ment has been Inwtalled In several 
new United States
 
plants 
to improve 
the economics 
of stiudpp; conditinning and dewowater1ng. Some 
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processes 
used 
to disinfect slud 
,, 
such 
as 
heat drying and pasteurization,

also prov'Ie limited stabiltoton.
 

Selection 
of the opti:um rtahil"o1n 

dlspo s
.1 
 ystem re"..res 

method for any treatment 
an andIn-depth understanding
limi'tathons. 
The of the methoddesig n mru; andheer its 

rocon 

them 

these limitations

In thle desi and accommodate 

1 n of the ent1.," 
 n.t proce:silng 

Following and disposal 

steps.
stab!li. 

it!L 
 , 1 td=.e maytreatmeuL undorgo


steps. se.'eral

DfsLnf,,rf,, types of 
final
 , ""I'.ch Is the
pathogenic destruction 


organisms or 
Inactivation
in th, 
 iud,, of can 
be 
carried
dangers. out 
to 
minimize
The sludge public
can health
a 5 n he 
"ondIt ioed biologically,
physically chemically
to enhance and/or
watr 
 remfva, 

reduce the 

Dwa tering can
volume be doneof slndg to dramaticallyto bu disposed 

of. 
 Drying
handle, makes
The the
s sludgeEudgt to
he trans;ported 


often Must easy 

disposal, and stored prior
DiePeqs 1 It, to ultimatelf Can be heneficial, 

soil as 


improvement, 
when sludge Is 
utilized
landi for
I pplnLs, 
or 
as 
a source 
heat and work.
 

3.1.2 AnaerobicDiest 
1 n 2 nc Anaerobic !Sld F(digestion 


s thebi4ological
substances degradation


in the absence of complex

of organic
free oxygen 
 Durinreleased and much of the or
and these~u, reactions,., energyor. , 

isuelter Is converted Y i

little to methane,carbon
,Since or energy 

carbon dioxide,
remain available 

bological to sustain

activity, further


the 
remi!fn, 

solids 
are 
rendered 
stable.
 

3.1.2.1 

Wistory 
and Currtnt 


Anaerobic Status
 
digestion 


is amn, the 

treatment. 


It 
oldest forms of biological
wan 
first used wastewater
 

a century ago to reduce both the quantityodor of and
sewage sludges, 

same Orlgin",1l,,
tank 
as anaerobic
sedimentation, 
 digestion 


wan
bt the carried
tMo-story out
Travis and In the
tanks developed
in Gerany by Imhoff began a 
in England by

trend toward separating 

the 
two 
processes.
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Separate sludge digestion tanks came !nto use in the first decades of this 

centry. At first, these were little more than simple holding tanks, but they 

provided the opportunity to control environmental conditions during anaerobic 

digestion and thereby Imoprove pr_-:,s performance. With the development of 

digemter heating and, subsequt ntlI, ml ing, anaurobl c digestion became the most 

common method of stabliing stud".
 

As both industrial waste loads 
 and the general degree of wastewater 

treatment increased, the sludges generaetd by treatment plants became more
 

varied and complex. Digester systoms 
 Oiled because their design and operation 

were empirically developed undar sfn:pler conditions. As a '.sult, anaerobic 

sludge digestion fell Into disfavo -. iowever, interest in anaerobic digestion 

of dilute wasLtes stimulated a new ,.-A of research Into the process. This has 

led to significant improvements In both reliability and performance of anaerobic 

digesters. 

Currently, sludge stabilization by anaerobic digestion is used extensively.
 

A 1977 survey of 93 municipal wa; cew.,or trcatment plants in the United States 

found that 73 used anaerobic dlig"ti an !:o stabili:ze and reduce the volume of 

sludge. Because of empha s is on ene rgy inaservation and recovery, and environ

mental pressure to use was tewater ii.],idg s on land, It is expected that anaerobic 

digestion will continue to play a major role In municipai sludge processing. 

3.1.2.2 Applicability
 

A wide variety of 
 sludges from municipal wastewater treatment plants can 

be stabilized through anaerobic dige,;tion. Solids-liquid separation of digested 

primary sludge is downgraded by even small additions of biological sludge, 

particularly activated sludge. A!liough mixtu:res of primary and biological 

sludge will. break down re;dly un1,.r .d;; ,ir b ," condlt ons, the net rate of tim 

reaction is slowed slightly. Experf,:, wftlh full-scale anaerobic digestion of 
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straight: activated sludge is 
limited, although laboratory and pilot-scale
 

.. I e -mo ated.... 
 that separate digestion of activated sludge is 
feasible.
 

Chemical sludges have been successfully digested anaerobically, although
 
in several cases, volatile solids reduction and gas production were low, compared 
 . 

to conventional sewage sludges. 
 Decreased performance appears to 
result from
 

reduced biodegradability rather than from toxic inhibition of the anerobic
 

microorganisms.
 

Anaerobic digestion is a feasible stabilizing method for wastewater
 

sludges that have low concentrations of 
toxins end a volatile solids content
 

above 50 percent. 
 The anaerobic microorganisms involved in the 
process are
 

sensitive and do 
not thrive under fluctuating operating conditions. 
 Consequently,
 

the process must be carefully considered for use 
at treatment plants where wide
 

variations in sludge quantity and quality are common.
 

3.1.'.3 
Advantages and Disadvantages
 

Anaerobic digestion offers several advantages over other-methods of
 

sludge stabilization; specifically, the process:
 

o producesmethane, a usable source 
of energy. 
 In most cases, the
process is 
a net energy producer, since 

gas 

the energy content of digester
exceeds the energy demand for mixing and heating. Surplus methane
is frequently used for heating buildings, 
running engines, or-generating
 
electricity.
 

o reduces total sludge mass 
through the conversion of organic matter to
primarily methane, carbon dioxide, and water. 
 Commonly, 25 
to 45percent of.the 
raw sludge solids are destroyed during anaerobic

digestion. This 
can substantially reduce 
the cost of sludge disposal.
 

o 
 yields a solids rsidue suitable for use as a 
soilconditioner.
Anaerobically digested sludge contains nutrients and organic matterthan can improve the feitillty and texture of soils.'"* ! " greatly reduced by 
Odor levels areanaerobic digestion. 

o inactivates pathogens. 
 Disease-producing organisr.s 
in sludge die offduring the relatively long detention 
times usedin anaerobic digestion
The high temperatures used in 
thermophilicdigestion (5
 0 to 60*C)
 
... have an additional bactericidal effect.
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Principal disadvantages of anaerobic sludge digestion 
are that it.
 
... o ahighca.
...... 
 Very large, closed digestion tanks are
 * . .. . .. . fee...ng he tngnndi 


mixing the sludge. ednhaig n
 

o is susceptible to upsets. Microorganisms involved in anaerobic
decomposition are 
sensitive 
to small changes in their environment.Monitoring of performance and close process control are required to 
prevent upsets. 

o produces 
a poor quality sidestream. Supernatants (liquid run-off)from anaerobic digesters often have a high oxygen demand and high
concentrations ofnitrogen and 
suspended solids. 
 Recycling of
supernatant to the digester

plant influent may upset the liquid process stream
or produce a build-up of fineparticles in the 
treatment plant.
plants 
that are required In
 

to remove nitrogen from the was 
tewater, the
soluble nitrogen in the 
supernatant can cause 
problems and/or increased
 
costs of treatment.
 

o keeps methane-producing bacteria growth
at a slow rate. 
 Large reactors
are required to hold 
the sludge for 15 to 30 days to stabilize theorganic solids effectively. 
 This slow growth 
rate also limits
speed with thewhich the process can adjust to changes in waste loads,
temperature, and other environmental conditions.
 

3.1.3 Microbiology 

Anaerobic digstion involves several successive fermentations carried out
 
by a mixed culture of microorganisms. 
 This web of interactions comprises 
two
 
general degradation phases: 
 acid formation and methane production. 
 Exhibit
 
3.2 shows, in simplified form, the 
reactions involved in anaerobic digestion.
 

ACID METHANEFORMATION UEG IPRODUCTION 

MICRO. 
MICRO.RAW SLUDGE ORGANISMS - STABLE AND INTERMEDIATE ORGANISMSOTEEN 

,_ DERAATONPRDUT. ..... 
 ___" . ----------- E CHll- c 2 OE R ENSD:C 2'-' PRODUCTS 
COMPLEX PRINCIPALLYSUBSTRATE ACID ORGANIC ACIDS CO .. METHANEFORMERS H 20-1120, AND CELLS 2 BACTERIA H2
 

CARBOHYDRATES, 
 . 
CELLS AND STABLEPRATENS 
, DEGRADATIONS. 

Exhibit 3.2

SUMMARY OF THE ANAEROBIC DIGESTION 'PROCESS
 

Source: EPA, 1979
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In the first phase of digestini, facultative bacteria convert complex
 

organic substrates to short-chain organ i, acids--primarily acetic, propionic,
 

and lactic acids. These 'olati. orynfr 
 acids tend to reduce the H, although
 

alkaline buffering materials arc 
Min present. Organic matter is converted
 

into a fon suiltable for rokd,"un ly the second group of 
bacteria. 

In the necond phase, Strictily anaerobic bacteria (called methanogens),
 

convert the volatile acids to metho no (CHl14), ca ,on dioxide (C02), and other
 

trace gases. 
 There are several groups a.f methanogenic bacteria, each with
 

specific substrate requirement;, tAn vuurk In concert to reduce complex wastes 

such as sewage sludge.
 

When an anaerobic dige:ster 
Is working properly, the two 
phases of degrada

tion are 
in dynamic equilibrium; that Is, the volatile organic acids 
are converted 

to methanes at the same rate that they are formed from the more complex organic
 

molecules. AH 
a result, volatile acid lvels are low in a working digester.
 

However, methane formers 
are I nhrntlV slow-growing, with doubling times
 

measured in days. 
 In addition, mIh-nceni c bacteria can be adversely affected
 

by even small fluctuations in 
ph, subs trate concentrations, and temperature.
 

In cont ast, the acid formers can function over a wide range 
of environmental
 

con'itions, and have 
doubling tMS nOTrMally measured in hours. As a result, 

when an anerobic digester is stresld by 
shock loads, temperature fluctuations, 

or an inhibitory (toxic) ma terial, meth:bane bactcria activity begins to lag 

behind that of the acid formers. Ulien th s happens, organic acids 
cannot be
 

converted to methane as rapidly as they form. 
Once the balance is upset,
 

intermediate organic acids 
accumlat:, and the pH1 drops. As 
a result, the methan

ogens are further inhibited, and thn 
process eventually fails 
unless corrective
 

action is taken.
 

The anaerobic process Iaesent:ially controlled by the methane bacteria
 

because of their slow growth rate and 
sensitivity to environmental change.
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Therefore, all successful des igns :nuzot he based around the special limiting 

characteristics of these microorgan[sms. 

3.2 	 SYSTEM OPTIONS
 

Experimentation over yearsthe has yielded four basic 	 invariations 


anaerobic sludge digestion: low-rate 
 dfgerstion, high-rate digestion, anaerobic 

contact, and phase separation.
 

High-rate digest ion is obviu y 
 an improvement over low-rate digestion, 

and its features havw incorpuorat edbeen into standard practice. The anaerobic 

contact process and phase separnion, uhile offering some specific benefits,
 

have not been 
 used for sludge digestion In full-scale facilities. 

3.2.1 	 Low-Rate Digestion
 

The simplest and oldest 
type of anaerobic sludge stabilization process
 

is low-rate digestion. The basic 
features of this 
process layout are 
shown on
 

Exhibit 3.3. Essentially, a low-ra::e dlgester is 
a large storage tank. With the 

possible execption of heating, no attempt Is made to accelerate the process
 

by controlling 
 the environment. Raw sludge is into tankfed the intermittently.
 

Bubbles of sludge gas 
 are generared soon aft:er sludge is fed to the digester,
 

and their rise to the surface provides 
 [hle only mixing. As a result, the contents 

of the tank stratify, forming th'o di.anfurt zones: a floating layer of 

scum, a middle level of supernarant, and a lower 	 zone of sludge. Essentially, 

all decomposition is restricted to Lho 	lower zone. Stabilized sludge, which 

accumulates thickens at the bholt:ow of theand tank, is periodically drawn off: 

from the center of the floor. SIpernatant Is removed from the side of the tank 

and t.cycled back to the treatment plant:. Sludge 	 gas collects above the liquid 

surface and is drawn off throlgh the cover. 
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~Scum 

RAW SLUDGE 
VI 

ACTIVELY 
''
 

DIGESTING 
SLUDGE 

STABILI-ED 
SLUDGE tj-


UNHEATED 
DIGESTED SLUDGEUNMIXEDINTERMITTE-NT 

FEEDING ANDDETENT;ON WITHDRAWAL
TIME:LOADING 30-60 DAYSRAIE: 0.03-0.10 IbVSS/cu ft/day

(0.4-1.6 kg VSS/m 3 /da/) 

SExhhl btt 3.3
 
Source: EPA, 1979 
 SYSTEM
 

3.2.2 
 HIh R, Qte
Dlestion
In the 1 9
50s, 
research 

us directedVariou s toward improvingStudie. anaerobic
documnentedl digestion

Oft heh raw rat , ..ot the \' xi 1 ary 
a nuddlges r i fg o,of aulforn, , _
o fe -uc~lnu lforheatfac -,, 


ofh T,,,. four,g ra ug'thickenin,4
rt featuresy the essential 

e
co ci.- tethe abest Conditions ed1yndunrfuimfor the envfron;,Jrt,Lo~).fl ;] prOCess.requirements 
are reduced and 
The net result 

,(tahfIty is enhanced 
Is that volunle 

Exhibit 3 shos
 
the basic layout of thf:3 proiedbt. 
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HEAT 

RAW ACTIVE 
SLUDGE ZONE 

EXCHA.NG E0i 

DIGESTED SLUDGE 

HEATED TO CONSTANT TEMPERATURE 
MIXED 
CONTINUOUS FEEDING AND WITHDRAWAL 
DETENTION TIME: 10 15 DAY MlI;;MUM 
LOADING RATE: 0.10-C.50 ibVSS/cu ft/day 

(!.6-8.0 kq VSS/irn 3 /day) 

Exhibit 3.4
SINGLE-STAGE, HIGI1-RATH, ANAEROBIC DIGESTION SYSTEM 

Source: EPA, 1979
 

3.2.2.1 Heating
 

The contents of a high-rate digester are 
heated and consistently maintained
 

to within 1°C of design temperature. 9eating is beneficial because the rate
 

of microbial growth and, 
therefore, the 
rate of digestion, increases with
 

temperature. Anaerobic 
 organisms, parti cularly methanogens, are easily inlitA 
ed 

by even small changes in temperature. Therefore, close control of the temperature 

in a digester helps maintain the mlcrobia.] balance and improves the digestion 

process. 

Methane production has been reported it temperatures ranging from 0 to as 
high as 
60C. Most commonly, high-rate dtges.ters are operated between 30 and 
38°%. The organisms that grow in rlhfh; temperature range are called mesophilic. 

Another group of microorangisms, che [hermophilir bacteria, grow at temperatures 
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between 50 and 60°C. Thermophilic Lnaerobic digestion has been studied since
 

the 1930s, both at laboratory and 
 plant scale. In general, the advantages
 

claimed for thermophilic over mteopllilfc 
 digestion are: faster reaction rates 

that prmit lower detention time, improved dewatering of the digested sludge,
 

and increased destruction of pathogens.
 

Disadvantages of 
 thermoph iic digestion include higher energy requlrements 

for heating; lower quality suparnatant, containing larger quantities of dissolved 

materials; and poorer process t:htfil1ty. Thermophilic organisms are particularly 

sensitive to temperature fluctuation.
 

3.2.2.2 Auxiliary Mixing 

Sludge in high-rate digesters is mixed continuously to create a homogeneous
 

environment throughout the reactor. When stratification is prevented, the
 

entire digester is available for active decomposition, thereby increasing
 

the effective detention time. Furthermore, mixing quickly brings the raw
 

sludge into contact with the microoganisms and 
 evenly distributes metabolic
 

waste 
 products and toxic substances. 

3.2.2.3 Pre-thickening
 

By thickening raw sludge before 
 digestion one can achieve stabilization 

equivalent to digestion without thickening in one quarter of the digestive 

volume. Also, heating requirements can be considerably reduced by prethicken

ing, since smaller volumes of raw sludge enter the digesters.
 

There is, however, a poiht beyond 
 which further thickening of feed sludge 

has a detrimental effect on digestion. Two problems can result from over

concentration of feed sludge.
 

I. Good mixing becomes difficult to maintain. The solids concentration
 
in the digester affecks the viscosity, which, in turn, affects 
mixing. Feed solids concentrations may reach eight to nine percent
before mixing is impaI red. 

3-17
 



2. Chemical concentrations 
'an reach levels that 
can inhibit microbial
 
activity. A highly thick, :ied feed sludge means that the contents of
the digester will be vury concentrated. Compounds entering the 
digester, such as !;al( aid heavy metals, and end products of digestion, such a.; yw.,a . !. act is and ammonium talts, may reach coeiCtra
tions toxic to the haictorfa in the digester. 

3.2.2.4 Uniform Feeding
 

Feed is introduced into a high-rate digester at 
frequent intervals to help
 

maintain constant conditions in the reactor. 
In the past, many digesters were
 

fed only once a day or less. Theneilg loadings placed an unnecessary stress
 

on the biological system and dest-abilized the process. Although continuous
 

feeding is ideal, it 
is acceptable to 
charge a diges:.r intermittently, as long
 

as this is done frequently (for example, 
 every two hours).
 

DIGESTER 

GAS 

HEAT 
 ACTIVESUENTT 

RAW ZONE TRANSFER SUPERNATANT SUPERNATANT 
SLUDGE k - -E -- SLUDGE \

EXCHANGERS
 

DIGESTED ESLU
S 
GE
 

~DIGESTED 

SLUDGE
 

PRIMARY DIGESTER SECONDARY DIGESTER 

Exhibit 3.5
 
TWO-STAGE, HIGH RATE ANAEROBIC DIGESTER SYSTEM
 

Source: EPA, 1979
 

3.2.2.5 Two-Stage Digestion
 

Frequently, a high-rate digester is coupled in series with a second digestion
 

tank see Exhibit 3.5. Traditionally, this secondary digester is similar in design
 

to the primary digester, except that it 
is neither heated nor mixed. 
 Its main
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function is to 
allow 	gravity concen :ration 	of digested sludge 
solids 	and decanting
 

of supernatant liquor. This recdIIcus tile volume of the sludge requiring further 

processing and disposal. Very I ittle_ 	 solids reduction and gas production takes 

place 	in the second stage.
 

-	 Unfortunately, many secondary flges ters have performed poorly as thickeners, 

producing di lute sludge and a li,,h trength supernatant. The basic cause of 

the problem is that, in mo t: ca,,;o, anaeroblcally digested sludges do not settle 

readily. 

A secondary digester may succe3sfully serve the 	 following functions: 

o 	 Thickening digested primary sludge. 

o 	 Providing standhy dI*ee.r capacity. If the secondary digester is
equipped with adequ;itu Lct.ni, mixtng, and intake piping. 

o 	 Storing digested slud,'. A secondary digester fitting with a floating 
cover 	 can provide ,;:r f or sl;iidge. 

o 	 Assuring against s11ort-circulting of raw sludges through digestion.This may be important for 	 odor control if digested sludge is transferred 
z:o open basins or lagoons. It also provides a margin of safety
fo7 	 pathogen reduction. 

Exiibit 3.6 
ANAEROBIC CONTACT PROCESS
 

Source: EPA, 1979
 

3.2.3 	 Anaerobic Contact Process
 

The anaerobic contact proce.,s 
is the 	 anaerobic equivalent of the activated 

sludge 	process. As shown on Exhibit 3.6, 
the 	unique feature of this varation
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is that a portion of the active blcma ;s 
leaving the digester is concentrated
 

and then mixed with the raw sludge fee.'. ThIs recycling allows for adequate
 

cell retention 
to meet kinetic requirements while operating at a significantly
 

reduced hydraulic detention tfme.
 

Positive solids-liquid sepacation is essential to the operation of the 

anaerobic contact process. To galn any of 
the benefits from recycling, the
 

return 	strtam must be more concent:r!;r::d than the contents of the digester. The 

difficulties in thickening anaerobic1',lly dig1-Sted sludge have been discussed 

above. Vacuum degasifiers have been ti :i d in anaerobic contact sysatems to 

reduce 	 the buoyancy effect of eutrappe.l gas, thereby improving cell settling. 

The anaerobic contact pro,'t,:5 hi--, found application in the treatment
 

of high strength Industrial wa 
 t:in, am! I.t also has been operated successfully
 

at a laboratory scale to stabilize primary sludge. Nevertheless, this system
 

configuration is rarely cons fd. :ed in municipal anaerohic sludge digestion
 

because of the difficulty in achieving the necessary concentration within the 

return 	stream.
 

3.2.4 	 Phase Separation
 

As discussed in Section 3.1.3, anaerobic digestion involves two general
 

phases: acid formation and methane production. In the three preceding anaerobic
 

digestion processes, both phases take place in 
a single reactor. The potential 

benefits of dividing these two phases into separate tanks were discussed as early 

as 1958.
 

Subsequent research has shown that two-phase digestion is feasible for the 

treatment of sewage sludges. Exhibit 
3.7 shows a schematic of this multi

stage system.
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Exhibit 3.7TWO-PHASE ANAEROBIC DIGESTION PROCESS
 

Source: 
 EPA, 1979
 

An effective means 
of separattn 
 the two phases is essential 
to the
 
operation of 
anaerobic digestion 
In this mode. 
 Possible separation techniques
 
include 
dialysis, addition of che:nIc'il Inhl 
 itors, adlu.;tment of the redox
 
potential, and kine tic 
control byrr'tfl I ag the detention time and recycle
 
ratio 
for each reactor. 
 The latt r approach Is the mnst practical and has been
 
developed into 
a patented process; 
 (U.S. 
Patent 4,022,665), but 
it has not yet
 
been proved in 
a full scale plant operation.
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3.3 	 SYSTEM DESIGN CONSIDERATIO0,S
 

When designing an anaerobic digestion system, 
or evaluating proposed
 

designs, several subjects need sp.ciad consideration. These 	 include the 

selection of sy:;tem component , df1 aster siing, analysis of process performance, 

and energy utilization. 

3.3.' 	 System Components
 

3.3.1.1 Tanks
 

Anaerobic digestion tanks are either cylindrical, rectangular, or egg

shaped. A simplified sketch of each tank design type 
is shown on Exhibits 3.8,
 

3.9 and 3.10.
 

The most common tank design 	 i s a low, vertical cylinder ranging in diameter
 

from 6 	 to 38 m, with a side water depth between 6 to 12 	 m. Gas-lift mixing is 

most effective when the ratio of tanl: radius to water depth is between 0.7 and 

2.0. 	 The tanks are usually made of concrete, with either internal reinforcing 

or post-tensiuning redq or strap;. The latter design is the least 	expensive of 

the two for tanks 	 with diameters grvarer than 24 meters. Some steel tank 

digesters have been constructed Io di Amter, of 25 meters.
 

The floor of a cylindrical digester is 
 usually conical, with a minimum 

slope 	 of 1"6. Sludge 	 in withdrawn ro: lowti' the point in the center of the tank. 

Digestion tanks with "waffle hot t::" :lso hav been put into operation. The 

principal objective 
of the 	waffl,i lor design is to minimize grit accumulation 

and to reduce the need for clear iw..
 

The primary advantages; of r'ct:nq,lar digestion tanks 
are simplified
 

construction and efflI:ent use of 	 a limited plant 	site. However, it is more 

difficult to keep th, content; f a r 'tt nullar digester uniformly mixed because 

"dead spots" tend to form at the c -nrs. 
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EXHIBIT 3.9
 
RECTANGULAR ANAEROBIC DIGESTION TANK
 

Source: EPA, 1979
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Source: EPA, 1979
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Egg-shaped digesters have been used extensively in Europe, originating 

over 20 years ago, and they are now entering U.S. practice. The purpose of 

forming an egg-shaped tank is to eliminate the need for cleaning. The digester 

sides form a cone so atsteep tho bottom that grit cannot accumulate. The top 

of the digester is small, so thr mcu contine thereand can be kept fluid with 

a mixer and removed through speciAl scure doors. Construction of egg-shaped
 

tanks requires complex 
 form work and specIal building techniques. Accordingly, 

capital costs are higher than otherfor tank designs. 

3.3.1.2 Heating 

A heating system is an Important feature of a modern anaerobic digester. 

Raising the temperature of the dligestiug sludge increases the metabolic rate 

of the anaerobic organisms and rud cos digestion time. Maintenance of the
 

temperature consistently within IC of 
 design temperature improves process 

stability by preventing thermal shock. 

Methods of Heating
 

Heating equipment must be capable of delivering enough heat to raise the 

temperature of incoming sludge to operating levels and to offset losses of
 

heat through the walls, floor, and cover of 
 the digester. Methods used to 

transfer heat to sludge include: 

o Heat exchangers colis placed inside the tank 

o Steam injection directly Into the sludge 

o External heat exchange through which sludge is circulated 

o Direct flame heating in which hot combustion gases are passed through 
the sludge 

External heat exchangers are the most commonly used heating method. 

Internal heat exchanger coils we
re u,,d Iinearly digesters; however, they are 

difficult to inspect and clean. This Is a serious disadvantage because the 
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coils becoue encrusted, reducing the rate of heat 
transfer. To minimize caking
 

of sludge on the coils, water circulating through the coils is 
kept between 49
 

to 550 C.
 

Steam injection heating requires very little equipment but 
dilutes the
 

digesting sludge and requires 
100 percent boiler makeup water. The cost of 
this
 

water may be conAiderable, particularly if hardLess must removedbe before
 

addition to the boiler.
 

Three type; of external hear exchangers are commonly used for sludge
 

heating: water bath, Jacketed pipe, 
 and s;piral. In the water bath exchanger,
 

boiler tubes and sludge piping 
aro locdted in a common, water-filled container.
 

Gravity circulation of hot water acros;s the sludge pipes is 
 augmented with a 

pump, to increase heat transfer. In a jacketed pipe exchanger, hot water is 

pumped, counter-current to the sludge flow, through a concentric pipe surrounding 

the sludge pipe. The spiral exchanger is also a counter-flow design where 

the sludge and water passageway; are cast in a spiral. To minimize clogging 

with rags and debris, sludge passageways in a heat exchanger should he as large
 

as possible. The interior of these 
 passageways should be easily accessible to
 

allow the operator to quickly locate and clear 
a blockage. 

Each digester should have a separate heat exchanger, and in larger plants, 

the addition of a single heat exchanger for warming raw sludge should be considered. 

Cold raw sludge should never be added directly to the digester. The thermal 

shock will be detrimental to the anaerobic bacteria, and isolated pockets of 

cold sludge may form, Raw sludge should be preheated or mixed with large 

quantities of warm circulating sludge before eing fed to the digester. 

Heat losses can be reduced by Insulatirg the cover and the exposed walls 

of the digester. Common insulating material s qre glass wool, insulation board, 

urethane foam, lightweight ins ulat ing concrete and dead air space. A facing is 

placed over the ins ilation for proect ion and to improve aesthetics. Common 
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facing materials are brick, metal siding, stucco, precast concrete panels, and 

sprayed-on mastic.
 

3.3.1.3 Mixing
 

Digester mixing is considered 
to have the following beneficial effects: 

o Maintaining intimate contact between the active biomass and the 
feed
 
sludge.
 

o Creating physical, chemical, and biological uniformity throughout the 
digester 

o Rapidly dispersing metabolic end products produced during digestion

and any toxic materlal; enterf ig the system, thereby minimizing their 
inhibiting effect on milcr hal activity. 

o Preventing formation of a surface sum layer and the deposition of 
suspended matter on the bottom of the tank. Scum and grit accumulations 
adversely affect d I st.r performance by consuming active volume In 
the tank.
 

While the benefits of d4 tcr mixng 
 are wi, ely acceptpd, controversy
 

and confusion arise in attempting to answer such questions as how much 
 mixing
 

is adequate, 
 and what the .,most efftctive and efficient method is for mixing
 

digesting 
sludge. The degree of mt:ffng attained is closely related to the
 

total power actually dei!vered to the contents 
 of the tank, irrespective of the
 

actual mixing method used.
 

A certain amount 
 of natural mixing occurs in an anaerobic digester, caused 

by both the rise of sludge gas bubbles and the the'-mal convection currents created 

by the addition of heated sludges. The effect of natural mixing is significant, 

particularly in digesters fed continuously and at high loading rates. However, 

natural mixing does not maximi:e the benefits of mixing au:d is insufficicnt to 

ensure stable performance of the digestion process. Therefore, mixers are an 

essential component in a high-rate digestion system. Methods used for mixing 

include external pumped circulation, internal mechanical mixing, and internal 

gas mixing. 

3-28
 



External Pumped Circulation
 

Pumped circulation, while rela tively simple, 
 is limited in a physical
 

sense becauqe large flow ,ates are necessary for high-rate digester mixing.
 

iowever, this method can effect Substan I;i:l 
Mixing, provid Ing that sufficient 

energy (5 to 8 W!m 3 ) is dissipated in thn tank. Gruater pump power will be 

required if piping losses are si.unficant. Pumped circulation is used most 

agitat ion, circulation allows external exchangers :o be used for heating the 

digester and uniform blending of raw s ludge with heated circulating sludge prior 

LO the raw sludge's entering the di,:ster. 

Internal Mechanical Mixing
 

Mixing by means of propellers, flat-bladed turbines, or similar 
devices 

is widely practi.ced in the process industries. Its usefulness, when applied 

to wastewater sludge digesters , is ILfimtIod by the nature of non-homogeneous 

wastewater slodge. The large amoints; of rag.gy and rela ive l iner t, nonfluid 

material in wastewacer sludge rail Lm In fouling of .he propeilers and subsequent 

failure of the mecha"isms. The pmxactice o: grinding screenings within the waste

water flow will accelerate ragging. 

Mechanical mixers can he ns t:,lied through the cover or walls of the tank. 

In one design, a propeller drives sludge through a draft tube to promote vertical 

mixing. Wall installations restrict maintenance and repair to the time when the 

digester has heen empLied (usually every three to five years In well maintained 

plants). Strong mechanical mixing can be effected with about (6.6 W/m3 ) of 

reactor. 

Internal Gas Mixing 

Several variations of gas mix;ng have been used for digesters, including: 
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o The injection of a large sludge gas bubble at the bottom of a 30 cm
tube to create 
piston pumping action and periodic surface agitation.
 

o The injection of s]udaw '.a'equuntially through a series of lances
suspended from tLe dlg:;t r cuur to as great a depth as possible,
depending on cover trav l. 

o The free or unconfined release of gas from a ring of spargers (discharge 
nozzles) mounted 
on the floor of the dlge'ter. 

o The confined release of gas within a draft tube positioned inside the 
tank. 

The first method generally has 
a low power requirement, but produces
 

only a low level of mixing. As a result, the 
major benefit derived from its
 

use is in scum control. Lance, free gas lift, and draft 
tube gas mixiaug,
 

however, can be 
scaled to Induce s:ro g mixing of the digester contents. The 

circulation patterns produced by 
Lhese 
two mixing methods differ. As shown on
 

Exhibit 3.11 in the free gas 
lift: system, the gas bubble 
velocity at the bottom
 

of the tank is zero, accelerating to maximum
a as the bubble reaches the liquid 

surface.
 

Since the pumping action of the gas 
 is directly related to the velocity
 

of the bubble, there is no pumping from the 
 bottom of the tank with a free gas
 

lift system. In contrast, a draft tule 
acts as a gas lift 
pump which, by the
 

law of continuity, causes the flow of sludge entering the bottom of the draft
 

tube to be the 
 same as that exiting at the top. Thus, the pumping rate is largely 

independent of height. The significance of this difference is that draft tube 

mixers induce bottom currents to provent, or at least reduce, accumulations of 

settleable material. Velocity profile studies indicate that lance type mixers 

induce comparable bottom velocftles. Another difference among internal gas 

mixing systems is that the gas injection devices in a free gas lift system are 

fixed on the bottom of the digester and thus cannot be removed for cleaning
 

without draining the tank.
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To reduce clogging problems, provisions should be made for flushing the
 

gas lines and diffusers with high pressure water. With the lance and draft
 

tube systems, the gas dlfi, ner; ,ar ;rt: from the roof and, therefore, can 

be withdrawn for cleaning wit:hoit remo ving the contents of the tank. A drawback 

of these systems, though, is t-hatl the drift tube and gas lines suspended inside 

the tank may foul with rags and debris contained in the digesting sludge.
 

3.3.1.4 Covers
 

Anaerobic sludge digestion tanks are covered to contain odors, maintain
 

operating temperature, keep out oxyen, and collect digester gas. Digester
 

covers can be classified as either fixed or floating. Cross sections of both
 

types are shown on Exhibit 3.12. Floating covers are most expensive but allow
 

independent additions and withdraw l; of sludge, reduce gas hazards, and can 

be designed to control formation of a scum-mat.
 

Fixed digester covers are fabricated from steel, reinforced concrete
 

and, since the mid-1970s, corrosion-proof fiberglass reinforced polyester (FRP).
 

In most cases, fixed covers are dome-shaped, although conical and flat concrete
 

covers have been built. Concrete roofs are susceptible to cracking caused by
 

rapid temperature changes. Consequently, gas leakage has been a frequent problem
 

with reinforced concrete covers.
 

Generally, fixed-cover digesters are operated so as to maintain a constant 

water surface level in the tank. Rapid withdrawals of digested sludge (without
 

compensating additions of raw sludge) can draw air into the tank, producing an
 

explosive mixture of sludge gas and oxygen. The explosive threshold of sludge
 

gas in air is 5 to 20 percent by volume. In addition, there have been cases in
 

in which the liquid level under the fixed cover has been allowed to increase
 

sufficiently to structurally damage the cover. Usually, this involves a tightly
 

clogged overflow system and a forgotte" feed valve.
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Traditionally, floating covers have followed one of two designs: the
 

pontoon or Wiggins type 
 and the Downes type (Exhibit 3.12). Both types of covers 

float directly on the liquid and commonly have maximuma vertical travel of 2 

to 3 m. These cover designs differ primarily in the method used to maintain
 

buoy'ancy, which, 
 in turn, determ no the iereee of submergence.
 

In the Wiggins design, the 
 buto m of the cover slopes steeply along the 

outer edge. This outer portion of the c"er forms an annular pontoon, or
 

float, that results in a 
 large liquid displacement for a small degree of cover

plate submergence. Therefore, Wiggins covers have only a portion of the annular 

area submerged, with the largest port ion of the cover exposed to the gas above
 

the liqiid surface. However, for the 
 lM)nes design, the bottom of the cover
 

slopes gradually throughout the enuL!r e radius, 
 thereby providing only a small
 

liquid displacement for a 
 greater ie ree of cover-plate submergence. Typically, 

the outer one-third of the radius of the Duwnes cover is in contact with the
 

liquid. However, it is desirable to increase 
 the degree of submergence adding
 

ballast to the cover, thus keep! Ing thme 
 liquid level a few inches within the
 

central 
 gas dome. This keep:; fliinu matter submerged and subject to mixing
 

action, reduces the 
area exposed to corrosive sludge gas, and adds to cover
 

stability. The fundamental principle used 
 to calculate ballast requirements is
 

that, at equilibrium, a floating 
cover displaces a volume of liquid equal in 

weight to the total weight of the cover. Ballast can be added as concrete 

blocks or as a layer of concrete spread across the upper surface of the cover. 

A variation of the floatLin cover Is the floating gas holder. Basically, 

a gas holder is a floating cover with an extended skirt (up to 3 m high) to 

allow storage of gas during per[ads when gas production exceeds demand. However, 

storage pressure in a gas holder i low--a maximum of 3.7 kPa. Therefore, 

this type of cover will store up to three to six hours of gas production, based 

on about 2 m of net travel. Greater storage i's achieved by compressing the gas 
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for high pressure storage in sphere; or horizontal cylinders, 
or by providing a 

separate low pressure dIsplacelent storage tank. 

Gas-ho1dlng covers are loss satibe than conventlonal floating covers
 

because they are supported entirely by a cushion of compressible gas rather 

than Inccmpressible liquid and bec'iuse they expose a Iarge side area to lateral
 

wind loads. To prevenat tLpp n, ort bhinding, 
bal!last at tlie bottom of the e:.:tendedt 

skirt and spiral guides mustIl: e provl i'd. 

Typical appurtenances for a die;ter cover Include sampling ports; man

holes for access, vent:ilation, and ehrtIr; removal 
 during cleaning; a liquid
 

overflow system; and : vacuum-pr;sure relief system equipped wit:h a 
flame trap.
 

The permissible range of gas pressure under a digester cover 
Is typically 0
 

to 3.7 kN/MY.
 

3.3.1.5 Piping 

The piping system for an anaerobic digester is an important component of
 

the design. Many activL ties take 
p lacu during the operation otf a digester:
 

feeding of rw sludge, circulation of sludge through 
the heat exchanger, with

drawal of digested sludge nd siporiniul, and co llec tion of sltduige gas. The 

piping system should he designed o Ialow these activities to occur concurrently, 

yet independently. Flexibillt:y shoul d lso he built into the piping system 

to allow operation Jn a variet y of mitde and to ensure that digestion can be 

continued in the event of eqpulimnt blre akdown or pipe clogging.
 

Digested sludge is us,;ually drawn off the bottom of 
the tank, although 

means to withdraw sludge from at leasLt one other point should be provided Q, 

case the main line becomes plu .,,qd. A stupernatant collection system, when 

required, should have drawoff poln t; at three or more elevations to al low tl e 

operator to remove the cleare;t Supernatant . An unvalved overflow wi th a vent: 

as a siphon breaker should be provided to ensure that the tank cannot be over
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filled.
 

Special consideration should 
be given in the design of sludge-piping
 

systems to prevent the deposition of grease and clogging with debris. 
 Velocities
 

in sludge pipelines should be maintaind above 1.2 m/sec 
to keep sludge solids
 

in suspension. Glass lining ot cast Iron and steel pipe will prevent the
 

buildup 
 of grease and Is rezommenod for aill pipes conveying scum and raw
 

sludge. The grease content 
 of .l udy in typically reduced by 50 percent or
 

more during dipeotion, so hat ,asq 1l 
 onfn is not warranted for pipes carrying
 

dIgtved o, circuliating sludge. 
 31mdi.u piping Is generally kept as short as
 

practicahle, with a minimum 
 ntmr of bends. Long radfus elbows and sweep tees
 

are preferred for changes 
 in direaton. Provisions are commonly made for
 

cleaning sludge lines with 
 steam, hfih pressure water, or mechanical devices. 

These provisions should Include blnd1 flanges, flushing cocks, and accommodation 

for thermal expansion. 

A problem unique tc anaerobic digestion systems is the buildup of crystalline 

inorganic phcsphate deposits on the interior walls of the tank and downstream 

piping. This encrustation will increase pipeline friction, displace volume 

in the digestion tank, and 
foul dawns t reaM mechanical equipment. Methods 

successfully used to prevent this bn!ldup Include: 

o aerobic digestion of the sl udge stream with the highest phosphate
 
content;
 

o dilution of digested sludge 
flows to prevent super-saturation and 
to raise pipeline velocities; 

o 
 limiting magnesium ion concentration in the stream; 

o substitution of PVC pipe for cast-iron pipe to reduce interior roughness. 

3.3.1.6 Cleaning
 

Anaerobic digestion tanks 
can become partially filled with a bottom
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layer of settled grit and a 
top layer of floatinq scum. These accumulations
 

reduce the volume available for active digestion and thereby degrade the perform

ance of the digesters. P'eriodically, the digestion tank hemust drained and
 

these deposits removed. 
 This ,ieani ny process is usually expensive and unpleas

ant. Furthermore, it can disrup! uur:no l processing of sluidge for as long a,;
 

several monLhs. Therefore, attenrl ,n should 
 he given during design to (1)
 

reducing the rate at which grit and scun 
 can accumulate, and (2) making it easy 

to clean the digester when It hecomes n.cessary. 

Prevention of andGrit Scum BulIdup 

The most sensible appru;ir't to minimizing digester cleaning is to prevent
 

grit and scum from eintering th, syetv, ,n. 
 This can he accomplished through
 

effective 
 grit removal in the headork; of the plant coupled with separate
 

processing of scum (for example, 
 incineration or hauling to a rendering plant).
 

A second mitigation measure, 
 which is almost as effective, is to maintain a
 

homogeneous mixture within 
 the diges;ter so that the grit and scum cannot separate 

out. This is best achieved by strong mixing and positive submergence of the 

liquid surface under a floating cover (c fer to the preceding sections on mixers
 

and covers).
 

Provisions 
 can also be made to remove grit and scum easily from the digester 

while normal digestion continues. Grit removal from the digester can be Improved 

by providing multiple withdraw al po Ints or steep floor slopes (as in a waff1e 

bottom or egg-shaped digester). E:ither accessan hatch In the digester cover 

or pipes extending into the upper levels of the digesting sludge can be used to 

remove floating material In the tank before it forms a :mat. Strong mixing in 

the tank will carry finatinglun ma-i al down Into the zone of artive digeg stion, 

where it it will be broken down. 
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Facilities for Digester Cleaning 

TraditionAlly, digester cleaning has been a difficult, dirty task. As 

a result, it is often postponed until. tank capacity is severely reduced. Cleaning 

then becomes even more onerouc; hen;e ot the increased urgency and scope of 

the operation. If a distorter can )),- clcaned ea.LII y, it IS much more likely that 

it will be cleaned zegularlv. 

To ensure that the diget.rA cia b,_ ea;Lly cleaned, it is important for 

the desig:.er to consider the fol(al ni; questf.na: 

o 	 What will be 	 do e with the raw .Siid.,e while the tank is out of service? 

Typically, raw .'ludre flow 1; d. atrlthued to the remaining tinks as 

long as there is adqt iiite ep.o li'T. The problem, howev, r, becomes 

much more serior:; i ;1 aitpI ; t h a 1'y onle di, . it r. Poss;.ibly, a 

temporary aerobic digester or an an.ierobhIc lagoon can be devis.d, 

although odors may be a pa'hl em Wi lat ter. Limewi the may be added 

to the raw sludge to disinfect it and control odors. 

o 	 flow will the tank he dnie!.' There is a risk of explosion during the 

period in which the tian: f,; fnic oemptled, making it important to speed 

this step In the cle ill. r, e:;; 

o 	 Where will the content!; of the Link and the wasrewater be taken? Placing 

these material a oi a :;atnd ,ryilg bd or in an existing sludge lagoon 

are two simple solut(n; to the problem (See E:.ilhit 3.13). Construc

tion of a small earthen boinIn, specifically for use duriig digester 

cleani ng, may be wairanil ( .dt i;;nil lng maltrial in Link trucks to 

another treatment: plant, or tIo a S;uitable disposal site, is another 

option. t LnrMe chan I cal dew: 1 1 eqIll pri[ 1 t: may he used to reduce .the 

volume of haulinv , but Iht- largi'r pap(rt:fon aof abrasive material 

(grit) contaIned in the ilig, aid wsh water may produce excessive 

wear. 
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o How will access be provided Into the tank? Manholes should he 
provided
 

through both 
the cover anad the :ide all, of the tank to allow for 

ventilation, enLr[r: w of equipmnt_ ;and personnel, and remlova.l of 

organic and Inor111
rga , hri . ):ften In the pas,;t, tle number .Lnd ,;ine 

of these opening; har ni" h, sufficient for easy cleaning.
 

* Is there a source Kt war.r for washi!g the tank and refilling it for 

start-up.? Wa:ihdown witir si l,!!he ai!r-gapped (to 
prevent backiflow) 

and capahin of utnIv hph pajr:;s:ri' wate r. Once iho tank has eon 

cleaned, start -- "d bal in; i Inge F l the tan: with either raw wastw.t.r,
 

primary effluent, or unchlnr!ialotd seconlary 
 effluent-, atd brng I
 

the entire contents up to 
 operatitug temperature. 
 If seed sludge i;
 

to b2 
 used, it should be fed Into the digester 
as soon as its liquid
 

contents 
have achieved operat ing tetmperature.
 

ANAEROBIC SLUDGE
 
-DIGESR LAGOON 

RECESSED IMPELLER 
DRAIN PUMP 

Exhibit 3.13
 
DIGESTER DRAIN SYSTEM
 

Source: EPA, 1979
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3.3.2 Sizing of Anaerobic Dlestor. 

Determination of di:esr in r.nk oiume is a critical stop in the design 

of an anaerobic digestinu sys te:m,. 'ir,t: and most important, digest:er volume 
must be slulfict-n: to pruvent t , - -omI,co:; fAiling under a]l expected 

conditions. Process failure is d, i nod as the accrm,1li:tion of volatile acids 
and the cessatin of methiane produi:on. Once a digester turns sour, It usua lly 
takes at leaut a month to return It: t:o service. Meanwhile, raw sl idge must he 
diverted to the remaining digH'o,trs, which may become overloaded in turn. 

Furthermore, sludge from a sour digesteor has a strong, noxious odor, and therefore, 

its storage and disposal are a great nu i;ance. 

Digester capacity must also hr large enough to ensure that raw sludge 
is adequately stabilized. "Sufficient stab.] Ization" must be defined on a case
by-case basis, depending on the procesolnu and disposal after digestion. 

3.3.2.1 Loading Criteria
 

Traditionally, volume requirements for anaerobic digestion have been 
determined from empirical loading criteria. The oldest and simplest of these 
criteria is per capita volume allowance. Exhibit 3.14 lists typical design 
values. This crude loading factor should be used only for initial sizing 
estimates, since It implicitl., assu'; i a va lue for such Important parameters 

as per capita waste load, solids removal efficiency in treatment, and digestibility 

of the sludge. These parameters var' widely from one area to the next and cannot 

accurately be lumped Into one paramneter.
 

A more direct 
 loading criterion is the volatile solids loading rate, 
which specifies a certain reactor volume requirement for each unit of volatile 

dry solids in the sludge feed per tnit of time. This criterion has been commonly 
used to size anaerobic digesters. Hawever, as early as 194C, it was recognized 
that process performance is not always correlated with the volatile solids loading 
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rate. The problem stems from factthe that this parameter is not directly tied 

to the fundamental component In anaerobic digestion, the microorganisms actually 

performing the stabilization. 

ExhIbi t 3 .14 
TYPICAL DESIGN CRITERIA FOR SIZING MESOPIIILIC 

ANAEROBIC SLUDGE. DICESTERS 

Low-rate High-rate-Parameter 
 diipstion digestion
 

o lume criteria,
 
cU ft/capita
 

Primary sludge 2-3 1.3
 

Primary sludge +
 
Trickling filter humus 
 4-5 
 2.7 - 3.3
 

Primary slodge +
 
Activ:i . d sti]dge 
 4-6 
 2.7 - 4
 

Solids1 l'idinlib rate, - 0.1
0.04 
 0.15 b- 0.40 
I h VS 2 /'icui ft 

Solids rttention t imie, days 30-60 
 10-20
 

I cu ft/capita = .028 m3 /capita Source: EPA, 1979
 
1 lb/day/cu ft = 16.0 kg/day/n 3
 

3.3.2.2 Solids Retention Time
 

The most important 
cons idber lton in s izing in anaerobic digester is that
 

the bact cia must 
 he given sufficltnt time to reproduce so that they can (1) 

replace cells lost: with the withdrtwii ]tge, (2)slud and adjust their population 

size to follow fluctuations in orl"n ic loading,
 

To en,:ure that the proces;; will not 
 fail, it is critical to know the 

growth rate of the bacteria in the dtgestlr. It is not practical tc measure 

directly the atrate which the anaerohic hoc er~i' multiply. However, as these 

bacteria grow and reproduce, they mettabolze::e the waste and produce end products. 

As a result, the bacterial growth ro[,, can he dtermined 1y moni tori n, the laie 
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at which substrate is reduced and 
end Products are produced. Studies of these
 

rates of change began in 
the late 1950s and have led 
to an understanding of
 

digester process kinetics.
 

The key des;ign 
parameter for ,anaerobic hiological treatment is the 

bioleoical solids 
retention time (SRT), which Is the average time a unit of
 

microbial ma.<ss is retained in the system. SRT can 
he operationally defined as 

the total solids mass In the treA irne, t s'stemi divided by the quantity af solid

withdrawn daily. 
 In anaerobic di ,. to rs ii.hout recycle, the SRTI' is equivalent:
 

to the hydrau~lc detention tmlie. Reve.ycliflg of a concentrated st reaimi back to 

the head of the system, which is ile un ique feature of the anaerobic contact
 

proce;s, increases 
the SRT relative to 
Lhe hydraul tc detention tLim. 

Exhibit 3.15 iiustravc the -cli,t[onshlip between SRT and the performance 

of a lab-scale anaerobic cigester fd with 
raw primary sludge. Specifically,
 

the figure 
 shows how the productioLI liethane, as well as the reduiction of
 

degradable proteins, carboiiydratcs, 
lipids , chemical oxygen demand, and volatile
 

solids, are related 
to the SRT. As 
the SRTf is reduced, the concentration of
 

each coimponent 
 I.n the efflien t gradiall,, Increases until the SRT reaches a value
 

beyond which the 
concentratton 
rapifly Ilncreases. The SRT can be lowered to
 

a critical 
point (SRT,) beyoind whili t.he process will fail completely. Cal

culations based 
on process kinetics pred ict an SRTc of 4.2 days for the digestion 

of wastewater sludge at 35C. 

Temperature has an Important effect on bacterial growth rates and, 

accordingly, changes the relationsh ip between SRT and digester performance. 

The effect of temperature on ilitliai, production and volai[le solids reduction
 

is shown on Exhibit 3.16. 
 The si'i Itficance of this relationship Is that stabili

zation is slowed at lower tempoalevures , wi-h 20', appearlng Lo be 
the mlnimu:: 

temperature at 
which sludge stablliz'cation can he accomplislhed wlthin a practical
 

solids retention time. 
 <ne cri Licai ml uminoim solids retention time (SRTW) is 

3-42 



20 

15 

"" -- MET'HANE 

z4 

u 

0 

10 

Z 

3 

z 

;_0E 

rr 

.,J 

z 

w 

105 AE 

00 
-'--' O--A"---OLI0 

CL 

U- .~ 

0 

u 8BENCIA-SCALE
~PRIMARY10 

6 
DiGESTION OF 

SLUDGE AT 95OF (35Oc) 

cO 

<Z 
0 

Lu 

-

,,:: 

t- 6 - VOLATILE ACIDS 

z 
0Z 

2-Z 
uj 

2 
/ 
/ 

ru LIPIDS-

,'--CELLULOSE POTI 

.l. 

0 0 
0 1 20 30 40 

SOLIDS RETiENTITON TIME (SRT), day$ 

I'XHIT 3.15 

EFFECT OF SRT ON THE 1,ELATIVEj BREAKDOhq' 
OF DEGRADABLE \' T ':COM PONENTS AND 

METi IANI; P}RODUCT [ON 
SOURc'(.1' EPA, 1979 

50 60 

3-4 3 



- ----

350C 

722 5 

5 2
 

7-E 4 METHANE
 
oil 

Du'3
 

On 
< 3 

LU :3 
Z u 

U.1H- 2 150C 

1 

20 

RAW SLUDGE: 11.8 gm/I DEGRADABLE 
G.6 gm/I NONDEGRADABLE 

E 18.4 TOTAL
 
15 

z"
 
o
 

cc 11.8
 
z'L)10 
 [VOLATILE DEGRADABLESOLIDS 

z
 
0u15 
 C
 

z 

L"L. 5 2 5 C -
U

0 ' ------------ - --.
 
0 10 20 30 40 50 60 

SOLIDS RETENTION TIME (SRT), days 

EXHIBIT 3.16
 

EFFECT OF TEMPERATURE AND SRT ON THE PATTERN
 
OF METHANE PRODUCTION AND VOLATILE 

SOLIDS BRE.KDOWN 
SOURCE: EPA, 1979 

3- 44 



also affected by temperature.
 

3.3.2.3 Recommended Stzng Procedure
 

The size of an anaerobic digester shold be adequate to 
ensure that the
solids retention time in the svyLt~c ne.er 
falls 
below a certain critical value.
 
This design solids retention time 
(SRTd') and 
the conditions under which it 
must
 
be met should be 
selected Withc 
care. 
 As a result, SRT
 d must be considerably
 
greater than SRTc. 
 The recommn.nded 
mn I:um safety factor is 2.5.
 

Several researchers have 
recommended 
ten days a a 
minimum acceptable

solids retention time 
for high-ratu,digesters operating near 
35C. This sizing

criterion is 
reasonable, since 
it corresponds with 
tne replication 
time of

slowest growing bacteria. 

the
 
lowevr, 
 thi:s criterion must 
be met 
under all expected 

conditions, inc [ludng: 

o Peak hydraulic loading 
" Tis value should be estimated by combining
poor thickener pariocmance with the maximum plant loading expected
during 
seven contincus 
lays during the design period.
 

o Maximum level below hihit l'vel. Approximately
level variabi ti one meter of liquid'--'La
;t: rtdf-,

rate of fee t

to allow for differences in
ing and thewit dr,Ic and to 
provide reasonable operational

flexibi]i 
y.
 

These conditions may occi
r *t m ciran1ouslyand, therefore, 
the designer

should compound them when applying 
Lh t en-day SRTd sizing criterion. In the
past, 
"liberal" detention 
time criteria have 
been applied at 
the average conditions.
 
However, problems arise during critical periods, 
not when conditions are 
average.

For this reason, the most 
rational 
approach to 
sizing a full-scale facility is
 
to 
apply experimentally based des'ign criteria (increased by 
a reasonable margin
 
of safety) to 
the actual SCL of expOcted peak conditions.
 

Process 
Performance
 

The primary 
result of anaerobic sludge digestion is 
the reduction of both
volatile solids and pathogenic organisms. 
 Volatile solids 
are degraded into
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smaller molecules, and eventually 
a large portion is converted into gas, 
primarily mcthane (CH 4 ) and carbon dioxide (C02) Pathogens" are reduced through
natural die-off because the anaerobic environment is unsuitable for theirsurvival. Many other chemical and physical changes occur during anaerobic
sludge digestion, some of which are do~scrIhed later in this section. 

It is not possible to prediaL preci sely the nature and extentchanges occurring of all 
during anaernhic d igestLon. Wastewater sludges have a complex,variable character and there are many reactions that occur during digestion withinthe mixed culture of ananerobic microortanivsms. This section describes generaltrends of digester performance and identifies the major influences on anaerobic 

digestion.
 

Three topics are discussed in detail: solid reduction, gas production 
and supernatant quality.
 

3.3.3.1 
 Solids Reduction
 

Solids reduction is one of the main objectives of anaerojic digestion.
It not only makes the sludge less putrescilble but also reduces the amount ofsolids for ultimate disposal. 
 It is 
usually assumed that 
this reduction takes
place only in the volatile portion of 
the sludge solids. 
 Therefore, 
a common
measure of digester performance Is the percent of the volatile solids destroyed.Volatile solids reduction in anaerobic digesters usually ranges between 35to 60 percent. The degree of volati]e solids reduction achieved in any particularapplication depends on both the chracter of the s]udge and the operating para
meters of 
the digestion system.
 

The character of 
the sludge determines the upper limit fir volatile solids
reduction. 
 Not all of 
the volatile solids 
can 
be converted by 
the anaerobic
bacteria. Limited research suggests thac only 60 t3 80 percent of the volatilesolids in municipal wastewatcr sludge is readily biodegradable. The remaining 
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fraction consists chiefly of 
inert organics such as 
lignins and atannins. These
 

complex organic molecules may eventually be degraded when held for several months
 

in a sludge lagoon, but can 
be -7ons idered indigestible within the contact times 

normally associated with anaerobic d igestion. 

The most important oper n parameters affecting volatile solids 
reduction 

are solids retention time and dig :;t[Ion temperature. 

3.3.3.2 Gas Production
 

A particular advantage of anaerobic digestion over other methods of
 

sludge stabilization is 
that it produces a medium-energy gas as a by-product.
 

Digester gas can 
be burned to provide heat and generate electricity for the
 

treatment plant. Several off-site us:;es 
 of digester gas are also feasible,
 

including: blending with the domes;ti c 
 gas supply, generation of steam or
 

electricity for sale to adjacent industries, bottling for use as a portable
 

fuel, and production of chemicals such as 
ammonia and methanol. Before any
 

utilization program can be establi;hed, the quantity and quality of 
available
 

digester gas must be determined.
 

The generation of digester gas is a direct 
result of the destruction
 

of solids. The microbiology and biochemistry of 
this conversion are described
 

in Section 3.1.3. Because of this close 
relation between gas production and
 

solids retention, gas production is 
beat expressed in terms of the volume of
 

gas produced per unit of solids destroyed. This parameter, termed specific
 

gas production, is commonly expressed 
as cubic meters of gas per kg of volatile
 

solids (VS) destroyed. Specific gas production values 
for the anaerobic digestion
 

of some of the principal components of sludge are presented in Exhibit 
3.17.
 

Fatty substances have a higher energy content per unit waight than ot:er 
forms
 

of organic matter. Thus, 
the breakdown of 
a sludge with a high proportion of
 

fats, oils, and greases can be expected to yield a greater quantity of gas per
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unit of solids destroyed.
 

Specific gas production for anaerobically digested municipal sludges
 

generally ranges 
between 0.75 to 3
1.1 m /kg of volatile solids destroyed.
 

Exhibit 3.18 shows 
how specific ,-s production is affected by temperature. 

Conversion of volatile solids I, :o; wfficfent at about 35'C and 54'C. Deten
tion time, or SRT, has essentiallv no effect on specific gas production as long 
as the SRT c is exceeded. Lengtheninog th SRT, however, incceases the total 

quantity of gas produced ecaus.; v Loll . solids reduction is increased. As 
discussed earlier, the mix of organic compounds in the feed sludge strongly 

influences specific gas production values.
 

Instantaneous 
 rates of gas production can vary widely becise of flueruat Ions 
in the feed rate, sludge compositiona, and bacterial activity. These momentary 

peaks must be considered in slzlng gas pIping and storage facilities. Generally, 

gas production increases soon after sludge is fed to the digester. Therefore, 

continuous feeding aids in providing uniform gas production.
 

The characteristics 
 of sludge gas are shown in Exhibit 3.19. A healthy 

digestion process produces a digester gas with about 65 to 70 percent methane, 
30 to 35 percent carbon dioxide, and very tow levels of nitrogen, hydrogen, and 
hydrogen sulfide. The carbon dioxide concentration of digester gas has been
 

found to increase with 
 the loading rate.
 

The hydrogen sulfide 
 (l12S) content of the gas is affected by the chemical 

composition of the sludge. Sulfur-heartn industrial wastes and saltwater 
infiltration tend to increase IQS levels in sludge gas. However, metal wastes 

and metal ions added during chemlcal treatment or conditioning can reduce the 

amount of 119 S in the sludge by forming Insoluble salts. 12S, a major source of 
odors in digested sludge, can also become corrosive in the presence if moisture, 

by forming sulfuric acid. 

Although the hydrogen content has some effect on the heat value, methane 
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EXHIBIT 3.17 

GAS PRODUCTION FOR SEVERAL COMPOUNDS 
IN SEWAGE SLUDGE 

Spectfic gas
production, m3 /kg CII 4 content,Material destroyed 
 percent
 

Fats 
 1.1 - 1.4 62 - 72
 

Scum 
 0.9 - 1.0 
 70 - 75
 

Grease 
 1.1 
 68
 

Crude Fibers 
 0.8 
 45 - 50
 

Protein 
 0.7 
 73
 

Source: EPA, 1979
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is 
the chief combustible constituent in digester gas. 
 The high heat value for
 

digester gas ranges between 18,400 
 3
to 25,800 kJ/m
 , with an average of about
 

23,600 kJ/m 3 .
 

3.3.3.3 Supernatant Quality
 

Supernatant, or liquid run-off, from an anaerobic digestion system can
 

contain high concentrations of organia material, dissolved and suspended solids,
 

nitrogen, phosphorus, and other 
naterials that, 
when returned to the plant, may
 
impose extra loads 
on other treatment 
processes and effluent receiving waters.
 

It is very difficult 
to generalize about supernatant quality because It 
can
 

vary widely, even at 
a single treatment plant. 
 The suspended solids, biochemical
 

oxygen demand, soluble phosphorus, phenols, 
and ammonia in the supernatant can
 

all cause problems in a treatment plant. If the 
an -robic supernatant must he 
returned to the plant flow for treatnent, 
it should be recycled continuously to
 

spread the loading.
 

3.3.3.4 Digester Operation
 

An effective anaerobic digester will not 
run automatically without
 

attention. In general, wastes should be 
loaded frequently, preferably every
 

few hours, but not 
less than daily, in order to 
avoid losing solids volatility
 

to oxidation and aerobic bacteria. 
Wastes fed to the 
digester should be measured
 

by a count of pump timing, or direct weighing. Similarly, gas production
 

should be continuously metered and recorded daily, as 
any fall off of gas
 

production will usually be the first signal of digester upset.
 

The feedstock should be 
inspected before it enters 
the digester. Slugs
 
of unusual constituents are 
to be avoided. 
 A good rule of thumb is not to feed
 

more than 10% 
by weight of any out-of-the-ordtinary material to the tank. Toxic 
substances such as 
chlorinated hydrocarbons, pesticides, strong acids and bases,
 
and heavy metals should never enter thu digester at all. 
 In addition, straw and
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EXHIBIT 3.19
 

COMPOSITION OF 3OGAS
 

GAS 

PERCENT
 

CH4 Methane 
55-70% 

C02 Carbon Dioxide 30-45% 

N2 Nitrogen Trace* 

H2 Hydrogen 
0.1-2% 

CO Carbon Monoxide 0.1% 

02 Oxygen 
Trace* 

H2S Hydrogen Sulfide Trace-0.3% 

H20 Water Vapor 

* The presence of significant quantities of these gases indicates air leaks into
 
the digester.
 

NOTE: H2S becomes toxic at concentrations in air of around 0.04%. 
CO is a threat at 0.05Z. 

Source: TVA, 1981 
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other floatable material should be avoided because 
they tend to form an
 

undesirable scum layer on the surface of digesting fluid. Excess water will
 

also slow digestion by dilutilng Llt: active sludge mass, and will waste energy
 

by increasing heating requiremen tS.
 

The digester itself should 1,w checked daily for acidity. Also, 
 the 

color and odor of the digesting or digts!;ted sludge should be monitored every 

day. Sludge color should be b1ck -- a grey color indicates acid build-up and 

Insufficient digestion. The odor of a healthy digester id described as dry and 

pungent; that of a "sour" digester as nauseating, acidic and fatty. Most 

digester failures are due to excess acidity, caused by overloading. 

A small, bench-scale dig,.ster is often helpful in testing sludge, 

evaluating methane production, and identifying toxic materials. 

In order to begin digestion, a starter "seed" of previously digested 

sludge should be fed into the digester and then raw sludge added to it gradually. 

It will be necessary to empty any dfigester for accumulated solids removal
 

every few years, depending on sy;t,::m deCSign and degree to which indigestible 

solids have been introduced into the digester feed. At such a time, it is 

highly desirable to have more than one digester, so that gas production can 

continue and a fresh 3tqrter will be readily available for restarting the 

cleaned-out digester. Complete mix digestion tanks will require considerable 

labor to clean, with shovels, buckets and high-pressure hoses; while a well-

designed canal-type digester can be cleaned with a front end loader or similar 

farm equipment. 

3.3.. Energy Production
 

As Exhibit 3.20 indicates, the energy value of methane generated from the 

anaerobic digestion process exceeds the energy requirements of the digestion 

process. The gas generated may be sufficient to supply the energy needs of the 
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entire wastewater treatment 
plant, with excess gas available for sale. The
 

same is true for manure digesters on farms.
 

Exhibit 3.21 show;, on one diagram, processes which release energy from
 

sludge; devices which convert 
thi released energy to useful forms; useful
 

energy forms; and suggested applIcations of recovered energy, either at 
-he
 

plant (or farm) or 
off-site. Speclal consideration 
must be made when designing
 

processes to recover energy from: sl udge. 
 Some of these considerations are
 

discussed bclow.
 

3.3.4.1 Treatment of Digester Cas
 

The chemical composition of digester gas has already been described
 

above. Of the common constituents, only hydrogen sulfide (h2S) and water vapor
 

(1120) are of serious concern for relifable engine operation. Much of the suspended 

water vapor in wet digestcr ga:; can he precipitated out with a simple water 

trap; along with the water vapor goe:; a sig-,ificant portion of the IS. The
 

remaining }12S may range widely 
 in concentration. 
Some plants have successfully
 

Cesigned and operated their engine:; tc allow for residual H2S by replacing 

critical engine parts with substitutes made from corrosion resistant metals.
 

Others have installed devices 
to remove it from the digester gas. Passing the
 

gas through heated iron oxide 
(ir on sponge) is one of the 
simplest techniques
 

to remove W2S whien concentration; are low. 
 When 112 S leve.s in the digester gas 

are very low, successful engine operation may occur with only the water trap.
 

The large carbon dioxide content of most digester gas is not a problem
 

in engine operation, although 
it does not combmst and hence leads to engine

de-rating. Some engines can function with CO2 levels as high as 73% of total
 

gas volume. Only If the digester gas is to be sold as pipeline-quality gas
 

would CO2 removal be necessary.
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3.3.4.2 Corrosion Factors
 

One of the major problems as ;ociated with recovering heat from digester
 

gas is corrosion caused by s ulfur oxides 
 such as SO2 and SO, which are combustion 

products of t-S. If the exhaust-. a1:; ermperature is allowed to drop below its
 

dew joint, the condensate which forms Is acidic from absorbing SO, and SO3
 . 

The acidic condensate is corrosi,,e 
to metallic element; of th, exhaust-carryin,.'
 

system. There are two aliternat:iv,.; to illeviate the problem. 
 The first ts
 

scrubbing of W12S from 
 the gas before 2ombu;ttlon. The second is maintaining the
 

exhaust gas at temperatures con;iderably greater than its dew point, 
 to prevent 

condensation. This generally reqires that the wa.er temperature of any boiler
 

or engine using unscrubbed gas he 
 at l-ast 1004(;. Also, stack gas temperatures
 

should not be allowed 
 to drop below 177"C. Use of unscrubbed digester gas is
 

preferred. Equipment 
 fueled by ;nsc rubbed digester g-as should not be used in
 

intermittent rervice, since condensation will occur each 
 time the unit is shut 

down.
 

Shut downs should be mnmi:od. Similarly, the equipment should be designed 

so that even when operated at [-t.s lowest loadings, exhaust gas temperatures are 

sufficiently high to prevent condensation. 

3.3.4.3 Boilers
 

Steel tube boilers and cast iron secticnalized boilers have both worked 

woll with untreated digester gas as long as the water or steam temperatures are 

maintained above 100'C. Exhibit 3.22 illustrates an effective method for hot 

water production using a boiler to transfer heat via a thermal siphon, using 

natural circulation. If heat suppl' exceed:; heat demand, the excess heat is 

released by venting steam from th condensers. Temperature control is automatic, 

being set by the vent pressure. Advant;age:; of this system are smilicity, 

elimination of costs associated wfrh umpiyng, automatic temperature control, 
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and independent operation of 
the boiler from other heat 
sources and heat demands.
 

Independent operation is 
particularly important; 
it allows the boiler to 
operate
 

at 
its own best conditions, without being affected by 
the operations of other
 

components of 
the syctem.
 

3.3.4.4 
 Prime 'lovers
 

Digester gas 
can be used to fuel reciprocating engines, 
steam turbines
 

and gas turbines. 
 Prime movers convert part 
of the fuel's energy to work,
 

rejecting the remainer is waste heat. 
 Thermal efficiency can be dramatically
 

improved as poi-Jons of the rejected heat can be recovered aad used for process 

or building heating. 
 Waste heat recovery is more efficient if prime 
movers are
 

run hot, since heat rejected at higher temperatures can be put to 
a greater
 

variety of uses 
than heat 
rejected at low temperature. Also, exhaust systems
 

last longer because S02 /S03 corrosion is reduced.
 

There are 
a number of different engine types which can operate on
 

medium-Btu gas as 
produced in anaerobic digestion, including:
 

1) Compression ignition engines, modified for dual fuel combustion,
 

require from 2-15% (average, 5%) diesel 
fuel for ignition and top end lubrication.
 

Two fuel delivery systems are required, as well as 
modified carburation.
 

Maximum fuel energy which 
can be converted to 
shaft housepower is 32-36%.
 

Twenty percent, or lower, efficiency when operating at 
partial load is 
common.
 

2) 
Spark ignition engines have had somewhat 
less use operating on
 

biogas; generally in smaller horsepower sizes thai, 
the dual-fuel engines.
 

Natural gas or propane may be 
used as ,.upplamental fuel. 
 Slow speed, high
 

compression engines may yield 32-36% power extraction rates; 
high speed, low
 

compression units, only 20-25%. 
 Partial load again decreases engine efficiency.
 

3) Gas turbines have sume 
theoretical advantages over reciprocating
 

engines, but 
little successful experience with their use 
on dip'ster gas has
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been documented and the selection of 
turbine sizes available under 500KW
 

is limited. Mechanical po.er efficiency ranges from 17-30%, depending 
on
 

the degree to which exhaust .-at is recovered.
 

4) Steam turbines are 
the engines least affected by constituents in
 

the fuel gas because they do not come in direct contact with it; only the steam 

raised by fuel combustion operates; the engines. The use of digester gas to
 

produce steam is well-documented but -he cost of generating power with steam
 

turbines may he difficult to justify at facilities with less than I MW (1000 KW) 

potential.
 

3.3.4.5 Generators
 

The choice of a generator is basically a matter of matching the output
 

of the generator (power output and shaft speed) 
 with that of the prime mover.
 

Depending on the type of prime mover (turbine, spark ignition, 
or compression
 

engine), the gearbox joining the prime mover to the generator will usually
 

increase 
 the engine speed to that of the generator, or decrease the turbine
 

speed to match that of the generator. In most cases, manufacturers match
 

the prime movers to the genera;:or set, or can recommend 
 a distributor who does. 

Generators are packaged with necessary electrical controls for their operation.
 

Generators may be synchronous or induction types. Synchronous generators
 

are 
by far the most common. Hlowevor, in smaller sizes (below 5 or 10 MW)
 

induction units are generally 
less expensive than synchronous units. They are 

also easier to maintain since they require no governor or synchronizing equipment. 

Induction generators have the dlinsaIvaumLne of being unable to operate unless 

parallelled with synchronous generation, either utility or in-plant. An induction 

genprator by itself cannot be 
us;ed to provide emergency power.
 

In addition to a generator, the system 
will include electrical equipment,
 

either for interface with the utilit y grid or delivery of power on-site. 

Switchgear, wiring, and controls which protect the unit from under/over voltage
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conditions, and automatic circuit breakers with manual reset 
to separate the
 system from the distributor line 
in case of distributor line 
power loss are
 
also necessary equipment.
 

3.3.5 
 Other Design Considerations
 

Some of the 
factors a designer must consider when conducting 
a heat recovery
 

analysis include:
 

o Determining the c.iergy value of the digester gas.
 
o Calculatiog the heat balance around the engine/generator/boiler. 
o If an engine io used, determine whether sufficientfrom the jacket L..-Itng heat can be recoveredwater to satisfy digester heating requirements. 
o Determining the efficihlncy of the energy recovery system. 
o For boiler systems, determfne steam and condensateproduced flows, deteralnein both proces.s worksteam cycles and tur)iae operation. 
o The full range of conditions expected at th(enot just pIIL mustaverage conditlons;. he evaluated,Energy supply and energy demand schedules 

must be established. 
peak 

llceat recovery equipment must bedemands. sized toStorage reIuitrenments handle
for primary and backup fuels mustbe determined.
 

o A source of backup energy must be available energy in the eventrecovery sysi:ens experfence that plant
partial or total failure. 

The physicalo and chemilcal nature
considered of flue gases generared(for example, must betemper:iture, corrosiveness,
concentration, particulate

and moisuru, content). 
o The equipment must he desligned to withstandwill the conditionsbe subjected. to which itAppr prI"ie construction materials must be used. o Any solid, liquid or gaseous residue frommust be the heat recoverycollected operationand disponed of in a safe and environmentally soundmanner.
 

o Chemical and physical treatments for makeup and circulating watersteam must be established. 
or 

o Manpower to 
operate the heat recovery system mustSpecialists be determined.
may be required

stationary for certain equipment, forengineers example,for high pressure boilers and engine specialistsfor internal combustion engines.
 

0 Control strategies must be 
decided upon; 
instrumentation 
to carry
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them out must be provided.
 

o Economic analysis must be 
performed to determine if 
the system can be
economically Justified. 
 As a rule-of-thumb, the larger the 
plant, the
 more sophisticated the heat 
recovery system which 
can be justified.
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3.4 ENVIRONHENTAL IMPACTS
 

The likely environmental impacts of 
each proposed project alternative 

should be evaluated. Since environmental impacts are important for political,
 

economic, health and 
aesthetic reasons, a 
formal study of them is 
a necessary
 

part of good project planning.
 

The primary function of a sewage treatment plant is to mitigate the 

adverse environmental effects of abundant raw sewage. 7he particular contri

butions of anaerobic digest:ion to this goal include sludge stabilization and 

pathogen neutralization. A discussion of pathogenic organisms follows. 

3.4.1 Pathogenic Organisms
 

A pathogen or pathogenic agent is any biological species that can
 

cause disease 
 in the host organism. These organisms or agents fall into four 

broad categories: viruses, bacteria, parasites, and fungi. Within the parasite 

category, there are protozoa, nematodes, and helminths. 
 Viruses, bacteria, and
 

parasites are primary pathogens that are present at some level in sludge as a 

sludge as resulta of human activity upstream from the wastewater treatment
 

plant. Fungi 
 are secondary pat:hogens and arL only numerous in sludge when
 

given the opportunity 
 to grow during some treatment or storage process. 

Pathogen Sources
 

Pathogens enter wastewater treatment systems 
from a nurijr of sources:
 

o Human wastes, including feces, urine, and oral and nasal discharges;
 

o Food wastes from homes and commercial establishments; 

o Industrial wastes from food processing, particularly meat packing 
plants;
 

o Animal feces and urine; and 

o Biological laboratory wastes such as those from hospitals. 

In addition, where combined sewer systems are used, ground surface and 
street runoff materials, especially animal wastes, may enter the sewers as 
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storm flow. Desease vectors such as rats 
that inhabit some 
sewer systems may 

also add a substantial number of pathogens. 

3.4.2 Pathogen Characteristics 

Viruses, bacteria, parasites, and fungi differ in 
size, physical composi

tion, reproductive requirements, occurrence in the population, and prevalence 

in wastewater.
 

3.4.2.1 Viruses
 

Viruses can only 
 rnproduce by dominating the internal processes of host 

cells and using the host's resources to produce more viruses. Viruses dre very 

small particles whose protein surface charge changes 'n magnitude and sign with 

pHl. In the natural pH range of wastewater and sludges, most viruses have a 

negative surface charge. Thus, they will adsorh to a variety of material under 

appropriate chemical conditions. Different viruses show varying resistance to 

environmental factors such as heat and moisture. Enteric viruses are acid

resistant and many 
 show tolernce to temperatures as high as 60°C. 

Many of the viruses that cause disease in man enter the sewers with feces 

or other discharges and have been identlfied, or suspectedare of being, in 

sludge. The major virus subtypes transmitted in feces are listed in Exhibit 3.23 

tnget'-er with the 
disease 
they cause. Viruses are excreted by man in numbers 

several orders of magnitude .wq:" than bacteria. Typical total virus concen

trations in untreated wastewaters are 1,000 to 
10,000 plaque-forming units (PFU)
 

per 100 ml; effluent concentrations are 10 to 
300 PFU per 100 ml. Wastewater
 

treatment, particularly chemical coagulation or 
biological processes followed 

by sedimentaiton, concentrates 
viruses in sludge. 
 Raw primary and waste-acti

vated sludges contain 10,000 to 100,000 PFU per 100 ml.
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EXHIBIT 3.23 

PATHOGENIC HUMAN VIRUSES POTENTIALLY IN 
WASTEWATER SLUDGE 

Name 
 Disease
 

Adenoviruses 

Adenovirus infection
 

Coxsackie virus, Group A 
 Coxsackie infection; viral meningitis;
 
aAFRI , hand, foot, and mouth 

disease 

Coxsackie virus, Group B 
 Coxsackie infection, viral meningitis;
 
viral carditis, endemic pleurodynia,
 
AFRIa
 

ECHO virus, (30 types) 
 ECHO virus infection; aseptic mening

itis;
 

AFRIa
 

Poliovirus (3 types) 
 Poliomyelitis
 

Reoviruses 

Renvirus infection
 

Hepatitis virus A and B 
 Viral hepatitis
 

Norwalk agent 
 Sporadic viral gastroenteritls
 

Rotavirus 

Winter vimiting disease
 

aAFRI is 
acute febrile respiratory illness. 
 Source: EPA, 1979
 

3.4.2.2 Bacteria
 

Bacteria are single-celled organisms that range in size from slightly
 

less than one 
micron in diameter to 5 microns 
wide by 15 microns long. Among the
 

primary pathogens, only bacteria are able to reproduce outside the host 

crganism. 
They zan grow and reproduce under a variety of 
environmental condi

tions. Low temperatures cause dormancy, often for long periods. High
 

temperatures are 
more 
effective for [nactivation, although 
some species form
 

heat-resistant spores. 
 Pathogenic bacterial species are heterotrophic and general

ly grow best at a pH1 between 6.5 and 
7.5. The ability of bacteria to reproduce 
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outside a host is an important factor. Although sludge may be disinfected, it
 

can be reinoculated and recontamfnated.
 

Bacteria are numerou. in the human digestive tract; man excretes up
 

to 101 3 coliform and 1016 other bacreria in his feces every
 

day. The most important of the pathog,-nilc bacteria are listed in Exhibit 3.24,
 

together with the diseases they c;u:e.
 

EXfIB IT 3.24 

PATIIOGENIC HUMAN BACTERIA POTENTIALLY
 
IN WASTEWATER SLUIDGE
 

Species 
 Disease
 

Ariozona hinshawii 
 Arizona infection
 
Bacillus cereus 
 B. cereus gastroenteritis; food
 

poisoning
 
Vibrio cholerae 
 Cholera
 
Clostridium perfringens 
 C. perfringens gastroenteritis;
 

food poisoning 
Clostridium tetani 
 Tetanus
 
Escherichia coli Enteropathogenic E. coli infection;
 

acute diarrhea
 
Leptospira sp 
 LeptospirosJs; Swineherd's disease
 
Mycobacterium tuberculosis Tuberculosis
 
Salmonella paratyphi, A, B, C 
 Paratyphoid fever
 
Salmoriella sendal Paratyphold fever
 
Salmonella sp (over 1,500
 

",erotypes) 
 Salmonellosis; acute tiarrhea
 
Salmonella typhi 
 Typhoid fever
 
Shingella sp Shigellosis; bacillary dysentery;
 

scute diarrhea 
Yersinia enterocolitica 
 Yersinia gastroenteritis
 
Yersinia pseudotuberculosis mesenteric lymphadenopathy 

Source: EPA, 1979
 

3.4.2.3 Parasites
 

Parasites include protozoa, nematodes, and helminths. 
 Pathogenic
 

protozoa are single-celled animals that range in size 
from 8 to 25 microns 

Protozoa are transmitted by cysts, the non;active and environmentally insensi

tive form of the organism. Their 1. fe cycles require that a cyst be ingested 

by man or another hose. The cyst is transformed into an active organism in the
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intestines, where it 
matures and reproduces, releasing cysts in 
the feces.
 

Pathogenic protozoa are 
listed 	in 
Exhibit 3.25, together with the diseases they
 

cause.
 

Nematodes are roundworms and hookworms 
that may 
reach sizes up to
 

36 cn in the human intestines. ''le common
more roundworms found in man
 

and the diseases they cause are 
lIsted in Exhibit 3.25. 
 They may invade tissues
 

other than the intestine. Thi; siunt ion is especially common when man ingests
 

the ova of a roundworm common 
 niherLo a . species such as the dog. The nem:mode
 

does net stay in the intestine hut a grates to other body tissue such as the
 

eye and encysts. The cyst, simi lar to that 
formed 	by protozoa, causes inflam

mation 	and fibrosis in the host t:issue. Pathogenic nenatodes cannot spread
 

directly from man to man. The ovA di schirged In feces must first embryonate 

at ambient temperature, usually 
In the sotl1, for at least two weeks.
 

EXHIBIT 3.25
 

PATHOGENIC HUMAN AND ANIMAL PARASITES
 
POTENTIALLY IN WASTEWATER SLUDGE
 

Species 
 Disease
 

A. 	 Protozoa
 
Acanthamoeba sp 
 Amoebic meningoencephalitis

Balantidium coli 
 Balantidlasis, Balantidial dysentery

Dientamoeba fragilis 
 Dientamoeba infection
 
Entamoeba histolytica Amoebiasis; amoebic dysentery

Giardia lamblia 
 Giardiasis
 
Isoapora bella 
 Coccidiosis
 
Naegleria fowleri 
 Amoebic moningoencephalitis
 
Toxoplasma gord,Ii 
 Toxoplasmosis
 

B. 	 Nematodes
 
Ancyclostoma dirodenale 
 Ancylostomiasis; hookworm disease
 
Ancyclostoma sp 
 Cutaneous larva migrans

Ascaris lumbricoides 
 Ascariasis; roundworm disease; Ascaris
 

pneumonia

Enterobius vermicularis Oxyuriasis; pinworm disease
 
Fasciola spp. 
 Fascloliasis
 
Filaroma 
 Rift Valley Feer, Filariasis
 
Necator americanus 
 Necatoriasis; hookworm disease
 
Schistosoma m,h 
 Sch[stosomiasis
 
Strongyloides stercoralis 
 Strongyloidiasis; hookworm disease
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Toxocara canis 
 Dog roundworm disease, visceral larva
 
Trichusis trichiura 
 Trichuriasis; whipworm disease
 

C. 	 Helminths
 
Diphyllobothrium 
latum Fish tapeworm disease 
Echinococcus granulosis 1ydatid disease
 
Echilnococcus multilocularis 
 Aleveolar hydatid disease 
Hlymenolepis diminuta Rat tapeworm disease
Tymenolepis nana Dwarf tapeworm disease 
Taenia saginata Taeniasis; beef tapeworm disease
Taenia sollum cysticercosis; pork tapeworm disease 

Source: EPA, 1979 

Helminths are flatworms, such am tapeworms, that may be more 30 cm
 

in length. The 
 moGt common types are associated with beef and rats. Trans

mission occurs 
 when man Ingests raw or Inadequately cooked meat or the eggs
 

of the tapeworm. 
 In the 	 less erlou; form, the tapeworm develops in the
 

intestine, maturing and releasing eg;. in 
 tho more serious form, it localizes
 

in the ear, eye, heart, or central nervous system.
 

3.4.2.4 Fungi
 

Fungi are single-celled non-photosynthesizing plants that 
reproduce
 

by developing spores, which 
form new: colonies when released. Spores range 
in
 

size 
from 10 to 100 microns. ThOY are secondary pathogens in wastewater sludge, 

and large numbers have been 
found growing In compost. The pahogenic fungi, 

listed in Exhibit 3.26, are mnost dangerous when 
the spores are Inhaled by 

people whose systems are already stressed by 
a disease such as diabetes, or by 

immunosuppressive drugs. Fungi spores are ubiquitous in the environment and 

have been found in pasture landn, hay stacks, manure piles, and the basemeats 

of most homes. 
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EXIIfiT 3.26 

PATIOGENIC FUNGI POTENITALLY IN 
W:ASTEWATER SILUDGE 

Species
 

Actinomyces sp 
 Act inomycosis
 
Aspergillus sp 
 Aspergillosis; Aspergillus pneumonia
 

otomycosis

Gandida albicans Monil1asis; candidiasis oral thrush 

Source: EPA, 1979 

3.4.3 	 Pathogen Reduction During Digestion
 

Sludge digestion is one of 
 the major methods for sludge stabilization
 

in the United States. Well-operated digesters can suhstantially reduce virus
 

and bacteria levels but are less effect!i/e against parasitic cysts. 

3.4.3.1 Viruses
 

Viruses are removed most readily in wastewater treatment processes when 

attached to larger particles such as chemical or biological flocs. Primary 

treatment vi rus removal I s frcomn thrue percent to extens lve; primary treatment
 

removals of 60 to 95 percent 
 occur 	with a one-hour detention time, 70 to 99 

percent removals occur with act ivi ted sludge. 

Virus concentration ranges for raw and anaerobically digested sludges 

are given in Exhibit 3.27. Anaerohir digestion has been shown to reduce the 

concentration of detectable viruses by one to several orders of magnitude. 

Digester detention time, operal In!, temperature, and meth d of operation are 

apparently the most Important 50fa'wur; a:f'frtnin, virui' removal. Almost 

percent virus inactivation occur; wit- sludge storage at 200C for two weeks 

under laboratory conditions. Reduction continues with longer storage. Increased 

operating temperature also Improves reduction. 
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EXHIBIT 3.27 

PATHOGEN OCCURRENCE IN 
LIQUID WASTEWATER SLUDGES 

Concentration, number/100 ml 

UnstabillzedPathogen 	 rawName or species 
 sIu (ea Digested slugea,b
 

Virus -
Various 
 2.5 x 103 7 x 100l -13 

Bacteria Clostridia sp 	 106
6 x 
 2 	x 107
 Bacteria 
 Fecal coliforn 
 [09 
 3 	x 104 - 6 x 106
Bacteria Salmonella sp. 	 I03 BDI,c - 62
 

Bacteria Streptococcus faecalis 
 3 x 107 
 4 	x 104 - 2 x i06
Bacteria Total colifor is ..... 5 x 109 6 	x 104 - 7 x 107
Bacteria MycobacteriLum tuberc!- 107 106 

Parasites Ascaris lumbricoide,; 200  1,000 0 	 - 1,000Parasites Helminth eggs 200 - 700 30 - 700 

a 	 Type of sludge usually unspecified. Source: EPA, 1979b 	 Anaerobic digestLion; temperzatur, and detention times
 
varied.
 

c 	BDL is 
below detection lim.r.ts, <3/100 mi.
 

3.4.3.2 Bacteria
 

Most bacteria in wastewater are 
readily sampled and measured. Commonly
 

found concentrations and type,; of bacteria are shown in Exhibit 3.27. Increas

ing both the temperature and 
 the detention time 
increases bacterial 
inactivatioi.
 

Fill-and-draw operation, however, prevents digestion from 
removing as large a
 

fraction of 
the bacteria as it 
might in another operation mode.
 

3.4.3.3 Parasites
 

Protozoa cysts should :-t survive anaerobic digestion, but helminth ova 

definitely do and shold be 
expected in digested wastewater sludge unless testing
 

proves the contrary.
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3.4.4 Pathogen Survival in the Soil 

An objective of reducing Lhe number of pathogens in wastewater treat

ment plant sludge is to produce 
 a product that may Oc beneficially utilized.
 

As 
 such, the behavior of sludge paitho,ens In the soil is important. Sludge is 

returned to the soil by spray irri:t 1.on, surface flooding, wet or dry surface 

spreading, or subsurface injection. These techniques expose the sludge to
 

the sun, air, water, and soil in different ways that may strongly affect
 

pathogen survival.
 

3.4.4.1 Viruses
 

Data for the survival of 
viruses, bacteria, and parasites in soil are
 

summarized in Exhibit 
3.28. Factors 
that have been found to affect survival
 

include soil temperature, yi, clay concentration, catio exchange capacity, 

specific 
su-Sace area, and organic content. Viruses survive best at slightly 

alkaline pH levels. 
 Cooler temperarure,; prolong virus 
infectiveness, as does a 

moisture content 
between 15 and 25 percent.
 

3.4.4.2 Bacteria
 

Maximum recorded bacterial survival times vary with species, from a
 

little over 
one month to almost a year, 
as shown in Exhibit 3.28. 
 The important
 

variables in bacteria survival are moisture content, moisture holding capacity, 

temperature, pH1, sunlight, organic matter, and competition or predation. Moisture 

content is most important, since desiccation often leads to cellular death. 

Lower temperatures prolong survival, and a lower pH increases the rate of
 

inactivation. The presence of 
organics may promote survival or even regrowth. 

If sludge is applied by a surface method and allowed to dry before 

incorporation into the soil, considerable bacterial reduction can be achieved. 

This potential advantage of surface applications must be weighed against the 

associated odor risk and the cost of subsurface injection. 
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EXHIBIT 3.28
 

PATHOGEN SURVIVAL IN SOILS 

Pathogen 
 Length of survival,
 
type Name or 
species 
 days
 

Vi-rus Poliovirus 
 Up to 84
 
Virus Poliovirus I 
 Up to 170
 
Virus ECHO 7 Up to 170
 
Virus ECHO 9 
 Up to 170
 
Virus Coxsackie B3 lp to 170
 

Bacteria Clo-tridium sp Up to 21C
 
Bacteria Leptospira so Up to 43
 
Bacteria Mycob-,cteriaunm tuberuosis More thai 180 
Br.cteria Salmonella sp. Up to 570 
Bacteria Salmonella tvplhi Up to 120 
Bacteria Shig('lia sp. Up to 210
 
Bacteria Streptococcus f[ca] :"I Up to 21.0 
Bacteria ToLal colif(tor,1 Up to 210 

Parasite Entamoeba histolyLica Up to 8 
Parasite Ascaris lubI)rIcIde; TJp 2,550to 

Parasite lookworm--a-v .. 
 Up to I2
 
Parasite Schistosor:1 
 Up to 21 

Source: EPA, 1979 

3.4.4.3 Parasites
 

Protozoa cysts are reported to be destroyed in eight days after
 

land application. Helminth ova, howeer, are very durable and 
may survive
 

up to seven ye:ir:.,. Hookworm larvae may be viable for 
over a month.
 

3.4.5 Poteitial Human Exposure to lathogens
 

H.n may be exposed to patho !es In wastewater sludge in a variety of 

ways and at greatly varying con.7ent.rations. Exhibit 3.29 lays out in simplified 

form some of toe potential )ath iays. There is no firm scientific evidence thai 

human disease is directly linked to e:posure to patl:ogens from wastewater slud.,. 

Viable pathogens have, however, hcm-n [solated from intermediate points in the 

sludge management system, such L.:; fru: surface runoff from sludge treated fields. 

These factors should he considered in rhe selection and design of a process for
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reducing the number of pathogenic organisms.
 

3.4.6 Other Environmental Impacts
 

Land application of anaerohically stabilized sewage sludge has other
 

environmental impacts. 
 Its primary adverse 
impacts aside from pathogen
 

transmission 
are odor and the potential for toxin or 
heavy metal contamination.
 

The beneficial impacts include so.I ferti lization and stabilization of sandy 

or eroded soils. 

[EN V I RNMENTAL
SOjRCIEs 

MA 

OR SUDGF1 

GRROULANTS INGESTIO N~ 

CATR "S O 

DIRECT CONTACTINHALATION 

EjDIPECOTT 
GROUND. INGESTION 

IGESTONDIRECT CONTACT INHALATIO N~ 

EXII 3.TAAT2HS 

POTENTIAL PATHOGEN PATHWAYS TO MAN 

Source: EPA, 1979 
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3.5 SPECIAL CGNSIDERATIONS IN THE EGYPTIAN ENVIRONMENT CONTEXT 

Much of Egypt's primary infrastructure is not yet adequate to meet the
 

population's needs. Cairo's Wear hank, for example, is only one-third sewured; 

the remaining two-thirds of the city Is served by septage tanks. Private 

carriers track raw sewage from hn ondividual buildings' septage 'anks to the 

nearest cana' (carrying Nile River water to the farms) or drain (returning water to
 

the Nile) for dumping. Piped sewage goeq to one of several wastewater treat

ment plants and undergoes tnreatmentprimary (screening and sedimentation) prior
 

to discharge. The effluent pres;.t 1y doe,, not undergo secondary treatment or 

disinfection. The sludges that arm generated are simply applied to land for 

drying. Many urban areas in Egypt need complete and adequately sized sewage 

collection networks in addition to sewage treatment plants. Much of the primary 

sludge that is generated is used by far roe r a, and they can be expected to 

continue this beneficial use of sludge as its quantities grow along with Egypt's 

infrastructure improvements. A good public health argument exists for anaerobically 

stabilizing this sludge prior to use" not only will it be less putrescent and 

easier to handle, but pathogen levels will be greatly reduced. Energy recovery is 

an added benefit that makes the digestion process more economic. 

Investments in anaerobic digesters will not be made obsolete by the 

introduction of secondary and/or tertiary sewage treatment processes. Sludge 

will continue to be generated and the need to stablize it will continue to 

exist. 

Prior to claiming substantial public health benefits for sludge digestion, 

a detailed analysis of actual Egyptian pathogen destruction by the process is 

warranted. Anaerobic digestion may not neutralize some of Egypt's most persistent 

parasites.
 

One of the best uses of dlgester-produced methane may be to make sewage 

treatment plants energy self-sufficient. By utilizing the gas to produce 
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mechanical, electrical, and 
thermal energy, treatment plants may be built 
in new
 

cities and 
in other locations not 
well served by the electric grid.
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3.6 	 CURRENT R&D THRUSTS
 

3.6.1 	 Industry R&D
 

Sewage treatment 
plant design and construction is 
a mature industry
 
,n the United States. Anaerobic digeters have 
been used to stabilize sludges
 

for "nearly 100 years, and 
a great deal of 
research, process refinement, and
 
experimentation with alternative designs has 
been completed. 
 Research and
 
development activities within the Industry continue at several levels. At the 
systems level, there is constant em:rpiw:.:ntati on with new process combinations, 
as engineers attempt to optimize dos;ni::n bised on both quality and cost-effec
tiveness criteria. At the 	 process livel, development of better digesters
 
continues; 
 for example, phase separat:iio using separate tanks for acid formation 
and methane production is being tried, 	 and the application of computers with
 
detailed 
 ins trumentation is he Ing lI t rodiicnd to allow ins tantaneous monitoring
 

and control 
 of system performaonce. 

3.6.2 	 U.S. Governmer2t R&D
 

In the United States, the 
federal government during the past decade has
 
initiated 
numerous programs 
to foster 
the development of biomass energy.
 
The main emphasis of Federal biomass R&D is 
in applied research and engineering,
 
which includes activities related to 
developing feedstock production and conversion 
technologies from the conceptual stag 	 through establishing technical feasibility. 
The programs involved in R&D 	 exhibit a broad range of interests concentrating
 
on five feedstock production categories 
 (woody, 	 herbaceous, aquatic, waste-derived, 
and environmental) and five conversion technology categories (direct combustion, 

biochemical, thermochemical, photonhilopiail, and environmental).
 

Research on 
 sewage 	 gas ener'.y recovery is coordinated by the Municipal 
Waste Division of the U.S. Department of Energy. Their mission is to conduct 
research that will allow the private sector to complete the development necessary 
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for the commercial application f these technologies in the marketplace.
 

The wastewater treatment research is 
conducted as part of the 
Biochemical
 

Research Program. RecenL projects have included the development of improved
 

microbial strains for anaerobic dlge.stion of wastewater, biofilm process research
 

for "treatment of wa.ttewater and effluent dewatering and drying process 7enearch.
 

The first project mentifoned Is the development of improved microbial 

strains for anaerobic digestion of MSW and wastewater. The objective of this
 

research is to 
explore and '"se known genetic-manipulation techniques in 
order
 

to select, 
and develop improved microbial strains capable ef fermenting MS',.f

and wastewater-feedstock in anaerobic digesters.
 

It is known that methan, production from cellulosic and starchy materials 

(as well as other materials which ire constituents of MSW and wastewater) 

follows 
three distinctive steps, that Is cellulolysis - starch hydrolysis, 

acetogenesis, and methanogenesis. The three steps (mechanisms) are accomp2ished
 

by three corresponding groups of microbes. It 
has been demonstrated that
 

cellulolysis and starch hydrolysi:; produce higher amounts of 
simple sugars and
 

faster by the aid of 
improved bA:cerfal 

methanogenIc bacterial improvement, research
 

and/or fungal strains than with the 

usual ones (wild, etc. types). n the aroa of aceogenic bacterial improvement, 

and in particular, in the area of 

is in its infancy. Therefore, the employment 
of known genetic techniques (li.
Ike 

conjugation, transformation, tr;,nsdluct ion, and mutation) to improve the genotype
 

of the bacteria involved 
in metLhan,cn sis (towards a higher rate of methane
 

production than the usual 
one) l.sneeded . A ]0% Increase of methane yields 

by improved bacterial strains will have an appreciable effect on the evonomic
 

and energy requirements of methane Iiduct 
Ion through anaerobic digestion of
 

MSW and wastewater.
 

The development of a biofilm process 
for treatment of wastewater is
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also underway. The objective 
of this study will be the production of basic data
 

for the development of a highly effective biofilm process for 
treating waste

water to produce methane gas.
 

Several systems are currently used to treat wastewater, among
 

them the anaerobic film process appears 
to be of high interest due to recent
 

increasing coacern 
in energy matters. The wastewater stream, by 
its available
 

nutrients 
and biological oxygen demird, determines the mncroflora population
 

dynamics and chemical actlvirioe;, it: Is possible to change both the 
nature and
 

dynamics of 
the microbial population tow'ards a highly methane-producing microflora 

through biNof i processes. These prn'vses; Involve reactor3 that immobilize
 

the bacteria (retained-biomass reactor:r) tL at 
have the property to attach
 

on solid surfaces of 
special no.,Lnrial, especially methanogenic bacteria.
 

These materials provide a vast 
snrFace area for biological grow:th, supporting
 

the development 
of a high biomass concentration. Such hiosupport materials,
 

known as biofilms, can be made of plastics. 
 These types of reactors provide
 

long retention times without the 
need for solids recycling, are less susceptible
 

to microflora washout with 
the effluent, permit short hydraulic residence times,
 

are suitable 
for soluble microbial food sources, provide a high degree of
 

digestion (treatment) with dilute waste streams, produce high methane 
content
 

of the gas (up to 
70%, probably from the absorption and removal of most of
 

carbon dioxide in the effluent), 
can operate at higher temperatures than other
 

systems, and can 
handle 	moderate overloading effects.
 

3.6.3 	 Other R&D
 

Both the Europeans and 
the Japanese continue to work on process improve

ments 
relating to digester performance. Innovative tank shapes 
and piping 

systems designed to improve digestion ratito and reduce maintenance downtime 

are among the things being explored.
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stubborn solids are inorganic. Lignin, a structural organic material in wood,
 

is particularly difficult to break down. 
Skimming, thickening, continuous
 

loading, and mixing enhance digest!on by increasing the fraction and uniform 

distribution of volatile solids. 

Substances toxic to ba'terfa are sometimes present in sludge. Materials 

such as heav'y metals, antiblotfci;, phe.nIols, pesticides, detergents, sulfur 

compounds, and c'isinfectants are commo I nhlbitors of anaerobic digestion. 

The source of the wastes io often a good predictor of the toxic constituents. 

Some of these substances can he di luted to non-toxic concentrations, some can 

be precipitated out of 	 the s iI!e, and etil others must be removed from
 

wastes before they enter digesters.
 

4.2 	 TECHNOLOGY DESCRIPTION
 

There is much current experimentation and debate over how 
 to optimize 

digestion. Therefore, the equipment available to accomplish anaerobic digestion 

ranges widely in size, design and operation. Equipment used to transform the
 

raw feedstock into a digested 
 product must allow for feeding into the digester, 

heating the rminure and maintaining it. temperature, holding the material during 

digestion, keep oxygen out of 	 the dtguster, mixing the digester contents, 

accumulating and releasing blogas and discharging digested material. 

Several types of digesters , (IIrcu.sed in the previous chapter, perform 

all of the above functions satiMict-rilv. ost manure digesters are variations 

of the two principal designs do:;crib,.d here. 

A complete-mix high-rate dIcefSter Is, by definition, a design which 

incorporate:; stirring or agitation of the contents to achieve good mixing 

and which also has a meant; of hearing, to ensure that digestion takes place 

at a stable optimum temperature. 'Ih::se dlges;ters were first developed for the 

wasteater disposal field, but tlere are now many alternative types available, 
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HEATING COILS 

Exhibit 4.2 Simple Ca' i: u-<I-i Digester Source: TV.\ (19)5]) 
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INFLUENT ifI. 
MANURE
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and./ ,is'generally' recognized' that~, .for maximum efficiency' colupled with shi~r' ' 

tntonpeids 1 he -hhr ate -conep-is3, probably -essenti-al '4 

hih-at
dgete wthmixing by gas 4 circulation and sludge hetn by 
 tela
 

heat exchanger ia'illustrated in Exh'ibit.4.1. These digesters".are esetal
 

rudconcrete tanki)s with dome roofs of concrete or steel.4 '~ 

Whnth atra being digested :islairly homogenos asma b the4 case .' 

,in farm settings),'vigo'rous mixing may. not 'be reurdfrthor~oug ieto. 

By ocaingth
inakeanoueports strategically, and applyi'ng heat at 
the'
 

'''bottom of'the digester, sufficient thermal currents' may be induced to effectively "4"' 

m~ix the digester's cdiutents. "'A 'flow schematic of'an'effectively mixed but not "'''' 

4.. agitated1 digester appears~in'Exhibit 4.2. Even though the apparatus in Exhibit' 

4.2 is much"simpler than 'chat in Exhibit 4.1, 
the essential digestion~ reaction
 

taking place inside is 'the same.'.'4 
 4
 

'The second arrangem~ent which as been used successfully to digest' u .
 4r
 

sludges in farm settings is ,plug-flow'.or canal digester.* lhug o ap
 

4plug-flow' 
 in the hydraulic sense '(totally without longitdudinal mixing)'-,manure"
 

is fe 
 noalng trough at one end removed fromn the' other, undergoi~ng vey
 

little mixing in between. ,/A sche~mati'c-.of ' ieto trug aper. ' Exii:.3. 

This type of digese yicly~ebuilt asa lon,"ih cnLLet-.lJned excavated'X 

ilo~hwt niper-meable Thballoon" cover. Under the cover, da%,layer of '.. 44..
 

4 
 material such as s'tyrofoam can.,serve to ilnsulate., the sludge and inhibit the' 

4 forimation of scum on its su~rface. Other construc tjon possibi'l'tes include!' 

44 horizontal metal tanks 40r plastic-lined canals In the canal-type digester r_ 

the sludge must ,be 'warmed before entering the chamber in order,,to prevent:3 ': 
 ~ 

thlermal stra'tification with the, cold sludge flowing undigested along the bot to ""M 

ofthe tank. ' 44444~:44' 

44 4 ' ~ 4~' ~ y 

A decision between these two 
leading digester types shou'ld 'be hased"0n 
"4"
 

44
"'several facto'-swhich are surnmarizf'd in.iExhibit'. 44 Thr sdiidd, n
 

444~~ ~J4','"""4 

http:sche~mati'c-.of
http:plug-flow'.or


EXHIBIT 4.4 

Comparison of Complete-Mix and Plug-Flow Digesters
 

Advantage s Disadvantages 

Complete-
 Little lan.:i required. High capital cost. 
Mix
 
Digester Maximum gas production. Energy required for mixing. 

Short retention time Difficult to clean. 
(15-20 days). 

Slow solids buildup 
(5 yr cleanout interval). 

Canal Lower capital cost. Large land requirements. 
Plug-Flow
 
Digester No mixing required. Less gas production. 

Cleanable with bulldozer Long retention time. 
or other means. 

Rapid solids buildup (2 yr 
cleanout interval). 

Source: TVA, 1981
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EXHIBIT 4.6 MANURE PRODUCTION 

Animal 

Dairy Cattle 

Beef Cattle 

Poultry 

Volume 

(m 3 ) 

0.038 

0.038 

0.028 

Per 500 Kg 
of live animal 

Wet Weight Daily Gas 
(Kg4) Production (m 3 ) 

38.5 1.02 

41.7 0.87 

31.3 2.32 

Weight of 
Typical Animal 

600 

400 

2 

(Kp) 

Based on TVA (1981) and NAS (1977) 
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as to 	which of 
these two digesters types is better able to withstand operating
 

upsets from overloading, excess 
acidity, and toxic exposure.
 

4.3 
 SYSTEM 	DESIGN CONSIDERATION
 

4.3.1 	 Resource Inventory
 

Eacli agricultural enter-,-rise will have a .different combination of 

resources aviilable for feeding an anaerobic digester. This section examines
 

three types of enterprise: dairy farn:;, beef feedlots and poultry farms.
 

A wide range of plant and 
 nuinna matter can he anaerobically digested.
 

Both the vns yields and rates cf dtestion vary. 
 "crcrally materials that are 

higher 	 in lignin (e.g., wood ani crop residues) are poor feedstocks because
 

the lignin protects the celluloe,;c from 
 ):cterial attack. Pretreatment could
 

increase their susceptibility to dige!stion. llo:.ever, even 
 then digestion 

energy 	 efficiencies generally do not xcue 50 to 75 percent. Thus, more usable
 

energ y can 
 be obtained through comhustion or thermal gasification of these feed

stocks. 

The best feedstocks for anaerobic digestion usually are wet biomass 

such as fresh animal manure, various aquatic plants, and wet food processing 

wastes 	 such as those that occur In the cheese, potat-n, tomato, and fruit-processing 

industries. See Exhibit 4.5 for a ,unmmary of the suitability of various 

feedstocks for digestion. Exhibit 4.6 details manure 	 and blogas production potential 

for dairy cattle, beef cattle and poultry.
 

4.3.2 	 Component Selection
 

Chapter Three's descriptions of 
the various components of an anaerobic
 

digestion system are applicable for 
the cases of both manure and sewage
 

sludge. 14allure systems are often smal]er in scale and simpler than sewage 

sludge systems. The components th;:t miist be specified include digester feed 

systems, digester tanks, heaters, if xerr, 	 covers, piping and cleaning mechanisms. 
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AUTO MAT IC 
GAS BLENDING 

VALVE 

FLAME DEWATERING BLOWER 
ARRESTER CHAMBER GAS METER (OPT) 

PRESSURE I - SET 
RELIEF 
VALVE E 

-l-
DIGESTED 
SLUDGE OUT 

-

C/3 

BACK UP 

t GAS SOURCE 

RAW 

SLUDGE IN 

E'.::ihit 4.7 Biogas ';ysten Plumbing Source: TVA (1981) 



~.72 Manure-fed~sys'tems differ -rom sewage-fed systems vin their pepoesn 

-requir(!ments. The manure feedstock must be sbstantially diluted prior 
to..
 

~4introduction into -the-digester, -'whereas' sewage4 sludge fe'edstock must be thickened. V9 

Bth,&,ystem-.types- need-a-pre. proces-,sing --reservoir in-order -to -func'tiobn--optimai3. -. 

The biogas-for-med durig anlieibicd diget iwil nxatrally-olc 

int'etop of the tank. Most clommioniy u'sed dgsesall11ow o me sacefoga 

.. storage within- the digester. Since both gas 9production,and gas consumptio~n 

rates fluctuate, it is necessary for a-good design to prvd~oeflexibility
 

in the-gas space volume' by :using either-a floating digester cover or an.
 

"~ inflatable bladder-type cover. Since the gas stored will be at a very low
 

pressure, only' a small amount of ga's (possibly a few hours' equivalent in engine
 

>~ operation) can be contained. 
 j 

-Ifadditional gas storage is-required, a separate high-pressure vessel
 

will be needed, along with a~ gas -compressor. Pressurized tanks are available ' 

-as horizontal cylinders for small installations- and large shrsfo bigger
 

'plants. Even these high-pressure,vessels will typically soaetore only a
 

fewly, ays elim sup ng t ten or ong - sto
gas nat e p ial erm 
 age. Ass min
 

thtsome source of backup energy is'available 'to the' site, 'itmay be dif

ficult 
to justify the -expense and safety requirem~ents of high Vpressure gs,~
 

.storage for biogas cogeneration. See Exhibit 4.7. " '- " 

'The piping through which biogas exits the digester myeoany
 

standard piping maeil(even-PVC pipe),, but brass or copper fittings must
 

bavoided becau'se of their tendency to react with the hydrogen sulfide in
 

t'I 2Low-carbon steel is sui'table for the piping.
'the-gas. 
 The gas exit9 must. be~ 
 -9 

~4/;situated at 
the highest ~point in the4 dige'ster and equipped with a pressure-

~.2,~relief valve (i~n 
case the exit valve is blocked for some reasoin) and9 a fl'ame 
 99 

~ arrester (to prevent a fire in the pipe from entering'the digester). Also 



sipedanon eaeigchamber may he desred ' bygetl s.lopi.ng4 1i 

pl s1pe1 Becus of th' *wtrcneto 
 ieVo 
 ie utb rtce
 

frmreigwee,,,u'fez,9tmeaue occur, \and condensation drain~< i 
po nts .,sould be provided-, ~,.,
 

No rmal1 peratingprssr wit'- th iese s sal 
 1.-7. ka.. 4 
A1..ust enough pressure to move~Yhe gas slowly a few hu~ndr~ed -ard"4lhu 

Ca~ 
t 

s;.3thuhi
 
><.may 
 reach 3.7 kPa safely. Theaddition of a low-press'ure-blower, or gas pump
 

I 1 

may,be needed to satisfy engine manujfacturers' intake manifold pressure require

ments.
 

Gas pumps can be sophisticated and relatively expensive items. 
 The
 
pump itself must be absolutely leak proof, 
for apart from the obvious explosive
 

gas hazard, a gradual depletion ofi~gas from the digester will 
disturb the normal
 
~' operating pressure, and could well introduce air into the'anaerobic environment
 

and so cause digester failure. 
 On large digesters, 
a small amount 'of, gas leakage
 

would obviously be, insignificant, but oh ~sraller units gas systems 'must be vir
tually leak proof. Unless inspection is vigilant and regular, leakage can go 
 4. 

'undetecred until digester performance deteriorates noticeabl.:: 

433 EnergyApplications'.,
 
Despite the 
fact that biogas has only. about. one half,of-the heating
 

vaueasnaurl 
as 
 and may contain one or moecnaiat as'w'ell; there,~1>~4 

are several factors that enhance the 
'economicvaluie of biogas,.as a fuel.
 

'A quality that often makes hiogas generat'ion economically att'ractive
 

is,that generally this energy source 
 "fits", 'on-site energy use Ain a number .

4. of wa ys . 
- * 

1) The quantities of power and heat produced will often be of the 
 " ' 

same order of magnitude as 
required at the immediate 'sit2' 
 4e
 

J, 2) The installation can usually be, made reasonably compact, with
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gas production near areas 
of energy use. This 
feature will be especially
 

significant at remote sites with high 
fuel delivery costs.
 

3) The technology used In hogas cogeneration is largely within
 

the experience of a seasoned farm owner or sewage 	plant operator.
 

4) Allowing for short-term lIg, the timing of gas production will
 

coincide with fluctuations In ecnergy demand. 
 For instance, if sludge availabilty 

drops off (perhaps as a result of selling some livestock), both sludge pumping 

and sludge heating requirements will decline immediately, followed a short
 

Lime later by reduced gas productfan and hence 
 less energy availability. 

Finally, within the reliahi.ty limits of the equipment and the
 

diligence of the maintenance persn), bi, as production is under the sole
 

control of the owner-operator. Fuel scarcity arising from national or inter

national events 
is not a problem.
 

Biogas can be combusted for cooking, 
 water heating, space conditioning,
 

refrigeration or lighting (see Chapter 
 6). it can be used to fuel engines to
 

produce mechanical power, or engine-generators 
 to produce electricity (see
 

Chapter 3). Co-generation, the simultaneous 
 production of electricity and
 

thermal energy, is also likely to 
 le cost-effective in many cases. The highest 

priority use of the biogas 	 should of course, be digester process heating. This
 

normally consumes only a 
 small 	 fraction of the total 	gas generated. 

4.4 	 ENVIROM-IENTAL IMPACTS
 

Anaerobic digestion of 
 feedlor: manure becan 	 considered to be an environ

mentally beneficial technology because It is an adaptation of a pollution 

control process. The energy product  hloas - is basically a byproduct of the 

control process, which converts the raw manure (which often represents a 

substantial disposal problem) into a more benign sludge waste. Where the manure 

was used as a fertilizer and soil awendmen, the digestion wastes Fubsitutecan 

4- 12 
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for the manure while eliminating some of its drawbacks.
 

The environmental 
benefits associated with reducing feedlot pollution
 

are extremely important. The runoff 
from cattle feedlost is a source of high 

concentrations of bacteria, sus pen od and dissolved solids, and chemical and 

biological oxygen demand 
(COl)/HfD). 'hf.: thype of runoff has been associated 

with: large and extensive fish kill:; because of oxygen depletion of receiving 

waters; high nitrogen concent r:i !on:; In ground and surface waters, which can 

contribute to the a;ing of strnaue; and to nitrate poisoning of Infants and
 

livestock; transmission of 
Inft~cr iou:; disease organism:; to man, livestock, and 

wildlife; and coloring of stre s. Otlier problems associat:ea with feedlots
 

inclade attraction of flies 
and obooxi ous odors. 

Because anaerobic digest ion Is a relatively simple process not requiring 

extreme operating conditions or exotci controls, bloga; facilities may be
 

designed for very small 
(10 cow) operations as well as 
large feedlots. The
 

environmental impacts will 
vary accordingly. 
 For example, recycling of waste

water may be possible for the sinall on-farm digesters because of 
high water
 

trea t:nreat The produc t ..s frc;mt costs. 
 the smaller unit::; Is likely to be used
 

on-site and, depending on its use, may 
 or may not be scrubbed of its i.S and
 

ammonia (Wi) content; the product friI 
 very large units may be upgraded to
 

pipeline quality by removing these 
 o] ltrcarts as well as the 30 to 40 percent
 

of the CO, fraction in the biogas.
 

The maior problem associted with the digestion process is waste disposal 

and the associated water polltion Im::pacts that could result. As noted above, 

anaerobic digestion is basically a waste tre'tment technology, but although it 

reduces the organic pollution content of manure 
it does not eliminate ft. Tie 

combination of liquid and solid efflu,,nt from the dige:;ster rontains organic 

solids, fairly high concentrit fIon; o luinr.nic salts, some con'centrat ions of 

HI)S and Nit3, and variable amnou:t; of potentially toxic metals 
such as boron,
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copper, and iron. 
 For feedlot operations where the manure is 
collected only
 

intermittently, 
small concentrations p'!ticides used 
for fly control may be
 

contained in 
the minure and pass.! eouh to the wiste stream.
 

A variety of 
disposal options; for t:he liquid and sludge 
wastes exist.
 

Generally, wastes will be 
ponded ;, allw settling to occur. The liquid, which
 

is high in orgapic content , can b,. ped into tank trucks (or, for very large 

operations, piped directly to fV:,ld ) to be used 
for 
irrigation and fertilization.
 

The high salt content and 
the =1mi~1 c.,:aentr'tions of metals In the 
fluid mnaK.
 

it necess:ary to rotate 
land used for thisi type of disposal. 
 Large operations
 

may conceivably treat 
the water and recycle It, but treatment cost may prove to
 

be prohibitive. 
 Other disposal 
me thods Include evaporatiion and discharge into
 

water-w'ays. 
 In all cases, Infiltration of 
waatewater into the 
ground water
 

system is possibility where soil; 
are porous and unable 
to purify the effluent
 

through natural processes. As with virtua,,lly all disposal problems of this
 

nature, this is 
a design problem rathr than 
a technological one; 
if necessary,
 

ponds can be lined 
with clay or other substances for ground 
water protection.
 

The organi content of th, 
effluent, which varies according 
to t.he 

efficiency of 
the digester, wil represent a 
problem if allowed 
to enter surface
 

waters that 
cannot 
dilute the efflue:.t sufficiently. Similar problems can
 

occur with organics leached fro: man.:re 
 storage piles; 
this problem exists in
 

more severe form in 
the original] feedlot operation.
 

The Qludge often has value either 
as a fertilizer or 
cattle feed.
 

In numerous applications worldwide, 
the sludge is considered a substantial
 

improvement 
over the previously used 
manure fertilizer. 
 In 
areas where chemical
 

fertilizers are 
not available or 
"re t o expensive, the retention of 
the manure's
 

fertilizer value 
is n particularl c:iticial benefit of the biogan process. 

Although the 1V29 (,'n rel,,,r:l cmjo-mprpd ) content of the effluent may
 

present some odor problems, this probl,,m , as 
well as thut of the very small 
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pestic.ide content, should be 
negligible.
 

The gas produced by the digester will contain small 
(less than i-percent
 

each) concentrations of 
hS and NH. If the gas is burned onsite without
 

scrubbing out 
these pollutants, cnvion 
 wil l oxidize these contaminants to 

sulfur and nitrogen oxides. Boc:ane trhe HS will form mostly sulfurous and
 

sulfuric acids, which 
are extrenely corrosive 
to meta., the biogas has limited 

use if it is not scrubbed. For example, scrubbing is a requirement if the gas; 

is to in anbe used internal combus t ion engine. Simple and inexpensive scrubbing
 

methods are available, using an 
"Iron sponge" ,f ferric oxide and wood shaving:;
 

to react the gas with the iron to 
for",, ferric sulfide. However, even if 
the
 

gas were not scrubbed, the pollutAnt cneentrations caused by blogas combustion
 

should 
be of little consequence to public health as Long as the combustion Aid
 

not take place in a confined arca.
 

The major air pollution problem of anaerobic digestion, therefore, is
 

not from combustion of the product gas, 
but from leaks of 
raw gas from the system.
 

For a manure sulfur content of 0.2 percent and 
digester pH of 7.2, the raw
 

hiogas can contain HiS in concen trations of nearly 2,000 parts 
per million
 

(ppm). Although exposure to th I 1 L,;conceatration 
seems extremely unlikely,
 

concentrations of 
500 ppm can lead to unconsciousness 
and death within 30 minutes 

to 1 hour, and concentrations of 100 pnpm to respiratory problems of gradually
 

tncW v ic.51)2scvc it 'cc th coWin *o: tc, oo u 

Because of 
rapid diffusionof 
 the gas, health problems associated with
 

2S exposures are likely to be 
confined to these occupantional exposures.
 

However, venting of 
raw gas can cause 
severe odor problems to the general
 

public. In 
this case, odor probl] :.,;associated with gas venting should be 

compared to the similar (but more crtaln) ordor problems associated with the 

sometimes haphazard treatment of m.:ure that the bioga operations replacer.
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4.5 	 SPECIAL CONSIDERATIONS IN THE 	 EGYPTIAN CONTEXT 

The extensive research programs at 
the National Research Center and
 

elsewhere In Fgypt have already indigenized biogas technology to a significant 

degree. The technical resources are avatlable domestically to undertake projects 

of considerable size and technical :oplistication. As with projects anywhere, 

success will depend 	 on demonstratIn, technical, economic and polltical feasibility, 

followed by careful, detailed deafsin w;rk, 	 followed in turn by competent and
 

craftsmanlike construction, shaked 
 wn a d operation.
 

Special considerations 
 In the Egyptian context would 	 include several 

items. First, the oflack pr-imary Infrastructure in rural areas indicates 

that non-grid-connected ,iogas 	 syst:ems saerving only the needs of the farm and
 

surrounding local may be the 
 most practical biogas application. Second, the 

prevalence of fecal and waterhorne pathogens in the Egyptian environment gives
 

an investment in a pathogen-neut raliIng anaerobic digester a highly 
 favorable 

social 	 significance. Third, and on the same subject, thermophilic (high

temperature) digestion neut ra.izes a larger number 
 of pathogens than does 

mesophilic digestion, making it the process of choice from the societal point of
 

vew. Finally, anaerobic digestion 
 Is a sophisticated enough technology that
 

sys;tem operators will 
need regular access to expert 	 trouhlshooters to correct 
problems as they develop. An extension service that gives operators easy access 

to NRC, University and other tralned personnel will be an Important contribution 

to any 	project's success.
 

4.6 	 CURRENT R&D THRUST FOR BITCAS TECHNOLOGY 

4.6.1 	 Egyptian R&D 

Most Egyptian R&D in the irea of biomass energy emphasizes biogas 

production although research on improving design and efficiency of woodstoves 

and the development of small gasifiers Is also underway. The most intensive 
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blogas R&D involves the development of low-cost digester designs.
 

A national demonstration project for the 
development and application of
 

village-scale digesters has 
been undertaken by 
the National Research Center
 

(NRC) since 1979. At present there ale about 
45 field demonstrations, 
most of which
 

are 
household units, along with 4 larger-scale units constructed in conjunction
 

with livestock operations. Both laboratory and pilot 
scale testing involving
 

modified Chinese and Indian dige ;er designs are 
being conducted utilizing
 

cattle manure, agricultural residunq and 
water hyacinth. The goal of this
 

reearch is to demonstrate that 
approp rfate biogas technology is technically,
 

socially and economically feas ible 
in rural areas of Egypt.
 

The faculties of Agrivult:ur. In Fayoum, Minia and 
Assuit are currently
 

conducting research, in 
con junctiou wit:h the Faculty of Engineering, Cairo
 

University, involving an integraLted renewable energy system which 
includes
 

wind, solar and 
biogas energies.
 

In other research activiti es, 
anaerobic digestion of mixtures of 
cow
 

dung, sewage and agricultural wastes 
 at dlf erent ratios., organic loadings and
 

temperatures are 
being examined. The 
effect, of precomposting, digestion, and
 

post-composting on 
the survival of 
bacterial pollution Indicators and pathogens
 

are also being lnvestigated. 
 Since most: digesters operate at 
below 10 percent

solids, R&D on high-loading digesters 
 and the use of recycle is also being
 

undertaken.
 

According to 
the Egyptian national strategy, an attempt will 
he made to
 

establish 400,000 digestion units 
by 
the year 2000, including 25,000 large-scale
 

units. In constructing these units, 
the constraints of 
lack of space for
 

digester installation and the 
insuffcilent number of 
animals owned by a large
 

number of rural families will be 
taken Into consideration. 
 It is estimated 

that 6 percent of the total rural energy needs and a significant portion of 

fertilizer requirements can be met with this program.
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EXHIB[T 4.8 

PRESENT BIOGAS UNITS IN EGYPT
 

No. 
Executing 
Agency 

I 
Site 

System 
Design 1 

Size 
m3 

Date of 
Construction Status 

F/A Favyoum i Fayyo'ii Chinee 101978 N/ 

2 

3 

F/A 

ARC 

Fayyoum Abu Gandeer 

Moshunhor 

(h foes e 

CI I nee 

10 

45 

1980 

1980 

Irrr,. 

Irreg. 

4 ARC 
5ARC 

jMoshtuhor 
IMoshtuhor 

ITndian 
Indian 

10 
6 

1980 
1980 

Oper.
Oper. 

6 IARC Moshtuhor I ndian 38 1981 Oper. 

7 

8 

9 

ARC 

IARC 

[ARC 

Moshtuhor 

IToukh 

IToukh 

Indian 

lndi-in 

InidLan 

8 

8 

7 

1980 

1981 

1981 

Oper. 

Oper. 

Oper. 

10 

I1 

12 

ARC 

ARC 

ARC 

IToukli 

Embaba 

Embaba 

Indian 

Ichinese 

Indian 

8 

10 

20 

1981 

1981 

19di 

Oper. 

Oper. 

Oper. 

13 

14 

1 

16 

17 

ARC 

ARC 

IF/A Alexandria 

Owner 

NRC 

Embaba 

lEmbaba 

lEmbaba 

Beheira 

IBeheira 

Indian 

Indian 

Indian 

Indian 

Chinese 

17 

10 

8 

8 

10 

1981 

1981 

1981 

1981 

1979 

Oper. 

Oper. 

U/C 

U/C 

N/O 

18 

19 

INRC 

NRC 

Beheira 
I8 
Beheira 

Chinese 

Pressurized 

Indi an 

6 

7 

1980 

1981 

Worked 
mos. 

Oper. 

20 NRC El-Menawat Modified-

Indian 
10 1981 Oper. 

21 NRC E!-Menawat Modified-

ICh inoese 
10 1981 Oper. 

22 NRC Omar Makram Modi fied- 8 1982 Oper. 

23 NRC Omar Makrain 
Indian 
Modified-
I nd i an 

6 1982 Oper. 

24 NRC Omar Makram Modified- 10 1982 Oper. 
Ch4nese 
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The arable land in Egypt comprises 4% of the 	 total surface area of the 

country. Therefore, it 
is unlikely that bio-energy production will have as
 

much influence in energy applicntion; vs.; in countries 
like Brazil. However, the 

fact that Egypt currently utilizus biomas:s to meet one-third of its energy needs
 

illustrates the potential contribution of bLo-fuels.
 

In Egypt, the use of agricultural residues 
 and animal wastes in energy
 

systems consists primarily of 
 burning In open fire stoves, and mud ovens, etc.,
 

for cooking and heaLiug. 
 These processes are inconvenient, thermally inefficient 

and mav pose health hazards due to heavy indoor concentrations of smoke. 

Consequently, people in rural areas often switch to kerosene or butane stoves 

whenever they can afford to do so. The present ways of handling, storing and
 

burning biomass 
 are not only wasteful but also pose serious threats to the
 

ecological balance.
 

It has been estimated that the ut:ilization of crop residues 
 already used
 

as energy sources &nd animal and human 
 wastes available in Egyptian villages to
 

produce biogas, could provide the 
major portion of residential energy requirements.
 

That is, biogas could substitutu for all noncommercial energy 	 sources including 

kerosene and butagas. Further, an additional amount of organic fertilizer
 

equivalent to more than 12 
 M tons of manure would be produced, which would
 

otherwise 
 be lost through the diract burning of crop residues and dung cakes. 

As stated earlier, most of the development activity in Egypt is oriented
 

towards biogas production. Exhibit 4.8 
 presents existing Egyptian blogas
 

units. Most digesters installed 
to. date in developing countries have served 

individual families and 
have used human or animal 	wastes as feedstock. 

4.6.2 	 U.S. Government R&D 

In the United States, the Federal Government during the past decade has 

initiated numerous programs to foster the development of 
bLomass 	energy. Thirty
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towards energy conversion and conservation to support future development in 

energy-related biotechnology. BER focuses on comprehending biological principles 

and mechanisms rather than the devtelopment of specific technological processes. 

One of che objectives of the BER subprogram is to provide the (biological) 

foundation of basic information for the Department's efforts for production of
 

fuels and 
 chemicals, microbiulg ica l transformation of organic materials for
 

conservation, and using biological s.ys tiOs for resource 
 recovery. The program 

has two facets, botanical inve;t[L.ations and mlcrobiological studies. 

The plant science research Includes: photosynthetic energy conversion;
 

limitations of green plant productivity; adiptability for growth and 
 productivity 

of plants under conditions of anvlro i, nt:al stress; the biological regulatory
 

processes which determine ho'w pla nts 
 synthes ifze and distribute reduced carbon
 

compounds both quantitativly andl quaIlitatlvely; and the biochemical 
 expression
 

of genetic information. 
 l'Emph s i nIalso placed on other topics related to
 

comprchending plant producti,.y to fueIs and 
 chemicals.
 

The microbiological re sear'h :includes 
 studies on anaerobic microorganisms
 

involved in fermentations, Includin mot tianogenesis; tie biochemical pathways
 

of degradation cef abundant substrate;, such as cellulose, hemicelluloses and
 

lignins; and the genetics 
 of AnAerobIc microorganisms. Such phenomena as
 

thermophily, end product inhIit 
 on, and other regulatory aspects of fermentations 

are also given emphasis. M.icrobial degradat ion and conversion mechanisms 

Involving hydrocarbons and other carbonaceous fuel or chemical materials are 

cons idered. 

4.6.2.3 Office at Indutrial Programs
 

The Office of [ndustrial Progralms 
 (OiP) at the U.S. Department of Energy 

supports R&D for industrial one rgv cone;;rvati:on technologies that have the 

potential for saving scarce fueY; , dudm encourages private industry to !mplement 

these technologies. Technical ob: jel:i ',s of OT.P include (1) developing innovative 
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processes and technologies which advance 
the state-of-the-art of industrial
 

processes, (2) accelerating development 
of high-risk, high-payoff technologies
 

to improve energy producrivLty, (3) utilizing the 
energy embodied in waste
 

streams, (4) improving utilin3tLIon of waste materials as well as better
 

utilization of new materials, 
nm, (5) developing processes which increase energy 

savings and/or shift fuel cons:mtption from scarce to more 
plentiful resources.
 

OIP has supported 
the dve lopmen: of seven energy-Integrated ,farms
 

dei g'fle( tn I ntodi ve 
rse on-s-ite enver andsources provide cotinuous 

energy, reducing the Farm's do p L : On cO oa cue rgy produced from non renewab I e 

r:asnrces. 
 A number of diffor nL bfnMna., processes are used on these farms,
 

incluing production of erhanLo f rom swee~t sorghum and milo, methane 
generation
 

from manure by anaerobic dig ;ti nn, and subsequent generation of electricity
 

from the methane.
 

4.6.2.4 
 Biofuels and Municipal Waste Technology Division
 

The objectives of the Btofelis 
 and Muni cipal Waste Energy Technology
 

Division (BMWT) at the U.S. Department of Energy are to provide a generic
 

technology base 
for biomass energy production and conversion to reduce uncertainty 

to the point where industry will invest: in biomass technology development, and 

to establish the feasibility of bior:mss technologies thit increase feedstock 

supply withe-t adversely affect:ing the supply and prices of food and fiber.
 

Specific technical objectivly; arc to 
Increase biomass feedstoc' productivity by 

factors of 
2 to 5 over current itelds; through species screening, genetic improve

ments, and 
innovative a;ronomic priCtIcOS; establish the techncal feasibility
 

of aquatic species and biolrfoloul hydrogen as economical sources of biomass
 

feedstocks; and 
improve the performance of conversion processes through advanced 

research of fu'ndament:a1 reat:ii: c mchr : and-im kinetic .
 

Current research effort s, :;;an:i::ed by the 
Solar Energy Research Institute,
 

are being directed toward 
the digest ian of agricultural residues that are
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lignocellulosi and difficult to digest by 
other 	biochemical means. 
 Pretreatment
 

of these feedstocks, anaerobic bacteria strain selection, and nutritional
 

factors that may improve Lhe methane-producing capability of the cultures are
 

being examined. The microbiology and biochemistry 
 of digestion cultures and
 

the genetic manipulation of bprtaria 
 in the 	 methane production cycle are also 

being studied. 

4.6.3 	 Worldwide Experience Using Biogas Technology
 

During the past five 
y''ara , significant advances in biogas production
 

technologies havc 
 been made. Many of these developments immediately pertain
 

only to large-scale, municipal-type di.es ers found 
 in urban areas. However,
 

the developing countries have t aLen an 
 especially large interest in biogas 

production since 	 they are largely rural and oftentMis have abundant animal and
 

crop wasts available for digestion. One of the most extensive biogas programs
 

is that of India. Thirty years of R&D has resulted in an accumulation of useful
 

information and data, especially regardinng digestion 
of cow manure. Several
 

institutions have played 
a major role in this program: Indian Agricultural
 

Research Institute, New Delhi; th, Khadi and Village Industries Commission
 

(KVIC), Bombay; 
 the Gobar Gas Research Station, Ajitmal; and the Planning 

Research and Action Institute, luc! :ow. Biogas plant designs published by KVIC 

utilize concrete tanks and Inlet and out let basins, with floating gas holders. 

These single family units have no pump:;, motors, mixing devices or other moving 

parts and digestion occurs at ambient temperatues.
 

Also operating 
 in India, Is a larger scale plant managed by the Bharatya 

Agre Industries Foundation that produces 340 cu.m/day using dung from a 

cattlebreeding operation. A community plant 	 thehas also been installed in 

village of Fatah-Singh-Kapura by the Cbar C;as Research Station. The plant 

operates successfully on dung supplied by the villagers, providing cooking gas, 
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village lighting, water pumping and grain milling. 
 Several other community
 

biogas plants are being installed throughout India since these large-scale
 

community systems have potential of 
being economically advantageous.
 

The Ogaoization of Rural Developmev, in the Republic of Korea has
 

installed 25,000 digesters. 
 However, severe winters and non-cattle-based
 

econemy have adversely affected this program. A major campaign was conducted
 

from 
 1969-1976 that encouraged the construction of biogas plants that digest 

both animal and human wastes.
 

Growing 
 interest in Pakistan has resulted in the construction of
 

approximately 100 
 biogas plants. Low winter temperatures and the high cost of
 

imported steel for fabrication of gasholders has generally restricted the
 

program. The Appropriate 
Technology Development Organization of Pakistan has
 

recently undertaken design and construction 
work on low priced, 10 cu.m-capacity, 

fixed gasholder digesters based on Chinese technology
 

There also is an increasing nterest in biogas 
 systems in the Philipines,
 

especially with respect 
 to polultion control and the associated public health 

benefits. 
 The National Instltote of Science and Technology has installed units,
 

including 48 digesters (22 cu.m 
 each) at an integrated agroindustrial complex 

of 7,500 hogs. The resulting gas is used as fuel for canning, rendering, 

cooking, electricity generation and deep-well pumping. 

Biogas utilization in Thailand has increased rapidly over 
the past several 

years with 225 units now operating. Plans call for the installation of 50 

digesters every year. Plants have also been promoted by the Agricultural
 

Economic Department, the Sanitation Division of 
the Health Department and the
 

Applied Scientific Research Corporation. The majority of systems presently 

focus on waste treatment rather than energy production. 

Although. Indonesia has only 12 operating biogas plants at present, 

numerous experiments are undergoing evaluation with respect to reduced constructior 
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costs.
 

One of the most extensive programs is that of the People's Republic of
 

China, with the 
reported installation of 
seven million plants. The destruction
 

of bacteria cointained in the waste is stressed 
so that the digester residue can
 

be safely applied to crops as fertiif.:,er.
 

At the end of 1984, over 
50 on-farm biogas systems were operating in the
 

U.S. and nine were operating in Canada. Most of these systems utilize a cattle 

manure and integrated farm systems are growing in popularity. In Europe, with 

typically higher population densities, 500 on-farm systems were operating at 

the close of 1984. 
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5.0 ENERGY FROM MUNICIPAL SOLID WASTE
 

5.1 	 OVERVIEW OF PROCESS OPTIONS
 

The conversion of municipal solid waste 
(MS14) to energy is a time-tested
 

and -well-developed concept. Several 
different types of technologies exist 
to
 

recover energy and materials from municipal solid waste.
 

Municipal solid waste reduction technologies can provide a range of
 

outputs, depending upon the 
system and opcrational requirements. Power output
 

can be methane gas, or high or low pressure steam to provide heat 
or mechanical
 

power. 
 Output 	can include electricity for process use 
or for sale to the
 

electric grid.
 

Most of 
the waste conversion technologies discussed here are 
used to
 

provide steam, which can 
provide heat or mechanical power for processes.
 

There 	are five major categories of 
waste conversion technologies available
 

in the markct. These are 
(1) rmass incineration; (2) source separation and
 

incineration; (3) refuse derived fuel; (4) anaerobic digestion of 
municipal
 

solid waste and (5) land fill gas. In general terms, 
the major differences
 

between these waste 	conversion technologies concern: 

1. the quantity and make-up of wastes 1-indled; 
2. capital and operating costs;
 
3. on-site energy requirements; and 
4. end products.
 

5.1.1 	 Mass Incineration
 

Mass incineration technologies are 
designed to burn raw, unprocessed
 

waste. The mass burning system is a well-established, commercially developed
 

systam 	 in which waste is fed 	 to the combustor by a hydraulic ram or gravity 

chute. The output from mass incineration systems is thermal energy, in the form
 

of steam, and/or recoverable waste. Systems can also be designed to provide 

electricity.
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5.1.2 	 Source Separation
 

An alternative to mass 
incineration is 
to sort 
the waste prior to burning
 
it. The sorting process 
can remove 
ferrous metals, aluminum, glass, and other
 
valuable and non-combustable materials. 
 The waste 
can also be shredded to
 

improve the evenness of burning. 
 Source separation and preprocessing of the
 
waste improve the burn, reduce boiler maintenance, reduce 
the quantity of ash
 
to be disposed of 
 recover valuable recyclables.and 	

However, separation and 

other 	preprocessing add significantly to both the construction and operating 
costs 	of 
a plant, making the opetration more 
complex and vulnerable to additional
 
opevating problems. 
 Like mas.i inclaeration, this process produces steam or
 

electricity as 
one of 	its products.
 

5.1.3 	 Refuse Derived Fuel (RDF)
 

Refuse derived fuel (RDF) is processed municipal solid waste.
 

The principal advantage of RDF over 
raw waste is that it is more combustible,
 

transportable, and homogeneous (see Exhlbit 5.1). 

There 	are four types of RDF: 
 fluff, 	densified, dust, and wet. 
 Fluff 	RDF
 
consists of 
small 	sized particles with a very low quantity of inert material.
 

Densified RDF is fluff RDF mixed with hinders, 
and then compressed into small
 
pellets or briquettes. 
 Dust RDF consists of 
fluff 	RDF mixed with embrittling
 

agents, and then reduced. Wet RDF is made by mixing waste and water in a wet
 
pulper to 
a slurry; nonpulpabje material is removed; the pulped material is 

further separated and dried.
 

PJDF is 	 typically 50 to 	75 percent (by weight) of the incoming waste. 
RDF is produced from municipal solid waste through a series of processes includ
ing size segregation, size reduction, removal and recovery of inert materials.
 

The equipment required to 
process waste into RDF depends upon the type of RDF
 
being produced. The more processing involved, the greater the production
 

costs. 
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EXHIBIT 5.1
 

COMPARISON OF ENERGY VALUES OF MUNICIPAL 
SOLID WASTE AND CONVENTIONAL FUELS 

Energy Values
 
Energy Source (kJ/kg)
 

Municipal Solid Waste (MSW) 10,500 

Refuse Derived Fuel (RDF) - Fluff 11,500 - 14,000 

Refuse Derived Fuel (RDF) - Dust 18,000 

Peat 7,500 

Wood 10,900 

Lignite 16,400 

Sub-bituminous B 23,800 

Anthracite 25,800 

Bituminous - li. Volatile B 28,400 

Bituminous - Volatile 33,600 

#6 Fuel Oil 42,400 

/2 Home Heating Oil 45,500 

Methane 55,500 

Source: EPA, 1979
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There are two technologies capable of using RDF: co-fired boilers and dedicated 

boilers. Each of these systems has a smaller furnace and boiler size than mass
 

incineration systems, due 
 to the higher heat content of RDF. The maintenance costs
 

associated with these systems tond:; 
to be lower than that of mass burning sy;t ems
 

because of the higher quality of K.Le refusc.
 

Co-fired systems use rEfusn-derved fuel to provide a portion of the 

energy input of a fossil fuel--fircd combustion system. Such systems use two 

fuels, refuse-derived fuel and a commnercial fuel (generaLly coal). Co-fired 

systems can produce high-temperature, high-pressure steam suitable for most 

industrial processes.
 

Dedicated boilers are dcsigned and constructed to accept RDF as the primary 

fuel. The dedicated boilers prodhuce, h!gher-temperature, higher-pressure 

steam than mass incineration systtems. Co-fired systems, owing to their use of
 

commercial fuels, produce 
 hlh. r-presure, higher-temperature steam than dedicated 

boilers. 

5.1.4 Anaerobic Digestion of Municipal 
Solid Wastes
 

As an alternative to Incinerating municipal solid waste, 
several facilities
 

have explored anaerobic digestion an a means of stabtlizing waste. The anaerobic
 

digestion process is similar to that used for stabilizing sewage sludge: 

material Is fed into an oxygen-free, closed container where acid producing 

bacteria initially break down the organic component of the waste and methane

producing bacteria transform the acId products into usable methane gas. Muni

cipal solid waste must be extens ively !rotreated prior to introduction into a 

digester. 
The waste must be wrted to remove non-organics such as glass and 

metals and shredded to ensure that only small waste particles enter 

the digester. Large or inert waste particles inhibit complete and rapid 

digestion.
 

There are a few full-scale municipal waste digestors in operation, but 
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There are two technologies capable 
of using RDF: co-fired boilers and dedicatec
 

boilers. Each of these systems has a smaller furnace and 
boiler size than mass
 

incineration systems, due to the higher heat content of RDF. The maintenance costs
 

associated with these systems tends 
to be lower than that of mass burning systems
 

because of the higher quality of the refuse. 

Co-fired systems use refuse-derived fuel to provide a portion of the
 

energy 
 input of a fossil fuel-ftred combustion system. Such systems use two
 

fuels, refuse-der[ved fuel and a commercial fuel (generally coal). 
 Co-fired
 

systems can produce high-temperature, high-pressure steam suitable for most
 

industrial processes.
 

Dedicated boilers 
 are designed and constructed to accept RDF as the primary
 

fuel. The dedicated boilers produce higher-temperature, higher-prr-sure
 

stea than mass incineration systems. of
Co-fired systems, owing to their use 


commercial fuels, produce higher-pressure, higher-temperature steam than dedicated
 

boilers.
 

5.1.4 Anaerobic DigestIon of Municipal Solid Wastes 

As an alternative to incinerating municipal solid waste, several facilities
 

have explored anaerobic digestion a,; a means of stabilizing waste. The anaerobic 

digestion process Is similar to that used for stabilizing sewage sludge: 

material is fed into an oxygen-free. closed container where acid producing 

bacteria initially break down the 
organic component of the waste and methane

producing bacteria transform the acid products into usable methane gas. Muni

cipal solid waste must be extensively pretreated prior to introduction into a 

digester. The waste must be sorted to remove non-organics such as glass and 

metals and shredded to ensure that only small waste particles enter 

the digester. 
Large or inert waste particles inhibit complete and rapid
 

digest ion.
 

There are a few full-scale municipa] 
waste digestors in operation, but
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the process has not yet gained widespread acceptance. Research on improved
 

process and hardware designs is currently being pursued.
 

5.1.5 Landfill Gas
 

Anaerobic digestion and methane production occur naturally in many
 

large landfills where the waste is layered to depths of 15 meters or more. The
 

methane produced at these depths can be tapped by drilling a series of
 

collection wells that channel the
g f to surface for central collection,
 

scrubbing, compression, and use. This process requires a minimal hardware
 

investment when compared with controlled anaerobic digestion; but it is a less
 

reliable source in the sense that each collection well taps a finite reservoir
 

of gas that is difficult to characterize precisely in advance.
 

Landfill gas is often collected and flared for safety and aesthetic (odor)
 

reasons. If this is already done at a landfill, then it may be a simple matter
 

to use the gas constructively instead of flaring it.
 

5.1.6 Pros and Cons of the Options
 

An evaluation c_ the different municipal-solid-waste-to-energy conver

sion options requires an assessment of resource availabi.lity, market readiness,
 

economic viability, and operating experience.
 

5.1.6.1 Resource Availability
 

Egypt has a population of 45 million people, with most of 
the population
 

living in a densely packed strip along the Nile River. 
 This high population
 

density ensures that a sufficient- quantity of waste is available. The collect ion,
 

transportation, and preparation of 
this waste will require an infrastructure 

( hait I i ctirrr i Iy e I t h1 r I tind,,I, hi t i o t II p ice. 'lht. dev lopniten t of th 

infrastructure is a necessary prtetreiisite for municipal solid waste energy 

conversion in Egypt. 
At least tw:o cities are viable sources, Cairo and
 

Alexandria. The Cairo area generates about 4200 tons 
of municipal solid waste
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per day. It is estimated that 1500 tons per day 
are currently collected and
 

recycled for other uses. 
 The remaining 2,700 tons 
per day represent a signifi

cant resource which can be converted to energy.
 

The city of Alexan ria generates approximately 1,700 tons of municipal 

solid waste per day, of which 700 tono.3 per day are collected and recycled for 

other uses. Thus, there is a sigaLficant potential for energy from the remaining
 

1,000 tons per day. 

The existing waste collection systems of both cities are inadequate. In 

Cairo, it is estimated that 30 percent of the garbage generated is left on the 

streets. Lqrger truck fleets wll be required in both cities to improve the 

collection of municipal waste 
as well as improve 
the viability of converting
 

this waste to energy. 

5.1.6.2 
Market Readiness
 

The availability of waste reduction technologies in the market is depen

dent upon the state of development and degree of 
successful commercialization
 

for each of the technology types. Most 
 of the systems discussed here are either
 

in or beginning commercial op,'ration.
 

Mass Incineration 
-- Mass incineration of municipal solid waste In 

refractory, modular, and waterwall systems 
is currently in commercial operation.
 

This technology has been widely used in the United States, Europe, and Japan. 

Source separation prior to incineration is 
a fairly recent innovation that has
 

been commercially implemented in only a few locations.
 

Refuse-Derived 
 fuel -- Both co-fired systems and dedicated refuse-derived 

fuel boilers have been in commercial operation since 1972 in the United States. 

More widespread use of refuse-derived fuel systems has occurred in Europe. 

Earlier systems were plagued with reliability problems. Systems built more 

recently have incorporated design changes to reduce these problems. 



Anaerobic digestion -- While this process has been successfully demonstrated, 

it has not yet been commercialized to a significant extent. The largest plant 

in the U.S. has a capacity of 100 tons per day (Pompano Beach, Florida). 

Landfill gas .--More than sixty U.S. cities currently collect
 

landfill gas for constructive use. The technology is well established. 
 The
 

viability of individual projects depends to a great degree on the methane
 

resource available a each site.
 

5.1.6.3 Economic Viability
 

The cost of a municipal solid waste reduction technology is dependent
 

upon several factors, including: the technology type; the system size; the 

output; and the quality of refuse burned. 

In general, modular systems tend to be less expensive than custom built 

systems in the small size range (<100 tons/day). The economics of incineration 

systems are also dependent upon the level of waste preprocessing. Pre-processed 

istit.c doriu oi  r tisi 'n int Itw r' In ay~stesmn 

non-combustible materials. 

ri plI us tO r emrjvf 

Installed capital costs for these systems is dependent upon pre-processing 

equipment, system size, site specific requirements, and many other factors. In 

favorable circumstances municipal solid waste conversion systems can be installed 

for $20,000/TPD, but systems can easily cost $l50,O00/TPD and more. The economic 

feasibility of municipal solid 
waste reduction should be determined on a per

application basis.
 

5.1.6.4 Industry Status
 

Many of the companies working in this field ar large and well-established,
 

while others are relatively new husinesses. the larger companies (GE, Babcock
 

& Wilcox, Combustion Engineering, among others) are international in scope with 

a broad range of products and services including maintenance and service contracts,
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and in some instances, financing. 

Municipal solid waste-to-energy conversion technologies have been in 

existence for over 50 years. The technological gophistication of these systems 

has increased dramatically over this time period, particularly in the last 15
 

years.
 

The combustion of waste Jn large waterwall incinerators or in small scali 

modular systems are the most tech.Q-ogically developed technologies to date. 

Although these technologies have reached commercialization and others are 

emerging, there is still rese:irch being conducted for the purpose of minimizing 

emissions and improving system econoinmcs. 
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5.2 MASS-BURN TECHNOLOGY DESCRIPTION
 

Mass-burn incineration Is the best established of 
the technologies
 

available for converting municipal 
solid waste to usable energy. Several types
 

of systems are on 
the market, including refractory systems, waterwall. systems,
 

and modular units. 
 The first two systen typus mentioned are site built plants,
 

while the modular units are usually prefabricated and shipped 
to the site.
 

5.2.1 Site Built Systems
 

5.2.1.1 Refractory Systems
 

The refractory-lined mass incineration system has a heat resistant coat

ing, or refractory lining, In the combu stion chamber that decreases heat transfer
 

to areas outside the incinerator. !hfn lining protects its outer shell from
 

extreme temperature changes. Tho refractory-lined combustor does 
not recover
 

energy in the combustion rhamLbor. Not combustion gases leave the chamber to 
an
 

auxillary heat exchanger or 
 ians;e heat boiler where the heat energy Is
 

recovered (See Exhibit 5.2).
 

Refractory technologies require large volumes of combustion air to prevent
 

furnace components from overheat!ng. The major drawback of such a system is
 

that these larger air volumes carry more particulate emissions. Control tech

nologies for air pollution add cons Ideraly to the capital and operating cost of 

these systems.
 

The quality of the municipal solid waste affects both the design
 

and required maintenance for a system. Higher quality waste which costs 
more
 

to process, requires less maintenance and a smaller combustor than a system 

using lower quality MSW.
 

5.2.1.2 Waterwall Systems 

The second mass incineration technology is the waterwall system. In the
 

waterwall incinerator, the walls of 
the furnace are lined with tubes of circulating
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control, and disposal of pollutants emitted as a result of the combustion of
 

municipal wastes. 
 Materials research is conducted to better enable Identification 

and analysis of liquid and gaseous folps produced from,municipal solid wastes 

with the aim of assessing possible alternat !e uses and processlng of such 

fuels. Feedstock preparation efforts entail the research Into concepts of 

developing better methods of 
handlIng,and processing municipal solid waste in 

addition to studying innovative ways of processing waste into different forms 

of refuse-derived fuel (RDF).
 

Part of the environmental research effort includes an evaluation of 

combustor stack emission control technologies. The objective is to obtain
 

detailed data on the 
identity and rant fty of major ,nvlronmetal p,,lnt.,nts 

emitted during the combustion of rmui,:Ipc l so ld waste in large--scile mass 

burners and smali-scale modular m :islurners and to test and evaluate control
 

technologle, that can be used for urion
,, 
 abatement in solid waste combustion.
 

The testing will provide a data ha;e 
for judging the effectiveness of electro

static precipitators and baghouse:;. Teo results 
from modular units not using
 

a control technology would provide a hasis for 
decisions by regulatory agencies 

an the problems presented by such units. Identification of new control tech

.
nologies will be made and a data haQ nn their offectiveness compiled for use 

on municipal solid waste combustors.
 

The disposability of MSW combustor ash is 
also being
 

examined. The objectives of this task are to determirne the 
long term storabilitv 

of combustor char in conventional landfills and to develop low-cost processIng 

schemes to significantly enhance this storabilitv. Detailed data will be generated
 

on the chemical and physical state of municipal solid waste combhstor ash and
 

on the leachability of heavy metal: 
 from the ash. Processing techniques whi, 

would enhance the safe disposal of the amh .:ill also be Identified.
 

Also being explored are the vari.ations in flux of gases through cover of
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The objective is f5 develop innovative powdered and densified fuel (RDF) concepts 

for the processinpg waste wi1ch1 Call produce fuels of desired quality, at 

lower cost, and with greater consIStOncy than the RDF fuels that are currently 

available. In addition, tle fuel should be easily transportable and stable
 

under long-term storage condPtlons. Act:ivity is underway to provide the neces

sary fundamental knowledge of vrlous unit process operations specifically 

suited for the handling of municipal solid waste. This will be accomplished by 

the development of mathematical modeliM and design equations. This activity 

will provide a fundamental knowledge of the unit operations of disc screens and 

shear shredders and will provide the data base for use in the systems integration 

modeling effort. Final ly, work is beind done to develop a computel modeling 

program that will allow designers of MSW processing systems to select 
the
 

proper processing equipment and to sequence this equipment into an integrated 

RDF production system in 
the most economical and reliable manner.
 

5.6.3 Other R&D
 

European mass-burn MSW incineration technology is highly advanced and
 

work continues at a rapid pace on 
efficiency, process, and environmental problems.
 

New grate designs, mostly propr'etary, continue to be developed and marketed.
 

Air pollutant mitigation technologles are 
being tested in combination to improve
 

emissions in both new and 
existing facilities. Much of 
the most advanced work
 

is German and Swiss.
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EXHIBIT 5.2
CROSS SECTION OF TYPICAL REFRACTION 

MASS INCINERATION
SOURCE: FACILITY
WASATCil FRONT REGIONAL COUNCIL, 1981 
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EXHIBIT 5.4
 

CROSS SECTION OF A ROTARY COMBUSTOR SYSTEM
 
SOURCE: WASATCH FRONT REGIONAL COUNCIL, 1981
 



water. The water acts as a coolant and the heat transfer medium. The tubes 

are usually lined with a refractor ry coating to protect them from high temperature 

corrosion and erosion from air-entrafn+d particles (See Exhibit 5.3). 

The waterwall incinerator requi-es less cnmhustlon air than a refractory 

systbm because the circulating wnter cols the furnace. The decrease in air 

requirements allows for a smaller- icInrator and fewer emissions. 

The heat recovery efficiencyv of a waterwall incinerator is usually higher 

than that of a refractory unit. The steam generated by a waterwall unit has 

higher temperature and and higher pressure, thus offering a broader range of 

potential industrial appplicattons. 

Continuous reed incineritors often use a reciprocating grate system to 

move the waste through the combustion chamber and remove the ash after burning. 

Arranged like descending steps, the movegrates horizontally to push the waste 

down and through the combustion area a step at a time. 

The rotary combustor syster is a wacerwall system, in that the combustor 

is water-cooled, but with a major operattonal difference. 
 In this system, the
 

combustor grate, which 
is inclined, rotates 
(See Exhibit 5.4). The advantages 

of this system over the reciprocating grate system are that it has a higher
 

efficiency and 
a lower maintenance cost. 
 The higher efficiency can be attributed
 

to miore effective agitation in 
the combustion chamber from the 
rotation, resul

ting in mr)re complete combustion and heat transfer. 
 The lower maintenance cost
 

is due to the absence of traveling grates and refractory linings.
 

The rotary combustor is generally more expensive 
than the waterwall incin

erator of comparable size. It Is best suited 
for systems up to 300 per
tons 


day (TPD) of input capacity.
 

5.2.2 Modular Systems
 

Modular combustion units for mass 
incineration are pre-fabricated for
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use in smal.l scale applications.a For larger,applications, up todOQ ______' 

day (TPD), multiple aunits.,can'be used. The unit hIas primary and sIecondary
 

:combustion chambers, with controlled air techniques for combustion of waste
 

material (See Exhibit 5.5). '
 
The modular combustion units are shop-fabricated, include controls'and
 

,rinstrumentation, and are typically placed an concrete 
foundations. A major
 

'advantage of these systems is the minimal installation and erection requirements.
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5.3 
 SYSTEM DESIGN CONSIDERATIONS
 

A great number of factors must be considered when planning 
a municipal
 

solid waste energy recovery incneranion project. 
 These include the applications
 

for energy that 
is produced, 
the resource 
inventory and its characteristics, site
 
selection, collection and 
pre-proce;sing of waste, 
the specifics of the combustion
 

system, an 
economic analysis, environmental Impacts, 
future technological
 

developments and special considerat
Ions In the Egyptian environment.
 

5.3.1 Energy Applications
 

Municipal solid waste 
incinerators produce energy 
in the 
form of steam
 
which has a variety of 
uses. Medium pressure steam may be used 
for industrial
 

process heating or 
district het:nwin 
 aod cooling, while high 
pressure steam 
can
 

be fed through a turbine for 
conversion 
to electricity.
 

Revenue accruing from the sale 
of energy produced by waste incinerators
 

is always 
a secondary justification 
for undertaking such a 
project. This
 

revenue improves the 
economic viability of technologies whose primary purpose
 

is to dispose of waste 
in a safe, aesthetic, responsible, and cost-effective
 

manner. 

5.3.2 
 Resource Inventory and Characterization
 

A waste 
stream analysis :s 
a crucial step in designing a municipal solid
 
waste incinerator. 
Its quantity, composition, characteristics and 
seasonality
 

affect both the physical design and 
the economic viability of a project.
 

Solid wastes may be 
initially classified by source, i.e municipal,
 

industrial, wastewater/sewage sludge, agricol 
ural, mining or miscellaneous
 

waste-. Municipal solid wastes 
are 
generated by residences, retail and whole

sale outlets, office 
building3, and institutions. Industrial wastes from a
 

variety of manufacturing projects 
contain a hazardous component (10Z-15% in the
 
USA) and a larger non-hazardous component. 
 Sludge from water and sewage 
treat
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ment plants often has 
a high moisture content. On a country-wide basis,
 

agricultural wastes, including residues from crop growing, harvesting and
 

processing, meat, poultry and dairy products usually comprise the largest
 

portion of the wastes generated. Mining and milling tailings usually rank
 

second in total weight. Generally, only municipal solid waste, selected indus

trial wastes, sewage sludge and 
certain miscellaneous items are considered
 

appropriate incinerator inputs because 
they are more centralized in urban areas,
 

reducing transportation costs. 

Further steps in a waste stream analysis include assessments of gross
 

discards, quantities diverted, processible discards, waste composition and
 

characteristics, and seasonality.
 

Gross Discards: This is the measure, preferably in units of weight, 

of all of the garbage normally collected within the 
area being studied. In
 

the United States, 
this number, while steadily increasing, is presently about
 

1.7 kg/person-day in urban/suburban areas. 
 In urban areas of Egypt, this number
 

is probably 50% smaller.
 

Quantities Diverted: 
 A portion of the waste stream is often reclaimed
 

or recycled because of its high relative value. In the United States, aluminum,
 

high grade paper, glass bottles, 
tires and ferrous metals are often separated
 

from other wastes for re-use. In Egypt, a significant fraction of total wastes
 

are 
channeled into re-use by professional garbage pickers.
 

Processible Discards: 
 Gross discards minus quantities diverted yields
 

processible discards, a measure of the load faced by 
the incinerator. In the
 

United States, this is usually found to be 
roughly 90%-95% of gross discards.
 

For Egypt, the percentage ftgu:e Is likely to be lower.
 

Waste Composition: The composition of the waste stream will have a 

significant effect on the quant itie:i diverted for recycling and the suitability 

of incineration as the means of reduirtion of processible discards. Each 
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six distinct 
programs, representing 

nine departments, 


six independent
an office in 	 agencies, andthe legisla tve fundbranch 
 btomias energy research & development.
The main emphasis of Federal bioass RIP is in applied researchwhich 	 and engineerligincludes activities related to developing feedstockconversion 	 productiontechnologies 	 and

fnom tht conceptual stage through establishingfeasibility 	 technicalThe programs involved In R1 exhibit boad range of interests 
concentrating 

on five feedstock prodlucit 
 categories (woody)aquatic, 	 herbaceouswaste-derived, 
and environmntfl) 

and five conversioncategories 	 technology(direct combustion, blocho.iLcal, thermochemical, 
photobiological
 

and environment).
 

4.6.2.1 Agricultural Research Service 
Agricultural Research Service (ARS) within 


culture 

the U.S. Departmentadministers 	 of Agriresearch and deve1opmenr programs

production; 	 In animal and plantthe use and improvement of soil, water, and air;storage, 	 the processing,and distribution 
of farm products ; 
 food safety; and consumerResearch 	 service;.is applied to a wide range of goals, commodities,
fields 	 naturalof 	 resources,science, and geographic, climatic, and environmental 

conditions. 
Biogas-related 

research activities 
include: 

o production of crops for biomass energy feedstocks; 
o 	 hydrocarbon-producing 


plants as 
potential multi-use 

o 	 crops;chemical, microbiological, 


and enzymatic 
 blomass conversion;
o energy-saving 
methods for recovery of usable


methane protein from alcohol
fermentation 	 ormedia;
 

o 
 biomass harvesting and processing; 
and
 
" methane generation and utilization. 

4.6.2.2 Biological Energy Research ivision
The Biological Energy Research (Bfll) Program at theEnergy 	 U.S Departmentwas established 	 ofto conduct fundamental studies in biology oriented 
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EXHIBIT 5.6
 

NET QUANTITY AND COMPOSITION OF POST-CONSUMER RESIDENTIAL
 
AND COMMERCIAL SOID WASTE BY TYPE OF MATERIAL, 1978 (U.S.A.) 

Net Waste Disposed of
 
Quantity


Material Category (Millions of Tons) 
 % of Total Waste
 

Paper 


Class 


Metals 


Ferrous 


Aluminum 

Other nonferrous 


Plastics 

Rubber 


Leather 

Textiles 

Wood 


Total nonfocd product waste 


Food waste 

Yard waste 

Misc. inorganic wastes 


TOTAL 


Source: EPA, 1981
 

41.3 
 29.7
 
14.8 
 10.7
 
13.3 
 9.6
 
11.6 
 8.4
 
1.3 
 0.9
 
0.4 
 0.3
 
5.8 
 4.2
 
2.9 
 2.1
 
0.5 
 0.4
 
3.4 
 2.4
 
4.8 
 3.4
 

86.8 
 62.5
 

23.4 
 16.8
 
26.6 
 19.2
 
2.1 
 1.5
 

138.9 
 100.0
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EXHIBIT 5.7a 
DENSITIES OF REFUSE AND ASSOCIATED MATERIALS
 
Material 


..... 
Densty (l/cu yd

I~oo e refuse, no proce,; l118 
100-200 

Refuse from a compactor truck, after dumplrig 350-400 
Refuse In compactor truck 

500-700
 
Shredded 
refuse 

600-900
 

Refuse baled in 
paper baler 

800-1200
Resuse in landfill 
500-900
 

Dry ash residue 

1080
 

Wet ash residue 
1350
 

Processed Materials
 
Ferrous 
cans (flattened) 

Alumin 800-900
m cans (flattened) 
Mixe(4 glass, minus 2505/8" cullet 
Mixed glass, minus 2300
2" cullet 
Baled shredded 1000paper bundles 

750 
Source: EPA, 1981 

Note: 1 lb/cu yd 0.58 kg/m 3 

EXHIBIT 5.7b DENSITIES OF PURE REFUSE COMPONENTS 

SpecificComponent Gravity density
(lb/cu ft) 

Aluminum 
2.70 

168 
Carboard 


0.69 

43
 

Glass 

2.50 


156
 
Paper 


0.7-1.15 

44-72 

Steel 
7.70 

480 
Wood 

0.60 
37 

Plastics 
Acrylic 

ABS 
Polyethylene 

Polypropylene 
Polystyrene 

PVC 

1.18 

1.03 
0.94 

0.90 
1.05 

1.25 

74 
64 
59 

56 
65 
78 

Source: EPA, 1981 
Note: I lb/cu ft - 16 kg/ms 
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EXHIBIT 5.8 
TYPICA. CHEMICAL COMPOSITION OF MUNICIPAL REFUSE COKPONENTS 

(ULTIMATE ANAlYSIS) 

Refuse Component C(I) 11(Z) 02(v) N(:) S() Inerta 
1 

Percent 

Pectore 

Newspapers 49.14 6.10 43.03 0.05 0.16 1.43 5.97 

Brown paper 44.90 6.01 47.84 0 0.11 1.01 5.83 

Haglrlne paper 
Corrugated boxes 

32.91 

43.73 
4.9 

5.70 
36.55 

44.93 
0.07 
0.09 

0.09 

0.21 
22.47 

5.06 
4.11 
5.20 

Plastic coated paper 45.30 6.17 45.50 0.18 0.08 2.64 4.71 

Waxed milk ca.tonn 59.18 9.25 30.13 0.12 0.10 1.17 3.45 

Paper food cartons 44.74 6.10 41.92 0.15 0.16 6.50 6.11 

Junk ma.!i 
-!rsue paper 
Cardboard 
Hiscellaneoua paper 
Vegetable snd food aste. 
Citrus rlnda, ed. 
Meat scraps, cooked 
Fried fats 
Ca-bage 
L.esrher 

Rub - r Co.p. 1 Ion, 
heel, sole catch 

P1Ia a t I a 
a 

gh 
: ' 

Polyethylene 
Viryl 
I'latIc filu 

Mixed, freA municipal 
refuse, contaemlratel 
vith food vAste 

Other plastic%, rubber, 

leather 
paints, oil. 

VacuUM clesuers 
Evergreen trimlngs 
Plower, garden plants 
lvwn grass, green 
Rkpe tress leaves 
Softwood, pine 
liarw- 'J,oa. 
Wood 

37.37 

43.9 

45.52 
,4.OJ 

49.06 
47.96 
59. 9 

73.1. 
41.7 
42.(1 

5i.22 

78 0 

90.0 
55.9 
85.6 
47.1 
67..! 

47.70 

52.1 

35.69 
48.51 
4E.65 
46.18 
52.15 

52.55 
49.49 
49.00 

5.41 

6.1 

6.ic 
6.1' 

6.6o2 
5.68 
9.47 

11.54 
5.75 
5.32 

,¢9 

d,0 

IU.6 
7.0 

14.1. 
5.9 
9.72 

6.04 

.1.1 

-73 
6.54 

),.61 
5.96 
6.11 

6.0 
6.-2 
6.0 

42.74 0.17 
49.0 

44.53 0.16 
41.65 0.43 
37.,5 1.68 
41.67 1.11 
24.65 1.02 
14.82 0.43 
27.62 2.79 
22.83 5.98 

7.76 0.50 

13.0 

37.2 

1 
8 
.6(chlorfne-28.4t) 

15.82 0.46 

24.06 1.93 

3A.H 

20.3[1 6.26 
4D.44 1.71 
AG.18 1.21 
36.43 4.46 
30.34 6.99 
40.90 0.25 
43.39 0.25 
42.00 

0.09 

0.14 
0.12 

0.20 
0.12 
0.19 
0.07 
0.25 
1.00 

1.34 

0.07 

0.55 

1.15 
0.19 

0.26 
0.42 
0.16 

0.10 
0.10 

13.09 

0.93 

3.57 
7.65 

1.06 
0.74 
3.11 

21.87 
21.16 

29.74 

6.72 

19.72 

30.34 
0.81 

2.34 
1.62 
3.82 

0.12 
0.15 
2.28 

4.56 
7.00 

78.8 
78.70 
38.97 

7.46 

1.15 

5.47 
69.00 

53.94 
75.24 
9.97 

24.00 

Gras and dirt 

Rags 
Textlles 
Dirt 

Class bottles 

Class, stones, cersaica 
Metal cans 
Metals 

36.20 

43.9 
n.19 

0.52 

(Isa 
4.54 

sa 

4.75 

t.1 
6.41 

0.07 

bwV, 
0.63 

26.61 

49.0 
41.85 

0.3o 

glass bottles) 
4.28 

2.10 

2.18 

0.03 

0.05 

0.26 

0.20 

0.01 

30.08 

0.93 
3.17 

I00.00 
99.02 

90.49 
100.00 

7.00 

llnerta - ash, glass, metal, stone, csranic 

Source: ELPA, 1981 
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locality will have different proportions of paper, glass, ferrous and non

ferrous metals, plastics, rubber, leather, textiles, wood, food waste and other 

organic and inorganic waste rypes compo.ing its waste stream. It is important 

tc conduct a compositional analy ivs for each area being considered for Inctl,

eraclon service because con.itdvrahle variation is likely 
 to be 	 encountered. 

The composition of municipal solId wstes for the United States as a whole is 

shown 	 in Exhibit 5.6. That of Egypt w[ll, of course, differ from this. The den

sities 	 if several pure refuse c, monents are listed in Exhibit 5.7. 

Was te characterizarion: MV e,Ing fed inta an incineratrr can be chara:

terized by i ts m'oisture and ash, or non-clombnstlble, content. Non-combuscibles 

inhibit good incinerator performA n,. and the waste 	 stream can often by pre

processed to minimize the quantity of this component In the In:inerator feed.
 

Wasate with high mcist,'re content , such as sewage sludge, 
 is often dried prior
 

to burning. Exhibit 5.0P lits 
 the typical chemical composition of municipal
 

solid waste components.
 

Seasonality: The quantity, composition, and moisture content of 
 municipal 

waste 	 varie, over the course of the year and both the collection system and the 

incinorator must 
be designed to accommodate this variation. 

5.3.3 	 Site Selection
 

Several criteria merit equal zonsideration when selecting a site for 
a
 

municipal solid waste incineration plant. 
 These 	include site accessibility,
 

proximity to 
energy 	markets, proximilty to 
disposal site, and pioximity to waste
 

centroid. . 

Site Accessibility: 
 The local road network will be profoundly affected
 

by the 	 presence of an incineration facility receiving hundreds of truck loads 

per day of refuse. The roadways :nus t be large enough to handle this increased 

traffic flow and must be sturdy enough to bear large, heavy, garbage handling 
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vehicles. Entrances and exit locations should 
not disrupt local traffic 
patterns.
 

Proximity to 
Energy Markets: 
 When the energy product to be marketed is
 

steam the site should be located adjacent to the energy purchaser. It is
 

rarely practical to transmit steim more than 3 km without incurring uneconomic
 

thermal losses, as well as a irs,;s of qualitv control. When electricity is the
 

product to be marketed, this costraint Is 
less severe. While electricity can
 

be transmitted over 
 long distances, an economically acceptable site will probably 

be one located near to an electric grid with enough capacity enough to accomodate 

the new power source. 

Proximity to Disposal Site: Significant amounts of non-combustible ash and 

residue are generated by an incineration plant, and these products must be 

disposed of in a landfill. A large plant will have to dispose of several truck 

loads of residue each day.
 

Proximity to Waste Centroids: The cost of 
collecting and transporting
 

waste comprises a large part of 
total disposal costs. This 
cost can be minimized
 

by placing the 
plant in a central location.
 

Other site selection criteria 
include proximity to cooling water and
 

boiler feed water; 
and proximity of neighbors whose local environment might be
 

affected by noise, odors, and ash emanating from the plant.
 

5.3.4 Input Waste Processing
 

The nature and moisture content of the waste is in important determinant 

of the extent of preprocessing needed before incineration, the incineration 

technology being the other. 
 Certain small modular incinerator types
 

can combust 
only small sized particles of refuse, requiring shredding to be
 

included in the pre-processing. 
 Other technologies, such as 
those used for
 

mass-burn incineration, require no preprocessing of 
the waste stream. The
 

following types of preprocessing are commercially available: 
 screening, shred
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EXHIBIT 5.9 

TRO1MEL FOR WASTE SCREENING
 

SOURCE: HEIL CO. 
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ding, ferrous metal. recovery, and air classification.
 

Screening: A trommel or 
inclined rotating cylindrical screen, allows
 

small, heavy, mostly non-combustable waste particles 
to be separated from the
 

main waste stream. The screen mesh determines the size of the particles being
 

separated. See Exhibit 5.9.
 

Shredding: This procesE reduces the size of 
the waste particles,
 

separates the various com,-)nen-s of the waste 
from each other, opens bags, and
 

makes the waste stream more homogenenous. Shredding is accomplished by using
 

hammers to pulveri7: waste within a confined space and forcing it 
through a
 

grating. 
 The process has a high operating cost owing 
to the large mechanical
 

energy requirements and extreme wear on 
the hammer and grates. See Exhibit 5.10.
 

Ferrous Metal Recovery: A drum magnet or an overhead magnetic belt
 

system, with either permanent or electromagnets, can extract ferrous metal
 

objects from the waste stream. Multi-stage separators improve the purity of
 

the metal extracted by selecting out attached non-ferrous objects.
 

Air Classification: A powerful column of upwardly blowing air can 
be
 

used to separate light combustibles, such as 
paper 	and plastics, from heavier 
non

combustibles like concrete, metal, and glass. 
 This provides a better burning
 

fuel for the incinerator. See Exhibit 5.10.
 

5.3.5 	 Combustion System
 

Many interrelated componerts comprise 
an incinerator's combustion system.
 

From the tipping floor, garbage is usually dumped into a pit large enough to
 

accomodate several days' supply of 
incinerator input. An overhead crane lifts
 

the garbage out of the receiving pit and into a small charging hopper at the
 

incinerator inlet, where it 
falls into a combustion grate inside of the
 

furnace. The rubbish progresses along ti'e 
grate, propelled either by a hydraulic
 

ram, reciprocating grate sections 
or an 	inclined rotary grate system. 
 As it
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progresses it combusts, often in a fan-injected air .stream. Ash collects at
 

the far 	end and underneath the grates, from where conveyors carry it 
away. 	 The
 

hot gases produced by the combustion process rise into the boiler section of
 

the incinerator and produce steam. 
 These gases, now slightly cooled, precipitate
 

more ash prior to entering (in n ny cases) an electrostatic precipitator which
 

removes 	nearly all remaining particulate matter. The cleaned gases then pass
 

up and 	out of a stack, aided by an induced draft fan. See Exhibit 5.11. 

There are a great variety of stoker and grate designs that are commercially 

available. Their performance records vary widely, and grates are often one of 

the most significant maintenance and replacement items in an incineration system. 

Grate systems have many of their moving parts in contact with the combusting
 

refuse and thus are susceptible to clinker 
 and slag formation in inconvenient
 

places. Most grate systems 
 are specialized and sophisticated enough to be
 

patented. 
 See Exhibit 5.12 for examples of available grate systems. 

Combustion air, if drawn from the tipping floor area, keeps that area
 

under negative pressure and prevents odors 
from migrating elsewhere to annoy
 

neighbors.
 

The el'.ntrostatic precipitators that often used
are to remove particulates
 

from the flue gas are extremely temperature sensitive, having both a high
 

temperature limit above which the unit will not 
function, and a low-limit,
 

below which the corrosive chemical components of the flue gas will condense
 

and damage the precipitator. Care must be taken, when designing and
 

operating the plant, 
to correctly size the incinerator's boiler section and air
 

flows to reduce the temperature of the flue gases to an acceptable level.
 

5.3.6 	 System Sizing
 

System size 
influences technology choice to a large extent, as well as
 

affecting financing approaches and administrative structures for solid waste
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management. The following factors need to 
be considered in determining facility
 

size: quantity of waste available, requirements of the energy market, desired
 

system redundancy, planned operating schedule, and variations 
in waste generation.
 

Quality of Waste Available: 
 This Is the limiting factor. Generally
 

the plant should be sized to accomodate all of the processible waste generated
 

in its service area.
 

Energy Market: Plants producing steam may be constrained by the size of
 

the local market for their product. Electricity producing plants are less
 

likely to face this constraint Since to
electricity is more easily transmitted 


distant users than 
steam. Areas with marginal steam markets should consider
 

the alternative of cogeneratfng srteani and electricity to better match plant
 

size to energy markets.
 

Redundancy: The energy 
 market may demand redundancy in the form of
 

multiple boilers in order to guarantee a steady, reliable source of steam 
 or 

electricity. Waste disposal needs may also dictate a certain degree of redundancy 

if there is limited space available to store refuse prior to incineration. 

Operating schedule: A system that operates only 5 day per week has less
 

need for redundancy bDLause routine amvintenance can be done during the off 

days. 	 Round-the-clock, seven-days-per-week systems require multiple incinerators 

in order to allow for periodic maintenance without interrupting the waste 

disposal/energy production process.
 

Seasonality: The quantity of processible waste varies temporally, and plant 

should 	be sized to handle peak rather than average waste quantities. They 

should also be designed to function efficiently at a part load of 90% or even
 

less of the rated load.
 

5.3.7 	 Operational Considerations
 

A municipal solid waste incinerator burns a feedstock that varies greatly
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in particle size, combustibility and ease of handling. The nature of this
 

feedstock affects both the 
operating and maintenance needs of an incineiation
 

plant. 
 Three major operational considerations must be mentioned: 
 combustion
 

control, operating schedule and 
component replacement.
 

Ideally, waste remains In 
 the furnace just long enough to completely
 

combust. If the waste is conveyed throii;h the furnace area too quickly, then
 

combustion will not have finished, volum, reduction of the waste will not be
 

adequate, and the waste 
 will have retained some of its noxious 	characteristics.
 

Too slow a transit of waste through the furnace area Ic an underutilization of 

expensive plant capacity. Controlling' the rate of travel of the waste, which 

is not homogeneous, through the comnhstion chambers to produce a homogeneously 

burned ash is a difficult task. Succeissful combustion control depends on 

several 	factors. First, the waste must be 
broken up or pre-processed to provide 

at least a marginal homogeneity of parcicle size. Second, the grate system 

must allow for variable feedstock travel rates. 
 Third, it must be feasible to
 

conduct frequent visual or 
remote electronic inspections of the combustion 
area
 

to identify slow-burning items.
 

Municipal solid waste often has 
a large incombustible component. These
 

incombustibles collect inside the incinerator and interfere with proper grate
 

operation, heat recovery and 
ash disposal. Incinerators require regular cleaning
 

in order to function properly, and 
most large scale mass burn facilities need
 

to be shut down once each week for this 
reason. Multiple combustion units will
 

be necessary if the plant 
is to operate continuously.
 

Even with proper maintenance, 
the handling and combustion iof waste
 

imposes severe wear 
on many parts of the facility. The components most subject
 

to failure are those that 
move while in contact with the waste. Pre-processing
 

machinery, including rotating trommel, reciprocating shredders, and waste
 

conveyors all experience high 
failure 	rates. In the combustion chamber, the
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travelling grate system, whether it is a reciprocating grate, a rotary grate 

or a track conveyor, experiences reguilar failures. These failures must be 

planned for because they are inevitable. Parts that are likely to fail should 

be easily replaceable during normal maintenance times, and should be simple to 

find or to fabricate. Successful operation of the facility depends on designing
 

this flexibility into the plant initially.
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5.4 ENVIRONMENTAL IKfPACTS 

Each proposed project alternative should be evaluated in terms of its
 

likely environmental impacts. Environmental effects have importance for
 

political, economic, health, and aet Ahetic reasons. A formal study is a requi

site part of good project planning. In many locations, strict emissions stand

ards have been legislated. A municipal solid waste incineration facility 

is 	likely to have many of the following types of environmental imnacts: 

o 	 Reduction in area of land required for landfill operation; 

o 	 Reduction in disease vector 
population associated with landfills 
or
 
open rubbish disposal; 

o 	Reduction the use fossil fuelsin of for steam and/or electricity 
product ion; 

o 	 Increase in air pollutant emissions from incinerator operations; 

o 	 Increase in 	 air pollutant emissions from collection vehicles; 

o 	 Increase in demand on water supply system; and 

o 	 Increase in wastewater discharges;
 

o 	 Increase in temperature of water used for process cooling; large 
groundwater or surface water quantities are involved. 

o 	 Increase in vehicular traffic along transportation corridors. 

o 	 Increase in noise levels along transportation corridors.
 

Many of the adverse impacts can be mitigated by making suitable design 

choices. For example, air 
pollutant emissions resulting from combustion can be
 

controlled by obtaining high furnace temperatures which encourage complete 

combustion of noxious gases 
followed by electrostatic precipitators which
 

remove airborne particulates. Currently, electrostatic precipitators (ESPs) are 

being used successfully to control the amount of particulate emissions discharged 

to the atmosphere, although control of gaseous emissions is not accomplished 

unless the gases happen to be absorbed on the captured particulate. Attempts 

at using w.t scrubbers for removal of both particulates and gaseous emissions 
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have been largely unsuccessful, as scrubbers designed to captureare not the 

small-size particulates commonly found in the flue gas. Several European 

installations are utilizing both ESI's and wet scrubbers to remove these two
 

types of emissions (this 
 is a requirement in West Germany). Questions as to 
the adequacy of current devices to remove potentially hazardous emissions from
 

the combustion of wastes are just now being posed. 

For smaller, lower tUmpOrature incinerators, baghouses have been employed 
to reduce the level of particulates emissions. Baghouses consist of a series 
of woven fabric filter bags. The flue gases pass through these filte- bags,
 

which are periodically 
 cleaned by automatic shaking or reverse pulsing of 
collected particulates to an ash hopper for disposal. In the past, baghouses
 

have not found extensive use in IncInerat[on applications due to 
filter material
 

limitations at high gas teinperatur,..;. The development of new temperature
 

resistant fabrics for baghouse applications have increased their applicability 

to incineration. Waterwa1 1 Incinerators utilize less draft air and burn at 

higher temperatures than refractory brick Incinerators and consequently pollute
 

less per unit of input. Odor and dust control on the tipping room floor and 
elsewhere can be accomplished by maintaining those areas under slightly negative 

air pressure.
 

Thermal pollution of thc cooling water supply can be minimized by 
productively utilizing as much as possible of the energy generated by the
 

incinerator 
 and by asing air-cooled condensors.
 

Proper siting and plant layout can minimize the effect of 
 increased 

vehicular traffic on rther road users, as can ensuring that the plant is located in 

an area having few nearby neighbors. 

Significant adverse environmental impacts must be mitigated, or the part 
of the population being adversely affected will seek their own 
political
 

solutions, which may include shutting down the plant. 
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5.5 	 SPECIAL CONSIDERATIONS IN THE EGYPTIAN CONTENT 

The viability of municipal solid 
waste incineration technologies in
 

Egypt is dependent upon four factors: 
the public infrastructure; 
waste availa

bility; industrial development; and experience. 
 The success of an implementatior
 

program in Egypt is contingent upon the degree 	 of development of each of these. 

5.5.1 	 Public Infrastructure
 

The necessary public infrastructure for 
MSW technologies would include a 

reliable collection and transportation system to gather municipal solid wastes
 

and transport them 
 to the plant site. In Egypt, with population and transporta

tion development heavily concentrated along the Nile River Valley, the collect

ion and transportation of municipal 
 solid wastes would not appear to be a Major
 

difficulty. 
 Detailed investigation would 
be necessary to determine further
 

requirements.
 

The collection, transportation, and disposal of municipal waste in urban
 

Egypt is primarily in the hands of private enterprise. Within a given territory,
 

entrepreneurs collect 
rubbish, scavenge all of the valuable or 
recyclable items
 

and dispose of the residue in 
the most convenient way possible. 
 This means
 

that residue is rarely disposed of 
in a sanitary, aesthetically acceptable
 

manner and that rubbish collection is cinducted unevenly. 
In Cairo, a centrally
 

planned approach to coordinating private 
rubbish collection with
 

final disposal by a public agency 
is underway. The development of a successful
 

arrangement for accomplishing this is a necessary prerequisite for constructing 

a municipal solid waste incineration plant. 

Another element of the public infrastructrure which bears mentioning is
 

the power system. This system 	 can he divided into the generation and 

the distribution systems. 
 The success of certain MSW cogeneration technologies 

is dependent upon access 
to the 	utility grid, so that cogenerated power may be
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exported to the grid. With 
a developed distribution network, cogenerators will
 

be able to interconnect with the 
grid and provide both energy and capacity to
 

the utility.
 

In many parts of Egypt, the electric grid is still under construction.
 

Design specifications resulting In a robust electric system capable of handling
 

multiple small power producers cnn BtilK be established. Such a system will
 

interface easily with future MSW-to-nergy facilities. If connection of .n 

energy 	recovery facility 
to the, elctric grid is inFeasiLbe, it may be appro

priate to make the plant a dejIdite, facility, serving a single nearby user
 

such as 
a sewage or water treame nt: plant, a pumping station or an Industrial
 

user.
 

5.5.2 	 Wast( Availability
 

The availability of 
waste in Egypt is the second of the four conditions
 

essential for 
incineration technology development. Because of the current
 

rubbish collection infrastructure, the waste already undergoes a great deal of 

recycling or preprocessing making It likely that 
the v aste has a high organic
 

component and good combustibility. However, it may also have 
a high 	moisture
 

content which would necessitate drying prior to incineration.
 

5.5.3 	 Industrial Development
 

The third condition necossary for successful municipal solid waste
 

incineration technology development in 
Egypt is a level of industrial development
 

capable of utilizing the steam, heat, 
and power that can be provided by these
 

technologies. 
 Egypt's largest energy consuming industries are: metals; building
 

materials; chemicals; textfles; and small scale industry. 
 It is estimated that 

these industries will account: for nearly 78 percent of total Industrial Pnrgy
 

use 
in ?985. All of these indtuw;str could benefit from steam generated from
 

municipal solid waste incineration.
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A particular advantage of 
solid waste-fired steam is 
that it can displace
 

the use of electricity in 
the commercial and industrial sectors. 
 In Egypt,
 

where total energy consumption is projected to 
increase at six percent per
 

year, electric demand growth is 
projected at 9.9 percent per year. 
The displace

ment of electric energy with solid waSte derived energy can 
reduce the necessary
 

investment 
in high cost, capital intensive electric capacity.
 

5.5.4 Experience
 

The final condition for municipal solid waste incineration technology
 

development 
is experience. 
With little direct experience with 
the design,
 

construction, and operation of 
these technologies, Egypt would be 
initially
 

dependent on 
foreign expertise. 
Although additional activity would be 
required
 

in municipal solid waste collcrtion and processing, Egypt appears 
to have the
 

basic requirements for the 
use of municipal solid waste incineration tech

nologies.
 

Whether the economics of municipal solid waste incineration technologies
 

can compete with existing fossil fuel-fired systems remains 
to be determined.
 

Installed capital costs for these systems is dependent upon the technology, 

preprocessing equipment, system size, site specific requirements, and many
 

other factors. In 
favorable circumstances, municipal solid waste conversion
 

systems can be 
installed for $2 0
 ,O00/TPD but 
can easily cost $150,O00/TPD
 

and more. The economics of these technologies in Egypt can only be 
determined
 

after site specific analyses.
 

Internationally, there is 
a growing inventory of municipal solid waste
 

conversion systems. 
The majority of these systems are in Europe, Japan, and
 

the United States. As 
of 1983, 
there were 368 systems installed worldwide, 
of
 

which 212 are European and F5 are 
Japanese. Exhibit 5.13 lists 
the systems by
 

country.
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EXHIBIT 5.13 

SUMMARY OF WORLDWIDE INVENTORY OF 
WASTE TO ENERGY SYSTEMS 

Country No. of Systems 

Australia 1 

Austria 2 

Belgium 2 

Brazil 2 

Canada 3 

Czechoslovakia 1 

Denmark 35 

Finland 2 

France 26 

Germany, FGR 39 

Hong Kong 3 

Hungary 1 

Italy 24 

Japan 85 

Luxembourg 2 

Monaco 1 

Netherlands 6 

Norway 8 

Singapore 1 

Spain 4 

Sweden 24 

Switzerland 26 

United Kingdom 9 

United States 55 

U.S.S.R. 6 

TOTAL 368 

Installed Capacity
 
(Ton/Day)
 

520
 

1,320
 

1,048
 

660
 

2,800
 

864
 

6,348
 

640
 

11,858
 

23,389
 

3,216
 

1,440
 

9,997
 

44,581
 

600
 

280
 

8,637
 

206
 

1,440
 

1,158
 

5,456
 

7,600
 

4,624
 

34,870
 

5,032
 

178,584
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5.6 CURRENT R&D THRUSTS 

5.6.1 Industry R&D
 

Municipal solid waste-to-enargy conversion technologies have been in
 

existence for over 50 years. 
 The technological sophistication of these systems
 

has increased dramatically over 
this time period, particularly in the last 15
 

years.
 

The combustion of municipal solid wastes 
in large waterwall incinerators
 

and in small-scale modular systems are 
the most technologically developed
 

technologies to date. Although these technologiet have reached commercialization 

worldwide and others are emerging, research is still being conducted to minimize 

emissions and improve system economics. Research at 
a more basic level is
 

underway on other MSW-to-energy conversion technologies, including biochemical
 

processes, thermochemical processes, and refuse-derived fuel preparation.
 

Most of the development progress in industry has come from improvements
 

in plant design based on actual operating experience in commercial waste
 

processing facilities. 
 Some in-house research is also being conducted. For 

example, vendors of modular combustion systems for energy recovery from municipal 

waste or manufacturers of key components for such systems have internally 

funded R&D activities. Mechanical testing has been conducted on the feed 

mechanisms, grates, and ash handling systems for such modular combustion
 

sys tems.
 

5.6.2 U.S. Government R&D
 

Research on MSW-to-energy conversion is coordinated by the Biofuels and
 

Municipal Waste Technology Division (BMWT) of 
the U.S Deparment of Energy. 

Their mission is to conduct resench in energy from municipal waste that will
 

allow the private sector to complete the development necessary for the commer

cial application of these technologies in the marketplace.
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BMWT conducts research activities in the following areas: liquid and 

gaseous fuels, thermochemical processes, biochemical processes, base environmental 

concerns, materials, feedstock preparation, and technology tranfer activities. 

5.6.2.1 DOE Technology Transfer 

The objective of this BMWT effort is to obtain accurate and usable technical 

data resulting from government-funded R&D and to make it available to the
 

private sector, technical and research communities, educators, A/E's, and 

policymakers.
 

5.6.2.2 DOE Liquid and Gaseous Fuels Research
 

Research efforts that are part of this program are aimed at the conversion 

of municipal solid waste (MSW) into useful liquid and gaseous fuels. The 

primary methods under consideration are thermochemical conversion processes. 

Heat and reduced oxygen availability are used to convert waste to liquids or 

gases. Included is research to integrate the production of the liquids and
 

gases with various systems to upgrade the product to meet specifications of
 

existing fuel distribution systems. Specific projects include:
 

o Basic mechanisms of Pyrolysis of Municipal Solid Waste; 

o External Combustor Research; and
 

o Pyrolysis of Municipal Waste in a Coke Oven.
 

Pyrolysis of municipal solid waste is claimed to have the potential to
 

recover energy in forms other than steam, in particular liquid and gaseous 

fuels. Unfortunately, the heating values of the products from the potential 

pyrolysis processes thus far developed have been inferior and, therefore, the 

processes have not become commercial. Before commercial processes that provide 

for improved products, better yields, and process optimization can be developed,
 

more information about the basic mechanisms of municipal solid waste pyrolysis
 

is needed. Research facilities where the pyrolytic characteristics of biomass
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have been previously examined will be used to study municipal solid waste
 

pyrolysis. Parametric test 
runs 
involving variations ir.temperature, pressure
 

reducing environment, heating rate, and residence time, will be run and the
 

resulting pyrolysis products measured. 
The use of naturally occurring additives
 

to 
improve heating value of the liquid products will be investigated. Expected
 

results include information required for 
the design of a pyrolysis process that
 

yields superior products.
 

External Combustor Research examines 
the feasibility of integrating a
 

municipal solid waste combustor and a conventional coal-fired boiler system.
 

It evaluptes the concept of combining a modular, mass-burning waste combustor
 

operating at substoichiometric conditions with an existing coal-fired boiler
 

steam plant. The Department of Energy is currently funding research 
to
 

conduct preliminary test burns 
to evaluate the feasibility of pyrolyzing minimally
 

processed MSW refuse-derived-fuel and sewage sludge in an inactive coke oven in
 

southeastern Pennsylvania. These tests represent the first time coke ovens
 

have been used to pyrolyze municipal solid waste. 
 This is especially important
 

at 
this time since with the steady decline of the steel industry, many coka
 

oven facilities have been abandoned.
 

5.6.2.3 DOE Biochemical Research
 

Processes which use living organisms to convert organics into useful
 

energy forms are in developmental stages. 
 The BMWT Division is sponsoring
 

development of an anaerobic digestion process that converts 
the organics in
 

municipal waste to 
methane under controlled conditions. This process is at the
 

proof-of-concept stage. 
 Another approach involves enzymatic hydrolysis to
 

produce glucose for fermentation to alcohol or digestion to 
methane. A third
 

process at the early stages of research will convert waste to 
low molecular
 

weight organic acids biochemically, and would use 
physical processes to convert
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the acid to liquid fuels.
 

Anaerobic research includes the development of improved microbial strains
 

for anaerobic digestion of municipal solid waste and wastewater. Genetic-manipu

iation techniques will be used in order to 
select, and develop improved microbial
 

strains capable of fermenting solid waste-and wastewater-feedstock in anaerobic
 

digesters and producing higher rates 
(higher volume in shorter retention time)
 

of methane than the conventional microbial systems yield. 

Research on processing high solid-waste concentrations by anaerobic 

digesters for methane production is also being conducted. Its objective is the 

investigation of innovative and efficien! digester concepts for the processing 

of high (10-25% solids) solids concentration feedstock.
 

Research is also being done 
on feed injection to anaerobic digesters for
 

methane production. The purpose of this investigation is the identification
 

of efficient methods for injecting feed 
to anaerobic digesters producing methane
 

from municipal solid wastes. Bioconversion of waste and recovery of the short

chain organic acids is also being studied. 
 The purpose of this research is the
 

microbial conversion of waste to low molecular weight organic acids and the 

recovery of 
these acids to be used fcr hidrocarbon-fuels production.
 

The work will provide an understanding of saccharification and acidogenesis
 

pathways utilized by the various microbes present in the substrate, as well as
 

determining the key parameters that have to 
be manipulated for high yields of
 

short-chain organic acids. Furthermore, it will develop an efficient and
 

economic recovery system for acids 
produced, and study the marketability of
 

this technology for hydrocarbon fuel generation.
 

5.6.2.4 Base Research
 

Included in 
this BMWT program are environmental, materials, and feedstock
 

preparation research. Environmental efforts 
are aimed at the characterization,
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6.0 ENERGY APPLICATIONS
 

Municipal solid waste incinerators nroduce energy in the form of 
steam
 

which has a variety of uses. 
 Medium pressure steam may be used for industrial
 

process heating or 
district heating and cooling, while high pressure steam can
 

be fed through a turbine for conversion to electricity.
 

Anaerobic digesters produce a combustible gas that may be used to fire 

boilers or engines to produce thermal energy or mechanical energy, which may in 

turn be converted to electrical energy.
 

Revenue accruing from the sale of energy produced by waste incinerators or 

anaerobic digesters is always a secondary justification for undertaking such 
a
 

project. This revenue improves the economic viability of technologies whose 

primary purpose is to dispose of waste in a safe, aesthetic, responsihle, and
 

cos t-effective manner. 

6 .1 THERMAL APPLICATIONS 

There are many applications in which heat can be utilized directly,
 

without first being converted to electricity. Examples of such applications
 

include heating and cooling of buildings, industrial process heating, drying
 

and processing of agricultural products, and desalination.
 

It is important to compare the energy use requirements of a particular
 

application with the available 
energy supply. Careful matching of temperature,
 

pressure, and flow characteristics is a prerequisite for both the technical 

success and economic viability of every project.
 

Types and Number of Loads: Each application, whether space or water
 

heating, agricultural or industrial process heating, refrigeration, or
 

desalination, has unir load characteristics. Often the steam can serve
 

multiple applications .- jultaneously in either parallel or a cascaded (series)
 

configuration. The cascaded configuration, serving multiple applications with
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different temperature requirements, is usually preferable because it allows the 

most complete utilization of the available heat via a series of processes.
 

Proximity: Steam cannot be practically transported a distance greater
 

than 3 km from its generation source because of thermal 
 losses in the transmission 

piping. Thus, process heat consumers must be located relatively near the
 

boiler supplying the steam; these 
 consumers need to be identified during the
 

initial stages of project planning in 
 order to justify a financial commitment
 

to the facility.
 

Temporal Flictuation: 
 The relative difference between the peak use and
 

the average use of heat In a particular process is Important in matching a
 

boiler 
to its load. With multiple applications, the different processes usually
 

will not have simultaneous peaks; thus, a diversity factor will be 
 needed to
 

estimate the overall peak load 
 faced by the plant. 

6.1.1 	 Space Conditi oning
 

Buildings consume a great deal of energy 
 for space heating and cooling,
 

and domestic water heating.
 

A steam space heating system can serve a single building or, via a
 

district heating network, 
 many buildings. In either case the actual heating is 

done In one of two ways, either via a forced air system or a hydronic system. 

(Exhibit 6.1).
 

Forced air systems use fans to move air through ducts 
to the space being
 

corditioned. The air is 
heated 	by means of 
an air-to-air heat exchanger, in the
 

case of a furnace, or a water-to-air heating coil, 
in the case of steam or hot
 

water systems. Steam can 
be used either directly in the heating coil or
 

indirectly as the primary heat source for an 	 isolated steam or hot water loop 

which 	serves a forced air system.
 

Hydronic systems use steam-heated, pumped, hot 
water to distribute
 

to the room via fin-tube radiators, convectors, or radiant floor or 
ceiling
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panels. 

Domestic hot water heaters utilize steam-to-domestic-water heat exchangers
 

to produce hot water at 
temperatures 
in the neighborhood of 
500 C. This can
 

comprise .i significant fraction of 
a building's energy consumption (15%),
 

depending on the char'acteristics of the building occupants. 

Cooling of buildings can be accomplished using systems that are similar 

to those used for heating, either forced air or pumped water. Forced air 

systems condition air by moving 
it past cooling coils containing either low 

temperature refrigerant or 
chilled water, while pumped water systems utilize
 

chilled water exclusively. 

Chilled water for space cooling can be produced using fairly high
 

temperature steam (> 125°C) to operate an absorption chiller. The most efficient
 

lithlum-bromide absorpition chillers are two-stage units requiring input 

temperatures 
of at 
least 160'C and having a coefficient of performance (COP) of
 

about 1.1. 

6.1.2 industrial Processes 
and Agricultural Applications
 

This category covers 
a variety of applications with different 
temperature
 

requirements (Exhibit 6.2). 
 Good process designs focus on 
efficiency
 

considerations, which often imply a 
 cascading arrangement. Applications with
 

complementary thermal requirements can be matched to make efficient and economic 

use of the thermal resource.
 

Specific applications likely 
to be found in Egypt include the production 

of masonry construction materials 
such as cement, bricks, and tiles; 
agricultural
 

processing such 
as 
sugar ca'je evaporation; 
and food processing applications
 

including drying and 
canning.
 

Masonry Construction Materials: 
 Cement, brick, and 
tile are all produced
 

wet and 
must be dried before use. Traditional sun 
drying is not practical in
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crowded areas, nor does it provide even 
resuits compared to drying in a more
 

controlled environment. Drying some 
of thtse materials requires input temperatures
 

of 120'C.
 

Curing of cement blocks and slabs in forms is a lower-temperature
 

appiication, normally done at 
about 70'C. Washing of forms can be done by
 

cascading the effluent from the curing process. 

Sugar Cane Evaporation: Cane sugar is one of Egypt's most common
 

agricultural products requiring heat processing before 
use. Excess water in
 

the cane must be driven off 
in order to make sugar. This requires process
 

temperatures of about 120'C. Most frequently, the evaporator will operate as 
a
 

batch process in which a quantity of product is introduced and maintained at
 

the given temperature for a period of time.
 

Food Processing: Many operationis 
can be included under the general
 

category of food processing. 
 Among those requiring process heat are pre-heating,
 

washing, cooking, blanching, peeling, evaporating, sterilizing, distilling,
 

separating, and refrigeration. These operations 
can often be cascaded. Other
 

uses include meatpacking, poultry dressing, canning, bottle washing, preparation
 

of fruits and vegetables, and 
drying of grains and other food products.
 

Cooling above the freezing point of water can be done by using -he
 

lithium-bromide absorption refrigeration system. 
Freezing below 00 C requires
 

the use of an ammonia-based absorption system. 
Both absorption cycles lend
 

themselves more readily 
to the larger commercial installations than to the
 

single residential dwelling.
 

6.1.3 Desalination
 

Steam produced by an incineration plant or biogas generated by an anaerobic
 

digester may be used as 
the heat source in a distillation process to produce
 

potable desalinized water. A numher of distillation processes are suitable for
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use with such a 
resource, including multi-stage flash evaporation, vertical
 

tube evaporation, and vapor-compressor distillation.
 

6.2 
 MECHANICAL APPLICATIONS
 

The thermal energy generated by combusting biogas or municipal solid wastes
 

can be converted to mechanical 
energy 	in engines or turbines (See Section
 

3.3,4). 
 This shaft power has a variety of potential uses.
 

Often the plant generating thia 
energy 	has mechanical power needs 
for
 

related processes. For example, 
sewage 	treatment 
plants 	consume large amounts
 

of mechanical energy for pumping of 
sludge 	and effluents, and for centrifuging
 

sludges. These can be 
powered by biogas-driven engines rather than traditional 

electrical motors. 

Farms require mechanical power for irrigation pumping and motive power 

for vehicles. 
 Both can serve by biogas-fueled engines.
 

Shaft power can also be used 
to drive an electrical generator, as the
 

next section describes.
 

6.3 	 ELECTRICITY GENERATION
 

If no market for thermal energy is 
located adjacent to the energy re

covery 	plant 
it may 	be preferable to use 
the thermal energy generated to produce
 

electricity. 
Electricity is highly marketable: 
 it has 	myriad uses and can be
 

transmitted over 
large 	distances. 
 Economic generation of electricity requires
 

careful analysis of several market-related factors, the 
first 	of which is
 

availability. 
For example, a municipal waste incinerator's schedule is governed
 

primarily by the delivery schedule of garbage. It is rarely feasible to stockpile 

more than a few days of fuel for the incinerator. If the plint will be used to 

generate power remote from the electric grid, then the schedule of operation of 

the incinerator must 
coincide with desired schedule of 
use of: electricity. If, 

alternatively, the plant 	will tie 
in with the electric grid, it will contribute
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base-load capacity to the existing network, which is generally valued less than
 

intermediate or peak loading capacity.
 

Another important decision variable is quality of supply. Remote or
 

dedicated electric power production applications generally require lower quality
 

power 	than grid-connected applications. Lower quality power is less expensive
 

and easier to produce than high quality power meeting precise frequency, voltage
 

and reactive energy specifications.
 

6.4 	 COGENERATION
 

The term "cogeneration" means that the waste heat from a boiler or an
 

engine is used (sometines supplemented by additional fuel) to satisfy some
 

further heating requirement instead of being immediately discharged to the
 

environment. Designing for optimum heat recovery starts with the selection of
 

the prime mover, since the different types of engines yield different amounts
 

of waste heat by virtue of differences In efficiency and ease with which waste
 

heat streams can be captured. a highly inefficient engine may produce substantial
 

recoverable heat at the cxpense of reduced power output, but this 
allocation of
 

energy 	 may be desirable for site applications where the thermal load is much 

higher 	than the electrical load.
 

Cogeneration occurs in "topping" and "bottoming" cycles as shown in
 

Exhibit 6.3. The "topping" cogeneration concept is to burn fuel in an engine
 

to produce shaft horsepower for any desired electromechanical workload, then
 

recover engine waste heat to do further work. 
The most versatile application
 

of the rotating shaft is to drive a generator for electricity production, but
 

direct shaft drive of other machinery might be preferable in certain situations.
 

"Bottoming" cogeneration involves producing heat directly from fuel, as in an
 

MSW incinerator, for example, then capturing very high temperature process
 

exhaust to generate electricity, usually w!.h a waste heat boiler and steam
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turbine. The biogas application discussed here is 
a topping cycle while most
 

municipal solid waste incinerator application will be bottoming cycles.
 

Cogeneration is most attractive at sites with concurrent and 
continuous demands
 

for electricity and heat.
 

For topping cycles, once the ratio of power to he s determ;ned by
 

engine selection, the actual use 
of the heat will guide the design of heat
 

exchange or recovery equipment. Waste heat will be available as a gas (the
 

engine exhaust) and a liquid (engine coolant), and the ultimate use of the heat
 

may require transfer to other gases or liquids. 
 In biogas cogeneration systems,
 

it is assumed that di,_ster heating takes 
priority among possible applicatiors
 

of engine waste heat. 'pace 
and water heating are common secondary uses of the
 

available thermal energy. 
An incinerator cogeneration system incorporates 
a
 

turbine generator at the end of a waste-to-energy boiler. In order to produce 

electricity, high-temperature, high-pressure steam is 
required to turn the
 

turbine. 
Hence, refractory systems are not typically considered. The preferred 

systems for electricity generation are the RDF and waterwall systems. ModulLr
 

systems have also been used to 
provide steam for power generation.
 

CogeneratLfn !ystems 
allow greater flexibility of energy production
 

than either steam-only or electricity-only systems. 
 The choice of a specific 

configi.ration for cogeneration can only be made on a plant-by-plant basis. 
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7.0 ECONOMIC ANALYSIS
 

This t.'ction establishes a means 
for initially evaluating the economic
 

feasibility of a 
resource recovery alternative and determining its costs. 
 A
 

feasibility analysis should include comparisons to 
alternative resource disposal/
 

utlrization technologies.
 

Analysis of on-farm digesters differs 
from sewage plant digesters in
 

several important ways. 
 On-farm digesters are 
usually much smaller in scale,
 

and they are often private rather than 
public investments.
 

In many applications, neither 
the raw manure, the digested sludge or
 

energy produced will enter local markets. 
 Everything instead will be utilized
 

on the farm. 
 Although no money actually changes hands, the economic analysis
 

is still a useful tool for determining where an 
initial expenditure on a biogas
 

digester is justifiable.
 

For each alternative, the analysis procedure includes 
the following
 

components, which are 
discussed in more 
detail below:
 

o 
 System 	size and degree of energy recovery;
 

o Estimation or capital costs;
 

o Estimation of annual costs;
 

o Estimation of revenues;
 

o Life-cycle costing; 

o Sensitivity analysis.
 

7.1 	 SYSTEM SIZE AND DEGREE OF ENERGY RECOVERY
 

Determining the size of 
the energy recovery system is 
an important first
 

step in developing system costs.
 

The choice of anaerobic digestion as 
the means of sludge/manure stabil

ization, or of incineration for municipal solid 
waste reduction, does not
 

automatically establish the degree of energy recovery that should be 
planned.
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The energy gas that is generated can be used for process heating, 
or as
 

fuel to provide mechanical or electrical power at 
the plant. It can be scrubbed/
 

conditioned and sold 
to outside consumers, or used 
to produce electricity for
 

outside consumption. 
 Each of these options )'as different costs and benefits
 

associated with it, 
and the size and nature of the energy recovery system
 

should be determined following analysJs of all 
of the options. Important
 

variables ir.-lude:
 

- quantity of raw feedstock available;
 

- quantity of energy generated/quantity of residue generated;
 

- plant thermal energy requirements; 

-
plant mechanical and electrical power requirements;
 

- requirements of the local eaerpy market; 

- requirements of the local foirtilizer market (for anaerobic digesters); 

- degree of automation, monitoring and control desired 

- degree of system redundancy desired; and 

- seasonal variations in feedstock supplies.
 

7.2 ESTIMATION OF CAPITAL COSTS
 

The base capital costs include land, site development, buildings and
 

equipment, engineering and legal fees, and plant start-up and shakedown.
 

Financing during construction should he included elsewhere in the debt service 

calculations, along with further escalation to reflect the impact of inflation 

on construction costs prior to ground breaking. 

In the U.S., 
a large scale, modern, mass-burn waste incinerator with
 

energy recovery costs roughly $125,000 
to 
build per ton of waste processing
 

capacity. Anaerobic digestion systems cost roughly $400 per cubic meter of
 

sludge digestion capacity. See the visit books in Appendices A and B for costs
 

associated with specific projects.
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7.3 	 ESTIMATION OF ANNUAL COSTS
 

In addition to the initial capital cost of 
an energy recovery facility,
 

the annual operating.costs must be determined. 
 They can be broken down into two
 

areas: 
o Annualized capital costs or debt service; and 

o Operating and Maintenance (O&M) costs. 

Annualized capital costs consist of interest payments on borrowed capital 

and the payback of that capital. These costs must be paid whether the plant
 

operates at full capacity or not. The annualized cost of borrowed capital is
 

dependent upon three factors: 
 the financing approach used, the bond interest
 

rate, and the loan term. The interest rate used for this analysis should
 

reflect 
the current rate obtainable for similarly scaled projects. 
The loan
 

term is based on 
the expected useful life of the facility, usually considered
 

to be 20 years, and the term of the energy purchase agreement, whichever is
 

shorter.
 

Annual 	operating and maintenance (O&M) costs those costs which are
are 


necessary to keep 
a facility operating. 
These costs include the following
 

items:
 

o 	Labor 
- dependent upon local wage rates, number of personnel required

and type of facility;
 

" 	Maintenance - materials and labor used for cleaning, repairs and
 
routine maintenance;
 

" 	Auxiliary materials and energy usage 
- includes chemical, supportive

electricity, auxiliary fuel, pumps, test equipment, water needed
 
to 	operate facility and peripheral equipment, rolling stock;
 

" 	Sludge or residue disposal 
- a function of degree of stabilization,
 
volume reduction and available disposal alternatives;
 

" 	Maintenance reserve 
fund - to cover major mainteaiance needs, such as

the replacement of heat exchangers, pumps, boiler tubes 
or refractories;
 
and
 

o 	Insurance.
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7.4 	 ESTIMATION OF REVENUES
 

The amount of energy revenues produced by an 
energy 	recovery facility
 
is 
a function of the quantity (and characteristics) of the 
feedstock that is 
pro
cessed, the degree of beneficial utilization of the stabilized sludge or 
residue,
 

the type of energy produced (low quality gas, high quality gas, 
steam 	or 
elec
tricity), and the price of energy from competing 
sources. 
 The price received
 

for the energy sold 
is usually based on 
the market's existing energy production
 

costs, 	often including a discount as 
an incentive for 
a long-term contract.
 

Typically, price increases are 
indexed in some way 
to that 	of 
the fuel displaced
 

by the recovered energy.
 

7.5 	 LIFE-CYCLE COSTING
 

It is common practice in 
the evaluation of 
public 	works projects to
 
assess 
their 	economics on 
the basis of 
the first year of operation; however, the
 

first year of operation of 
an energy recovery project 
is not 	indicative of 
its
 
potential economic performance in the 
future. To be accurate, any evaluation
 

of project feasibility should involve the assessment of 
facility economics over
 

the planned life of 
the facility. Such a 
life-cycle costing methodology
 

involves projecting costs and 
revenues over the 15 
or 20 	year planning period
 

based 	on assumptions about inflation and the 
rate of escalation of energy
 

revenues, and 
the 
cost other competing sludge disposal methodologies.
 

For a preliminary analysis, it 
can be 	assumed rhat operating and main
tenance costs (including labor, part-
 utilities, and ultimate sludge or 
residue
 
disposal) will increase with inflation, although this 
can be 	examined 
'.n the
 

Sensitivity Analysis (see Section 7.6) 
if desired.
 

The escalation rate 
for energy revenuer is 
more difficult to predict and
 
will depend on 
how the contract with the energy purchaser is 
structured. 
 It I.
 

usual 	for such contacts to contain a 
pricing 	mechanism which pegs the 
price of
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recovered energy 
to a conventional fuel, usually the one 
that is 
being displaced.
 
It is 
recommended that local utility projections of annual cost escalation be
 
used wherever possible. 
 The escalation rate 
 used for energy revenues should
 
be the 
sum of the inflation rate 
and the real value escalation rate asRumed for
 

the analysis.
 

In order to properly evaluate che municipal solid waste 
incinerator
 
alternative, it is 
necessary to determine, for comparison, the 
life-cycle costs 
tor landfill over the planning period. 
 The captial costs for 
a landfill include
 
purchase of the land 
itself, its 
initial preparations and 
the purchase cf
 
earth-moving equipment. 
Annual operating costs 
include the 
debt service,
 
labor, maintenance, machine fuel, maintenance reserve funds and insurance.
 
Landfill costs 
can be assumed, conservatively, to escalate at the 
rate of
 

inflation.
 

It is ofL±n the 
case 
that incineration will be more expensive than landfill
 
during the early yeirs 
of the analysis; however, in most 
cases, the incineration
 
alternative will become cheaper than landfilling before the end of 
the planning
 
period. 
 If this occurs 
before the mid-point of 
the planning period, 
then incin
eration can 
be considered 
to have definite potential 
as a cost-effective solid
 
waste management alternative. 
 If this 
occurs after the mid-point, then incin

eration may not be 
a cost-effective alternative.
 

7.6 SENSITIVITY ANALYSIS
 

In developing the economic analysis of the previous section, assumptions
 
based on predictions of 
the future behavior of the economy were made. 
 As the
 
future is unknown it is 
necessary 
to assess the impact 
that any deviations from
 
the predictions will have on 
the economics of 
a project. 
 It is particularly
 
useful to 
consider "worst case" scenarios in 
order to focus attention on the
 
inherent 
;isks of 
resource 
recovery. 
 "Best case" scenarios 
are valuable in
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that they highlight the need to structure the project so 
that potential savings/
 

profits are shared equitably, although they should not 
be used to raise expectations
 

unreasonably.
 

The following factors are 
prime candidates for consideration in sensitivity
 

analysis for resource recovery:
 

o Debt service;
 

o Energy revenues;
 

o Inflation rate;
 

o O&M cost escalation rate;
 

o Feedstock quantity; and
 

o Cost of ultimate sludge or 
residue disposal.
 

The debt service payment could be affected by the financing approach
 

used, the interest rate obtainable at the 
time the bonds are issued, and a
 

greater than anticipated initial capital investment due to cost overruns 
and
 

the requirement for significant modifications during start-up and shake-down.
 

The future revenues 
from the sale of energy could be greater or lower
 

than anticipated due 
to a number of occurrences. 
The cost of the energy market's
 

displaced fuel could escalate at 
a higher or lower 
rate than expected. The
 

nigh cost of the displaced fuel could prompt the market to 
convert to a cheaper
 

energy source. The energy market could go 
out of business or close the plant
 

using the recovered energy. 
Poor system reliability could result in less feed

stock being processed and less energy being produced and sold. 
 Protection
 

against some of 
these negative occurrences is 
available through contractual
 

meanc, but others represent risks which cannot be avoided.
 

The principal effect of inflation on 
the economics of a resource recovery
 

project is 
on the relative value of 
the debt service compared with other operating
 

costs and revenues. A low inflation rate will result in 
the debt service over
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the life of the project being higher (in real terms) 
than anticipated.
 

The O&M cost of a facility could increase at 
a faster rate than inflation
 

and/or could be 
higher than anticipated, due 
to repeated equipment failures.
 

A lower than anticipated quantity of feedstock delivered to 
the facility
 

could also have a significant impact on project economics, since revenue would
 

be 
significantly reduced without corresponding reductions in debt service and,
 

to a lesser degree, O&M costs.
 

The ultimate cost of disposing of 
certain sludges or residues could
 

increase rapidly if biological/heavy metal/toxin contamination 
occurs to a
 

significant degree, or if 
open space for land disposal becomes scarce.
 

The sensitivity analysis should examine those factors which 
are of
 

particular concern in each individual case. 
 It is useful to examine each
 

factor separately so that 
its impact on project economics can be judged.
 

"Worst case" and "best cast" 
scenarios can also be developed where several
 

factors are adjusted at a time.
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8.0 PRODUCTS
 

While many components of biomass energy conversion systems are custom 

built at the project site, certain types of pre-fabricated equipment are 

available. This chapter organizes U.S. manufacturers' products and presents 

them'in matrix form. There are separate matrices for Anaerobic Digestion 

related priducts and Municipal Solid Waste related products. Products available 

range from individual components to integrated, turn-key systems. 

The information presented here is based on product literature obtained 

through a mailing to U.S. manufacturers. Only those manufacturers who responded 

are included in the listing. As such, the information in this chapter is repre

sentative of U.S. biomass energy products but it is not all-inclusive. 

The actual product literature recieved from the mailing is filed by 

category in the REFT Proj'ct Library. At the end of this chapter are the names 

and addresses of all of the manufacturers identified in the matrices. 
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8.1 ANAEROBIC DIGESTION PRODUCTS
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8.2 MUNICIPAL SOLID WASTE PRODUCTS
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8.3 MANUFACTURERS' ADDRESSES
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BIOMASS MANUFACTURERS
 

American Pulverizer Company 

5540 West Park Avenue 

St. Louis, Missouri 63110 

Phone: (314) 781-6100 


American REF-FUEL Company

14701 St. Mary's Lane 
Houston, Texas 77079 

Phone: (713) 87L-7819 

Tele.: 794592 


Basic Environmental Engineering, Inc. 

21Wi61 H11 Stre-et
 
Glen Ellyn, Illinois 60137 

Phone: (312) 469-534-

Bechtel Power Corporation 

15470 Shady Grove Road 


Gaithersbur&, Maryland 20877-1454
 
Phone: (301) 258-3000 


Brule C.E.&E. 

13920 South Western Avenue 
Blue Island, Illinois 60406 

Phone: (312) 388-7900 


Caterpillar 

Alban Engine Power, Inc. 
(distributor) 

1401 Cherry Hill Road 

Baltimore, Maryland 21225 

Phone: (301) 355-6700 

Telex: 87-695 ALB ENG CH BAL 


Cleaver-Brooks 


P.O. Box 421 

Milwaukee, Wisconsin 53201 

Phone: (414) 962-0100 


Cogr21nic
 
Energy Systems, Inc. 

127 East 64th Street 

New York, New York 10021 


Phone: (212) 772-7500
 

Combiustion Engineer.ing 
Power Systems 

1000 Prospect Hill Road 

Windsor, Connecticut 06095 

Phone: (203) 688-1911 


Cumnmins Engine Company, Inc.
 
Columbus, Indiana 
47202-3005
 
Phone: (812) 377-5000
 
Telex: 217411
 

TWX: 810-352-1278
 

Detroit Stoker Company
 
1510 East First Street
 
P.O. Box 732
 
Monroe, Michigan 48161
 

Phone: (313) 241-9500
 
TWX: (810) 231-7293
 

Dings Company
 
Magnetic Group
 
4740 West Electric Avenue
 
Milwaukee, Wisconsin 
 53219
 
Phone: (414) 672-7830
 

Ecolaire Combustion Products, Inc. 

P.O. Box 240707
 
11100 Nations Ford Road
 
Charlotte, North Carolina 
28224
 
Phone: (704) 588-1620
 
Telex: 572-549
 

Econotherm
 
Energy Systems Corporation
 
P.O. Box 1229
 
Tulsa, Oklahoma 74101
 
Phone: (918) 272-5371
 
TWX: 910-845-2137
 

Empire Generator Corporation
 
W190 N11260 Carnegie Drive
 
Germantown, Wisconsin 
53022
 
Phone: (414) 255-2700
 

TWX: 910-250-3624
 

Eriez Magnetics 
P.O. Box 10608
 
Erie, Pennsylvania 16514
 

Fermont Division
 
Dynamics Corporation of America 
141-T North Avenue
 
Bridgeport, Connecticut 06608
 
Phone: (203) 366-5211
 
Telex: 964365 Fermontexp
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Generac 
 Katy-Seghers Inc.
 
P.O. Box 8 
 Fulton Iron Works
 
Waukesha, Wisconsin 53187 3844 Walsh Street
 
Phone: (414) 544-4811 
 St. Louis, Missouri 63116-3399
 
Telex: 26-9687 
 Phone: (314) 752-2400
 

Telex: 44-2381
 
General Electric Company
 
530 Franklin Street 
 KW Energy Systems, Inc. 
Schdnectady, New York 
12345 P.O. Box 150/75 Otis Strtet
 
Phone: (800) 626-2001, ext. 990 
 Northborough, Massachusetts 01532
 

Phone: (617) 393-7855
 
Gruendler Crusher.
 
12955 Maurer Industrial Drive 
 National Recovery Technologies 
St. Louis, Missouri 63127 105 28th Avenue, South
 
Phone: (314) 849-3700 Nashville, Tennessee 37212
 
Telex: 42-047 
 Phone: (615) 329-9088 

The Hell Company The O'Brien Machinery Company

Enineered Systems Division, Shredder Group Green Street & Powerhouse Place
 
3000 W. Montana Street Downingtown, Pennsylvania 19335
 
Milwaukee, Wisconsin 53201 Phone: (215) 269-6600 

Telex: 835319
 
Honda Power Products 
Cycles Arlington (distributor) 
 O'Connor Combustor Corporation

4219 Arlington Boulevard 
 107 Music City Circle
 
Arlington, Virginia Suite 101 
Phone: (703) 525-5000 Nashville, Tennessee 37214
 

Phone: (615) 883-0078
 
International Allied Associates Corporation Telex: 786597
 

(INT-CoRP) 
(Consumat Distributor) 
 Odgen Martin Systems, Inc.
 
1940 Harrison Street, Suite 303 
 140 East Ridgewood Avenue
 
P.O. Box 2268 Paramus, New Jersey 07652 
Hollywood, Florida 33022 
 Phone: (201) 599-2400
 
Phone: (305) 920-5506
 
Telex: 514468 INTACORP HLWD Onan Corporation
 

1400 73rd Avenue, N.E.
 
International Diesel Electric Company, Minneapolis, Minnesota 55432
 

Inc. (IDE) 
 Phone: (612) 574-5000
 
100 Midland Avenue Extension 
Middletown, New York 10940 Ormat Systems, Inc. 
Phone: (914) 342-3994 500 Dermody Way 
Telex: 996551 Sparks, Nevada 89431
 

Phone: (702) 356-9111
 
International Incinerators, Inc.
 
P.O. Box 19 
 Perennial Energy, Inc.
 
Columbus, Georgia 31902 P.O. Box 15
 
Phone: (404) 327-5475 Dora, Missouri 
 65637
 

Phone: (417) 261-2204
 
Jeffrey Manufacturing Division
 
Dresser Industries, Inc. 
 Pincor Products
 
P.O. Box 3080 
 11600 West King Street
 
Greenville, South Carolina 29602 
 Franklin Park, Illinois 60131
 

Phone: (312) 455-3456
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Solid Fuels, Inc. 

One Salt Creek Lane 

Hinsdale, Illinois 60521 

Phone: (312) 789-6677
 

Sommer Electric Company 

1432 E. Louis Avenue 

Elk Grove Village, Illinois 60007 

Phofie: (312) 956-1222 

Telex: 206562 


Stearns Magnetic
 
6001 South General Avenue 

Cudahy, Wisconsin 53110 

Phone: (414) 769-8000 


Stirling Technology, Inc. 

9 Factory Street 

Athens, Ohio 45701
 
Phone: (614) 594-2277 


Thermo Electron Corporation 

Tecogen Sales and Sales 

45 First Avenue 

P.O. Box 459
 
Waltham, Massachusetcs 02254 

Phone: (617) 890-8700 


T & . Manufacturing, Inc. 

Foot of Nebraska Street 

P.O. Box 200 

Oshkosh, Wisconsin 54902-0200
 
Phone: (414) 231-8217
 
Telex: 26-0165 (ELECPOWR-OSIiK)
 

Universal Engineering Corporatioa
 
800 First Avenue, N.W.
 
Cedar Rapids, Iowa 52405
 
Phone: (319) 365-0441
 
Telex! CRUSHER HQ-CDR 46--4443
 

Vicon Recovery Systems, Inc.
 
10 Park Place
 
P.O. Box 100 Butler Center
 
Butler, New Jersey 07405
 
Phone: (201) 492-1776
 

Wabash Power Equipment Company
 
444 Carpenter Avenue
 
Wheeling, Illinois 60090
 
Phone: (312) 541-5600
 
Telex: 28-2556
 

Waukesha Engine Division
 
Dresser Industries, Inc.
 
Waukesha, Wisconsin 53187
 

Western Engine Company
 
Power Systems Division
 
750 Route 53
 
Itasca, Illinois 60143-1392
 
Phone: (312) 773-5700
 
TWX: 910-991-1647
 

Telex: 283-457
 

Westinghouse Electric Corporation
 
Combustion Turbine Systems Division
 
P.O. Box 251
 
Concordville, Pennsylvania 19331
 
Phone: (215) 358-4980
 
Telex: 83412
 

Williams Patent Crusher &
 
Pulverizer Company
 

2701 North Broadway
 
St. Louis, Missouri 63102
 
Phone: (314) 621-3348
 

John Zink Company
 
4401 South Peoria Avenue
 
P.O. Box 702220
 
Tulsa, Okla:oma 74170
 
Phone: (918) 747-1371
 
Telex: 497414
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