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Course Participant Intro~•

.....
-Name
-QrganizatiOD

'Teclulica1 Background
·Pollution Prevention Experience
·Scctor Experience

Curriculum Overvie~- _

• Mornmg - .
- Introduction
- Course Overview
- Course Schedule
- Introduction to P2

• Afternoon
- Introduction to P2 (Cont.)
- Industry Refresher
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Curriculum Overview - Day,l,

• Morning
- Introduction
- Course Overview
- Course Schedule
- Introduction to P2

• Afternoon
- Introduction to P2 (Coot.)

- Industry Ref=her

--
• Morning

- P2 Mass Tracking Model Protocol
• Afternoon

- R2~i2 Assessment Protocol

Curriculum Overview - Day:?-
.:B:~;r~~1t:j

Curriculum Overview - DayJ.
;·~?,~~.~~~~4K;>

• Morning .
- Mass Tracking vs. R2M2 Approach
- Cost. Alternatives Analysis

• Afternoon
- Process Assessment I (Field Visit)
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Curriculum Overview - Day 1
-':'" (- ..- ":'''.~~:::• Morning

- Process Assessment {. Discussion
•.Afternoon

- Process Assessment 11 (Field Visit)

Curriculum Overview - DayS.
·:;{~I:¥i(jr

-..---..

• Morning
- Process Assessment rr . Discussion• Afternoon
- Course Review
-Exam

Pollution Prevention (P2) .
Overview
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P2 Overview

P2 Overview

1>2 Regulatory Drivers

In the U.S.:
- HSWA (1984): Requires Waste Reduction Certific3l.ion

on Mwfests

- Emergency Planning and Community Right-to-Know

Act (1986): Public Access to Waste Data

- Pollution Prevention Act (1990): Promotes P2 Through

Government Involvement (e.g., State Assistance Grants)

- Clean Air ActAme:ndments (1990): P2Mandate

No P2 regulations in RP now, but ...
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P2 Hierarchy: P2 Act of 1990
..,- " ..,,~~ .

>

/(!"i'~' t.,.~f..__

1 • Source Reduction

2 - Reuse I Recycle

3 - Treatment

4- Disposal

...

..

...

Pollution Prevention vs.

"P . fP 11 . ".
reventlOn 0 0 Utl~t,:'iy,.

··:':i:;:0:·~

• ISO Standards Development Process

• U.S. Delegation Position with Regard to P2

• Importance of the Difference to lISE

. P2 SucceSS Stories:

Dow Chemical (Midland,MI) .
'-".:~-;.-:..~):;

- 17 Projects, Capital Investment 53 MM .

-Eliminated 6.5 Million Pounds Waste IYr

- Reduced Emissions 453,000 Pounds I Yr

-Savingsof55.3 MMNr

- Involved Committee ofDow Engineers &

NGOs
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P2 Success Stories:
Cascade Cabinet (WA),_

,,{t.v, *;~".) $

- Wooden Cabinet Manufacturer
- SME - Only 200 Employees
-6,000 Wood Scrap I Day
- Wood Waste - Land-filled (Hauling Costs,

Landfill Charge, Lost Product)
- Grinder Purchased - S60K
- Only Disposal Cost - Chipping Time
fI'Oll1:01W".Lrdfrn:e-~JblCMporor~WDI&t~.

WlU (1995). p.l61.

P2 SuccessStories:
Ravenswood Aluminum ('NY)-,

":1:'~,!~.~;~;§)'~'~'

- Large Aluminum Manufacturer
-Conducted Water Use Reduction Sltldy
- Reduced Water Loss By 10% Through

Eliminating Valve, Pwnp Leakage

From: AtKhm".~moe

P2 Methodology: Generalized
Approach

Identify Processes

Prioritize Processes

Select Processes

Develop Process Flow Diagrams

6
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P2 Methodology: Generalized

Approach (Cont.)
"'" .X:.l

Identify Input and Output Streams

Determine Baseline I Material Balance

Identify Potential P2 Alternatives

Evaluate Alternatives

P2 Methodology: Generalized
Approach (Cont.)

?::;;;;ptto
Implement Altemative(s)

Measure Against Ute Baseline

P2 Issue No. I: Participant

Prioritization

7
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Key Filipino Industrial Sectors.
'-'·~~'~,;:~tl:~·

• Mining f Quarrying
• Food I Beverage l\ianufacturing
• Textiles

AgriaJiture*
Leather Tanning JManufacture
Wood / Furniture Products
Pulp and Paper"

(~Not SignificlQl: in RSE Selc'cUd Sites)

Key Filipino Industrial Sectors
(Cont.)

• Eleotroplating
• Power Generation
• Industrial Cbemicais

Petrochemicals·
Petroleum. Products·
Rubber Products
Iron I Steel

(" NOI Signit"ll:lIlI innsestleclC'd situ)

P2 I. CP Assessments - Intended
Participants

• Highest Priority Participants: those .
industrial members which have the greatest
potential to reduce their impact on the
environment accompanied by a high level
of interest in participation

• Previously completed IER process

8
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P2 Issue No.2: Process
Prioritization

.\~: .._:.~~n:f

..............,...
'~/~........
''--MII....._~
'SlIIIp"".·Stnll'ItIri__.",
'TM*.
'Woo6~

"-.,--.1'_...........
·r........-.
.~.·...-M..........-,
·M.....-..-.
"h<b8IiI.........-oftcllOJ'Joaaiq

Selected Industrial Processes.'-.-.-'-..,...'e-_
'''-
'''-
·~.c-..~.-.-.
'Dc<*~.-

..

P2 Issue NO.2: Process
Prioritization

Key Factors

Use ofTarget. C1emicals
Use ofOther Toxic <l1emicals
Release ofW~csto One or More Media
Immediate Worker Health Threat to Worker

..
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P2 Issue NO.3: Baseline
Determination

P2 IssueNo. 3: Baseline
Detennination

Key Factors

• Estimating Material Quantities
• Determining O1emicaI Content and

Concentrations in Materials Used / Wastes
• Nonnalization to Account for Production Levels

P2 Issue No.4: Alternative
Selection

-

-
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P2 Issue NO.4: Alternatives
Evaluation

Key Factors

• Cost
• Implemenubility

- Equipment Availability
- Technical Fe3S1bility
- Compatibility wilh Current Operations

P2 Issue No.5: Measuring
Pollution Reduction ,..:..:.,.."

:.,.~ .;:,.~;!#!l~

J;'2 Issue NO.5: Measuring
Pollution Reduction

Key Issues

• llSE 20% Redu<1im Goal
• 'Which Organizations?
• \Vhich Processes?
• Which Parameters?
• Mass Reduetioo ...s. Risk Reduetioo

II
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POLLUTION PREVENTION CASE STUDIES - FROM EPA'S WEB SITE

Dry Cleaning Firm Shows 80% Waste Reduction

The Problem

Perchloroethylene (PERC) is used as a cleaning solvent in the dry

cleaning·industry. In

the 1980s, PERC was considered to be a potential cancer-causing agent .

(The carcinogenic
effects of PERC are currently being studied). The dry cleaning

industry made operational

changes to reduce environmental discharges and employee exposures. Then

the Clean Air Act
Amendments of 1990 required the industry to develop pollution

prevention plans to reduce

emissions by 1995, to strictly monitor current consumption, and to

report PERC emissions

to the air and transfers to hazardous waste landfills (adso~bed on

filters from dry cleaning

machines) .

Approach Selected

Rather than just plan for future pollution prevention, Leff-Marvins

Cleaners took a proactive approach and looked to immediately replace

all its old dry cleaning machines with new equipment that could

condense, distill, filter, and recycle the PERC within a

self-contained unit. By reducing its emissions earlier than required,

Leff-Marvins Cleaners realized that it would have to deal with less

stringent control requirements and less recordkeeping than ~culd be

imposed in 1995.

Approach Implemented

Leff-Marvins Cleaners spoke with a number of equipment ve~dors to fine

machines that could provide closed-loop handling of PERC. They sough~

to re~lace a transfer dry cleaning unit and two reclaimer ~nits tha~

handled 150 pounds of dry cleaning. The units had significant PSRC

fugitive emissions and generated two disposable filters that were

treated as hazardous wastes because of the nearly 200 gallons (per

month) of trapped PERC.

The old equipment was replaced with two new dry cleaning units that

had a combined capacity of 110 pounds of dry cleaning. The new units

used a cold water, closed loop, chiller process to capture and recycle

the PERC. Nylon, reusable filters for capturing lint replaced

the disposable hazardous waste filters. The permanent filters were

stripped of lint by distillation through the system, reducing the

hazardous wastestream to 35 gallons per month of still bot~oms. Four

dye-clarifying, activated carbon filters are replaced annually and

disposed as hazardous waste.

Operating Results



Since installation of the new equipment, Leff-Marvins' purchases of
PERC have dropped from 200 gallons per month to less than 40 gallons
per month, a reduction of 80 percent. Annual hazardous waste disposal
volumes have dropped from 1,600 gallons of spent PERC and lint to 420
gallons of still residues (also an 80 percent decrease) plus the number
of hazardous waste filters requiring disposal was reduced to four from
24 per year.

Cost, Savings, and Tradeoffs

...

The changeover to new equipment produced a net annual savings of
about $17,000. The environmental and hazardous material savings were
actually $2,000 per month, but this was offset by an increase in the
electric power bill of $500. The additional power requirements
reflected electrical needs for condensation/distillation and an
increase in business.
Leff-Marvins Cleaners estimated that payback of the $81,400 in new
equipment would be achieved in 4 years through reduced PERC purchases,
waste disposal savings, and fewer returns of clothing for recleaning,
because the new equipment proved to clean better than the old dry
cleaning machines. In addition, the new equipment had lower
maintenance costs.

Environmental Benefits

Leff-Marvins Cleaners achieved other benefits in addition to
decreasing PERC emissions well before the mandated deadline and
reducing waste disposal by 80 percent. The new
equipment brought an increase in business, a reduction in clothing
returns for recleaning, and lower downtime with less maintenance.
Also, employees expressed a greater satisfaction
with their working environment.

Contact For Further Information

Pennsylvania Department of Environmental Resources, P.O. Box 8472,
Harrisburg, PA 17105-8472. Telephone: (717) 787-7382

Case Study:
Carpet Manufacturers Reduce

Pollution via Automated
Dyebath Reuse

In a conventional batch dyeing process, water is pumped into a
dyeing machine, and fabric is placed in a bath and saturated with
water. Chemicals and dye are then added to the water.
The bath is heated to dyeing temperature and held at that temperature
until dyeing is complete. When complete, the dyebath is emptied, the
machine is refilled, and the process is repeated for the next load.
When a dyebath is emptied, large quantities of energy, water, and
useful chemicals are sent to treatment and subsequently discharged.

A more efficient procedure would be to analyze the spent dyebath
for remaining dye, add make-up chemicals to the bath to bring it to the

. .....,
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required strength, and then reuse it for subsequent dyeings {i.e.,

closed loop recyc1inS}. The technical and economic viability of

reusing dyebaths has been demonstrated in the cast; however, aoolvi~a

the process requires skills that were not always available to the4



textile manufacturer. For example, this procedure usually =ecuires

chemical analysis of the dyebath to determine what chemic~ls ;eed to be

added for reuse. If a chemist is not available to analyze each ba~h,

automation of the process can be accomplished with an analytical system

that will simply, accurately, and economically determine the

concentration of the remaining dyebath, and add the prcper amount of

make-up chemicals.

Implemented Approach

Through a grant from the NICE3 program, several innovative

techniques were investigated and evaluated that could allow full

automation of the dyeing process. With a fully automated process, low

cost precision pumping systems allow a small volume of dyebath

chemicals to be used for numerous dyeing operations. Using in~ovative

monitoring insturments, a system is being developed that can analyze

the dyebath and communicate the results to a compute= for calculat~on

of- what Chemicals need to be added for the next dyeing ope=ation.

Operating Results

The waste reduction in the automated dyebath reuse process is

straightforward; approximately 6 percent of the dyes, 60 percent of the

auxiliary chemicals, and 42 percent of the water are directly reused in

the manufacturing process and removed from the wastestream. ~ationwide,

waste would be reduced by 36-million pounds (16.3-million kg)

of chemicals each year .

. Widespread implementation of the automated dyebath ~e~se ?~~cess

would enhance U.S. industrial competitiveness by loweri~g cos~s. !n

addition to applications in the carpet industry, this technolcgy could

prove useful in the dyeing and finishing sectors of the textile

industry.

Cost, Savings, and Tradeoffs

The cost to implement the program was $832,741 (Indus"ry share:

$432,741). By implementing this program, the savings at t~e tes~

facility {Shaw Industries} were $l.G-million per year. Based on the

industry share of $432,741, the payback period for tbis p=oject was

less than 3 months. Cost projects indicated that implementation 0= the

dyebath reuse process could save money in terms of carpet production at

almost all carpet plants.

Energy Benefits

The project has energy savings that are derived from three sources:

(l) the reduction in direct thermal and electrical energy to heat

dyebaths; (2) the elimination of energy to produce

additional dyes, aUXiliary chemicals, and water; all of which are

reused with the new technology; and (3) reduction in energy associated

with treatment of wastewater. If fully implemented throughout the

carpet industry, dyebath reuse technology could save up to 3.6-trillion



Btu per year. On a national scale, and including the textile industry,
full implementation would produce energy savings of up to 7-trillion
Btu (7.4-quadrillion joules) each year by the year 2010. Based on the
national average, residential energy consumption of 7-trillion Btu
could supply all of the energy needs for about 70,000 homes for 1 year.

Contact For Further Information

Eric Hass, (MATEC), U.S. Department of Energy, Golden Field Office
Telephone: (303) 275-4728
Charlie Pike, State of California,
Telephone: (916) 327-1649
Greg Andrews, State of Georgia,
Telephone: (404) 651-5120

Sources

NICE3 Project Summary: "Automated Reuse of Dyebaths in Carpet
Manufacturing."
(DOE/CHI0093-235; DE93017075) Revised September 1994.

NICE3 Program Summary: "Wouldn't it be NICE ... " (DOE/CHI0093~3ij-9-;--

DE94011821)
September 1994.

Furniture Manufacturer Assembles More With Lower
Emissions

New England Woodcraft, Inc. manufactures household and
institutional furniture at its factory in Forestdale, Vermont. The
plant determined that it was emitting significant amounts of volatile
organic compounds (VOCs) on the order of 6 to 7 pounds per gallon of
finish. (VOCs can result in the formulation of smog in reaction to
ozone.) The nitrocellulose coatings being used contained toxic and
carcinogenic ingredients such as formaldehyde. Significant amounts of
solid and hazardous waste were generated at the plant as well.

Nttrocellulose coatings have been used by many furniture
manufacturers to produce high quality coatings. However, New England
Woodcraft sought to reduce worker exposure to toxics and reduce the
emissions and hazardous waste generated from the use of nitrocellulose
coatings.

Approach Implemented

In 1988, this company, began testing water-based coatings as a
replacement for the traditional nitrocellulose coatings. In 1990, New
England Woodcraft, in a joint effort with C.E. Bradley Laboratories,
formulated a successful water-based coating and the necessary
application equipment to replace the old nitrocellulose coatings.

Operating Results

The pre-mixed water-based emulsion finishes now used at New England
Woodcraft contain only 1.67 pounds of VOCs per gallon of finiSh, a 75

-
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percent reduction when compared to nitrocellulose finishes. Also, the
new formulation contains no formaldehyde. Moreover, the high solids,
water-based finish covers more area with less material. These factors
have combined to reduce VOC emissions at the facility from 90 tons to 9
tons annually (90 percent reduction). Also, hazardous waste generation
was reduced by over 90 percent, from greater than 2,200 pounds per
month to less than 220 pounds pBr month .

Cost, Savings, and Tradeoffs

Significant cost reductions were realized in waste manage~e~t,

waste disposal, and taxes associated with hazardous waste gene~ation.

As a result of a 90 percent decrease in hazardous waste generation, the
facility's regulatory status changed from a large quantity generator
to a small quantity generator. Hence, the facility is conditionally
exempt from some reporting and regulatory requirements under the
Resource Conservation and Recovery Act (RCRA). Additionally, the
facility received a 25 percent decrease in insurance rates due
to decreased fire hazards.

Other Benefits

Reduced employee exposure to toxics and hazardous waste has
improved the employee's work environment and subsequently ~heir health
and safety.

Contact For Further Information

Mr. Harmon Thurston
New England Woodcraft, Inc.
Route 53, Box 165
Forestdale, VT 05745
Telephone: (802) 247-8211

Newspaper Recycles Waste Ink

The Hartford Courant is a regional newspaper with a daily
circulation of 225,000 and a Sunday circulation of 320,000.
Approximately 175 gallons of waste ink are generated eac~ week. 7~e

lithographic presses produce waste ink that is a mixture of illcs~ly

black ink blended with other colors and press cleaning sclven~s.

During printing, excess ink contaminated with the blanket
wash solvent, fountain solution {mostly water}, and paper dcst is
collected in trays under the presses. In general, ~he ink a~d solve~t

wastestrearns generated by a printing operation are conside~ed hazardous
wastes, especially if they contain chromium or lead or have a low flash
point. Prior to implementing pollution prevention actions, ~he ~aste

is shipped offsite for reuse as a supplemental fuel.

Approach Selected

The newspaper set out to essentially eliminate the generation of
hazardous waste inks by cleaning and recycling waste ink. A study was
performed under the U.S. Environmental Protection Agency's (E?A) Waste
Reduction and Innovative Technology Evaluation (WRITE) Progr~~ ~o

evaluate a technology that could be used to recycle waste printing i~k

for reuse inlithographic printing operations.

If
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Approach Implemented -The Hartford Courant now collects the waste, recycles the solvent,
and blends the waste ink back into virgin black ink for reuse. The
facility has decreased both the toxicity and quantity of its hazardous
waste from 9,100 gallons of waste ink and solvent to 46 gallons of
paper dust and 3,050 gallons of water, a significant reduction that has
allowed the facility to report its emissions as a small quantity
generator.

The major components of the recycling unit at the The Hartford
Courant were purchased on a skid, and other equipment was added as
required. The waste ink goes to a large waste ink storage tank; when
enough ink is collected in this tank, a batch is processed through a
recycling unit back into a reusable black ink product. The recycling
process primarily involves vacuum distillation, filtration, and
blending.

After solvent and water from the waste ink are separated tests are
performed-to deter~ine-t-he amount of virgin black ink required for
blending. The ratio of virgin ink to processed ink can vary from about
3:1 to 5:1. The virgin ink is added to improve the color, consistency,
and other functional properties of the processed ink to an acceptable
range. After blending, the recycled ink is transferred to a clean
holding tank. The recycled ink is then drawn by a pump through a
final filter to the presses.

Operating Results

Product quality of the spent( recycled, and virgin inks was
evaluated by conducting selected performance tests and comparisons of
the printed material by qualified professionals. The recycled ink
fared well in laboratory performance tests such as viscositYt grind,
residue, tinting strength, water content, and water pickup. In
addition, there was no significant difference in print quality between
the virgin and recycled inks in the opinion of experienced readers.

The waste volume reduction potential of this technology involves
the amount of waste ink prevented from being disposed into the
environment (by landfilling, waste incineration, or as a
supplemental fuel). The facility generates approximately 175 gallons
per week or 9,100 gallons per year of waste ink. The waste ink
contains about 40 percent water and solvent (mostly water)and 60
percent ink. By recycling, the ink is recovered. The recycling
wastestreams consist of water (wastewater) from the separator and the
paper-dust paste residue from the filters. Any solvent that distills
off is reused in the printing process. The facility plans to discharge
the wastewater to the municipal sewer, but is considering installing an
activated carbon filter for removing organics in the wastewater, so
that the water can be reused. The paper-dust residue(about 1 gallon
for every 200 gallons of waste ink processed) is disposed of by an
offsite contractor for incineration or use as a supplemental fuel.

-
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Cost, Savings, and Tradeoffs

The company has eliminated the disposal costs for the hazardous
waste that they no longer generate. The disposal cost was
$38,000/year. The major cost of the recycling option is for
utilities (energy), labor, and disposal of wastewater and paper-dust
residue, which is S7,100/year. The value of the recycled produc~ is
almost $20,000/year. When this is added to the difference in operating
costs, the total "savings" are SSO,OOO/year. With a purchase and
installation cost of $318,000, a rough estimate of the payback per~od

is about 6.25 years, based upon the current rates of items such as
labor and utilities. When inflation and taxation are taken into
account, the payback period is more accurately calculated as 10 years.

Environmental Benefits

By recycling virtually all of the potential pollutants in the waste
ink (chromium, lead, barium, organics, etc.) are reused and, thus,
prevented from entering the environment. In addition, the
recycling unit was easy to install and operate. At The Hartford
Courant, no additional labor was needed to operate the recycling
equipment. Current employees were utilized to perform tasks
similar to their previous job descriptions.

Contact For Further Information

The Hartford Courant; 285 Broad Street, Hartford, CT 06115
Telephone: (203) 275-1917

Sources

Final Report; On-site Waste Ink Recycling. Technology Evaluation
Report; WRITE Program.
Risk Reduction Engineering Laboratory, Office of Research and
Development, U.S.
Environmental Protection Agency. Cincinnati, Ohio. August 1992.

"Connecticut WRITE Today" ConnTAP Quarterly, 1993, 6 (l) : 4.

Motoro~a Goes So~der-less

Traditionally, soldering methods use chemical fluxes to remove
oxides from metal surfaces 9rior to soldering. Unfortunately, these
fluxes leave corrosive residues, which must be removed with chemical
rinses. Freon 113 and trichloroethane (TCA), both known ozone
depleting chemicals (ODCs), were commonly used as part of these
chemical rinse activities.

Approach Selected

Motorola Government Systems and Technology Group, in an effort to
eliminate ODCs from its manufacturing processes, entered into a
Cooperative Research and Development
Agreement (CRADA) with the Department of Energy's National Laboratories
at Sandia and Los Alamos. Motorola provided manufacturing technology

2.1



while the labs provided analytical expertise and reliability
predictions. Successful approaches were likely to either eliminate
production of oxides or eliminate corrosive residues requiring rinses.
Ultimately, the team developed a soldering process that is so clean
that no chemical rinses are needed.

Approach Implemented

The new soldering process replaces flux with a preparation fluid
that is lightly sprayed onto the bottom side of circuit boards. The
fluid is a 2 percent mixture of adipic acid in isopropyl alcohol.
Adipic acid is a safe, nontoxic, organic acid that is used in various
commercial food products as a neutralizer and flavoring agent.

The circuit boards travel into an inert gas section of a wave
soldering machine. The inert atmosphere in the chamber prevents oxide
formation while the board is heated to soldering temperatures. When
the board passes onto the liquid wave" of solder metal, the adipic acid
breaks down to scavenge oxides from the metal surfaces being soldered.
A small amount of formic acid can be introduced into the atmosphere to
assist in oxide removal. The acid is almost totally decomposed to
carbon dioxide and water vapor. The- bo-a-rds do not require cleaning.
Residues left after soldering were noncorrosive in the normal life
cycle of electronics hardware.

Operating Results

Typical old-style soldering machines use up to 8,000 pounds of
cleaners per month, or 48 tons of cleaners per year. The use of the
new soldering process has eliminated the need for a rinsing stage and,
therefore, has eliminated the use of Freon 113 and TCA cleaners and
their associated air emissions.

Cost, Savings, and Tradeoffs

Costs for the cleaning solvents ranged from 52 cents to $2.55 a
pound. Each machine that employs the new soldering process now saves
between $50,000 and $245,000 per year in chemical use alone. The
machines used in the development effort cost from $300,000 to
$400,000 each. However, conventional wave solder machines can be
retrofitted with nitrogen inert capability for $40,000 to $100,000,
depending on the degree of mechanical and computer control modification
required.

Environmental Benefits

As a result of the new soldering process, ~otorola has helped
eliminate the "chemical air emissions of Freon 113 and TCA. For its
efforts, Motorola has received the U.S. Environmental Protection
Agency's Stratospheric Ozone Protection Award for the second
time in 3 years.

Contact For Further Information

Jim Landers, Motorola Government Space and Technology Group,
Scottsdale, AZ Telephone: (602) 441-3600

-
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Source

Arizona Pollution Prevention, Arizona Department of Enviro~~en~al

Quality APPLE+
Newsletter.

Bi.odiesel: "Not Blowing Smoke"

The combustion of diesel fuel in mass transit vehicles ge~era~es

emissions such as particulate matter (PM), hydrocarbons (He), carbon
monoxide (CO), nitrogen oxides (NOx), and sulfur oxides (SOx). The
Clean Air Act Amendments of 1990 (CAAA) and the corresponding U.S.
Environmental Protection Agency (EPA) regulations specify the
reduction of these pollutants by imposing requirements such as stricter
emission standards for newer vehicles and limiting the sulfur con~ent

in the fuels.

To meet the requirements of the new CAAAi and potential, tougher
diesel regulations in the future, transit authorities across the
country have begun to consider the use of alternate fuels for t~eir

mass transit vehicles. In 1993, more than 30 transit authorities
participated in a program, sponsored by the biodiesel industry, to
evaluate biodiesel as an alternative fuel. Biodiesel (methyl esters)
is a cleaner-burning fuel made from natural, renewable resources such as
vegetable oils.

Approach Implemented

In 1993, the biodiesel industry distributed enough fuel to leg
nearly 7-rnillion road miles in more than 100 demonstrations invclvi~g

more than 1,500 vehicles. During that time, transit authorities and
school districts recorded information on emissions, perfor~ance, ar.d
oil contaminants. The practical road demonstrations included willion
mile tests with transit authorities in Baltimo=e, Cincinnati, a~d

Oakland, as well as more than 30 SO,OOO-mile tests. For th~s ?r~graili,

mass transit authorities used a mix of 20 percent biodiesel and SO
?ercent petroleum diesel. However, some municipalities have used a
blend of up to 40 percent biodiesel without experiencing any
operational problems.

Operating Results

When biodiesel was used in place of conventional diesel fuel,
transit managers noticed a reduction in smoke, odor, and diese~ engine
emissions. Some operators reported a 20 to 30 percent ~educticn of
smoke. In tests conducted by independent ~esearchers comparing
emissions from vehicles using biodiesel vs. conventional diesel fuel,
PM was reduced by 31 percent, HC was reduced by 47 percent, CO was
reduced by 21 percent, and NOx was reduced by 3 percent. SOx emissions
were not quantified, but would also be reduced, compared to conventional
fuels, because biodiesel contains no sulfur, while diesel fuel contains
about 0.05 percent sulfur.
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Biodiesel performs similarily to petroleum diesel in terms of
torque, horsepower, and miles per gallon but provides about 2 percent
fewer Btus/gallon than conventional diesel. Also, maintenance shop
supervisors have noted that biodiesel appears to provide slightly
better lubrication to engine parts than standard diesel fuel.

Cost, Savings, and Tradeoffs

The cost of biodiesel depends on the cost of its components, diesel,
and vegetable oil. In general, a 20/80 blend can cost up to 40 cents
per gallon more than petroleum diesel. However, not all of the costs of
meeting tougher emission standards have been quantified. Therefore, an
emission management system based on biodiesel could be an inexpensive
option for meeting these standards. According to an April 1994 study
commissioned by the National SoyDiesel Development Board, the cost of
biodiesel can range from about 18 cents per mile for a commercial
medium-duty truck fleet to 28 cents per mile for a transit fleet. The
study also found that a truck or bus fleet using 20 percent biodiesel
blended with conventional diesel would experience lower total annual
costs than with other alternatives.

Other Benefits

Biodiesel is made from natural, renewable resources such as soybean
and vegetable oils. (Based on the Institute for Local Self-Reliance, one
unit of energy used to produce biodiesel can supply a minimum of 2.5
units of fuel energy.) The primary by-product of the biodiesel
production process is glycerine, which has more than 1,600 commercial
applications. A principal feedstock source of biodiesel is soybeans, a
major crop produced by nearly 400,000 farmers in 29 States across the
Nation. The supply (equivalent) of 40-million gallons/year is nearly
equal to projected demand if biodiesel use is implemented in all urban
transportation buses. The use of biodiesel requires no expensive
engine modifications. Because it has a higher flash point, offers low
pressure storage at ambient temperatures, handles like diesel, and is
nontoxic and biodegradable, biodiesel is safer to transport and safer
for the environment than conventional diesel fuel.

Contact For Further Information

National SoyDiesel Development Board
1907 Williams Street
P.O. Box 104898
Jefferson City, MO 65110-4898
Telephone: (800) 769-3437

Sources

Passenger Transport, APTA, May 16, 1994.
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Instructions for Completion of lISE P2/CP Assessment Form

Nine worksheets have been prepared to assist the P2JCP Assessment Teams in performing facility

assessments and collecting and reducing the necessary information. Worksheets 1-5 should be completed

using the IER fonns (previously completed) and for the P2JCP assessment while on-site. Completing these

should provide the necessary information for the tearn to complete worksheets 6-9 following the in-plant

assessment. Instructions to complete each worksheet are presented below, and examples for each enrry are

shown in parentheses after some of the descriptions.

Worksheet I - Overview

Worksheet I provides a general overview of the facility and the assessment. The following specific

information should be referenced for answering the specific questions on the sheet.

1. Facility Name - Enter the name of the facility/company where the assessment is being

conducted (e.g., Halsangz Plating Cebu Corp.).

2. Location - Enter the town/city name or industrial zone name, if appropriate (e.g., Mactan

Export Processing Zone).

3. Sector - Enter the sector of industry (and PSIC number if known) under which the fucility

falls (e.g., electroplating).

4. Date - Enter the date during which the assessment is being conducted.

5. Time - Enter the start and end times of the assessment.

6. Date IER Completed - Enter the date when the Initial Environmenral Review was completed.

7. IER Report Attached? - Place an "X" in the appropriate box indicating whether a copy ofthe

Initial Environmental Review is attached to the completed P2JCP Assessment Worksheets.

8. P2JCP Assessment Team Members - Enter the names and affiliations of the assessment tearn

members including both liSE and host facility team members.

9. Facility Contact Information - Provide name, address, telephone, tax, and e-mail conract

information to whom all future environmenral correspondence should be addressed.

10. Process Name - Enter the name of the particular process that is being described. It is

preferable that the subprocesses be entered on the worksheet in the same sequence as they

take place in the facility (e.g., I. Receiving Raw Materials, 2. Transferring Raw Materials into

Metering Devices, 3. Specific Manufacturing Steps, etc.)

II. Description - Provide a brief description of the process: what is performed, whether it is batch

or continuous. automated or manual, etc.

12. Wet Process? - Place an "X" in the appropriate ·box indicating whether wate, is used or

transferred in the process.

13. RP 28 I POPs Chems? - Place an "X" in the appropriate box indicating whether chemicals

included in the DENR's list of 28 hazardous chemicals or UNEP's POPs are used in the

process.

Worksheet 2 - Input Material Information

Worksheet 2 is designed to aid the Team in documenting the chemicals/products used in a process at the

facility. These materials may be used as inputs ("building blocks") ofthe actual product or may be used for

other activities in the fucility, e.g., cleaning. You may want to use separate sheets for each process. It may

be helpful to gather this information from a receiving department, where all of the materials received at the

facility are documented and/or from various process areas. The following specific information should be

referenced for answering the specific questions on the sheet.

1. Product Name - Enter the name of each major and/or hazardousltoxic product used at the

facility. It is not intended that every product received at the facility should be included; only

large quantity and/or hazardous/toxic products (e.g., table salt for the cafeteria does not need

to be included but toluene for the process does).

--
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2. Annual Use - Enter the quantity in kilograms of the amount of material purchased/used each
year. Some materials (e.g., liquids or gases) may be presented in other units (e.g., liters or
cubic meters), but the annual use should be normalized to kilograms so that further analyses
may be consistent.

3. Chemical Components - Enter the names of the chemicals that are components of the product,
especially those that are hazardous and/or toxic.

4. RP_~~ / POPs Chems. Present - Enter names of the chemicals that are components of the
product and are induded in ISSE's list of hazardous 37 chemicals.

5. Mass % - Enter the percent (by mass) for each RP 28/ POPs chemical present in the product.
6.' Annual RP 28 / POPs Use - Enter the annual mass in kilograms of each RP 28 /POPs

chemical used in the facility as a result of use of the product.

Worksheet 3 - Process Waste Stream Analysis

Worksheet 3 is designed to aid the Team in documenting the wastes discharged from the facility. These
materials may be discharged as gaseous, solid, or liquid wastes that are either emitted from the facility or
stored on-site. The following specific information should be referenced for answering the specific
questions on the sheet.

I. Process - Because there will be wastes from many different processes, enter each process and
its wastes on a separate worksheet (e.g., "pickling" and its associated wastes are entered on
one-worksheet and "rinse" and its associated wastes are entered on another).

2. Operation - To properly determine the annual waste loading, the typical hours per day, days
per week, and weeks per year of operation should be entered in the correct spaces (e.g., the
operation is run 8 hrs/day, 5 days/wk, 48 wks/yr). Also, record the production rate in terms of
units processed per unit time (e.g., 300 piecesfhr or 2,000 sq. m /week). This production level
for the baseline will be used in the normalization process for comparison following P2
implementation.

3. Waste Stream - Several waste streams may be discharged from one process. Enter the name
of each waste stream, followed by the information requested in the subsequent areas of the
worksheet (e.g., from a phase split there would be a waste organic solvent, gaseous emissions,
tank washdown, and possibly sludge deanout).

4. Waste Phase - Enter the primary phase of the waste (e.g., gas for air emissions; liquid for
wastewaters, waste solvents, etc.; solid for sludges, possibly for off-spec. material, waste
containers, etc.).

5. Waste Stream Flowrate - Enter the wastestream flowrate in kilograms per hour for average
operations so that this flowrate (kglhr) may be multiplied by the operation schedule (hrs/day *
daysfwk * wksfyr) to determine the total annual mass of waste.

. 6. Chemical Components - Enter the major and/or important chemical components of the waste
stream in the lines provided, using more as necessary. The major/important chemical
components include those that are hazardous and/or those that constitute a major percentage
ofthe waste stream (i.e., >5%).

7. RP 28 / POPs? - Mark an "X" in the appropriate box ("Y" for yes and "N" for no) indicating
whether the chemical component listed previously is a chemical contained in lISE's list of 37
hazardous chemicals.

8. Mass % - Enter the percent (by mass) of the entire waste stream for each chemical component
listed previously.

9. RP 28 / POPs Flowrate - For each or the RP 28 / POPs chemicals, determine the f]owrate (in
kgfhr) by multiplying the Waste stream Flowrate by the Mass %; and enter it on the
appropriate line.

10. Fate - Describe the fate of the waste stream in the area provided. It may be
emitted/discharged untreated, stored on- or off-site, or treated on- or off-site. If it is
emitted/discharged untreated, indicate how it is emitted/discharged (e.g., as fugitive, stack,
area, etc. emissions for gaseous/volatile wastes; discharged to water bodies, ground (water),
the air by evaporation, etc. for wastewaters; disposed in an unregulated manner on the ground,
in water bodies, open-burned, etc. for solid waste). If it is treated, indicate where and how

A$oasFonnlNlr
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(e.g., on· or off-site; air: oxidizers, incinerators, activated carbon, water cunains, recycl~ etc.;

water: activated sludge wastewater treatment. aerated or facultative lagoons. incinerator.

activated carbon, distillation, separation, recycle, etc.; solid waste: landfill, incinerator,

recycle, land application (for sludges), composting, etc.). If it is stored, indicate where and

how (e.g., in barrels on-site, in a tank, in a pile, at a storage facility, etc.). If it is stored on

site, indicate the quantity stored on-site.

Worksheet 4 - Initial Process Flow Diagram

Worksheet A is intended to aid the Team in gaining a better understanding of the process that is being

assessed. In sketching a process flow diagram (PFD) during the assessment with the assistance of facility

personnel, the team should be able to complete a mass balance around the process. indicating all inputs and

outputs from the process. The process will be represented by individual (named) blocks for each step.

Each input will be represented by an arrow pointing into the step into which it is introduced and named

accordingly. Inputs can include raw materials, solvents, catalysts, wash streams, etc. Each output will be

represented by an arrow pointing out of the step that indicates where it is being sent. Outputs can include

intermediate or finished products, recycle streams, wastewaters, solid waste, air emissions, etc. All inputs

and outputs (aside from intermediate and final products) presented in the PFD should also be presented in

Worksheets 2 and 3.

Worksheet 5 - Pollution Prevention Options

Worksheet 5 is intended to capture pollution prevention options identified during the assessment along with

a description of the location for implementation. For example, if a separation process splits an intermediate

product from toluene and toluene is sent directly to the sewer, a recommendation for recycling toluene back

into the process may be presented here along with recommendations of where the toluene could be

reintroduced.

The remaining worksheets (6-9) are to be completed upon return to the office.

Worksheet 6 - Final Process Flow Diagram

Upon return to the office, the Team will prepare a final PFD based upon the complete information gathered

during the facility assessment. The final PFD will be based upon the initial PFD. along with any

modifications that were a result of further information collected after sketching the initial PFD.

Worksheet 7 - Mass Balance Summary

Works,heet 7 is intended to assist the team in constructing mass balances for hazardous material use in

individual processes. Its goal is to aid the team in determining the fate of hazardous materials. For each

input chemical, the annual use must be entered in either of the two input columns (RP 28 / POPs or Other

HM) and its outputs, which should be a combination of the six possible outputs stated (HW Gen., WW

Gen., Air Emis.• SW Gen., Recover) should total the input. The following specific information should be

referenced for answering the specific questions on the sheet.

1. Process Name - Enter the name of the process around which the mass balance is being

constructed (e.g., the process line for a specific product or a specific step if need be (a tank

cleanout, for instanceD.
2. Chemical Name - The mass balance should be individually completed for each hazardous

material used in the process. Enter the name of each hazardous chemical for the process on a

separate line.
3. RP 28/ POPs - If the input chemical is an RP 28 or POPs chemical, enter the annual quantity

used in kilograms per year on this line (e.g., 10,000 kglyr benzene or 5.000 kglyr 1.I,I-TCA).

4. Other HMs - Because the mass balance is intended only for hazardous materials and if the

chemical is not an RP 28 I POPs chemical, enter the annual quantity used in kilograms per

year on this line (e.g., 8,000 kglyr acetone, 13,000 kglyr toluene, or 16,000 kglyr CI,).

7/1



--"-"---"""-- ---"-------

...

5. Cons. In Proc_ - Because matter is conserved, the fate of all input chemicalsl materials must

be able to be tracked_ Usually at least some input chemical is consumed in the process_ This

could be a "direct" consumption such as is the case for chemicals that are the building blocks

of products or "indirect" consumption such as is the case for carrier chemicals like solvents

that may partially remain with the chemical of interest after the separation. Alternatively, the

chemical may be totally changed in the process such as is the case where an acid is added to

neutralize a process and it forms salt and water. Enter the annual quantity in kilograms per

year of the chemical that is consumed in the process.

6. HW Gen_ - Many hazardous materials or combinations of several non-hazardous materials

become hazardous wastes once they can no longer be used for their intended or another

beneficial purpose. Enter the annual quantity in kilograms per year of the chemical that

becomes a hazardous waste after use in the process.

7. WW Gen. - Many hazardous materials are discharged from processes in the form of

wastewater. Enter the annual quantity in kilograms per year ofthe chemical that is discharged

as wastewater after use in the process.
8. Air Emis. - Chemicals may be emitted to the air either as fugitive emissions emitted to the

area through volatilization or as stack emissions. Enter the annual quantity in kilograms per

year of the chemical that is emitted to the air after use in the process.

9. SW Gen_ - The input chemical may be rendered non-hazardous through some physical

change or chemical reaction and may be discharged as solid waste. Enter the annual quantity

in kilograms per year of the chemical that is discharged as a solid waste after use in the

process. _" ..

10_ Recover - Many chemicals may be reused or recovered after use in a process. A process may

require a certain level of chemical purity that another process does not require and can

therefore use the "waste" chemical directly. Alternatively, a chemical may be able to be

recovered and used again through a cleaning process such as scrubbing, distillation,

electrolysis, etc. Enter the annual quantity in kilograms per year of the chemical that is

recovered or reused off-site, in another process, or in this process after recovery elsewhere.

Do not enter values for any recycle streams internal to the process.

II. MB? - Enter Hy" for "yes" or "N" for "no" to indicate whether the mass input balances with

the mass output. The team may need to make reasonable assumptions to complete the

balance_ For example, If a certain process uses 10,000 kgiyr toluene and 5,000 kgiyr are

recovered and another 3,000 kgiyr are discharged in the wastewater. It is reasonable to

assume that 2,000 kgiyr are lost to air emissions if no toluene is consumed in the process or

disposed as hazardous or solid wastes.

12. Comments - If assumptions are made to complete the mass balance or there is anything of

note concerning the specific chemical in the process described, state them here_

Worksheet 8 - P2/CP Option Description

Worksheet 8 is to be filled out for each cleaner production and/or pollution prevention option identified for

the various processes in the facility and serves as a brief summary describing the option to personnel

unfamiliar with the option. The following specific information should be referenced for answering the

specific questions on the sheet. -

I. Option Name - Provide a brief (a few word) project name that uniquely identifies the option

(e.g., Closed loop recycle system).

2_ Option Description - Briefly describe the option and how it differs from the current process,

materials. etc.
3. Source and Contact - Provide the contact infonnation for the option (e.g., company, contact

person, phone. address, e~mail, etc.).
4_ Option Goal or Purpose - Briefly explain the goal or purpose of the option (e.g., eliminate

voe area emissions, reduce hazardous waste generation, reduce hazardous chemical usage

and exposure, reduce wastewater generation, etc.).

5. Specific Estimate of Hazrnat, Haz. Waste, Air Emission, and/or Wastewater Reduction by

Option - Estimate the extent of reduction in hazardous material usage, hazardous waste

AsscsUonnl~,
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generation, or other emissions that would be a result of this option (e.g., This option will

reduce solvent usage by 20% and air emissions by 40%).

6. Type of P2ICP Option - Mark an "X" in the appropriate box indicating whether the type of

option is source reduction, recycling, treatment, or disposal.

7. Nature ofP21CP Option - Mark an "X" in the appropriate box indicating whether the nature of

the option is personnel/procedural related, material related, or equipment related.

8. Specific Materials or Equipment Needed - List the specific materials and equipment needed

to implement the option (e.g., decanter, I m' FRP tank, 10 Ips centrifugal pump, 50 m of 10

mm PVC piping, metering valve, etc.).

9.. Qualitative Assessment for Implementation - Mark an "X" in the appropriate box indicating

whether the implementation cost is high, medium, or low and the ease of implementation is

very difficult, moderate, or easy. This should be a qualitative assessment compared to the

range of P2/CP options.

Worksheet 9 - P2/CP Option Evaluation

Worksheet 9 is designed to identify the relevance of implementing the option and also potential issues that

could make implementation infeasible. Answering "yes" to any of the first 10 questions would help

identify how the option would contribute to P2ICP. Answering "yes" to any of the last five questions

would indicate where there might be areas that could cause the option to be infeasible. If''yes'' is answered

on any of the last five questions, please comment how the option impacts what is asked in the question.

Worksheet 10 - Option Cost Identification

Worksheet 10 is used to identify the cost factors associated with each P2ICP option. For each cost factor

listed, mark an "X" in the "yes" box if the option would require changes with respect to that cost factor.

Provide a brief description of the change and the annual savings or cost associated with each. Provided

below are briefdescriptions for each of the cost factors.

I. Process Equipment - New equipment or modifications to existing equipment are required to

implement the option (e.g., purchasing a new heat exchanger or solvent distillation unit or

retrofitting an existing wastewater treatment plant or air scrubber).

2. Personnel Training - Personnel training is needed to use new equipment materials or less

training is required, as the materials are less hazardous and don't require the same

precautions.

3. Installation I Site Preparation - Capital expenditures are required to install new equipment or

prepare a site.
4. Utility Connections I Systems - New Wiring/piping is necessary for the new

equipment/materials or annual utility coSts are increased/reduced.

5. Permitting - Additional or less stringent permits are required for new materialslprocesses.

6. Input Materials - New or additional materials are required as a result of materialiprocess

changes or fewer materials are required as a result of recycling, etc.

7. Disposal I Treatment - Changes in disposal andlor treatment are required as a result of

materiallprocess changes (e.g., conventional wastewater treatment rather than hazardous

waste disposal is required as a result ofchanging a hazardous solvent for an aqueous cleaner).

8. O&M Labor andlor Supplies - Operation and maintenance labor andlor supplies increase or

decrease as a result of the material/process change.
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') Facility Name:

Location: Sector:

Date: Time: Date IER Completed: ~

IER Report Attached? Yes 0 No 0 -
CPIP2 Assessment Team Members: 1.
(Include both lISE and Facility Personnel)

2. -
3.

4. -
5.

Facility Contact Infonnation

Name: Phone:

Address: Fax: -E-mail:

...
Process Overview

Wet RP28/
Process Name Description Process? POPs

Chems?

1. Y N Y N

DO DO

2.

3.

4.

Y N

DO

Y N

DO

Y N

00

Y N

DO

Y N

00

Y N

00

-
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Facility Name:

lISE PZICP ASSESSMENT Worksheet I

Wet RP 281

Process Name Description Process? POPs

.. -----------------------------------------------------
-----------------------------------------------------

--------~~~-""-~~--"

5"

6"

7.

8"

9"

10"

Y N

DO

Y N

DO

Y N

DO

Y N

DO

Y N

DO

Y N

DO

Y N

00

Y N

00

Y N

00

Y N

00

Y N

00

Y N

00
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Facility Name: ._
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liSE P2ICP ASc_.•,SMENT

_ Process Name: _

Workshe,
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Inpul Maleriallnformation

Product Name

I.

2.

3.

4.

5.

6.

7.

8.

Annual Use , RP 28 / POPs Annual RP 28/
(kg) Chemical Components Chems. Present Mass % POPs Use (kg)
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Facility Namc: _

Process Wastestream Analysis

Process: Operation: Hrs/day---
___ Wks/yr

Days/wk

Production Rate

Wastestream Waste Phase
Wastestream

Flowrate
Chemical

Components
RP281
POPs?
Y N

Mass
%

RP281
POPs

FJowrate
Fate

I. I DO
_ .... DO
___--JDD
f--_--lDD

............................. ' , I·0..0 ::~-.= .

3.3

2.

3.

___.w·" ._"_.,,", _'" • ,__,""_." •• " .• .....
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IISE P2/CP ASSESSMENT

Facility Name: _

Initial Process Flow Diagram

Process: _

Worksheet 4
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lISE P2/CP ASSESSMENT

Facility Name: _

Pollution Prevention Options

Process: _

Worksheet 5

...

...

..

Note: List Options Identified During Assessment and Location for Implementation I
I.

2.

-

3.

.

.

,

5.
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USE P2/CP ASSESSMENT

Facility Name: _

Final Process Flow Diagram

Process:

Worksheet 6
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lISE P2/CP ASSESSMENT

Facility Name: _

CPIP2 Option Description

Process: _

Option Name

Option Description

Source and Contact

Option Goal or Purpose

Specific Estimate of Hazmat, Haz.
Waste, Air Emission, and/or
Wastewater Reduction by Option

Worksheet 8 -

-

Type ofCPIP2 Option

Nature ofCP/P2 Option

Specific Materials or Equipment
Needed

o Source Reduction

o Recycling

LJ PersonnellProcedural

.0 Material

D Tr~atment

D Disposal

U Equipment

Qualitative
Implementation

Assessment for Cost of Implementation

D High Cost

o Low Cost

D No Cost

o
o
D

Ease of/mplementation

Very Difficult

Moderate

Easy

...
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lISE P2fCP ASSESSMENT

Facility Name: _

Worksheet 9

y N

DO Does the option reduce ozone depletion potential?

DO Does the option reduce global wanning potential?

DO Does the option reduce acid rain potential?

DO Does the option reduce photochemical oxidation or smog-forming potential?

DO Does the option reduce human toxicity potential by ingestion? i

DO Does the option reduce human toxicity potential by inhalation or dermal exposure? !

DO Does the option reduce aquatic toxicity potential?
,

DO Does the option reduce terrestrial toxicity potential? ~ -
i
I

DO Does the option reduce the use ofRP 28 f POPs· chemicals?
I
I

!OO
,

Does the option reduce the use ofother hazardous materials? I

DO Are there any anticipated problems with the option's compatibility with production? If yes, comment: I

0 0 Is it anticipated that implementing this option would have a negative impact on compliance? If yes, !

comment:
I

I

DO Would there be added health and safety (industrial hygiene) concerns by implementing the option? If

yes. comment:

DO Does the option require additionallaborfexpenise or other resources? If yes. comment: f

...

...

oil

CPIP2 Option Evaluation

Option Name: _ Process: _

.'

o 0 Are there space or utility limitations in the buildings where the option might be implemented? If yes,

comment:

1

I
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'-' liSE P2/CP A8",,,,,SMENT Workshee• .....!

Facility Name:

Option Cost Identification

Process:~ _

Option Name: _

fthe foil[,hh~~~~ ... - - ..~... - - .. - _. -··_·'0-.' ._.~_.__ ._.__.. ___._ ... _____________ ~ ......
y N Description Savings / (Cost)

-_._-~

DO Process Equipment

---

DO Personnel Training

DO Installation / Site Preparation

DO Utility Connections / Systems
.

DO Permitting

DO Input Materials

DO Disposal/ Treatment

00 O&M Labor and/or Supplies

Note: Please attach all unit cost assumptions and calculations.
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IISE P21CP ASSESSMENT

Facility Name:
_

P2 Option - Cost Evaluation Worksheet

Process: _

Option Name: _

Capital Costs

Worksheet 11

Item Cost Comments

-

Equipment

-~--
--- Materials

Installation

Utilities

Engineering I
!

,

Start-up / Training
,

1

Other Costs I
TOTAL CAPITAL COSTS

I
i,
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nSE P2/CP ASSESSMENT Worksheet 11 '"'

Facility Name: _

P2 Option - Cost Evalnation Worksbeet

Process: _

Option Name: _ -

Incremental Operating Costs
....

...Item Savin~s (+) / Cost (-) CommentsChange in Disposal / Treatment .

Costs
--- ...----.----

Change in Raw Material Costs
I.

Change in Labor

Change in Other Costs

Annual Net Operating Savings /
Costs

Calculating Project Payback

Payback Period (in years) = Total Capital Costs / Annual Net Operating Cost Savings

Total Capital Costs

Annual Net Operating Savings

Payback Period (Years)

-
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,
••,
i

i,
,
I

Waste Materials

Waste Malerials
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Reused on Farm)

Plume Water Slowdown

Overflow, Spillage
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Reject Malerials

Peels. Unusable Product
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Figure 19.2. Generalized fruit and vegetable processing sequence.
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question and of how it fits into the overall facility opeYation. Thisperspective is a prerequisite for thorough assessment of options inlater phases of the pollution prevention plan development cycle. Ifconsultal1ts are on the =ssment team. the site review enablesthem to become familiar enough with me facility to utilize theirexpertise effectively.
The site review should not be performed perfunctorily. eventhough the assessment team members who are employed at thefacility will all be familiar co some extent with the worK-site beingreviewed. Those who an: not involved in the day-to-day operationin that area will see factors that otherwise would be overlooked.Furthermore. personnel assigned CO that specific site will often seeit in a new light when performing a pollution prevention assessment. Some of the information that can be gathered through sitereviews is summarized in Box 14.

Typic:aI questions to ask during site reviews incJude:

• What is the composition of the waste streams and emissions generated in thecompany? What·is their quantity? - ~.- ------_.• From which production precesses or treatments do these waste streams andemissions originate?
• Which waste materials and emissions fall under environmental regulations?• !'/hat raw materials and input materials in the company or productionprocess generate these waste ·streams and emissions? .• How much of a specific raw or input material is found in each wastestream?
• What quantity of materials are lost in the fonn of volatile emissions?. • How efficient is the production process and the various steps of that process?
• Are any unnecessary waste materials or emissions produced by mixingmaterials - .which could otherwise be reused with other waste materials?• Which good housekeeping practices are already in force in the company tolimit the generation of waste materials?
• What process controls are already in use CO improve process efficiency?

Box 14

Site visits should be well-planned to ensure that maximumbenefit is obtained without excessive expendilUres of lime. Whilemultiple visits to check or supplement data will usually be reoquired. good planning can minimize such repetitions. Severalsuggestions for preparing for site visits are given below.Review existing documentation. such as operatorS' manualsarid purchasing and shipping records. This will enable the team COfocus on the copies to be investigated.
Decide on data collection formats to ensure that the datacollection will be rigorous and compatible with the compilationand analysis stage described on the following page. In particular,

30

Gocd pltUllling is ~ssential for
efficient site reviews.

Decide Oil data sources and col·
lectioll procedlves.

Chapter 3
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Boundaries should be selected according to the faaolS thaI are

imponant for measuring the type and quanuty of polluuon prevent

ed. the quality of the product. and the economics of the process.

TIle amount of material input should equal the amounl eXlUng.

corrected for accumulation and cre:ltion or desO'Uction.
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Option screening should consider these questions:

•
•

•
•

•

•

•

Which options will best achieve the goal of waste reduction?
What are the main benefits to be gained by implementing this option (e.g.•
fmancial. compliance. liability. workplace safety. etc.)?
Does the necessary technology exist to develop the,option?
How much does it cost? Does it appear to be-cost-effective. meriting in-depth
economic feasibility assessment?
can the option be implemented within a reasonable amount of time without dis.
rupting production?
Does the option have a good "track record"? If not. is there convincing evidence
that the option will work as required?
What other areas will be affected?

Box 15

-

....

j
7

Depending on the resources currently available. it may be neces·
saryto postpone feasibility_~ents for some options. Howev-,
cr. all options should be evaluated eventually.

Technical Evaluation

The assessment team will perform a technical evaluation to
determine whether a proposed pollution prevention option is likely
to work in a specific application. Technical evaluanon for a given
option may be relatively quick or it'may require extensive investi
gation. The list in Box 16 suggests some criieria that could be
used in' a technical evaluation. Some of these are more detailed
versions of questions asked during the option screening phase.

All groups in the facility that will be affected directly if the
option is adopted should contribute to the technical evaluation.
TIlls might include people from production. maintenance. QC/QA.
and purchasing. In some cases. customers may need to be con·
sulted and' their requirements verified. Prior consultation and
review with these groups will ensure the viability and acceptance
of an option. If the option calls for a change in production meth·
ods or input materials. carefully assess the likely effects on the
quality of the final product. If after the technical evaluation the
option appears impractical or can be expected to lower product
quality. drop it.

For options that do not involve a significant capital expendi
ture. the team can use a "fast-track" approach. For example.
procedural or housekeeping changes can often be implemented
quickly. after the appropriate review. approvals. and training have
been accomplished. Material substitutions also can be accom·
plished relatively quickly if there are no major production rate.
product quality. or equipment changes involved.

36

Technical evalualions require the
expertise of a variery of people,

Some options can be implemenJed
right away,

Chapter 3

-



Typical technical evaluation criteria:

• Will it reduce waste?
• Is the system safe for our worleers?
• Will our product quality be improved or maintained?
• Do we have space available in our facility?
• Are the new equipment. materials. or procedures compatible with our production

operating procedures. worle flow. and production I1ltes?
• Will we need to hire additional labor to implement the option?
• Will we need to train or hire personnel with special expertise to opel1lte or main.

tain the new system?
• Do we have the utilities needed to run the equipment? Or. must they be installed

at increased capital cost?
• How long will production be stepped during system installation?
• Will the vendor provide acceptable service?
• Will the system create other environmental problems?

Box 16

...

Equipment-related options or process changes are more expen
sive and may affect production I1lte or product quality. Therefore.
such options require more stUdy. The assessment team will want
to detetminc whether the option will perform in the field under
conditions similar to the planned application. In some cases. they
canamnge. through equipment vendors and indUStrY contacts.
visits to existing installations. Experienced opel1ltp.rs· comments
are especially important and should be compared with vendors'
claims•. A bench-scale or pilot-scale demonstration may be needed.
It may' also be possible to obtain scale-up data using a rent:li teSt
unit for bench-scale or pilot-scale experimellIS. Some vendors will
install equipment on a aial basis. with acceptance and payment
after a prescribed time. if the user is satisfied.

EnvironlJle!ltal Evaluation

In this step. the pollution prevention assessment team will
weigh the advantages and disadvantages of each option with regard
to the environment. Often the environmental advantage is obvious
- the toxicity of a waste stream will be reduced without genel1lting
a new waste stream. Most housekeeping and direct efficiency
improvements have this advantage. With such options. the envi
ronmental situation in the company improves without new environ
mental problems arising.

Unfol1llIlately. the environmental evaluation is not always so
clearcuL Some options require a thorough environment:li evalua
tion. especially if they involve product or process changes or the
substitution of I1lW materials.

DevelopiDg and ImplementiDg i>oUutioa Prevention Projects

OpTions thtJI can affect production
or qualiry need careju1 study.

EnvirollnWlllZ1 considuarWns:
• effect on NlMber and toxiciry

of waste srreams
• risk of transfer to other _dia
• environmenuzl impact of alJer·

1IQle inplll mauriols
• energy consumption

37
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MASS TRACKING MODEL

Introduction

The key model proposed for the measurement of pollution reduction in the

Philippines under the Industrial Initiatives for a Sustainable Environment (lISE) project has

been developed. The Risk Management Reduction Model (R2M2) approach is based on

the relative risk of a process in comparison to alternatives. This ensures that all the

environmental pollution pathways are considered, implementing multi-media pollution

reduction. The model measures Potential Environmental Impact (pEl) of the output

streams ofthe process.

The Mass Tracking Model (MTM) is proposed for tracking pollution reduction for

processes where the R2M2 would not be particularly useful. The MTM can be used to

address either a gross parameter, such as biological oxygen demand (BOD), or a specific

chemical(s). The MTM would only be used when the process does not contain targeted

chemicals in the any of the waste streams, or does not contain any chemicals likely to be

added to the list of targeted chemicals in the any of the waste streams. MTM is designed as

a less rigorous approach (but still valuable) to measuring pollution reduction than R2lvf2.

Des~ription of MTM

A fundamental task of the project is to conduct in-plant P2/CP assessments. Similar

to R2M2, a baseline scenario would be established for each process evaluated at a facility.

These data and information will be gathered by teams of appropriately trained personnel

including those familiar with the processes being evaluated and P2 engineers, at a

-minimum. After gathering facility information, the P2 engineer will evaluate the data,

establish the pollution baseline, and prepare an "alternatives evaluation." Following

implementation of P2/CP alternatives, the updated process would be compared to the

baseline level.

The MTM is proposed for use in measuring reduction of mass loading to the

environment of selected parameters. A mass balance approach considering inputs and

outputs to a process is used (Figure I). For waste outputs, the concentration of a chemical

in the waste stream multiplied by the flow rate would determine the mass loading for that

chemical in the waste stream. Summing the mass loading from each waste stream yields

the mass loading from thl; process. Non-chemical specific parameters that could be used

for the MTM include BOD, total organic carbon (TOC), and chemical oxygen demand

(COD). These chemicals would not generally include IISE-targeted chemicals, since the

R2M2 would be utilized for targeted chemicals.
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- Figure I-Process Flow Diagram
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Risk Reduction Measurement

Model (R2M2)

Dale A. Rice,;.~.
Vice President

Millennium Science &. Engineering. Ine.

USE P2JCP Program Consultant

•

....

'.
•

,
J

.
•,

R2M2 Based on EPA's "WAR"

Algorithm .. "

• W-Aste Reduction AlgOrith;' •

• Developed by USEPA's National Risk

Management Research Laboratory

• Available to General Public - Spring 2000

• EPA Positioned to Assist the Technical

Team of liSE

• 'Designed for Use in the Chemical Industry

"WAR" and R2M2 Algorithms...:'.
;' ..

• Risk-based

• Process-oriented

• Kev Assumption: Industrial Streams

Entering and Leaving a Process Have

Potential Environmental Impact (PEl)

• Makes Use of Matrix of 1600 Chemicals

1



R2M2 Algorithm•.... "
.~.

o
.... "

PEl (Out)

PEl (In)

R2M2 ChemiCaI:::~_

• RP Priority Chemical List (RP 28)
'; Priority Organic Pollutants (POPs)
• Other Hazardous Chemicals As Appropriate

RP 28 Chemicals .''''~NOn-OrganiCS~"" ,~

~_.•_.,,"~'"=,...._ .....~.-------------

....

• Asbestos
• Selenium
• Tributyltin
• Arsenic
• Beryllium

• Cadmium
• Chromium
• Cyanide
• Lead
• Mercury

2



RP 28 Chemicals
Organics ..•...

Benzene • HexachloroC
• Carbon Teuachloride Mirex
• Chlorofluorocarbons Polychlorinated Biphenyls

Chloroform Phosgene
• Chlorinated Ethers Pentachlorophenol

Elhylene Dibromide Polybrominatcd biphenyls

• Ethylene Oxide Vinyl Chloride
Halons 1,1.1-Trichloroethane

• Hexachlorobenzene 1.2~Diphenylhydrazine

Dioxins
Furans

"POPs" Chemicals.
,.•

Hexachlorobenzene
Mirex
Toxaphene
PCBs

DDT

Aldrin

• Dieldrin
• Endrin

Chlordane

• Heptachlor

}

RP 28 / POPs Chemi_

...

TOTAL NUMBER OF
"liSE CHEMICAl.S~ .. 31

~
~

3
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War Algorithm: Potential

Environmental ImPll~,=.

1= l: M pnll: Xij l: Ct.k'f:'jk

whue:

1·,a'~ofinputofP£/

M j-lnQ,JSflawrate ofchemic4Js,~,;

x,}· chrmictll/roctiOll in~h in ttldf infNt stnlUlf

<It .. weighting/actorfor eDdl impact cal,gory

'i',k" PEla/chemical c:ompontlll

R2M2 Health / Environmental
Impact categ~r:.

• Ozone-Depletion Potential

• Global-Wanning Potential

• Acid-Rain Potential
• Photo-chemical-Oxidation Potential

R2M2 Health / Environmental
Impact Categories(C,.

• Human-Toxicity Potential (Ingestion)
• Human-Toxicity Potential (Inhalation I

Dennal Exposure)

• Aquatic-Toxicity Potential
• Terrestrial-Toxicity Potential
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R2M2 Algorithm, .

, R2M2 Includes RP 28/ POPs~~:.
Matrix

, User-friendly lISE Version Under Construction

, EPA Consulted 10/99 - Concurrence Obrained

R2M2 to Be Tested, Further Developed Before
Widespread Use

Similar to WAR, But Has Probability
Coefficient

R2M2 Modified PEl ~:•
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rISE P2/CP WOrk:._

R2M2 v. MT~... ~.
MTM ' .•

-

• RP28/ POPs

• Other HMs (To Be
Defined)

• BOD

• COD
• Other Non Haz

Chemicals
• Solid Waste
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RISK REDUCTION MEASUREMENT MODEL

Introduction

Chemonics was awarded the Municipal Coastal Environmental Initiative (MCED

contract by the United States Agency for International Development on 24 July 1998, This

contract, subsequently renamed lISE (Industrial Initiatives for a Sustainable Environment),

will operate in the Visayas and Mindanao regions of the Philippines, with support from the

project field headquarters in Manila, To accomplish the objectives of the project, the lISE 

team will work closely with its partners to create a self-sustaining, multi-stakeholder

program that will encourage adoption of environmental management systems and

application of pollution prevention I cleaner production (P2ICP) technologies.

A fundamental task of the project is to conduct in-plant P2ICP assessments. The

lISE project will result in the conduct of P2ICP assessments at 400 firms and a 20%

reduction in pollution. To accomplish this, a "baseline" must be established at each facility

that documents the current characteristics and flow of its hazardous waste streams. These

data and information will be gathered by teams ofappropriately trained personnel including

those familiar with the processes being evaluated and P2 engineers, at a minimum. After

gathering facility information, the P2 engineer will evaluate the data, establish the pollution

baseline, and prepare an "alternatives evaluation." Following implementation of P2fCP

alternatives, the updated potential risk would be compared to the baseline level.

Proposed Use of Models

A proposed method for establishing the baseline and measuring progress was

conceptualized. The basic approach is to "measure" the level of potential risk for each

chemic?! appearing in any of a facility's waste streams. Two models are proposed for

.uliI1zafion. The first model, the Risk Reduction Measurement Model (R2M2), would be

used where the waste streams of the process contain lISE-targeted chemicals. All

processes would be investigated using the R2M2 unless the waste streams in the process do

not contain target chemicals or chemicals likely to be added to the list of targeted

compounds. Targeted chemicals are currently those on the Philippines list of 28 chemicals

(RP 28) from RA 6969 and the Priority Organic Pollutants (POPs) list. Additional

chemicals may be added to the target list later as needed to expand the use of the risk

reduction model.

The second model that is proposed is the Mass Tracking Model (MTM). This

model would be used to measure reduction of chemicals contained in waste streams of a

process that do not contain targete-cr chemicals. This model accounts for sheer reduction in

mass flow rates of waste streams. The MTM would be used when the process does not

contain targeted chemicals in any ofthe waste streams, or does not contain chemicals likely
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to be added to the list of targeted chemicals in any ofthe waste streams.
Purpose of the Model

A model is proposed for quantification of pollution-related risk reduction as afunction of environmental impact for the chemicals of concern. Use of an algorithmensures consistent application of the parameters selected for measUtemenl. Given the'number of facilities and processes that are to be investigated, consistency in the assignmentof relative' risk is critical to successful measurement. The model proposed for the IISEP2/CP project is based on the WAR algorithm.

Description of the WAR Algorithm

EPA's WAR algorithm has been designed to evaluate the relationship ofcompetingprocess alternatives. The WAR algorithm considers input and output streams ofa process.Figure I illustrates typical streams to and from a generic process. For a given process,several input streams (which may be comprised of material in the solid, liquid, or gaseousphase) are used in an effort to generate a product. The process typically also will haveseveral non-product streams (which may be-comprised of material in the solid, liquid, orgaseous phase) that result from the process. The portion of the WAR algorithm discussedbelow deals with the product stream and non-product output streams.
The WAR algorithm was developed primarily for comparison of processalternatives; however, one can apply the concepts of the WAR algorithm to establish animpact baseline and measure improvement over time. The algorithm assumes that eachchemical stream entering and exiting a process possesses an inherent property, its potentialenvironmental impact (PEl). The impact of chemicals found in industrial processes and intheir associated waste streams is evaluated for several different impact categories. Theseinclude:

I. Global warming potential,
2. Acid rain potential,
3. Photochemical oxidation potential,.
4. Ozone depletion potential,
5. Aquatic toxicity potential,
6. Terrestrial toxicity potential,
7. Human toxicity potential by ingestion, and
8. Human toxicity potential by inhalation or dermal exposure.

The first four categories represent atmospheric impact categories. The remaining fourrepresent local toxicological impact categories.
The PEls for input and output streams are evaluated separately. For example, thePEL associated with the output streams of a process is calculated by analyzing each of thewaste streams generated from the process. Each of the specific chemicals for each wastestream are evaluated. Based upon the impact category values associated with each

...,

-



Figure I-Process Flow Diagram
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chemical, the concentration of the chemical in the waste stream, and the mass flow rate of
the waste stream, the PEl is determined for each chemical in each waste stream. The PEl
of the process is the sum of the PEl for all the chemicals in all the waste streams of the
process.

The PEl for each chemical is based upon a specific score for each of the eight
impact categories. Table I-provides the methodology for determining scores for each
category. For example, the human toxicity potential by ingestion is based upon the lethal
dose that· produced death in 50% of rats by oral ingestion (LDso). The human toxicity
potential by inhalation or dermal exposure is based on the time-weighted average of the
threshold limit value. Scores for atmospheric categories are based upon the ratio of the
chemical's adsorption/release/reaction rate compared to the reaction/release/adsorption rate
of a chemical standard.

After the scores for each chemical are determined, they are normalized within each _
category. Normalization ensures that, on average, the impact potential for different
categories will have equivalent values. The normalized values are represented by the
parameter 'P. 'P is calculated by dividing each chemical score by the average of all the
chemical scores within that category. (The database currently contains chemical scores for'
over 1600 chemicals.) Therefore, it is not the absolute 'P value for each chemical that is
important, but rather, the chemical's '¥ value relative to other chemicals' '¥ values.
Without normalization, implicit weighting could be present in the chemical database
causing unintentional bias in the calculation of the PEl indexes. Normalizing each
category by the average value of entries in that category insures that the average value in
that category will be unity. The units of'P are potential environmental impact (pEI) per
kilogram (kg) ofchemical.

The WAR algorithm also allows the user to weigh each of the eight impact
categories above in order of importance. This weighting factor, represented by the
parameter Ct., is a value between zero and ten. The parameter Ct. is dimensionless. For
purposes of the lISE, Ct. is proposed to ha,:,e a value of I for all categories.

The overall PEl per kg of chemical j, '¥j, Is calculated using the following
equation:

...

where the summation k is taken over all impact categories.

The overall PEl of the process, Ioub is given by the following equation:

I =" I(~n =" 1\.11"00 " x.'f'ou,L....1 L..-,L.-yJ
, J

(I)

(2)

where the summation i andj are taken over all waste streams and chemicals, respectively,
IiOUI

) is the PEl of waste stream i, M~oUl) is the mass flow rate of the waste stream i in units
ofkg per time, and Xii is the mass fraction ofcomponentj in waste stream i. The units of
lout are PEI/time.

-



Table: I-Description ofParamdcrs Used to Develop 'P YalUell

'\; .-..... Category

Descriotion

Global Wsrming Potential
Ratio of the extent to which a unit ofmaso ofa ohemical

adsorbs infrnnri ~latlon to tho exlant thatC~.tbo~I

infrared O''eI' a bM& ljll1~
" of 100 y""",

.. _

iThe In"rs. of tne .emll! ccnc.e:ll:atlcn thet procucea

Ideath in 50% ofa rep=enlativc species offuh.t

!The invtr3e ofth(: t1rn~wcjg
hted average (T\VA) oft.~

ilhreshQid limit Y;>/ue (TLV).;

IThe inve~ of tbe lethal-dose that produced des!: in

j50% of rats by "''"91 ingestion.tt
,

HWIWl Toxicity POlemial by Inhalation

or Dermal Expo5~re

fTerresl:'io.! TOXlcit)' Potential

I

/ACidillcation Potential
Ratio \jfthe release ofa hydrogen ion in !he alIllospr

~ I

as promoted by a chemieallO the rate 0: release of a !

hy<L-ogen ion 3.5 promoted b)' SO,.
I
•

Photochcmc:ial Oxidation Potetltial Ralio of :be rate UI which a Wlit m= ofchemical rea:t;

with a hydroxyl radi""lto the rate al which a unit rom

vf ethylene re~ with a hydroxyl radical. i

Ozone DepletIon Potential
Ratio of the rate at which a unlt mass ofchemical rea<:lS !

with 020netO fonn moleel.'lu ox;,'sen to tho rate at

which a unit mas. ofCFC-! I (trichlorefJuorometillmoi

I

r~ts with orone 10 form mclecular o:-;ygen. The

cherni..;.aJ must contain a chlorine 0: bromine 3tO:n.

. . -
•

jAquat:c TOXICIty :-otenll31

,
1
I

lHutr.iIll To:;icirv Potentiel by Ingestion

1
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-

I

Notes:
'r The $ut:rce of the lethal cQn\:entration that produced death. in 5C'% of;l rep:-esent3tiyc:

sp<:cies of fish, fathead minnows, (Ly,,) is AQUIRE, ECOSA.~
?arger's Ettvi""",,,,cllu.1

Ct)lllcuni"ant Ref3rgnCe Handhcok 1 1995, and Handbook tJfEJr~i
r01Unent
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Organic ChemiccL,_ by KaNl VeTSchueren.

ti The source of lethal-dose that produce4 death in 50% of= b~' oral ingestion {LD,,,j is

Sax's D::mgerous PrCf)€rties ofIndusrrial ..Varerials . by Ri~~1 J. Lcw:s, 3rd Edition~
the

J!=rdolLS Subs:ance Data Bank. and the Registry"jToxic Effiet. alOwn/cill

S"b.,<1nces, edited by Doris V. Sw~

...

:; The source of the time-weighted a"era~c
(TWA) oftne ultCShoid limit vl!Jue (TL'1 i~ tlle

Oecl'pational Safety and Heahh Ac:r.inhlr
ati~r.. the Amesic:m Conference of

Govem:
nei\~Industriel Hygi~nisls.

~nd th~ N300tm! Ir.stitl.l1e for Oc~up3.ti
"Onal Safe~y

and Health.
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R2M2 Description
One of the limitations of the WAR algorithm is that the relative risk or probability

ofenvironmental impact is not addressed. For example, consideration is not given between

the scenario where a waste stream enters the environment uncontrolled and another where

proper waste management practices are in place. The former situation represents a higher

risk than the latter. For the IISE project, risk reduction is a key objective for the P2/ep

program; progress measurements, therefore, should be a function in terms of risk reduction.

The Risk Reduction Measurement Model is proposed as a useful variation of the

WAR algorithm to accommodate the need to account for risk reduction. A modification to

the WAR algorithm for this project incorporates a new parameter accounting for the

probability of the waste stream being released to the environment in certain cases. The

disposition of the waste stream is important because, for example, the environmental

impact of the discharge of a liquid waste stream to the site soil and groundwater is much.

greater than the impact of the same liquid stream captured in drums and treated at an

approved facility. Thus, the relative risk posed by PEl in a process can be reduced if a

waste stream can be more effectively managed.

-.-----~--

The introduction of a risk coefficient, 13, is proposed to modifY the WAR equation.

Incorporation of 13 modifies the result of the WAR algorithm to yield a term PEI*, which .

can be called "risk-reduced potential environmental impact." The overall PEI* of a

chemical is given by the equation:

-

-

(3)

The PEI* of the process is calculated using Equation 2. . An example of the

usefulness ofthe risk coefficient is illustrated in the case ofpersonnel protective equipment

(PPE) that is implemented in a painting process. Appropriate PPE reduces the human

toxicity potential by inhalation or dermal exposure; 13 can be used to distinguish the relative

risk of a hazardous solvent and/or metallic pigment in the breathing zone of the worker

versus the case where the worker wears' PPE. Thus i11 this case, a j3 value less than 1

(assumed for PPE usage in that the risk of exposure to the user is reduced) would reduce

the net PEI* level. A value of j3 can be assumed for each relevant environmental impact

category.

In general, 13 would be assigned a value of 1 in the baseline scenario. If a process

change (or housekeeping change) is made, the value of j3would be adjusted to a value less

than I as appropriate. The parameter is meant to be more of a "fine tune" adjustment to

PEI*, and is not expected to have as much significance as, for example, those processes

where highly toxic chemicals are replaced with those less toxic. Rather, it will serve as a

tool to accommodate reduction in risk where changes in housekeeping or disposition of

wastes may be the only possible alternatives available at a facility. Preliminary examples

of 13 values are shown in Table 2.The model logic is shown in Figure 2. This logic is a necessary preliminary design

step prior to construction of the program that will be used to calculate the PEI* of the

process. The logic of the model begins by identification of the process. Next, a waste
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Table 2
Determining Beta

3. For each of the four ellposure categories, check the box which best describes
the change to the chemical waste stream release following implementation of
of the P2 alternative:

1. Does the potential (or implemented) P2 alternative result in an
actual chemical waste reduction?

2. Does potential (or Implemented) P2 alternatives result in lower
probability of a chemical waste stream release to the environment?

in

Results

If Yes: Beta =1.0 and Exit
If No: Continue

If Yes: Continue
If No: Beta =1.0 and Exit

I
I

Assume the following Beta Values for the boxes
checked by user. Note· only Psi values shown
( ) will be modified.

Air (1 2 3 4 Water 151 Solis 161 Human 17.6

0.5 0.5 0.5 0.5

0.6 0.6 0.6 0.6

f---- 0.7 _ 0.7 0.7 0.7

0.7 0.7 0.7 0.7

0.8 0.8 0.8 0.8

HumanSoilsWaterAir

Input Questions

- --- - - --- - ---
Confirmed
Release
Eliminated
Confirmed
Release
SUbstantially
Reduced
Potential
Reiease
Eliminated -- -----_.,,'-. ==-~-

Confirmed
Release
Partially
Reduced
Potential
Release
Unllkelv

6'y



Potential
Release
Probability
Significantly
Reduced
No Chanoe

0.9 0.9 0.9
1

0.9

Code to Psi Values Above:
1. Global warming potential

2. Acid rain potential

3. Photochemical oxidation potential

4. Ozone depletion potential

5. Aquatic toxicity potential
6. Terrestrial toxicity potential
7. Human toxicity potential by ingestion
8. Human toxicity potential by inhalation or dermal exposure

[
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A aVoloos dlmenslonten
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BENZENE
, 0.118 0.092 0090 0.118

0388 1 1 I 1 1 1 1 1 1 1 1 1 1 1 1 1 0.8
0

0

CARBON TETRACHlORIDE , 0.166 0.008 0,053 0186 0.413 O.4~
I I 1 I 1

, I I I 1
, I I I I 1 U

, 0
0

CHLOROfORM r 0,430 {U)l)l 0,011 0,430 0.008
I 1 1 1 1 1 1 1 1 \ 1 \ \ 1 1 \ ••• • •

ETHYlENE OXJOE
, 5.421 1),328 0,026 5."21

I I 1 1 1 I 1 1 \ 1 1 1 1 1 1 1 11
•

0

HEXACHLOR08ENZENE , 0039 1t612 0.100 0,039
1 1 I 1 I 1 1

, 1
, 1 1

, I
, , 12

0
•

HEXACHLOROETHANE , 0.... 0000 1.4.46 0,008
\ \ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1.•

0
0

PHOSGENE
, 0.520 0,738 0002 0.520

1 1 1 I 1
, , 1

, , , 1 \ \ 1 1 1.6 •
0

VlN'(\. CHLORIOE
, 0.181 0.227 .... 0,18\

1 I 1 1 1 1 1 1 1 I 1 1 1 1
, 1 ,.. 0

0

t.t.1-TRICHLOROEllWIE , 0,036 0000 0.042 •.036 0,032 0.050 0.002 I I 1 1 1
, 1

, 1 1 1 1 1 1 1 1 0.2
0

0

ARSENIC
, 0.512 S€Hl5t 0.223 Oti12

1 1 I 1 1 I 1 1 1
, 1 1 1 1 1 1 60

0
0

POTASSIUM CYANIDE
, 79.141 0.024 6,$01 18,147

1 1 I I
, , I I I 1 1 1 1 1 1 1 163 •

0

EllM.B€NZENE • 0.11t6 0.0007 O,00t869 0.lt2
UHI 1 1 1 1 I 1 1 1 I I I I 1 1 1

, I.'
0

•

METliA.NQl. • o.OOtw 0,0011 aE-05 0.069
02!)~

1 1 I I \ 1 1 \ I I I I I 1 I 1 0.'
0

0

METHYL ETHvt KETONE • 0,1"28 0.0005 0.oooe:9 0,t0l3
0,v72 I I 1 1 1 I I 1 1 1 1 I 1 1 1

, 1.3
0

0

METlM.lSOBUTYl, KETONE n 0.1879 0.0007 0.00421 0.18&

I
, 1

, , I 1 1 1 1 I 1 1 1 1 I .. •
0

OICHlOROMEtHANE • 0.2A0I2 0.0067 0.00713 0.20101 O,()()C/J 0.021 1 I I 1 1 1 I • I 1 1 1 1 t t 1 0.'
0

•

STYRENE
n 00181 0.0001 O.D5oC~

0018
1 1

, I 1 1 1 • 1 \ 1 1 I I 1 • 02
0

0

TOlUENE • o.oNn 00... 0.0645 0,076
1.161 1 I \ \ I \ \ I \ I \ 1 • 1 I \ '"

0

0

1.2...·TRIMETHYLBENlfUE n 0,078' .002. 028&31 0.018
2,0166 I 1 1 1 I I I 1 1 1 I I 1 I 1 I 2.•

0
0

o-XYLENE • 0.170101 0.0007 0.130177 0,1""
1.369 I 1 1 1 1 I 1 t 1 t 1 1 1 I

, 1 1.'
0

•

m-XYlENE • 0.01&1 .0001 0,1)8101 0.018
2./)41 1 1 I 1 1 1 \ 1 1 I 1 I I I I 1 2.3

0
•

p-XYlENE • 0.076 t 00007 0,07622 0,076
1.S25 I 1 I 1 I

, 1 I 1 I 1 I t
, 1 1 21

0

0

llNCOXJOE • 0.1632 0,059' OllOO9ll 0.783

, 1 1 \ 1 1 • 1 1 1 • \ \ 1 1 • I.'
•

0

0

NoW.:
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Figure 2-R2M2 Logic Diagram
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, stream and its characteristics, such as mass flow rate and management/disposition of the
waste, are identified. The appropriate f3 value for the disposition/exposure is retrieved.
Then, each chemical is identified, and its '¥ values are retrieved. The concentration of the
chemical in the waste stream is input, and the PEI* of the chemical is calculated. This is
repeated for any additional chemicals. The PEI* value of all chemicals is summed to
determine the waste stream PEI*. This procedure is repeated for each waste stream from
the process. The PEI* of the waste streams is summed to determine the overall PEI* ofthe
process.

R2M2Inputs

PEI* must be calculated for each process in which R2M2 is employed. Each
process may be comprised of several waste streams, and several chemicals may be found in
each waste stream. Figure 3 illustrates the flow logic of identifying all the information
inputs required for the algorithm.

After the processes at the facility have been identified and chosen for evaluation in
the R2M2, the process must be looked at in detail in an effort to identify all the waste
streams in the process and the waste stream flow rates. Each waste stream is then
investigated to determine the chemicals in the waste stream and their concentrations. Only
chemicals on the target list (or those that are likely to be added to the target list) will be
investigated.

Examples of Use ofR2M2

Painting Process

In this first example, a painting process uses a paint containing toluene, 1,2,4
trimethylbenzene, and zinc oxide. All the VOCs in the paint are assumed to act as carriers
and volatize to the atmosphere. Output streams for this process are the VOC stream (to the
atmosphere) and paint overspray. The amount of paint overspray depends on the efficiency
of the paint gun and the experience of the painter. The overspray contains the pigment in
the paint.

Table 3 shows a summary table of the calculations used in determining the process
PEI*. While the concentration of toluene and 1,2,4-trimethylbenzene in the paint is 9
percent and 1 percent, respectfully, the concentrations increase to 19.6 percent and 2.2
percent in the VOC stream. The concentration of zinc oxide increases from 3 percent in
the paint to 5.3 percent in the pigment waste stream.

Similarly, the mass of paint used by the process in a year is 235.8 kg. The mass of
the VOC waste stream is 101.4 kg per year, and the mass of the pigment waste stream is
67.2 kg per year. The material applied to the product accounts for the balance of the
pigment.

In the baseline case, the values of beta are set to a value of I. The PEI* of each
chemical is calculated, and then the PEI* ofall the chemicals in all the waste streams is



Figure 3- R2M2 Baseline Data Collection Flow Sheet
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Process: Painting Process at Facility ABC
IIER Philippines P2JCP

Baseline

Wasle RP281 Psi Values (imoactlka cnemfcall
--

Beta Values ldlmenslonless Epa'\' XEpa'\' M PElX
Stream Chemical Name POPs HTPI HTPE ATP TIP GWP ODP PCO AP HTPI HTPE ATP TIP GWP ODP PCO AP imoacVkR chemical (%) ImD"I/"'1 (k"vearl ImDacl/v"'l

VOC TOLUENE n 0,0781 0,0004 0,0845 0,078 1.157 1 1 1 1 1 1 1 1 1.4 19.6% 0.270 101.4 27
VOC 1.2,4-TRIMETHYLBENZENE n 0.0781 0.0024 0.28631 0.078 2.466 1 1 1 1 1 1 1 1 2.9 2.2% 0.064 101.4 6.5

Pigment ZINC OXIDE n 0.7632 0.0591 0.00098 0.763 1 1 1 1 1 1 1 1 1.6 5.3% 0.084 67.2 5.6

40

--- ._-------

Risk Reduction alernatlves Implemented: Use of a High AcryliC Coating that does not contain targeted compounds

Alternative

- ..~~--,----,--_.
RP281 Psi Values (Impact/kg cheml!,;!I)I.'" j~:-' Beta Values dlmenslonless\ Ipa'l' XEpa'\' M PElX

Chemical Name POPs HTPI I HTPE ATP TIP GWP ODP PCO AP HTPI HTPE ATP TIPIGWPIODPIPCOIAP irno3cVk2 chemical ('M imDactlk~) ik"vearl impact/year)
None I I I I I I I I I I I I I I 0

0
-- .'--_._.-'" ,._-_.._._----.-.,--," -'--. -- --y--'" _.' .._----- - -, _ .•.. -- ----- ._._--,-.

Notes:
HTPI = Human toxicity potential by Ingestion
HTPE = Human toxicity potentlal by inhalation or domeral exposure
ATP 1:I Aquatic toxicity potential
TIP a Terrestrialtoxlclty potential (sarno melhod as HTPI)
GWP 1:I Global warming potential
COp. Ozone depletion potential
peo .. Pholochemclal oxidation potential
AP = Acid rain potential

PEl Roductlon = 100.0%

7i
r
l""11
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summed to give the process PEI*. The annual process PEI* for this process is calculated to
be 40.

The alternative case utilizes a paint that does not contain any targeted chemicals.
Therefore, the PEI* of the alternative is 0, and the PEI* reduction is 100 percent.

Kerosene Bath

Kerosene is often used to keep away insects in furniture manufacturing in the
Philippines. Bamboo stock may be submersed in a kerosene bath for preservation. In this
example, a 450 gallon bath is used to submerse the bamboo until needed in the process.
Currently, the bath is emptied and refilled with kerosene every thirty days. The
recommendations to reduce pollution are to cover the bath and ensure it is located out of
direct sunlight in effort to reduce evaporative losses. These methods are expected to allow
the bath to be emptied and refilled every 40 days. The calculated annual PEI*s of 4,500 _
and 3,400 for the Baseline and P2 Alternative I, respectively, are shown in Table 4.

The second P2 alternative for this process is for the workers to wear PPE. Wearing
of gloves when handling the bath and treated bamboo would reduce the value of fJ to 0.5.
The annualPEl for Alternative 2 is 3~800-:--

The third alternative is to combine Alternatives 1 and 2. The annual PEI* for
Alternative 3 is 2,900. This represents a 36 percent reduction in annual PEl from the
baseline case.

-

-

11 -
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Process: Kerosene Bath for Bamboo for pesticide purposes (bath is current;y changed every 30 days).

IIER Philippines P2/CP

Baseline

Waste RP281 Psi Values (impactlkg chemical) Bela Values (dimensionless)
l:~CL'I' .X Xl:~CL'!' M PEl

Stream Chemical Name POPs HTPIIHTPEIATPITTPIGWP ODPIPCOIAP HTPIIHTPEIATPITTPIGWPIODPIPCOIAP impactlkg chemical) (%) I(impactlk.) jkglyear) impacllvear)

Kerosene n 1 I 1 I I I 111111111111111 0.0 99.0% 0.000 16,158 a
a

Allernative1: Covering Bath, Moving out 01 direct Sunlight, extends liIe 01 Kerosene and malntlns volume such that bath Is replaced every 40 days Instead 0130 days.

Waste RP281 Psi Values (impactlka chemical Beta Values (dimensionlessl
l:~CL'I' X X l:~CL'I' M PEl

Stream Chemical Name POPs HTPI HTPEIATPrTTP GWPI ODPIPCOIAP HTPIIHTPE ATPrTTPIGWPIODPIPCOIAP I(imoaelib chemical) (%1 fimpaeVkg) (kw'year) impactlyear)

Kerosene n 01 01 01 01 a 01 01 0 111111111111111 0.0 99.0% 0.000 12,119 0

0

Alternative 2: Workers begin wearing PPE (gloves and respirators) when handling material in bath and treated Bamboo.

Waste RP281 Psi Values limoactlka chemicaI Bela Values (dimensionlessl
l:~CL'I' X Xl:~CL'!' M PEl

Stream Chemical Name POPs HTPII HTPEI ATPI ITPI GWP ODPIPCOIAP HTPIIHTPEIATPIITPIGWPIODPIPCOIAP fimpaeVk. chemical) (%) I(impactlkg) (kw'Ycar) impacllyear)

Kerosene n 01 01 01 01 0 01 01 a 0.5 I 0.5 1 1 1 1 I 1 I 1 I 1 1 1 0.0 99.0% 0.000 12,119 a
a

PEl Reducllon = NDIVIOI

001 !OOj

Noles:
HTPI =Human toxicity potenlial by ingestion

HTPE =Human toxicity potential by inhalation or demeral exposure

ATP =Aquatic loxicity polenlial

ITP =Terrestrial toxicity potential (same method as HTPI)

GWP =Global warming potential

ODP =Ozone depletion potenlial

PCO =Photochemcial oxidation polenlial

AP =Acid rain polenlial

10/31/99
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The following conclusions are presented with respect to P2/CP measurement model
development:

1. The IISE Project assumes that environmental risk is an appropriate
parameter for measuring P2/CP progress.2. Reduclion of environmental risk can be quantified in a relative sense by
comparing baseline risk to the risk determined following implementation of
P2 alternatives. The proposed methodology for measurement is based on
research conducted by the US EPA.

3. US EPA's "WAR" algorithm is suitable for use in the lISE project and can
be enhanced by incorporating a probability factor. The proposed R2M2
algorithm allows the user to insert a coefficient that reduces the calculated
potential environmental impact for cases in which probability of
environmental impact is reduced.

4. Not all of P2/CP assessments will use the R2M2. Where IISE-targeted
chemicals are not present, a waste loading model, MTM, will be used.5. The R2M2 conceptual model will be fully developed into a user-friendly
tool that can be used by the P2/CP personnel of the IISE team. Specifically,
Visual Basic or other commonly available software can be used to write the
R2M2 program that walks the user through the P2/CP evaluation process.
This task should be authorized by Chemonics International prior to the
conduct of further P2/CP training. MSE is prepared to lead the model
preparation.

6. Further expansion of the beta table, consulting with the IISE team in Cebu
will be conducted.

L
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Designing Sustainable Processes with Simulation: The Waste Reduction
(WAR) Algorithm

Douglas M. Young' and Reriberto Cabezas
United States Environmental Protection Agency

National Risk Management Research Laboratory
Sustainable Technologies Division

Cincinnati, OR 45268

1. INTRODUCTION

The concept of implementing pollution prevention techniques into process design is not

new; although, it has received more attention in recent years. The premise of which is to

attack the environmental concerns of a process in the design stage instead of relying on

end-of-pipe treatment or remediation. This concept was first introduced in the 1970s by

way of heat exchange networks (HENs). They were employed to minimize energy

con~umption of manufacturing processes. A great deal of research has been spawned

from this innovation as discussed by Shenoy (I995) and Gundersen (1988) in their

reviews of the subject matter.

Heat exchange networks led to the creation of mass exchange networks (l\-1ENs) which

were introduced by EI-Halwagi and Manousiouthakis (1989). The idea behind ;VfENs is

to concentrate pollutants in desired waste streams while removing them from other

streams. This technique minimizes the volume of waste generated within a

manufacturing process. Within both HENs and WrENs, a number of optimization routines

• Corresponding author. E-mail: young.douglas@epamail.epa.gov
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have been employed to maximize the efficiency of these pollution prevention techniques

(EI-Halwagi, 1997).

Both of these techniques help reduce the quantity of pollution or waste generated during

the operation of a manufacturing -process. However, neither technique addresses the

impact of the pollution generated within a process. For example, process design option A

may produce 100 kg/hr of pollutants while process design option B may produce 200

kg/hr. However, the pollutants generated during option A may be much more

environmentally unfriendly than those generated during option B. This difference in

impact may be such that it may be more desirable to produce 200 kg/hr of pollutants in

option B than producing 100 kg/hr ofpollutants in option A.

To address this idea of including environmental impact considerations into process

des'ign, Cabezas et al. (1997) introduced a potential environmental impact (PEl) balance

as an amendment of the Waste Reduction r.:vvAR) algorithm. The WAR algorithm was

first introduced by Hilaly and Sikdar (1994). They introduced the concept of a pollution

balance which was the precursor to the PEl balance. The pollution balance, basically,

was a methodology that allowed the user to track the pollutants throughout a process.

The PEl balance quantifies the impact of those pollutants in a process. Ultimately, the

PEl balance is a quantitative indicator of the environmental friendliness or unfriendliness

of a manufacturing process.

3
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Cano-Ruiz and McRae (1998) provide a comprehensive review of the different

techniques used to incorporate environmental considerations into process design. Most

commonly. environmental concerns are treated as constraints in an economic

optimization problem where the constraints are designated by regulations. Minimizing

the amount of waste or pollutants generated within a process is another common method

to incorporate environmental considerations into process design (Cano-Ruiz and McRae,

1998). A number of index type methods have been implemented to evaluate the

environmental impact' of the emissions of chemical processes: Houghton et aI. (1996)

proposed an index for global warming defined as the emissions rate multiplied by the

global warming potential of that chemical relative to C02. Grossman et aI. (1982)

proposed a toxicity index by multiplying the effluent flow rate of a chemicai by the

inverse of its LDso value. Fathi-Afshar and Yang (1985) proposed an index for gaseous

emissions by dividing the effluent flow rates of the chemicals by their threshold limit

values as defined by the ACGIH and then multiplied by their specific vapor pressures.

and Heinzle et a1. (1998) and Koller et a1. (1998) proposed ecological indices based on a

classification approach to assess the environmental impact of a process. Pistikopoulos et

al. (1994) proposed relative environmental impact indices for multiple categories, i.e. air

pollution. water pollution. global warming, ozone depletion, photochemical oxidation,

and solid wastes. and optimized the process for each impact category. The PEClPN"EC

(predicted environmental concentation/predicted no effect concentration) ratio has also

been used to evaluate the environmental impact of a process design (Cano-Ruiz and

McRae, 1998). King et a1.(1 999) used case base reasoning to evaluate the environmental

impact of a process design which relies on past experience.

4



This paper presents an illustrative case study that exemplifies the intended use of the

WAR algorithm, which is to aid in the environmental evaluation of a process design. It

also presents modifications to the WAR algorithm and the PEl balance, such as the

inclusion of energy into the balance, from their previous descriptions (Cabezas, et aI.,

1997). Also, the database containing the potential environmental impacts of the

chemicals is detailed. ChemCad 4.0 ((Chemstations, 1997)) was used as the chemical

process simulator in this case study. (Use of ChemCad 4.0 as the chemical process

simulator does not imply United States Environmental Protection Agency,

USEPA,endorsement of that product.)

The function of the WAR algorithm is best depicted in Figure 1. This figure displays a

schematic of the steps of a product's life. These steps include the acquisition of the raw

materials, the manufacturing of these raw materials into desirable products, the

distribution and use of these products, and the product disposal or recycle. The WAR

algorithm is designed to evaluate the environmental friendliness of only the

manufacturing step within this overall framework. The WAR algorithm does not

represent a complete life cycle analysis (LCA). The WAR algorithm is simply a tool to

be used by design engineers to aid in evaluating the environmental friendliness of a

process. This methodology can be used in either the design stage of a future process or in

the retrofitting of a current process.

[insert Figure 1 here]
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For this purpose, the WAR algorithm is to be used in conjunction with chemical process

simulators. There are on-going efforts at the National Risk Management Research

Laboratory to incorporate the WAR algorithm into a number of chemica! process

simulators under Cooperative Research and Development Agreements authorized under

the Federal Technology Transfer Act of 1986. A version of ChemCad is scheduled for

release in 1999 that will have the WAR algorithm incorporated into it.

2. POTENTIAL ENVIRONMENTAL IMPACT THEORY

The potential environmental impact of a given quantity of material and energy can be

generally defined as the effect that this material and energy would have on the

environment if they were to be emitted into the environment. Since the definition implies

that the impact is an unrealized quantity, i.e., something that has yet to happen, potential

environmental impact is, therefore, probabilistic in nature. That is, that the potential

environmental impact of a particular emission of material and energy into the

environment is an estimate of the effect that this emission is likely to have on average.

Consequently, one should realize and expect that deviations from this average expected

impact would manifest themselves for particular situations. Further, potential

environmental impact is a conceptual quantity that can not be directly measured. One

can, however, construct a theory to relate potential environmental impact to measurable

quantities as will be discussed below.
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2.1 impact Balance: Products, Non-Products, and Energy

As has already been discussed in a previous publication (Mallick. et al., 1996), traditional
chemical process design relies on the application of mass and energy balances along with
thermodynamics, chemical reactio~ engineering, and engineering -economics. Cabezas et
al. (1997) and Cabezas et al. (1999) have previously proposed that to properly
incorporate environmental effects into process design, a balance equation describing the
potential environmental impact of the process must be considered. Since one of the
purposes of this paper is to extend this analysis to include the environmental
consequences of the energy consumed oy chemical processes, the PEl balance equation is ..
extended to include the energy generation process. The energy generation process can be
consiClered to be simply an electric power generation facility. This is shown
schematicaUy in Figure 2. The PEl balance is derived by drawing a boundary around the
chemical process (denoted by superscript cp) and the energy generation process (denoted
by superscript ep) and then writing a general balance expression. The PEl balance
simply states that potential environmental impact can enter the system, exit the system,
be gen,erated within the system, and accumulate within the system. The actual expression

IS:

..

-w..

(1)where !,yo! is the amount of potential environmental impact inside the system (chemicalprocess plus energy generation process), i,S<p). and i~:;J are the input and output rates ofpotential environmental impact to the chemical process, i,S'PJ and i~:;J are the input andoutput rates of potential environmental impact to the energy generation process, i<;:J and
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i~,:} are the outputs of potential environmental impact associated with waste energy

(denoted by the subscript we) lost from the chemical process and the energy generation

process. and where j;;:') is the rate of generation of potential environmental impact

inside the system. For chemical pr.ocesses, j gm represents the creation and consumption

of potential environmental impact by chemical reactions inside the process. For steady

state processes, the balance expression reduces to:

0= j<'P) + ji.'p) _ 1.cp) _ 1.'P) _ fCp) _ f'p) + jI"")
In In out our loW w gin

(2) .

..
which simply states that at steady state the amount of potential environmental impact

inside the system does not change with time. This expression can be used to generate a

series of indexes characterizing the internal and external environmental efficiency of the

system as will be further discussed later. Equation (2) represents a more accurate

depiction of the potential environmental impact of a chemical process than previous

versions of the WAll... algorithm (Cabezas, et al., 1997; Cabezas, et al., 1999) that

neglected the consumption of energy by the process. The case study discussed in this

paper will be assumed to be processes operating at steady state, and, therefore, all further

analysis will be based on Equation (2) above. The very interesting case of non-steady

state processes will be the subject of a future paper.

[insert Figure 2 here]

2.2 Chemical Processes: Products, Non-Products, and Energy

In order to make use of Equation (2) in chemical process design, it is necessary to relate

the conceptual potential environmental impact to measurable quantities. A generalized

8



linear theory has been constructed (Cabezas, et a!., 1997; Cabezas, et a!., 1999; Mallick,

et a!., 1996) which relates potential environmental impact to measurable quantities such ....

as stream flow rates and compositions and chemical specific overall environmental

impacts (Ifk). This theory is extended here to include the energy generation process.

The expressions for the chemical process are:

cp cp

ii'p) ='" i(in) ='" M'(in) "\' X ,,, +m LJ J L..,; J .i...J"'Jq't'k '0,
j } k

cp cp

I,(,p) = "'1(0",) = "'M'(GUn,,\, v ,,, +
oul £...J J L.i i ~ ""'19'1" k '"

J J k

jeep) _ ';f?E' (ep)", _ 0we - L... j 't' we-
j

(3)

(4)

(5)

,
!

where i,('p) is the rate of potential environmental impact in (i=in) or out (i=Ollt) of the

chemical process, j;i) is the potential environmental impact flow rate with stream) which

may be an input or an output stream, Mj" is the mass flow rate of stream) which again

may be an input or an output stream, x~ is the mass fraction of component k is stream),

Ifk is, the potential environmental impact for chemical k, i:,:) is the rate of potential

environmental impact output due to the emission of waste energy from the chemical

process, l::j'P) is the rate of waste energy emission from the chemical process, and If/_ is

the potential environmental impact for energy emission. Equations (3) and (4) contain

only the potential environmental impacts associated with the pure chemicals. For now,

they ignore the combinatorial impacts that could be a3sociated with mixtures of

chemicals which accounts for the additional terms not included into those equations.

Although the emission of energy directly into the envi~onment is likely to have some

9
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impact, for purposes of this article, the impacts due to the emission of waste energy

directly into the environment will be neglected, and, therefore. '1/_ is assumed to be

zero. This is consistent with the fact that: (i) chemical process plants do not generally

emit large amounts of waste energy into the environment, and that (ii), at least for

chemical process plants, the potential environmental impact associated with the emission

of mass is usually much greater than that associated with the emission of energy. The

sums for subscripts} and k are, respectively, taken over all input or all output streams and

all components k including all products and non-products associated with the chemical

process. The expressions for the energy generation process are:

•

'p 'p

i<'p> ='" F,n) = '" M'(on>'" x. "'. + '" 0
In £..J J L- ) ~ ")."-,, ...

J J k

-.

(6)

,p 'p-g
'p-s

cp-g

J'(.p) ='" no.,) ='" M'(O"l'" x. '" + '" M(o",,,, X HI + '" '" ,·no.,)", x.',,''' (7)

0111 L.1j L..J J L...J~q'f"" L.J ) LJ#q't'k ••• £-lVlj L- qy;: ....

} J k } k
j A:

,p

i('p) = '" p'p>", '" 0
WI L.J J 'r WI

J

(8)

where f.,pi is the rate of potential environmental impact in (i=in) or out (i=OU1) of the

energy generation process, i<;:l is the rate of potential environmental impact output due

to the emission of waste energy from the energy generation process, E;'P) is the rate of

waste energy emission from the energy generation process, and '1/w, is the potential

environmental impact for the waste energy emission. For the input, i:';p), and the waste

energy, i:?) , the sums over j and k are respectively taken over all input or all output

streams and all components k associated with the energy generation process. For the

output, i~:;), the sum over streams j is broken into a sum over gaseous output streams,
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-'\ ep-g, and another sum over solid output streams, ep--s. The potential environmental
impact of the solid output streams can be assumed to be negligible compared to that of
the gaseous output streams. Again, the extra terms in Equations (6) and (7) which
represent the potential environmental impacts associated with mixtures of chemicals have
been omitted. This will be discussed in detail below, Also, the potential environmental
impact associated with the emission of mass is usually much greater than that associated
with the emission of waste energy, and, therefore, it IS assumed that If/•• IS
approximately zero similar to the chemical process analysis.

The potential environmental impact of the mass inputs, i;,:p), to the energy generation
process is also assumed to be approximately zero for reasons that will now be discussed.

The energy generation process is assumed to be a coal-fired electrical power plant, and
the mass inputs to this process consist mainly of coal and air along with water. Of these
input streams, the only one that has a significant potential environmental impact is the
coal feed stream. Coal ought to have a significant potential environmental impact
because it consists of a very complex solid mixture that includes metals, sulfur, and a
wide range of organic compounds, Many of these metals and compounds are known to
be hazards to human health and the environment. Fortunately, all of these otherwise
hazardous components are locked in a solid matrix which makes them unavailable to
cause environmental impacts in the way that liquids and gases could, and, thus, the If/k
for the components in coal is approximately set to zero, The air and' the water have no
potential environmental impact so If/." and If/ .'1" are set to zero and i~;;) and i~;>', are,

consequently, zero. In summary, all of the terms under the summation in Equation (6) can

Jl
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be approximately set to zero so that the entire term i;:p) is zero or at least very small

compared to the output term, i;::).

The potential environmental impact of the mass outputs, i;::), from the energy generation

process are divided into gaseous and solid streams as already mentioned. The gaseous

streams mainly consist of air pollutants, e.g., NO., CO" SO" etc., which are known to

have impacts on human health and the environment, and these are included in the.

analysis. The solid streams consist of coal slag, i.e., non-combustible ashes and residue,

and coal impurities. such as metals removed in coal pre-treatment. All of these are in

solid form which makes them relatively unavailable for causing environmental impacts as

compared to gases. In addition, present practice dictates that these residues be carefully

sequestered and rendered environmentally harmless. One additional complication is that

data for estimating these environmental impacts is highly uncenain, and L'lese would

render any analysis fraught with difficulty. For these reasons, it is assumed here that the

potential environmental impact of the components in the solid output streams is

negligibly small, i.e., If/k '" 0, it is funher assumed that the potential environmental

impact of the mass outputs, i;::l, can be approximated by that of the gaseous component

as shown in Equation (7).

Equations (3) to (8) include all products and non-products because they all have potential

environmental impacts, and there is in general no reason for presuming that one class of

components, say products, should be excluded from the analysis except as previously

discussed. In addition, there is significant benefit to cond':!cting a more complete analysis

12
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", that includes all potential environmental impacts associated with a process. For example,

if one is interested in comparing two alternative products, e.g., two detergents, and their

associated manufacturing processes, then it becomes quite important to include both

products and non-products in the analysis. This IS particularly important when the

products of a process are likely to eventually be emitted into the environment, e.g.,

consumer products. The objective here is to have processes that emit and generate as little

potential environmental impact as possible consistent with the need to have processes that

manufacture products that fulfill human needs. It is important to keep in mind is that once

new potential environmental impact is generated and embodied in a product or a non-

product, it will very likely require money and other resources to keep the potential

environmental impact from being realized. It is, thus, prudent to have processes and

products that emit, generate, and embody as little potential environmental impact as

possible consistent with societal needs.

2.3 Environmental Impact Indexes: Products. Non-Products and Energy

Equatipns (2) to (8) can be used to generate indexes that characterize the relative

environmental efficiency of a process. There are two different classes of indexes: those

associated with potential environmental impact output and those associated with potential

environmental impact generation. Of the output indexes, the two most important ones are

the total rate of impact output, j~:~. and the total impact output per mass of products, J.., :

...

....

......

cp ~p-g

jU) = j<cp) + j«p) + j(cp) + j«p) = '\' M(o",),\, X .11' + '\' M(ou,),\, X .11'
our out out WI' we L...... J L.,; kjrk ~ J L..J Iq't'k

} k j J
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• j(ep) ... I:'p) • j(cP) + j('p)
l(t} = "Ill • aut .,...~. we

0", L:Pp
p

~p 'p-g

" M°"')" X. '''. + " MO'Jn" x. '''.~ J L.. qr.: ~ J L qY.:
} k } J (10)

...

where Pp is the mass flow rate ofproduct p and the sum is taken over all product streams

p. Of the generation indexes, the" two most important ones indexes are, similarly, the

total rate of impact generation, r.~, and the total impact generated per mass of product,

'( )!/"" defined by,

j(t) = j(cp) _ j~cp) + j(ep) _ j~ep) + j(cp) . !'(ep)
gen out m out m we'" we

_ cp . (auc)-cp . (in) . ep-g . (auc) (11)
-IMj IXkj!f/k-IMj IXkjlf/k'" I M j IXkjlf/k

j k j k j j

(12)

In general, the lower the value of these indexes the higher the environm'ental efficiency of

a process, i.e., the less potential impact the process is likely to have on the environment.

However, it should be noted that the effort to design processes with lower environmental

indexes needs to be constrained by considerations of engineering economics and societal

needs. After all, one could conceivably simply shut down the process which would bring

all the mass flow rates to zero and all the indexes to zero. This is not the objective here

because it ignores the fact that there may be a human need for the products that the

process manufactures.

14



The total rate of potential environmental impact output, j~:~, and the potential

environmental impact output per mass of product, j;~:, define the external environmental

efficiency of the process. They allow us to compare alternative processes in terms of

their potential effect on the environment external to the process. j~:,; is most useful in

assessing whether a particular site is or is not able to accommodate a given process plant.

For example, if a process has a low rate of impact output, j~:~, then the surrounding

environment is more likely to be able to dissipate the impact being emitted than would be

the case for a process with a high impact output rate. Consequently, a process with a low

rate of impact output could be located in a more ecorogicaJTy sensitive area than would be

the case for process with a high rate of impact output. The total potential environmental

impact output per mass of products, j;~:, can decrease either because the rate of potential

environmental impact emitted has decreased or because the mass flow rates of products

have increased or both. This means that any measures that improve the material

utilization efficiency of the process will also tend to lower the potential environmental

impact output per mass of products. j;~: allows us to compare different process

alternatives on the basis of the potential environmental impact emitted by the process per

unit mass of products. This means that comparisons can be made regardless of

-

manufacturing plant size. For example, one can compare the environmental

consequences of having one large plant versus several small ones.

The rate of potential environmental impact generation, j~:~, and the potential

environmental impact generated per mass of products, j~:~, define the internal
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environmental efficiency of the process. They allow us to compare different process in

terms of their generation of new potential environmental impact within the process. As

has already been discussed, the generation of potential environmental impact is quite

important because once it is created, it will likely take resources to keep the potential

environmental impact from becoming actual impacts on the environment. Therefore, the

prudent course of action is to generate as little potential environmental impact as possible

consistent with engineering economic constraints and societal needs. Because at least

some of the potential environmental impact in the output from a process is likely to have

come into the process with the input, the generation of new potential environmental

impact within a process is the one item that the process designer can most directly

contr.ol, i.e., one can manipulate the operating conditions to increase or decrease ~'.!. and

1;::'. The quantity ~:~ is useful in comparing processes based on how fast they generate

impact, and 1;::' is useful in comparing processes and products based on the amount of

new potential environmental impact generated in producing products. Obviously, the

lower the rate of potential environmental impact generated, the better the process will be

assuming all other factors are equaL

2.-1 Impact Balance and Indexes: Non-Products and Energy

There are cases where inclusion of the products in the potential environmental impact

balance and indexes of Equations (3) to (12) may be deemed inappropriate. Three

illustrative examples where it could be decided that products would not be included in the

analysis are: (i) where the product is an intermediate which is directly fed into another

16
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3. J Chemical Impact Expression

...
The overall potential environmental impact of chemical k, /{/k, can be determined by -summing the specific potential envirqnmental impact of chemical k, /{/kl' over all of the

possible impact categories (Mallick, et aI., 1996):

(13)

where a, represents the relative weighting factor of impact category r The units for

equation (1) have been corrected from previous versions of the WAR algorithm

(Cabezas, et aI., 1997; Cabezas, et aI., 1999). The units for both the overall and specific

environmental impacts of the individual compounds should be potential environmental

impact of chemical k/mass of chemical k. The weighting factor should be, of course,

dimensionless.

The relative weighting factors, a I, are used to express the relative importance of the

impact categories. Typically, the weighting factors should range between 0 and 10;

however, this is not a steadfast rule. The user should assign the weighting factors

according to their specific process conditions. The weighting factors should emphasize

or de-emphasize specific concerns that are relevant or irrelevant to their process

conditions and locality. Since the primary objective of this algorithm is to determine the

relative environmental impact indexes of a process design which ultimately will be

) compared to alternative designs, the actual values of the weighting factors are not as

18



.. important as their relative values. The weighting factors are essential to this
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methodology in that they permit the combining of the impact categories.

3.2 Classification ofImpacts

The classification of impact categories was initially based on a study by Heijungs et al.

(1992). The categories were then refined to promote the most useful quantities with

respect to process design. The result was a list of eight environmental impact categories.

These categories fall into two general areas of concern with four categories in each area:

global atmospheric and local toxicological. The four global atmospheric impact

categories are global warming potential (GWP), ozone depletion potential (OOP),

acidification or acid-rain potential (AP), and photochemical oxidation or smog formation

potential (PCOP). The four local toxicological impact categories are human toxicity

pOfential by ingestion (HTPI), human toxicity potential by either inhalation or dermal

exposure (HTPE), aquatic toxicity potential (ATP), and terrestrial toxicity potential

(TTP). Again, this represents a modification to previous presentations of this ma,erial

(Cabezas, et al., 1997; Cabezas, et al., 1999). In their presentation, they included separate

catego:-ies for both inhalation and dermal exposure in the area of human toxicity.

The weighting factors in Equation (13) should be used to emphasize the particular areas

of concern for individual process designers. For instance, if a process were to be

constructed in a rural, wetland area, the process designer would likely de-emphasize the

19



photochemical oxidation potential of the process and emphasize the aquatic toxicity

potential of the process.

3.3 Chemicallmpact Database

To implement the WAR algorithm, the specific potential environmental impacts of each

chemical in the database, If/~I' needed to be determined. The initial chemical database

mimics the ChemCad 4.0 (Chemstations, 1997) chemical database which is comprised of

approximately 1600 chemicals. The If/~I values are normalized within each impact.

category. There are two reasons for this. First, normalization will ensure that values of

diffetent categories contain the same units to allow for their combination as in Equation

(13). Second, a proper normalization will ensure that values from different categories

will have on average equivalent scores. Without the second condition, implicit weighting

factors could be present in the chemical database causing unintentional bias in the

calculation of the PEr indexes.

The scores used in the WAR algorithm will be. calculated usmg the following

normalization scheme:

...

...

...

-

""

s (Score)kl
If/kl=( )(Score)k I

(14)

)

where (Score)kl represents the value of chemical k on some arbitrary scale for category I

and ((Score) k) /epresents the average value of all chemicals in category r Normalizing

each category by the average value of entries in that category insures that the average
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value in that category will be unity. This normalization eliminates unnecessary bias

within the database. Previous versions of W.J\R Algorithm (Cabezas, et a1., 1997;

Cabezas, et a1., 1999) had indicated that a Chebyshev normalization would be used.

However, this type of normalization would have resulted in biases in the database.

The next issue is determining the appropriate mechanisms by which scores can be

assessed for each of the 1600 chemicals in each of the impact categories. Data for the

four global atmospheric impact categories were taken from values published by Heijungs

et al. (1992). A brief summary of their methodology for determining these parameters

would be informative and, thus, will be presented here.

The global warming potential (GWP) is detennined by comparing the extent to which a

unit mass of a chemical absorbs infrared radiation over its atmospheric lifetime to the

extent that CO2 absorbs infrared radiation over its respective lifetimes. The half-lives of

each of these chemicals was factored into the calculation for determining the GWP.

Since, chemicals have different atmospheric half-lives the length of time over which the

comparison is made will change the GWP of a chemical. For this database, IOO years

was chosen as the base time frame.

The ozone depletion potential (ODP) is determined by comparing the rate at which a unit

mass of chemical reacts with ozone to fonn molecular oxygen to the rate at which a unit

mass of CFC-Il (trichlorofluoromethane) reacts with ozone to form molecular oxygen.

21



-~-----------_._---
~'."''''".'~'~''''-RI''.'''

For a chemical to have ODP it must exist in the atmosphere long enough to reach thestratosphere; it, also, must contain a chlorine or bromine atom.

The photochemical oxidation potential (peOP) or smog formation potential is determinedby comparing the rate at which a unit mass of chemical reacts with a hydroxyl radical(OH.) to the rate at which a unit mass of ethylene reacts with OH•.

The acidification potential (AP) or acid rain potential is determined by comparing the rateof release ofH+ in the atmosphere as promoted by a chemical to the rate of release ofH+in the atmosphere as promoted by 502.

The values reported by Reijungs et al. (I 992) were inserted directly into Equation (14) to. determine the chemical potential environmental impacts of these four categories. Note,only a portion of the 1600 chemical database had values for these four global atmosphericimpact categories.

Two ~ategories were used to estimate the potential for human toxicity: ingestion andinhalation/dermal exposure. These two categories were used to estimate toxicitypotential because they considered all of the primary routes of exposure of a chemical. Asa general rule, RTPI were calculated for a chemical if it existed as a liquid or solid at atemperature of 0 °C and atmospheric pressure, and an ingestion potential, RTPI, wasdetermined for that chemical if it existed as a gas at those conditions. Some chemicals,however, were assigned values for both categories if it was warranted.

...

....

...

22



...

...

I

3.-1 Including Energy into the WAR Algorithm

To provide a more accurate representation of the potential environmental impact

of a process. energy has been in~luded into the WAR algorithm by- considering the

emissions of a typical power plant. These emissions are then evaluated according to the

impact criteria mentioned above. The result is a value of PEIIMWh of power plant

production. This value is then multiplied by the rate of energy input required for the

operation of a specific process. For the case study discussed in this work, the

----predominant emissions from a typical coal-fired power plant were used (S02, N02, NO,

HCI, HF, CO2, and CO) (USEPA, 1997) to perform PEl calculations_

The energy required to operate a process was calculated by summing all of the energy

requirements of the system. Included into the calculation were the energy used by the

compressors, the pumps, the reboilers of the distillation columns, and the energy used in

heat exchangers to heat streams. Also included into this calculation was the energy

require? to pump cooling water through the condensers and the coolers (heat

exchangers)_ The energy required to operate refrigeration units was also taken into

consideration. The energy produced by a turbine was considered to be directly available

to the process and represented a reduction in energy consumption of the process. No

effort was made in this case study to minimize energy consumption by the use of heat

exchange networks (HEN). However, in principle this technique could be integrated into

the WAR analysis.
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4. AN ILLUSTRATIVE CASE STUDY: ACRYLIC ACID PRODUCTION

The case study will be an acrylic acid production process, as shown in Figure 3 (Turton.

et aI., 1998). The process is designed fOLthe production of 50,000 tonnes of acrylic

acidlyr. The process begins with .the catalytic oxidation of propylene with air to form

acrylic acid, Equation (17), and by-products (acetic acid, hydrogen, water, and carbon

dioxide) which are formed through parallel reactions, Equations (18) and (19).

...

-
...

- (17)

(18)

(19)

.. - ....

The reactor is assumed to operate isothermally at 310°C. The effluent from the reactor is

quenched in a adiabatic flash drum with a substantial recycle stream: The vapor effluent

of the flash drum is then stripped with a deionized water stream to recover the small

fraction of acrylic acid that escaped in the vapor stream from the flash drum. The vapor

effluent of the stripper is delivered to an incinerator and is considered a waste stream.

The liquid effluent of the flash drum is mixed with the liquid effluent of the stripper to

form a stream of which 98% is recycled back to the flash drum for the quenching process.

The non-recycled, liquid effluent is sent to a liquid-liquid extraction tower and extracted

with a solvent mixture of diisopropyl ether (DIPE, 87% mole) and water. The aqueous

effluent contains small amounts of acetic acid, acrylic acid, and DIPE. This stream is

distilled to recover a pure water stream that is also considered to be a waste stream. The

acids and the DIPE are recycled back to the extraction column. The organic effluent of
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the extraction tower is sent to solvent recovery column and then to an acrylic acid

column. The acrylic acid product is 99.9% (mole) pure. There is no consumption of

DIPE in this process design. There is simply an initial charge which is completely

recovered within the process, mostly within the solvent recovery column.

[insert Figure 3 here]

Three design scenarios were considered in this case study: a base case (Unit 300) and

two, alternative designs (Units 301 and 302). The four input streams were consistent in

all three designs; their specifications are given in Table I including the potential

environmental impacts (PEl) of each. Note, the number of significant figures associated

with environmental impact calculations should be restricted to one; however, for the

purpose of this illustration two significant figures will be used.

Table 1: The specifications of the feed streams used in the acrylic acid case study

Feed Streams Propylene Steam Air I DI Water
.
iTemperature (0C) I 25 159 I 25 25

Pressure (bar) I 11.5 6 1 5I
Flow rate(kgfhr) 5,344 I 17,876 I 39,047 i 2,540 I

PEl (imoactlhr) 11,000 0 I 0 0 i
Stream Comoosition in Mass Fractions

Propylene I I 0 0 I 0
Water 0 I I 0.0117 I I ,
Oxygen I 0 I 0 0.2302 0 •I,

I Nitrogen ! 0
,

0 0.7581 0 I,

The potential environmental impacts were calculated using uniform weighting factors, ai,

equal to unity. Using a I = I for alll categories, the potential environmental impacts for

each chemical used in this case study were calculated and presented in Table 2. Note,
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DIPE does not appear in Table 2 because it is not seen in any of the input or output

streams. Using these weighting factors, the potential environmental impact of the energy

consumed by this process was calculated as 24 PEIIMWh.

Table 2: Potential environmental impacts of the chemicals used in the acrylic acid case

study

Chemical PEl (lmpact/k'!)
Propylene 2.1
Water 0
Oxyp-en 0
Nitroaen 0
Carbon Dioxide . 8.6xI0""
Acrvlic Acid 23
Acetic Acid 0.24

Table 2 provides a quick reference for determining the relative impact ranking of the

chemicals. From this table, it can be seen that the desired product, acrylic acid, is,

coincidentally, the most environmentally unfriendly chemical used in this process. Note,

the values in this table will vary when different weighting factor schemes are used.

The potential environmental impacts of the effluent streams from this process are shown

in Table 3 with the other stream specifications for Unit 300. The acrylic acid stream is

considered the only product stream in this case study. The other three, effluent streams

are viewed as non-product streams.

The case studies used in previous papers published on the WAR algorithm focused on

process modification primarily through the addition of recycle streams. The case study
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1 discussed here will focus on using the WAR algorithm as a decision 1001 for olher types

of process modifications.

With the goal in mind of limiting the PEl while maximizing production of the acrylic

acid stream, the base case results were examined to identify possible improvement areas.

Obviously, from inspection of Table 3, to reduce the PEl of this process the off-gas and

acetic acid non-product streams need to be addressed. The off-gas waste stream contains

unreacted propylene and a primary by-product, carbon dioxide. To address this issue, the

operation of the reactor was examined. The kinetics of the reaction scheme is such that

lower temperatures favor the selectivity to acrylic acid.

Table 3: The specifications of the effluent streams used in the acrylic acid case study

(Unit 300)

Effluent Streams Off-aas Waste Water Acetic Acid I Acrvlic Acid I
Stream tvoe Non-oroduct Non-oroduct Non-oroduct I Product I
Temnerature(°C) 37.6 102 47 40 !
Pressure (bar) I I ! 1.I 1.I 1.I I
Flow rate (kgfhr) I 35,772 21,058 1,055 6,237 i
PEIIbr l 1,300 3 I 1,700 150,000

Stream Comnosition in Mass Fractions
Proovlene 0.0173 0 0 0
Water 0.0415 0.9997 i 0 0
OxvP'en 0.0671 0 I 0 0
Nitrogen 0.8275 I 0 0 I 0
Carbon Dioxide 0.0462 0 0

,
0

Acrvlic Acid I 0 j 0
, 0.0594 0.9992,

i Acetic Acid 0.0003 I 0.0003 i 0.9406 0.0008

The second process improvement involves lowering the PEl of the acetic acid stream.

From Tables 2 and 3, it can be seen that the primary contributor to PEl is the excess
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" acrylic acid that has been lost in this stream. An obvious process modification is one that

improves the separation efficiency of the acrylic and acetic acids while maintaining a

product purity of 99.9%. This separation is performed in the acrylic acid column, see

Figure 3. An improvement in the separation is achieved by increasing the reflux ratio of

that column which results in a purer acetic acid non-product stream and a greater

recovery of acrylic acid in the product stream. The cost of this improvement is increased

usage of energy.

Both alternative designs employ both of these process modifications: lowered reactor

temperatures and increased reflux ratio in the acrylic acid column. The first alternative

design, Unit 301, incorporated a 30°C reduction in reactor temperature to an operating

temperature of 280°C. It also incorporated a 54% increase in the reflux ratio of the

acrylic acid column. Interestingly, decreasing the temperature in the reactor resulted in a

equivalent conversion of propylene. However, there was a greater selectivity towards

acrylic acid.

The second alternative design (Unit 302) consists of lowering the reactor temperature

another 20°C to 260°C and doubling the reactor volume. Increasing reactor volume is

required to maintain an equivalent level of propylene conversion. The reflux ratio in the

acrylic acid column was also increased; however, only a 9% increase was required to

achieve the same separation as observed in Unit 301.
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The performance specifications of the three process designs are summarized in Table 4.

The selectivity was determined by comparing the amount acrylic acid (desired product)

that was made to the amount of acetic acid and carbon dioxide (undesired by-products)

that was produced.

Table 4: A Comparison of the Performance of the Three Process Designs

Unit 300 Unit 301 Unit 302

Acrylic Acid Selectivity (in moles) 1.58 2.31 3.02

Energy Consumed (MJ/h) 258,000 275,000 291,000

PEIIhr of Energy Consumption 1700 I 1800 1900

Acrylic Acid Column
,
i

Reflux Ratio 7.37 11.4 8.03
,
I

Product Flow Rate (kg/h) 6240 I 6280 6650 i

Condenser Duty (MJ/h) -3610 -3410 -3630 I
I

Reboiler Duty (MJ/h) 3550 3360 I 3570 .1

For this research,. PEl indexes are presented in two different analysis. The first one

includes the PEl of the product stream into the calculations of the indexes. The second

one excludes the PEl of the product stream from the calculations of the indexes. The

graphical interpretation of the four, basic potential environmental impact indexes (jJ2 .

jJ~~, j~t)n, and j~?n) are presented in Figures 4 and 5. These indexes are presented for

both situations where the product stream was included in the analysis (product analysis,

Figure 4) and where the product stream was excluded from the analysis (non-product

analysis, Figure 5).

A comparison of the potential environmental impact indexes of all three process designs

are shown in Figures 4 and 5. The indexes are plotted in units of impact/h and impact/kg
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of product. They both can provide valuable insight which will be discussed later. From
the non-product analysis, both the generation and the output ofPEl was found to decrease
in each case with Unit 302 presenting the most environmentally friendly design. Further
discussions including the all components (product and non-products) will be given later.
It is quite apparent that Unit 302 'provides the best process design option of the three
since it has the lowest PEl and the highest rate of production of acrylic acid. Note,
economic considerations have not been included into this analysis.

[insert Figure 4 here]

[insert Figure 5 here]

5. DISCUSSION

The most significant modification to the WAR Algorithm is the inclusion of energy
consumption into the potential environmental impact calculations. The energy consumed
by a process has been assumed to come directly from a power generating facility. The
energy generating by this facility has been directly related to the emissions of the facility.
Thes.e emissions are the basis for quantifying the PEL of the energy consumed by a
process. The inclusion.of energy into the WAR Algorithm's calculations provides a more
realistic view of the PEl generated by a chemical processing plant.

5.1 An Illustrative Case Study: Acrylic AcidProduction

In the case study, the PEl of the energy consumed in the process is approximately equal
to PEl of the acetic acid, 1700 PEUhr, and off-gas, 1300 PEUhr, non-product streams the
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base design case, 1700 PEIlhr. Obviously, including the PEl of energy consumption isvital in this case study because of the significant contribution of energy generation to thecreation of PEL Each of the alternative designs increased the energy consumption of theprocess, from Table 4, which translates into a greater generation of PEL Thus, any.
.design modification must reduce the amount of PEl generated within the process by anamount that would offset the increase in PEl due to energy consumption. This representsa minimum reduction in PEl for a process modification. From Figure 5 (non-productanalysis), it can be seen that the process modifications accomplish this.

Figure 4 (product analysis) indicate that the process modifications did not achieve thegoal of reducing the PEl of the original design. This contradiction presents a goodopportunity to discuss the advantages of using both types of analysis to extract usefulinformation.

The PEl calculations which incorporate the PEl of the product into the analysis (productanalysis) show that the acrylic acid product stream is, by far, the most significantcontributor to PEl in this process. From the viewpoint of this analysis, neither of theprocess modifications resulted in an improved design. However, both designs resulted ina greater acrylic acid production rate (Table 4). From the view of a process designer, thiswould be a favorable improvement. The increase in acrylic acid production accounts forthe increase in the PEl indexes in Figure 4.
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To separate these seemingly competing factors, a second analysis is introduced which

calculates the PEl without including the product stream into the calculations, non-product

analysis. The non-product analysis, Figure 5, shows that the modifications have reduced

the PEL of the process. Since the process designer is usually concerned about the

potential' environmental impact of only the waste streams, the PEl indexes from the non-

product analysis will be the indexes that will most often be used in evaluating process

--'

I
I

modifications. Indeed, these were the indexes used to evaluate the alternative process

designs in this 'research. However, there is very useful information to be obtained from

the product analysis as well. For instance, in this case study the process designer would

observe that acrylic acid is the most environmentally unfriendly chemical. This may

promote research to find an alternative chemical that would satisfy their end needs and be

more environmentally friendly.

In these discussions of PEl indexes, note that the comparisons have been made on a

quantitative basis, e.g., one design option had a PEl index that was greater or less than the

PEL index of another design option. Due to the uncertainties in the parameters and to the

approximations made in the methodology, comparisons of indexes should be restricted to

a quantitative nature.

6. CONCLUSIONS

The WAR Algorithm, a methodology for determining the potential environmental impact

(PEl) of a chemical process, has been modified to include the PEl of the energy
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consumed by that chemical process. This is accomplished by relating the emissions of a
typical power plant to the production of energy by that power plant. These emissions, in
turn, have an PEl associated with them. The categories over which the PEl are measured
have been re-configured to include eight environmental concerns (human toxicity, both
by ingestion and inhalation/dermaf exposure, aquatic toxicity, terrestrial toxicity, global
warming, ozone depletion, acid rain formation, and smog formation). This paper details
the method for converting measured values of individual chemicals into PEr values for
those chemicals in each category. These chemical PEr values are used to determine four,. 'I) -(I) . (I) -(I)

primary PEr indexes (l6uI' [OUI, [gen' and I gen ). These four indexes are used todetermine the environmental friendliness of a process design. Two types of analysis are
used to calculate the PEl indexes: product and non-product. The product. analysis
includes the PEl of the product streams into the calculations; whereas, the non-product
analysis omits the PEl of the product streams from the calculations. Both analyses are
useful which was shown in the case study that was presented in this paper. The product
analysis provides global information about the process, such as the PEl impact of the
product streams. This raises issues about the environmental friendliness of the products

and questions whether more suitable chemicals can replace the current products. The
non-product analysis provides more focused information which can be used to optimize
the environmental friendliness of a chemical process. The WAR Algorithm is intended to
be ~sed in tandem with process simulation.
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NOMENCLATURE

E)"P) the rate of waste energy emIssIon from a chemical process (units of

energy/time)

E)"P) the rate of waste energy emission from an energy generation process (units

of energyltime)

!.
(.l)Ist)
gen

the rate of PEl generated within a system including the energy generation

process (units ofPEI/time)

. (r)
!gen the total rate of PEl generated within a system (units ofPEVtime)

'(I)Igen the total PEl generated within a system per mass of product stream leaving

the system (units ofPEilmass of product streams)

j(Cp)
In

jeep)
In

j(in)
J

the rate ofPEI entering a chemical process (units ofPEIItime)

the rate ofPEI entering an energy generation process (units ofPEI/time)

the rate ofPEI entering a process in stream} (units ofPEVtime)
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., ') j(out) the rate of PEl leaving a process in streamj (units ofPEVtime)}

jCep) the rate ofPEl leaving into a chemical process (units ofPEVtime)- out

jeep) the rate of PEl leaving an energy generation process (units ofPEIItime)out..
.(t)

the total rate of PEl leaving a system (units ofPEl/time)lout...
A(t)

the total PEl leaving a system per mass of product streams leaving thelout

system (PEVmass of products)

!.,yst the PEl of a chemical process system including the energy generation

process (units of PEl)

j(ep) the rate of PEl waste energy lost from a chemical process (units ofwe..
\ PEl/time)

...
jeep) the rate of PEl waste energy lost from an energy generation process (unitswe

ofPEVtime)

lV/in) the mass flow rate of streamj into a process (units of mass/time)}

!VI(out) the mass flow rate of streamj leaving a process (units of mass/time)} .

Fp the mass flow rate ofproduct stream p (units of mass/time)

PEl potential environmental impact

(Score)k/ a characteristic quantity of chemical k used to determine a PEl value of

that chemical for impact category I (units vary for each category)

101 ((Score)k)/ the average value of all k chemicals in category I (units vary for each

category)
iii
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Greek symbols

s
Ifk/

If! we

time

the mass fraction of chemical k in stream) (units of mass of chemical

k/mass of stream)

the weighting factor for impact category I (dimensionless)

the overall PEl of chemical k (units of PEl/mass of chemical k)

the specific PEl of chemical k for impact category I (units of PEl/mass of

chemical k)

the overall PEl of the waste energy lost from a process (units of .

PEl/energy)

....

--~

LIST OF ACRONYMS

ACGIH

AP

AIP

GWP

HEN

HIPE

HIPI

MEN

NIOSH

American Conference of Governmental Industrial Hygienists

Acidification Potential .

Aquatic Toxicity Potential

Global Warming Potential

Heat Exchange Network

Human Toxicity Potential by Exposure

Human Toxicity Potential by Ingestion

Mass Exchange Network

National Institute for Occupational Safety and Health

ODP Ozone Depletion Potential
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OSHA Occupational Safety and Health Administration

i )
peop Photochemical Oxidation Potential

.. PEl Potential Environmental Impact

TTP Terrestrial Toxicity Potential

USEPA United States Enviro·nmental Protection Agency

...
WAR Waste Reduction

...

•
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FIGURE CAPTIONS

Figure I: The Waste Reduction (WAR) Algorithm is a methodology that aids in the

environmental evaluation of chemical manufacturing processes. This is where the

WAR Algorithm fits into the overall life cycle of a product.

Figure 2: The overall mass and energy balance around a chemical process facility

including the energy generation facility. The system boundary is designated with

a dashed line.

Figure 3: The process flow diagram for Acrylic Acid Production Case Study.

Figure 4: The potential enviroIl_mel.l!al impact (PEl) output and generation indexes for

Acrylic Acid Production. Calculations include the PEl of the product stream

(product analysis). The units of j£~t and j~jn are PEVhr; the units of i£!J and

iiQn are PEVkg product stream.

Figure 5: The potential environmental impact (PEl) output and generation indexes for

Acrylic Acid Production. Calculations do not include the PEl of the product

stream (non-product analysis). The units of j£~t and j~jn are PEVhr; the units of

-(I) -(I)
lout and I gen are PEVkg product stream.
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(2)

Mt,M~ =Moss ~owroteeach of eoc.~ ~ne"/h
and output tor stream, '. ~

%iI • The moss froction of each non-
product chemical component. i. in
slTeam i, kg/kg"J •The overoll envircnmenJal impact
of chemical camponenl. i, PEl/kg

a. • A weighting fodo,. that ollows one
to assign relative importcnce to
each of the eight environmenJal
impact categories, k, used by !he
WAR Algorithm

.r,. • Specific impact of chemiccl com
ponent. j. in impact cetegory. k.
pEl/kg

tion indexes, to compare different
process alternatives, The lower the
value of these indexes. the be!:"""r the
process's environmental penormance.

The output inde:res include dIe rate
of PEl output. ioU!' and the amount of
PEl output per kilogram of produce.
i ou:. These indexes allOw comparison
of the potential impact oivarious out
put streams on human health and the
environment. iou: is given by:

where:
p=The rate at which the process pro
duces products. kglh

The generation inde::es a..o-e t..~e rate
of PEr generation. igen' and the
amount of PEr generated per kilo
gram of product, ig,n- Tney allow com
pa..'ison of process a1:ematives. in
terms of the generation of ne: PEL
igen is given by:

. i...,-t.
1_- p (3)

To compute the four inde.xes for a

..., -..--..--- .

i", • The rete of input of PEl, PEI/h
i,,", • The rote of output of PEl, PEI/h
• :l:II The rate of PEl generation inside .

[go. the pnxe», PEI/h (Le,. the differ
ence between i", and i ....l

i.... • The amount of PEl oulput/kg of
product

P • The rete at which the process pro-
duces product, kg/h

i8M • The amount of PEl generated/k9
of product

t: •The PEl input per kg of product,
. for each individual input stream, ;

t: .i~::I The PEl rate of eoch indi"iduol
input ond output 'ITeam, i, PEJlh

The goal is to design or modify chemical processes
to minimize their environmental impact

NOMENCLATURE

The WARAlgorithm
This methodology assumes that each
stream entering and exiting a process
possesses an inherent property. its po
tential environmental impact (PEl),
WAR generates four indexes (dis
cussed below), which can be used to
compare the environmental impact of
various process alternatives, For a
steady-state process. one can write a
balance equation for PEr:

o = j", - i,., + i,<o (l)

where:
iin =The rate ofPEl input. PEIIh (the
impact on the environment if all feed
streams were to be released at once)
iou, = The rate of PEr output. PEIIh,
(the impact on the environment if all
output streams were to be released)
iiien =The rate of PEl generation by
the process. PEIIh (the difference be
tween iout and iin.; igM can be positive
or negative. because a given process
can either create or consume PEl)

From Equation I, one can generate
two output inllexes and two genera-

Heriberto Cabezas and

0"'· S· 1· Douglas Young. sIng Ifill atIon S"':t~s~

For Pollution Prevention'... The ability to design or modify
. chemical processes in a way

that minimizes the formation
of unwanted byproducts is an

• ongoing goal for process engineers,
Two simulation and design methods
are discussed here: Process Integra-

.. tion (PI), developed by EI-Halwagi
and Manousiouthakis [1] at UCLA,
and EI-Halwagi [2] at Auburn Univer
sity; and the Waste Reduction (WARi

.. Algorithm. developed at the U,S, En
vironmental Protection Agency
(Cincinnati. Ohio). and made co=er

iIIIl cially available through a Cooperative
R-<earch and Development Agree

i; (Crada) under the Federal Tech
,_LOgy Transfer Act of 1986,1

lit PI is concerned with improving
process efficiency and keeping tar
geted components from leaving the

Ili system, PI is essentially the practical
application of the mass-exchange net
works (MEN), as detailed in [1.2J.
which try to remove pollutants from

• product streams and segregate them
into concentrated waste streams.

By comparison. the WAR Algorithm
is concerned with evaluating and re-

• ducing the potential environmental
impact of a process [3] - a key design
consideration, Consider Process A.

III which emits 1 toIl/h of a given pollu
tant, and Process B. which emits 2
tonslh of a different pollutant, When

..these two processes are compared on
the basis of pollutant mass alone. one
could logically conclude that Process A
is preferable, However. because some

_pollutants are more toxic than others.
the process comparison needs to as
sess the human-health and environ-
rr 11 impacts,.j. )
,.!.,,--,.e P'roo!sa Integracon methodology has beenl,..DI'\ffie1tia1iud by Matrix Integration. Inc:. (Leespurg. Va.). TheinitiaJ ven.ionofthe WARaJgonthm

ll' being IftCOrponited into the simulator product

~
""'hemCAD IV from ChemstatiolU. InC'. (Houston.. --- ex. I. Th"lIuthon·di5c=usslonhe~doesnotendo~

. l.'lther ufthe:s.:- commeroal products or compasue5.
~ ."0/..,.,: For mure on ::lImulounn. S~ p. 139.
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gory k (discussed below), in unit oi
PEL'kg. This is given by. ..;
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where:
Clk = A weighting factor for each ,_
pact category k ,.
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FIGURE 2.. The design changes discussed above
alter the output and generation PEl, as shown here

Acetic add
byproduct

Acrylic acid
prOdUct

Solvent·
recovery
column

Waler
column '----_Wastt-

waler
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culated from the following:
• The mass f10wrate ofeach input and
output, if/in) and ,ittouV, respectively
• The stream composition, in tenns of
the mass fraction, "ii. of each non-,.
product chemical component (pollu
tant and undesired byproductl,j
• The overall environmental impact,
'l'j' of chemical componentj

The overall environmental impact,
'l'j, is calculated by summing the spe
cific impacts, 'VSj.~1 of chemical compo..
nent j over the various impact cate-

Heal
tUha"lJ,r

Ailsarber

r-----------~--Wastlt

gas

, ,1GOING TO 'WAR' FOR A 'GREENER' ACRYLIC-ACID PROCESS loo
Acrylic acid is considered the only product in this case study.

With the abiedive af minimizing the petennal enviranmentol il"' ~
pact (PEl) af the ather three effluent streams and maximizi" ,
acrylic acid production, possible improvements were sought. B~ 1

cause the reactor waste gas contains unreocted propylene and :,
byproduct carbon dioxide, tT1e reactor operation was excmined;-·-I

Seeking improvements -\
The kinetics of this pracess are such that lower temperatures favor
acrylic acid producnan. Thus. in the first design altemanve, Un I
301, the reactor temperature was reduced by 30·C, 10 280· ,
This design also incorporated a 54% increase in the reRux rano)ll
the acrylic acid column. Decreasing the reactor temperature ~ !

suited in an equivalent conversion of propylene. However, it pre' "i

ducec a greater selectivity toward acrylic acid (from 1.58 to 2.31.;
male af acrylic acid per mole of byproduct). i

In the second design alternativ,:, Unit 30~, the reactor temper~· _I

ture was reduced by another 20 C.1o 260 C, and the reaclor va"
ume was doubled to maintain an equivalent level of propyle~.iJl
conversion. The reAux ratio in the acrylic acid column was also in· \
creased; however, only c 9% increase was required to achieve th~_j

same separation as observed in Unit 30 J. ".- 'I
The faur output and generanan PEl indexes described abavl..'

were planed far the base case and far the ~e Iwa pr,?"ess modifi-'
cations. Figure 2 shows the outeut indexes, lout and lout;, and the
generation indexes, jgen. and Igen . :: )

Deionized water -

. Turblnt

iD-
Air

Aash
drum

l....,--~-U

0- pum.,J
-CHeat

Sllim - eXChanger

!
Chemlcal
relcfor

Propylene __
feed

FIGURE 1. The WAR Algorithm was used to identity several waste-
minimization routes for the acrylic-acid process shown above

To illustrate the use of the WAR Algorithm, consider an
acrylic-acid'producrian process designed to produce 50,000
m.t./yr of acrylic acid (Figure 11. The process catolyrically ox'

idizes propylene with air to fann acrylic acid, and.sev.eroLbyprod
ucts [acenc acid, hydrogen. water and corban dioxide) [4]. Three
alternative design scenarios were considered: a base ccse {Unit
3001 and twa altemanve designs (Units 301 and 3021.

In the base case [Unit 300), the reactor aperctes at 31 O·c. The
effluent is quenched in an adiabanc Rash drum with a substannol
recycle stream [98%). The Rash-drum vapor effluent is strippec
with deionized water to recover any residual acrylic acid.

The vapor efRuent from the stripper is delivered.to an incinerator.
The liquid effluent from the Rash drum is mixed with liquid efAuent
from the stripper; 98% of this mixec stream is recycled to the Rash
drum for quenching. The non-recycled, liquid efRuent is sent to a
liquid-liquid extraction unit, where the organics are extracted with
a sclvent mixture of diisaprapyl ether (OIPE; 87 mol%) and water,

The aqueous efRuent, which contains small amounts of aceric acid,
acrylic acid and DIPE, is distilled to recover purewater, which is con
sidered a waste (since it is not deionized, it cannot be reused in the
processl. The acids and OIPE are recycled back to the extracrian col
umn. The orgonic efRuent from the extraction tower is sent to solvent
recovery column and then to an acrylic-add distillation column. The
final acrylic acid product is 99.9 mal% pure.

In this design, there is no consumption of DIPE. Rather, the initial
charge of OIPE is completely recavered wLtfJin the process.

Environmental Manager

given process, the rate ofPEr ofall the. . ./
input and output streams, rin and~
respectively, muat be calculated. l1'Or
the input streams, this is done by cal
culating the PEr rate of each individ
ual input stream, i (i/in)l, and then
adding the individual values to get iin'
For the output streams, this is done by
calculating the PEr rate of each indi
vidual input stream, i (i/out)l, and
then adding them to get iout' For each
stream, i, the PEr rates of the individ·
ual input and output streams are cal-
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Analysis oOIENs
The first step in designing an MEC'

that will simulate a process is to de

fine the problem to be solved- how to

increase production rates, reduce poi·

lution emission. reduce utility con

sumption (su6 as cooling water) anc

so on - and to list any associated con·

straints, su6 as product specifica·

tions, pollutan~ concentrations or

flowrates, and so on. The nen step i"

to define the target components 

those chemica1& that need to be identi

fied to address the problem statemen:

and constraints. For example. wa:e'

would be a target component in a sj"s·

tem where you are trying to reduce

cooling-water consumption; hydrogen

would be a target component in a de·

hydrogenation process where the goal

is to trim gas emissions. The graphical

tools used in the MEN analysis foeu.

around ,,"ese components.
The source·sink diagram (Figure

3) plots the composition of the tar·

get species (shown as mass frac·

tion) against flowrate to identify reo

cycle opportunities. The red circle.

represent all sources or stre3ms.

and describe the relationship be·

tween flowr3.te and the composition

:!<lE.'<s also use stream-manage

ment techniques, such as recycling tc

a sink. stream mixing to achieve a de

sired flowrate or composition. anc

stream segregation to avoid mi.'ting 0:

streams that would require furthe,

treat:nent downstream. Temperature

pressure and flowrate can also be ad·

j usted to enhance performance.

~--_.

'"Os
~

~ a~T'wx ;;a:.~MiUtrKuoa -_:~·~~~~#
~1

... ,~.. - ~~~ -'.-'-'-~-'. _.'~'~

FIGURE 4. As this species-path diagram shows, streams

(such as Streams 3 and 4) with a high target-species composi

tion. a high flow rate. or both. are generally the most economi·

cal candidates for a mass--exchange operation.. Stream 2 is al.

ready undergoing such an operation (stripping)

. S.plrator•

tegration simulation methodology, re

duces the amount of waste generated

in a process by concentrating the non

useful byproducts into waste streams,

and capturing and recycling products

and useful byproducts back to appro

priate downstream unit operations. A

MEN allows a designer to simulate

any process design to detertnine what

unit operations, if any, are needed.

The analysis or optimization of a se

ries of :!<lE.'<s can be performed nu

merically or graphically; the graphical

technique is demonstrated below.

Components ofMENs

In a mass-exchange network. the

waste streams are referred to as

sources and unit operations. including

reactors, distillation columns and

treatment units, are referred to as

sinks. In a given process, various out

put streams. and any waste- or mass·

separating agents, can be either emit

ted; recycled back to a unit operation

(sink), recycled to a processing

stream, or sent for post-treatment.

The mass·transfer and separation

portionsofa MEN typically relyon mass

exchange equipment - including ab

sorbers, strippers, liquid-liquid extrac·

tion units, adsorbers, ion exchangers

and leaching systems - which separate

and concentrate the waste streams.

Mass-separating agents {MSAJ - in

cludingsolventsused in liquid-liquidex

traction or gas absorption, granulated

activated carbon, ion-exchange resins,

and gases used in stripping operations

- are often added to enhance the recov

ery of the useful components_

Boundaries rtpratnt
Optl"ltln; eoDStrllnti

Strum not
assGdal.d

willi nasllll1ln

Ruh

• •R,actor

FIGURE 3. In a source-sink diagram, the mass fraction of the

target species is plotted against flowrate. As shown, Stream A

can be recycled directly back to the nash unit
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Process Integration

The PI methodology considers the in

tricate relationships among flow

streams. unit operations. operating

parameters, and performance require

ments, and then uses these relation

ships during process design to deter

mine the ideal order of the unit

operations and mass and energy

streams; to calculate mass and energy

balances for proper equipment sizing;

and to optimize an existing process,

increasing product flow, or reduce en

ergy use and waste generation.

The Mass-Exchange Network

(:!<IE:-i), at the heart of the Process In-

The current version of the WAR Al

gorithm considers eight health- and

environmental-impact categories. k:

ozone-depletion potential; global

warming potential: acid-rain poten

tial; photochemical-oxidation or smog

formation potential; human-toxicity

potential by ingestion; human-toxicity

potential by inhalation or dermal ex

posure; aquatic-toxicity potential; ter

restrial-toxicity potential. The weight

ing factor, (ljc. allows us to assign

reiative importance to each of the

eight categories. A default value of 5

for (1. can be assumed, but it can be

adjusted between 0 and 10 to better

represent the process and locale.

r Values for 1lI',. can be obtained from

a database d~":eloped by the authors,

or from the database within the

I ChemCAD IV chemical-process simu-

i lator. The Box on p. 118 shows how

I the WAR Algorithm improved an..

\.... acrylic-acid process.
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Another graphical tool, the par .agram {"Figure 4), shows theJlo" ). .. - -~.'-" ... -'....'specific component {I.e., a process'actantl through a orocess. Such a, <igram is used to deiermine \Vhere[ aexchange could be used to captu:lii.t,target species and remove them frcthe system.

FIGURE!S. In thIs mass-plnch dlagthe curves on the letl .IIow the abW'two different ma.s-separetlng age.(MSA) In a gIven mas.~xcllange u,,"remove Pollutant Xfrom a given wa.stream or streams. The composite FLon the rtght shows the range of relifor removing Pollutant Xfrom a COl 'tlon of streams, The pInch point (w~tile two curve. are clo.e.t) sllow. (h.be.t point at whlcll to apply the MS'tlcns for removIng Pollutant X, tro~ .Jeconomic and thermodynamic sta~

llSed to identify streams that can becombined and then recycled. For in·stance, in Figure 3, combiningStreams 1 and 2 will increase theflowrate to an appropriate level, andadjllSt the composition to an accept·able level, allowing the combinedstream to be recycled back to the flashunit sink shown within the box.Similarly, if a source lies to theright of a sink but is still within itsflowrate constraints, the stream canbe recycled back to that sink - butonly after the target-species composi·tion has been reduced to meet theWiit's constraints. The compositioncan be altered by using a stripper, abosorber, or other mass-exchange unit.The distance that a source lies tothe right of a sink also provides information as to which units can be usedto accomplish the desired degree ofseparation. A source that lies above asink must reduce its flowrate before itcan be recycled to that sink.
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IWe Made A Long Sto~-
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of the target species in that stream.The current operating condition ofeach sink (unit operation) is shown bya blue circle. The values plotted inFigure 3 _~present the flowratethrough the sink versllS the c<lmposi·tion of the target species inside thatsink. For sinks that have variable con··centrations, an average c<lmposition isshown. A source-sink diagram can bedrawn for each target species.Each sink has physical constraintsthat limit the compositions andflowrates within which it can operate.These are shown as box-like bound·aries in Figure 3. These constraintslimit the feasible operating conditionsthat may be considered during simu·lation in a "greener" design altema·tive. Any source that lies within thisbox can be recycled back to any sinkwithin the box. While Figure 3 onlyhighlights one sink, such a graphicalanalysis should be done for each sink.i" source-sink diagram can also be
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be illustrative. In that figure, the
curves on the left show the feasibility
ranges for two different MSAs (in
terms of the amount of Pollutant X
each can remove). The curve on the
right shows the feasible range over
which Pollutant X can be reduced in a
given combination of source streams.
The pinch point, where the two curves
are closest, is the most cost-effective,
thermodynamically desirable point at
which to apply mass exchange. •
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flowrates - such as Streams 3 and 4
in Figure 4 - are the most-eost-effec
tive candidates for mass exchange or
stream-management techniques.

When the goal is to reduce the con
centration ofa target species (I.e., Pol
lutant Xl from a source (waste) stream
or streams "using a mass-exchange
system, a mass.pindl diagram (Fig
ure 5) can be used to evaluate the op
tions. While construction of such a di
agram is beyond the scope of this
article, a discussion of Figure 5 may
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Figure 4 shows.a section of a hypo
thetical process design, and only
shows the streams that contain the
target species. The arrows represent
the flow. More than one arrow arising
from a single source represents the
separation of the stream into multiple
streams, and implies that the target
species is in each. Multiple arrows
into a single source means several
flows are feeding a mi."er or reactor.

In general, streams with higher tar
get-species compositions or higher
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Pollution Prevention 'with Chemical Process~
Simulators: The Generalized Waste ':<

Reduction (\'VAR) Algorithm-Full Version

Heriberto Cabezas·, Jane C. Bare, and Subir K. Mallickt

U.S. Environmental Protection Agency, National Risk Management Research Laboratory
Sustainable Technology Division, Systems Analysis Branch

26 West Martin Lutlier King Drive, Cincinnati, Ohio 45268, USA

Abstract - A general theory for the flow and the generation of potential environmental impact through. a chemical
process has been developed. The theory defines six potential environmental impact indexes that characterize the
generation ofpotential impactwithin a process, and the output ofpotential impact from a process. The :ndexes are used

. to quantify pollution reduction and to develop pollution reducing changes to process flow sheets us'.ng process
simulators, The potential environmental impacts are calculated from streammass flow rates, stream composition, and
a relative potential environmental impact score fbr each chemical present. The chemical impact scores include a
comprehensive set of nine effects ranging from ozone depletion potential to human toxicity and ecotoxicity. The
resulting Waste Reduction methodology or WAR Algorithm is illustrated with two case studies usu:g the chemical
process simulator Chemcad ill (Use does not imply USEPA endorsement or approval oferremead ill).

1M

IN'TRODUCTION
There is currently a great deal of interest in the
development ofmethods that can be used to prevent or at
least minimize the generation of pollution; and there are
numerous efforts underway in this area (Lederman and
Weber,1991;EI-Halwagi,eraL 1992;Fonyo,etal., 1994;
Rossiter, 1995; Manousiouthakis and Allen, 1995;
Mallick et al., 1996). This interest stems from the belief
that pollution prevention is likely to lead to the creation of
technologies that have a much more benign impact on
human health and the environment. Because this
technology is inherently less polluting, it is likely to be
more robust and economical than simply adding pollution
control devices to conventional designs. In chemical
manufacturing, these pollution prevention methods take
the form ofan effort to design process plants that generate
as little pollution as possible, Since chemical process
simulators are widely used in the design and operation of
chemical manufacturing plants, the deveropment of a
pollution prevention methodology for chemical process
simulators is likely to have a sigcificant impact on the
pollution generated by the chemical industry. At the
National Risk ManagementResearchLaboratory, research
efforts are underway to develop a methodology for
commercial chemical process simulators. The research
effort is called the WAste ~eduction or WAR Algorithm
after Hilaly and Sikdar(1994) who performedsome ofthe
early work in this area.
This paper presents a generalization of the WAR

* Corresponding author; Fax: 513-569- 7111; E-mail:
eabezas.heriberto@epamail,epa.gov

t Post Doctoral Research Fellow, Oak Ridge Institute for
Science and Education; Present Address: Simulation
Sciences, mc., 601 South Valencia Avenue, Area,
California 92621, USA

Algorithm, discusses the methccology fer evaluating
potential environmental impac:S1 and illustrates the use of
the method in l.lJ.e desig:l or :r.cCilleaticn of chemical
processes with two case studies.

ENVIRONMENTAL IMPACT THEORY
Potential ellvironm."tal iIr.pact is the =~a::7·d effect or
impact that the emissior. ofmass and e:>orgy would have
on the environment en average. It is, the..~ore, essentially
a probability functior. for the realization of a potential
effect. Thus, the potentiai envi.-o=ental impa= cf
chemicalmanufaet\h'"'ing?rocesses are ge::e:-al1ycausedby
the energy and material that the process ta.1<es from or
emits to the enviro=em. Po:entiai envL""nmental iIr.pact
is a conceptual quar.:ity that can Ilot be dL-ecdy measured,
i.e., thc:oc are DO potential environmental i::o.pact met~""S.
However, one can calculate potential environmental
impact fromre!ated measurablequantities using functional
relations between the two. This situation is 'common in
science and engineeriI:g. For example, the energy of a
fluid cannot be directly llleasured, but i: can be calculated
from temperature and pressure by the use of hea:
capacities and equations ofstale. Exac+Jy how to perform
a calculation for potential env'u-onmental impacts will be
discussed later in this paper.

Conservation Equation
Traditionally, che:nical process desigr. has beenbased OIl
the creative application ofmass andenergybalances along
with thermodynamics, chemicalreaction engineering, and
engineering economics. Our methodology proposes to
add a conservation relation over potential environmental
impact to the aforementioned two balance equations. The
conservation equation for impacts is based on an
accounting of the flow ofpotential enviro=ental impact
in and out ofthe processes. This flow ofimpact is related

/;..0



(1)

to the :t:JSS and energy flows but it is not equivalent to
them. Tne impact conservation equation is

dI"", . . .
-- :: l ill - I

Qul
+ I ..n

dt

where I ,is the potential environmental impact content
inside aprocess, i'n is the i?put rate of impact, i,or is the
output rate of impact, and I n is the rate at which impact
is generated in the system b'Y chemical reactions or other
means. Note that processes can also oonsume potential
environmental impact so that i n can, in fact, be negative.
For steady state processes, tte conservation equation
reduces to,

(2)

which implies that no potential environmental impact
accumulates in the system. Also note that Equations (I)
and (2) serve as definitions of the function if!'"
The significance ofpotential environmental unpacts can
be better understood by considering the following
definitions. Ifone were to dump into the environment all
of the mass and energy flows entering a process, the
resulting impact on the environment would equal to I'n; if
one were to also dump into the environment all of the
mass and energy flows exiting a process the resulting
U:n?act on the environment would be equal to loul.

However, due to chemical transformations and changes in
state conqitions (temperature and pressure), lin is never
exactly equal to Ioul ' and consequently Igtllis never
exactly equal to zero for steady state processes.

Note that Equation (3) is a first order approximation that
does not include the synergistic effects that can occur
when multiple chemicals are present.

Impact Indexes
For steady state processes one can use Equation (2) to
define two categories of indexes for the environmental
impact ofchemical manufacturing. The first category of
indexes measures the generation of potential
environmental impact within processes, and the second
one measures the potential environmental impact emitted
by processes. There are various indexes that can be--
defined within each category. However, only the six
indexes, three from each category, that seem most useful
for waste reduction will be treated here.
Following Hilaly and Sikdar (1994), all non-products are
considered to be pollutants and the potential
environmental impact of all products is set to zero, i.e.,
o/J=O for all productsj. These assumptions are consistent
WIth the objective of this paper which is to present a
methodology for waste reduction, i.e., the primary concern
is reducing the impact and the amount of the non
products. The broader implications of Equation (1),
including other impact indexes for which o/.~O for
productsj and further conjectures on the implicaf!ons for
sustainability, will the subject offuture publications.
The first index of the first category of indexes (impact
generation) is obtained by solving Equation (2) for i '"
and adding the superscript NP for ]ion-Eroduc:s to gi~e,

(4)

-

(3)

Chemical Processes
Application of either Equation (1) or (2) to chemical
manufacturing processes requires an expression that
relates the conceptual potential environmental impact to
measurable quantities. Potential environmental impacts
are caused by energy and material inputs and outputs to or
from the environment. But, .as a first approach, this
treatment is restricted to potential impacts due to material
flows while neglecting any impacts due to energy. Effects
due to energy flows can he incorporated into the analysis
by extending the boundary over which the impact balance
is done to include the energy generation process. Effects
due to resource depletion are also negie·cted mainly
because there is no effective methodology for measuring
them. This is consistent with the focus ofthis work which
is the chemicalprocess plant rather than a global life-cycle
type of analysis. The expression relating potential
chemical environmental impacts to measurables is

. "'(<J ". (<J"I, = L'/j = L~ LX,jo/j + ..•
j j ,

where the sum over j is taken over the streams of input i
or output i, the sum over k is taken over all chemicals k, i,
is the rate of potential environmental impact either in
(i=in) or out of the process (i=out), /<1 is the rate of
potential environmental impact for streabJjwhichmay be
an input or an output, u,(Q is the mass flow rate ofstream
j which may again be e,ther an input or an output, x'jis
the mass fradon ofchemical k in stream j, and o/j is the
overall poteI:tiai environmental impact of chemical j.

"NP °NPwhere I,ul and Ifn are the potential enviromnental
impacts due to non-products, i.e., pollutants in the outputs
and inputs, respectively: Equation (3) is used to give

I· . .• I' NP d I' NP h allexp lelt expreSSIons .lor out an in were
components, products and non-products, are included in
the summation, but where $j=O for all products j which
effectivelt.: removes all products from the summation. The
index, i .:, measures the total rate at which the process
generatis potential environmental impact due to non-

. products (NP). i;': has units ofpotential enviromnental
impact generated per time.
The second index, iN:, ofthe first category is obtainedby
dividing Equation [4) by the rate at which -the process
generates products to give a specific impact generation,

'NP "NP "NP
-NP Igrn lard - lin

Igel'l =-- = (5)LFp LFp Iilii
P P

where the sum overp is tskenoverall the oroductsp, and F
~NP P

is the mass flowrate of product p. I,.. measures the
potential impact created by all non-products in
manufacturing a unit mass of all the products p. The
index, i;':, has units of potential environmental impact
per mass of prodUCts.
The third index of the first category, £i:, is obtained
from Equation (5) by setting the potentia! environmental
impact (o/j) of all products to zero and that of all non
products to one. This has the effect ofassigning the same
potential environmental impact to all non-products. The
index, £i NP

, is a measure of the mass inefficiency of the,.n
J 7.,)



(8)

(7)

(10)

CHEMICAL E2'<"VIRO}iME1'<"TAL IMPAcr

Application ofthe :nethodology so far developed requires

that the potential e:lviroan:en:al impacts ofchemicals be

estimated. Further, it is required that a relative impact

cumber 1\t/ be given for each chemical j over a wide

range ofdifferent chemical enviroo.mental impacts. Tcis

is, unfortunately, not a trivIal :carter because chemical

impacts are measured 00 Ciff'eI-ent relative scales that can

not be simply added without some form of:::or=:aliz.ation.

new pote~ti::ll envi:on.rcental in:.P3c~ is c:eated. :escurc=s

such as potentially costly r=edi:uionefforts will likely be

required to prevent the potential impact from bein;

realized. ObviouslY,!he slr.3!ler the values of i'YP r
... vp p"" t 1M t

and M' the !lOore enviro=entally efficient the process,

and, ~thers factors suc.'l as economics being """'a! the
-NP ~~- t

a:ore desira~le. Iron would be us:£,.l1 in co,:?car'.ng

differeo.t desIgns on an absolute bastS, while I lOP and

i:f;:'would be useful in comparing different aesigns

inclepeo.dently ofmanufacturing plant size.
The second category of indexes, e.g., j'YP , j'vP, and
A~

O~ ~

M... characterize some aspects of the emissioo. of

potential eo.viroomental impact from a manufacturing

process. Their principa! use is in addressing questiocs

related to the external environmental efficiency of the

process plant, ie., the ability of the plant to produce

desired products while inflicting on the environme:lt a

minimum ofundesired oOtentiai environmental imoacl. It

is again obvious that the smaller the values of j'1P, r p
,

... NP 0", C1d'

and M.", the more environmentally efficient the process,

and all other factors such as economics being equal, the

mOre desirable it is. Since i.".: is a total rate of impact

output, it could be useful in deciding whether a giVe:l

plant is compatible with a pa.-ticular site. For e=ole, :t

would be unwise to locate a piant with a high (,P-in an
. vp 01&1

ecologically sensitive area. I;"" could also be used in

matching the size of a plant to the capacity of the

surroundinl! environment to dissipate environmental
. I-''{/' d {,;,YP ful . . th
tmpact c"'" an iY"ow are more 'JSe ' :n compar..ng· e
potentia! environmental impact of alternative processes

independently ofplant size.

where the su:n is taken over categories of potential

chemical environmental :nopacts, e.g., ozone depletion

potential, human health, etc. listed below under

Classification oflmpaccs. c<, is a relative weighting factor

for impact oftype I independent ofchemical j, md 1\t;'1 is

the specific potential env'.ronmental impact of chemical

j for an impact of type l. c<, has units of potential

eo.vironmental impact per mass.

The relative weightio.g factor c<, allow; Equation (10) to

be customized to specific or local conditiocs. The

suggested procedure is to initially set all the c</s to same

value of say one, and to allow users to vary ",dividual

c<,'s from 0 to 10 according to local needs and polides.

Chemical Impact E.-pression
To apply the WA..T<. :nethodoiogy to chemical processes,

the following expression :or W} has beeD. developed

(Mallick et al., 1996),
(9)

-HP _ 'HPj" •
loUl - IoUl L.J Pp

P

Tne inde)(, i;'':, has units of potential environmental

impact per mass of products. This expression gives the

pollution index <t> of Mallick et al. (1996) which

measures the potential environmeo.tal impact emitted in

manufacturing a unit mass ofproducts.

Tne third index ofthe second category, M.".:, is obtained

from Equation (7) by setting the p oteo.tial eo.vironmeo.tal

impact (1\t) of all products to zero and that of all non

products to one. The resultio.g expression is,

" M('w)" HP
£- 'j £.., :rtf

MHP = ~}'---=:-""'--_
~ul L P

p
P

which is related to the pollution index 4>. of Hilaiy and

Sikdar (1994) by,

process, i. e., it gives the ratio of mass converted to an

undesirable form:o mass converted to a desirable form.

The expression for £1;: is

" MC''''}'' HP _ "M'C,n}" HP
LJ 1 LJ I"1 LJ J LJ I.}

,w;::. = } • . j • (6)

2: Pp
p

where the summation over ,~C'W) is. taken only over

output streams, the SUlIlIIlalion over ~("') is taken only

over input streams, and the summation over I~P is taken

onlv over all non-products k-in stream j. The units of
- HpM... are mass of non-products per mass ofproducts.

The first index: ofthe second category ofindexes (impact

emission) i::: is simply the total rate of potential

environmental impact oUtput due to non-products. F'P is.Od

calculated from Equation p) subject to 1\t.=0 for all

products j; The indele, j::' , is a measure of the rate at

which the process emits potential environmental impact,

and it has units of potential environmental impact per

time. ..

The second index ofthe secondcategory, i.".:, is obtained

by dividing the rate of potential environmental impact

output due to non-products by the output rate ofproducts

__ to give,

Significance ofImpact IndeIes
"HP -NP .. NP

Tae first category of indexes, e.g., I ,I. ' and Mp .'

characterize some aspects of the ge:e"rati.fn of potential

environmental impact within a manufacturing process.

They are most useful in addressing questions relatedto the

internal environmental efficiency ofthe process plant, i. e.,

the ability of the plant to produce desired products while

creating a minimum of new, undesired potential

environmental impact. It is important to note that once

where the summation is taken over all products n. M::
measures the amount of non-product or pollutant mass

emitted in manufacturing a unit mass of products, and it

has units ofo.on-productmass per mass of products. It is

also a mass inefficiency measure.

1M

...

..



Table'!: Normalized Chemical Impact Scores

Please note that for a relative comparison, the absolute
value is not critical. For example, photochemical
oxidation potential would be weighted more heavily than
other impacts in an area that suffers from smog. There is
an effort underway in our research group to develop more
sophisticated methods ofdetermining values for the ex/s.
The values for the f, were obtained from the relative
nmkings or scor~ for chemicals by normalizing
according to,

Classificalion ofImpaCIS
The classification ofchemical environmental impacts and
the values for the (Score), jwere adopted from the study
of Heijungs el al. (1992)* and normalized according to
Equalioo(ll)tocbtlin1he 1frl,/s. In1hecalaJlalicn of «(Score),).
and 0., the chemical scores for dioxin, chromium VI, and
vinyl ~hloride were excluded. The reason is that the score
number.s for these three chemicals were several orders of
magnitude higher that those for all other chemicals, and
including them in the normalization process would have
made the normalization meaningless. Therefore, the
normalized ljI' , for these three chemicals would appearas
outliers whic&' they, in fact, are.

-

Base Flowsheel
Figure 1 shows the base process flow diagram for the
production ofMEK from SBA. SBAis fed toa hydrogen
scrubber where the feed SBA scrubs residual MEK from
the hydrogen stream. The SBA feed is then pumped up to
reaction pressure and heated to reaction temperature with
a heat exchanger and a heater. The heated SBA is fed to
the reactorwhere the chemical transformationoccurs. The

H2ScrlllJhe,

CASE STUDY #1: MEK PRODUCTION
To illustrate the use of the generalized WAR Algorithm,
a case study from the production ofmethyl ethyl ketone
(MEK) from secondary butyl alcohol (SBA) is presented.
The case study was adopted from the Chemcad ill
(Chemstations, Inc.) chemical process simulator, and all
the material and energy balances were performed using
Chemcad m. However, any commercial process
simulator could have been used. 'This case study presents
a typical chemical engineering process for the production
of a commodity chemical that involves several unit
processes such as reactors, separators, mixers, dividers,
and heat exchangers. It is, therefore, sufficiently complex
to illustrate the WAR Algorithm but still treatable within
the space ofthis paper. Essentially, the chemical process
consists ofa SBA dehydrogenation reactor followed by a
MEK purification train and associated equipment. .

is molecular nitrogen, Ar is argon, CH4 is methane, and
1'<'H3 is ammonia. These acronyms will be used
throughout the rest of the paper.

(U)-

H2O

o

SBA

4.1E-4

MEK

0.42

H2

o

(Score),,j
1fr~ = ~=--..,~"'-:-

«(Score)')j + 2aj

where (Score)'J is the relative score of chemical i on
some arbitrary scale within impact category j,
((Score)}is the arithmetic average of the scores of all
chemicalS) i within impact category j, and OJ is the
standard deviation of all the chemical scores in impact
category j. The normalizing factor ((Score),) + 20jassures that about 75% of the non:nal.ized chemi~ score
numbers 1frl.1 will be between 0 and I irrespective.of the
statistical distribution of the initial scores as expected
from Chebyshev's theorem (Lapin, 1975). Ifthe chemical
scores happen to follow a normal distribution, then the
normalizationrangeextends to approximately 95% ofthe
scores.

)

N2

o
Ar

o
CH4

7.4E-3

NH3

0.93

)

There are nine different impact categories. These can be
subdivided into four environmental physical potential
effects (acidification, greenhouse enhancement, ozone
depletion, and photochemical oxidant formation), three
human toxicity effects (air, water, and soil), and two
ecotoxicity effects (aquatic and terrestrial).
The normalized chemical scores used in the two case
studies presented in the next sections are given in Table
I above where H2 is hydrogen, MEK is methyl ethyl
ketone, SBAis secondary butyl alcohol, H2O is water, N2

* Use by the authors does not imply endorsement or
approval by the 0.S. Environmental Protection Agency.
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reactor output sttC:3II1 is sent to aheat exchanger where it

is partially condensed. The mixture of ~lEK, hydrogen,

and unconverted SBA is cooled further and sent to a

separatorwhere the hydrogen is flashed off.Thehydrogen

is then scrubbed and the liquid phase fed to a MEK

purification system. The mass flow rates and the state of

the various input and output streams as C3lculated by

Chemcad ill are listed in Table 2 above.

Modified Flowsheet
Examination of the base process indicates that waste

stream 13 contains large amounts ofunreacted SBA and

small amounts ofMEK. It is, therefore, logical to try to

recover the SBA and MEK as the first step in a waste

reduction strategy. Consequently, the process flow

diagram was modified by the addition ofa recycle from

Q)~m .... fuJ, SBA (J)

H2$uab6er lI"""

IrlFtdo uo,

~
HUltt'

Figure 2. Modified process flow diagram for the

production ofmethyl ethyl ketone frorn secondary butyl

alcohol.

stream 13 to the feed, stream 1. Two cases were studied

with this modification, recycling 50% and 100% ofstream

13. Recycling 100% ofstream 13, i.e., closing off stream

18, is appropriate for this illustration. But, it is clearlynot

practiC3lbecause stream 18 is the ody liquidwaste stream

in the modified process and the only means ofpurging the

systemofliquidimpurities. Withoutthis purge, impurities

would build up inside the process causing itto eventually

cease to function. Figcre 2 above shows the flow

diagram for the modified process. Tnemass flow rates and

the state of the various input and output streams for the

modified process with 50% recycle are listed in Table 3

Table 3: MEK Production Flow Summary (kgIhr)

Input & Output: Modified Process (50% Recycle)

Stream # 1 #2 # 12 1# 14 # 18

(Stale) (1.) (G) (1.) (G) (1.)

SBA 3362 168 5 1 2124

MEK a 1 980 64 10

H2O 8 2 0 6 0

H2 0 29 a 0 0

The process oodiSc:ltion inc::e3S:c. the an:.ountofprcduct

by approximately 73% while reduci:lg the =ot:::t of

W3Ste SBA in stream 18 by abo!>t 20%.

It is important [0 note that an examination ofTables 2, 3,

and 4 will indlcate that waste was generally red:.:ced, and

that environmental impact was probably also reduced.

However, the information so far considered is not

sufficieo.uo allowa quantitative comparisonofthe overall

wasteandenvirPnmental impactreductionassociatedwith

each ofthe three cases studied here. For this comparison

One must C3lculate the impact indexes already described.

For the modified process with 100% recycle, the mass

flow rates and the state of the various input and output

streams are listed in Table 4 below. Note that increasing

the recycle increased the amount of product by 269%

while simultaneously reducing the amount ofwaste SBA

in stream 13 to zero.

Table 4: MEK Production Flow Summary (kglhr)

Input & Output: Modified Process (100% Recycle)

Stream # 1 #2 # 12 # 14
(State) (1.) (G) (1.) (G)

SBA 3362 1117 11 1

MEl< 0 11 2094 59

H2O 8 3 0 5

H2 a 60 0 0

Impact Index Calculations

Six differer.t impact indexes were C3lculated for the base

case and the two modified processes each. Tne indexes

were obtained using E«uations (3) to (8), :he flow rates

from Tables 2, 3, ~d 4, Equation (10), and the

Dor:nalized chemical :mpact scores of Tabie 1. The

relative weighting factors. "'" were all set to one for these

calculations.
The first categorY incexes, i. e., the imoact gene:ation

°NP "'':P -Hi' •
indexes, I ,I ,and M ,are shown on Figure 3

below. It~ul;{benoted~M; is a negative number

since some of the input mass IS always converted to

product, and the products are not included in the

;ummatiOD ofthe OUl;lUts. The Stlecific indexes, i;:' and

M'YP, were multipli~d by a radtor of 100 so that th~

cof.:!'d be shown 00. the same scale as tile rate indexi;.

The second cateeory indexes, i.e., the impact output
. d I' "" 1""1" d'j.Y' sh • F' 4 Th
U1 exes 0Id" m.' an m,aw' are ovm. m 19ure. e
specIfic index r P was multioliedby afactor of!000, and

the specificin~M~:was a',ultiolied by a factor oilO so
0_· . ~p

that they could both be shown on the same sC3le as I;'" .
The largest source ofunceIl3ioty in the C3lculation ofme

impact indexes is the er:virPnmental impaclscores. These

measurements are probably accurate to no more than one

significant figure or an order of magnitude. It is,

therefore, prudent to assume that impact index

calculations are also accurate to no rnore titan one

significant figure. Two significant 5gcres are used in

Figures 3 and 4 in oreer to help the readers to reproduce

the calculations. ifnecessary.
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~ Base Case ~ 50% Recycle
iS1 100% Recycle

Figure 3_ Impact generation indexes for the production
ofmethyl ethyl ketone from secondary butyl alcohol:j; in impact units per hou:, i;': in impact units per
kilogram ofproduct, and-M;': in kilograms of '.
pollutants per kilogram ofproduct.

impact output from non-products per kilogram ofproduct
decreases by 48% for 50% recycle and by 78% for 100%
recycle, and (3) the output ofkilograms of non-product
per kilogram of product decreases by 60% for 50%
recycle and by 88% for 100% recycle. It is worth noting
that the output ofimpact and wastedecreased as measured
by all the indexes. The most significant index in this case
is the impact output per kilogram of product. The
decrease in this index is consistent \Vith the decrease in
the impact generation permass ofproduct index discussed
in the paragraph above. This decrease is also a reflection
ofthe increased productivity of the plant.
The decreases in the indexes are sufficiently large such
that they represent significantreductions inpollution. The
consistent decrease in the impact generation per mass of
product (48% to 77%) and the impact output per mass of
product (48% to 78%), simply means that the modified
plant can meet the needs ofa much larger market without
increasing its generation or its output of potential
environmental impact. Italso means that a modified plant
that is 48% to 77% smaller than the base case can meet
the needs of the same market that the base plant was
designed for.
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Figure 4. Impact output indexes for the production of
'NPmethyl ethyl ketone from secondary butyl alcohol: I ut

in impact units ofpollutants per hour, i: in impact
units ofpollutants per kilogram ofproducts, and M:
in kilograms ofpollutants per kilogram ofproducts. _.
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Figure 5. Base process flow diagram for the production
of ammonia from synthesis gas.

CASE STIJDY#2: A!"fMONIA PRODUCTION
To further illustrate the use of the generalized WAR
Algorithm, a second case study from the production of
ammonia from synthesis gas is presented. The case study
was also adopted from the Chemcad ill (Chemstations,
Inc.) chemical process simulator, and all the material and
energy balances were performed using Chemcad m.
However, any co=ercial process simulator could again
have been used. Just as Case Study #1, this case study
also presents a typical chemical engineering process that
involves several unit processes such as reactors,
separators, mixers, dividers, and heat exchangers. It is
also sufficiently complex to illustrate the WAA algorithm
but still treatable within the space of this paper.

Base Flowsheet
Figure 5 shows the base process flow diagram for the
process. Essentially, the overall process is based on the
reaction of nitrogen and hydrogen to produce a=onia.
The mixture ofhydrogen and nitrogen is compressed and

Im{Jl1<g xE3 kglkg xE1Implhr

DISCUSSION OF CASE STIJDY#1
The impact generation indexes ofFigure 3 show that: (1)
the rate of impact generation by non-products decreases
by 13% for 50% recycle and by 20% for 100% recycle,
(2) the impact generated by non-products per kilogram of
product decreases by 48% for 50% recycle and by 77%
for 100% recycle, and (3) the kilograms ofnon-products
generatedperkilogramofproductremains nearlyconstant
at -100. The most significant index in this case is the
impact generated per kilogram ofproduct. The decrease
ofthis index reflects the increase in the productivity ofthe
plant, i.e., the increase in product flow rate.
The impact output indexes ofFigure 4 show that: (1) the
rate ofimpact output fromnon·products decreases by 11%
for 50% recycle and by 17% for 100% recycle, (2) the
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cooled and feed to a series of three reactors through a
flash drum. Several reactors are normally used the to
maximize the conversion of feed to products which for
this process is cliflicult to do. This flash drum also serves
to separate theammoniaproduct from the unre:lcted gases
which are feed back into the system. The ammonia is
recovered as an aohydrous liquid under modest pressure.
The mass flow rates and the state of the input and output
streams as calculated by Chemcad ill are all listed in
Table 5.

Table 5: Ammonia Production Flow Summary (kglhr)
Input & Outout: Base Process (purge Ratio =0.1)

Stream # I #17 # 19'·
(State) (G) (G) (L)

N2 33,334 5060 187

AI 603 428 176

H2 7196 1120 13

CH4 805 700 112

NH3 0 3696 30453

present in the prod~c: stream. Th:.s ch~"'~d from aboct:
2% impurities in the base case :0 3% for the reduced
purge modified case.
Figure 6 shows the flow diagram for the modified process
with reduced purge and addition of a flash drum with
stream 17 as the feed. Under this configuration, stream 25
is used to purge impurities from the system. Without this
purge, impurities would again buildup inside the process,
and it would eventually cease to function. Stream 24
which consists ofessentially pure ammonia is mixed with
stream 19 to form a new product s:ream, stream 26.

w:r COMa

Diviilu

Table 6: Ammonia Production Flow Summary (kglhr)
Input & Outout: Modified Process (Purge Ratio =0.02)

Slream # I #17 # 19
(State) (0) (0) (L)

Modified Flowsheet
Examination of the base process indicates that waste
stream 17 contains ammonia and some unreacted feed. It
is, therefore, logical to try to recover the ammonia and the
unreacted feed as an obvious first step in a waste
reduction strategy. Consequently, the process flow
diagram was modified in two ways. First, the purge ratio
was reduced five fold from 0.1 to 0.02, i.e., the flow of
stream 17 was reduced five fold. Second, in addition to
reducing the purge, a flash drum was added with stream
17 as the feed to recover some of the ammonia.

33,334 1162

603 199

...

...

..

..

N2

AI

H2

CH4

NH3

7196

805

o

281

446

856

217

404

16

351

38001

Figure 6. Modified process flow diagram for the
production ofammonia from synthesis gas with reduced
purge ratio and added flash dr=.

Tne mass flow rates and the state ofti:e various input and
output streams are listed in Table 7. Note that adding the
flash drum in addition to reducing the purge five fold
increased the aI:lount ofproduct by 26% as compared :0
the base case. Tnis is very close to the 25% increase in
product that was obtained by simply reCuc'.ng the purge.
However, the amount ofwaste ammonia in s:ream 25 was
reduced by 91%, and the amount oftotal waste in stream
25 was reduced by 78%, both compared to the base case.
As compared to t.'le reduced purge process, the addition of
the flash drum increased the amo= of product by a
meager 1%, but it reduced the aeouot ofwaste ammonia
by 61%and total amount ofv.-aste by 18%, both In stream
25. Therefore, the principal effect of a<iding the flash
crJm was the recucion ofwaste. .

Table 7: Ammonia Production Flow Swmnary (kglhr)
Input & Output: Modified Process
(Purge Ratio =0.02 & Flash Drum)

Stream # I #25 # 26
(State) (0) (G) (L)

Figure 5 shows the configuration ofthe flow diagram for
the reduced purge modified process which is identical to
that ofthe base process. The mass flow rates and the state
of the input and output streams for the reduced purge
modified process are listed in Table 6. The process
modification increased the amount of product by
approximately 25% while reducing the amount of waste
ammonia in stream 17 by about 77%. It is worth noting,
however, that there was ansmall increase in the impurities

N2 33,334 1162 217

Ar 603 199 404

H2 7196 281 16

CH4 805 447 351

N"'H3 0 335 38,521

1#
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Aa ex:un.i.nation ofTables 5, 6, and 7 will again show that
waste was generally reduced, that the amount of product
made was increased, and that environmental impact ofthe
process was probably also reduced. However, one finds
that it is not sufficient to allow a quantitative comparison
ofche overall waste and environmental impact associated
with each of the three cases. In a simple example such
this one the task is confusing, but for complex chemical
process it can become impossible. For this comparison
ooe must calculate the impact indexes.

Impact Index Calculations
Again, six different impact indexes were calculatedfor the
base and the two modified processes. The indexes were
also obtained using Equations (3) to (8), the flow rates
from Tables 5, 6, and 7, Equation (10), and the
normalized chemical impact scores of Table 1. The
relative weighting factors ,,/were all set to one for these
calculations.
The first category indexes, i.e., the impact generation

°NP '"'NP '"'NP •
indexes, I... , I... , and.~•. ' are shov:n on Figure 7.. It
should be noteCl that Mg", IS a negatlve number smce
some of the input mass IS always converted to product,
and the products are not included in the summation of the
outputs. The specific index,i::'.,v'j;'SS multiplied by a
factor of 10,000, and the index, M'on' was multiplied by
a factor of 1,000 so that they coul!both be shown on the

'NPsarne scale as the rate index Ig,••

/
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I2J Base Case: PR=O.1

~ PR=O.02
&'l PR=O.02 & Flash

Figure 7. Impact generation indexes for the production
of ammonia from synthesis gas: jg;: in impact units per
hour, JNP in impact units per kilogram ofproduct,
and-~ in kilograms ofpollutants per kilogram of
product PR is the purge ratio.

The second category indexe; i.e., the impact output
'NP -liP -Nr h . F' 8indexes, foUl' foUl 1. and MoUl I are s own m ",lm;re .

The specific index I::: and the specific index Mo•• were
bothmultiplied by a factor of.1»;000 so that they could be
shown on the same scale as IoUl • ,

The largest source ofuncertainty in the calculation of the
impact indexes are again the environmental impact scores.
These measurements are probably accurate to no more
than one significant figure or an order ofmagnirude, and
it is, therefore, ryr'Jdent to assume that impact index

calculations are also accurate to no more than one
significant figure. Two significant figures are presented
in Figures 7 and 3 in order to allow readers to reproduce
the calculations ifnecessary.

4000
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~ Base Case: PR=O.1

~ PR=O.02

~ PR=0.02 & Flash

Figure 8. Impact output indexes for the prOduction of
ammonia from synthesis gas: j": in impact units of

11 h I-NP •• 0 • f 11po utanls"p'er our, Ul m llIlpact umtso po utants
per kilogram ofprod~cts,and lW:'; in kilograms of
pollutants per kilogram of products. PR is the purge
ratio.

DISCUSSION OF CASE STIJDY #2
Tne impact generation indexes ofFigure 7 show that: (1)
the rate of impact generation by non-products decreases
by 77% when the purge ratio is decreased from 0.1 to 0.02
and by 91% when the purge ratio is decreased as above
and a flash drum is added to recover waste ammonia, (2)
the impact generated by non-products per kilogram of
product decreases by 81 % when the purge ratio is reduced
from 0.1 to 0.05 and by 93% when the purge ratio is
decreased as above and a flash drum is added, and (3) the
kilograms of non-products generated per kilogram of
product remained nearly constant at -1 for all cases. The
most significant index in this case is the impact generated
per kilogram of product. The decrease of this index
reflects primarily the recovery ofthe waste product and to
a smaller extent the increase in the productivity of the
plant, i.e., the increase in product flow rate.
The impact output indexes ofFigure 8 show that: (1) the
rate ofimpact output from non-products decreases by 76%
when the purge ratio is decreased from 0.1 to 0.02 and by
91% when the purge ratio is decreased as above and a
flash drum is added to recover waste ammonia, (2) the
impact output from non-products per kilogram ofproduct
decreases by 81% when the purge ratio is reduced from
0.1 to 0.05 and by 93% when the purge ratio is decreased
as above and a flash drum is added, and (3) the output of
kilograms of non-product per kilogram of product
decreases by 73% when the purge ratio is reduced from
0.1 to 0.05 and by 76% when the purge ratio is decreased
as above and a flash drum is added. It is again worth
noting that the output of impact and waste decreased as
measured by all the indexes. The most significant index _

,),1
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in this C:lSe is the i:np3Ct output per kilogr:u:l of product.

The dec;ease in this inde." was the same as that for the

equivalent generation index. This is a reflection of the

change in the index beingprimarily driven by the recovery

ofwaste product rather than increased productivity.

The decreases in the indexes are again sufficiently large

that they represent significant reductions in pollution.

The consistent decrease in the impact generation per mass

ofproduct and impactoutput per mass ofproduct (81% to

93%) Implies that the modified plant can meet the needs

of a moderately larger market with much less Impact on

the environment. ~- The decrease in the rate of Impact

generation and impact output (76% to 91%) means that

the modified process has an environmental Impact that is

roughly one tenth that of the base plant. Lastly. the

decrease in the output ofwaste mass per mass ofproduct

indicates that the modified plant will lose less valuable

material in its operation.

FlITURE WORK
In addition to the topics already mentioned, there = two

other issues that need to be further mentioned in relation

to the WAR Algorithm: Engineering Economics and

Computer AidedProcess Design. However. both ofthese

are beyond the scope ofthis paper which is to present the

basic generalizedwaste reduction or WARAlgorithm and

to illustrate its use. Engineering Economics and

ComputerAidedProcess Desiga are the subject ofpresent

and future ,esearch, and they are included here only for

completeness and to aid interested readers applying the

method and ~9!1'ig:l!!~~_~

Engineering Economics

Whenever cess is modified to reduce was • ere is

a consequent change :n oclated with it.

Economic changes are generally due to: (1) the addition or

removal ofcapital equipment, (2) an increase or decrease

in energy consumption, (3) a change in the rate of

consumption of feed =terial, and (4) a change in the rate

ofproduct generation. When a process is modified, all of

the above are frequently affected. Tnere are well

established'methods for estimating the economics of

chemical processes either manually (peters and

Timmerhous, 1968; Richardson Engineering Se.-vices.

1997) or with the aid of a computer (ICARUS, 1997;

Aspen Technology, 1997).
Modification of a chemical process using the WAll..

Algorithm needs to be done along with an evaluation of

the economic consequences of any proposed process

modifications. i.e" oileneeds to simultaneously compare

both the potential environmental impact and the cost of

altemate process !lowsheets. Tne reason is that the

ultimate objective is always that of developing cost

effective reductions in pollution. Unfortunately. there are

no consensus criteria for cost effective waste reduction.

Although one possibility, consistent with traditional

process design procedures. is to require that the sum ofthe

capital and operating costs should not increase with

proposed process modifications from the base

coo1iguration. Teis can be expressed as,

l'C ~Cl ~[C ~C]
~ ~ J8~' d C Mod/ft.'

where C, is the oper3ting cost aad C, is fr.e c::lpit:l1 cost

th3t em be estimated by one of the aforeu:e::.tioned

methods or some another propriet:1ry method. Equation

(12) can then be used jointly with Equations (4) to (8) to

evalmte alterrutive process flowsheets.

Computer Aided Process Design

While it is often possible to devise pollution reducing

modifications from an inspectionofthe process flowsheet,

there are many situations whe.... a more systematic

approach such as computer aided process design and

optimization may be required. Tnis is particularly

important with very complex processes that arc difficult

to analyze by inspection. The WAll.. Algorithm can be

used in computer aided process design and optimizuion.

This can be done by employing the indexes ofEquations

(4) to (8) as objective functions in a mathematical

optimization subject to a cost constraint such as EqU3tion

(12). For example, one could m;njrnjz. the output of

potential environmental impact permass ofproductgiven

by Equation (7) subject to keeping the total cost from

increasing. This can be expressed as.

"~p aNp· (cw) v. v· ,~ .
•Minimize I;", = I,,,,CM '!i r.~ r ; .i) (13)

subject to Equation (12) where ,j("'is thevecror ofmass

flowrates for all the output stre2r:lS, !,vPis me vectcr of

mass fractions for non-product compoJent i in all oUIp"t

s:reams, and i is the vector of mass i10wrates for all

products. The optimization could involve the variation of

operating variables and modification of the flowsheet

configuration both. In this way one can systematically

reduce the pollution indexes even in very complex

processes. There are several robust algorithms Sl:ch as

simulated annealing (Kirkpatrick et ai.. 1983; van

Laarhoven and Aarts, 1987) that canbe successfully used

along with mixed integerprograoing (Grossmann. 1985;

Grossmann, 1990) here.

CONCLUSIONS
A general theory and a methodology for i:lcorpcrating

pollution reduction into ch=ical process designhas been

presentee!. The work is still at an early stage of

development particularly with respect to its application.

However. the fundamental bases along which future work

will proceed have been established.
When used in conjunction with chemical process

simulators, the WAll.. Algorithm offers a powerful

methodology for evaluating the potential environmental

impact ofalternative process flow sheets. Although, the

WAll.. Algorithm is intended for use as part ofa good faith

effor! to reduce the environmental foot pr'~ of process

plants, and it does not obviate the need to make judicious

engineer'.ng and environmental decisions. For example,

there is no completely unambiguous way ofsetting values

for the impact weighting factors or (%, 's. The reason is

that the (%, 's represent the value that society places on

particular types of environmental impacts. and this will

vary across locations. cultures. and even time. One

should point out, however. that engi.neering design

practicehas always usedhumanjudgementindeter:nining

any number ofdesiga parameters lL1<e safety factors., and,
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therefore, tlus dilenuna is not new.
Never the less, there is a need to further improve the
methodology for estimating potential environmental
impacts and the weighting factors, there is a need to
incorporate economics into the analysis, and there is a
need to include computer aided process design and
optimization. Future work will address these issues. The
case studies, however, do illustrate that even in its present
state the methodology is a useful process design tool.
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LIST OF SYMBOLS
Capital costs associated with a chemical process,
monetary
Operating costs associated with a ch~cal

process, monetary
Potential environmental impact content of
system, impact

i'n l'~Qt~ntial. environmental impact input rate,
impactlhour
Potential environmental impact output rate,
impactlhour
~otential environmental impact generation rate,
impactlhour
Potential environmental impact flow ofstreamj
input (i=in) or output (i=outl, impactlhour
Potential environmental impact generation rate
by non-products, impactlhour

'NP
low . Potential environmental impact output rate due

to non-products, impactlhour
Potential environmental impact input rate due to
non-products, impactlhour
Specific potential environmental impact
generation from non-products, impact! kilogram
Specific output of potential environmental
impact due to non-products, impactlkilogram

~(') Mass flow rate ofstreamj, input (i=in) or output
(i=out), kilogramslhour

M'ul Vector ofmass flowrates for all output streams,
kilograms/r hour

• NP
M..n Specific generation of non-product mass,

kilogramslkl1ogram
• NP

Mow Specific output of non-product mass,
kIlogramslkilogram
Mass output rate ofproductp, kilograms/hour
Vector of mass flowrates for all products,

kIlograms/hour
Mass fraction ofchemical kin streamj

Mass fraction ofnon-product k in stream j

Vector of mass fractions for non-product

component i in all output streams,
kilogramslkilograms
Chemical independent relative weighting factor

for impact of type I, impact/kilogram
Pollution index. kilogramslkilogram

Standard deviation of all chemical Scores in
impact category j, no units

Overall potential environmental impact of
chemicalj, impactlkl10gram

Specific (s) potential environmental impact of
chemicalj for impact oftype I, impactlkl10gram

(Score)jjRelative potential impact score ofchemical i for
impact of type j, no unit

«(Score)j)jArithmetic average of the scores for all
chemicals i in impact categoryj, no units
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April 19, 1999

Mr. Douglas M. Young, Ph.D.
Sustainable Technology Division
National Risk Management Research Lab
US Environmental Protection Agency
26 W. Martin Luther King Dr.
Cincinnati, OH 45268

Via Fa.'c 513-569-7111

Dear Dr. Young:

1364 Beverly Road. Suite 302
McLean. Virginia 22101

Phone: 703.734.1090
Fax: 703.734.1093

e-mail: mse@erols.com

..

...

..

It has been a pleasure speaking with you about pollution prevention (P2) and the Waste
Reduction (WAR) Algorithm. As we discussed, P2 is very near and dear to me; and the
WI"R Algorithm seems like an excellent tool for comparing P2 options including process
and/or chemical changes, and we believe that the WAR Algorithm and its associated
database appear to have direct application to the pollution prevention I cleaner production
project on which I arn working for USAID in the Philippines.

It would be a great benefit to me if you could release to me the part of the database
containing information on the Republic of the Philippines Priority Chemicals. These 28
chemicals include the organic compounds: asbestos, benzene, carbon tetrachloride.
chlorofluoro-carbons, chloroform, chlorinated ethers, ethylene dibromide, ethylene oxide,
halons, hexachlorobenzene, hexachloroethane, mirex, polychlorinated biphenyls,
phosgene, pentachlorophenol, polybrominated biphenyls, selenium, tributyltin, vinyl
chloride, l,l,l-trichloroethane, and 1,2-diphenylhydrazine. Also included are arsenic,
beryllium, cadmium, chromium, cyanide, lead, and mercury. If any of these chemicals
are not in your database, we would be interested to learn how to add new chemicals.

Releasing an electronic copy (Excel format) as soon as possible would be a great benefit
to the 'project, as we are currently in the development stage of the project and would
benefit greatly from knowing options available for comparing CPIP2 options.

I look forward to your further input and assistance and can easily be contacted at 703
734-1090 (phone), 703-734-1093 (fax), and mse@erols.com (e-mail). Please ask for
Todd Danielson in my absence.

-

: T.A. Danielson

Y~I'l_
Environmental Science and Engineering Solutions for the 21st Century
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CHAPTER 6
ECONOMIC ANALYSIS OF

POLLUTION PREVENTION PROJECTS

..

..

Although. businesses may invest in pollution prevention be
cause it is the right thing to do or because it enhances their public
image. the viability of many prevention investments rests on sound
economic analyses. In essence. companies will not invest in a
pollution prevention project unless that project successfully com
petes with alternative investments. The purpose of this chapter is
to explain the basic elements of an adequate·cost accounting
system and how to conduct a comprehensIVe economic assessment
of investment options.

TOTAL COST ASSESSMENT

In recent years industry and the EPA have begun to learn a
great deal more about full evaluation of prevention-oriented invest
ments. In' the fim place. we have learned that business accounting
systems do not usually traCk environmental costs so they can be
allocated to the particular production units that creaIed those
wastes. Without this SOrt of infonnation. companies tend to lump
environmental costs together in a single ovemead .account or
simply add them to other budget line items where they cannot be
disaggregated easily. As a result. companies do not have the
ability to identify those parts of their operations that cause the
greatest environmental expendiwres or the products that are most
responsible for waste production. This chapter provides some
guidance on how accounting systems can be set up to caplUre this
useful infonnation better.

It has also become apparent that economic assessments typi
cally used for investment analysis may not be adequate for pollu
tion prevention projects. For example. traditional analysis methods
do not adequately address lIIe fact that many pollution prevention
measures will benefit a larger number of production areas than do
most olller kinds of capital investmenL Second. they do not
usually accoUnt for the full range of environmental expenses
companies often incur. Third. they usually do not accommodate a
sufficiently long time horizon to allow full evaluation of the
benefits of many pollution prevention projects. Ftnally. they
provide no mechanism for dealing with the probabilistic nawre of
pollution prevention benefits. many of which cannot be estimated
with a high degree of certainty. This chapter provides guidance on
how to overcome these problems as well
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highlighting to management both their uncertainty and their impor
tance.

Direct Costs

For most capital investments. the direct cost factors are the
only ones considered when project costs are being estimated. For
pollution prevention projects. this category may be a net cost. even
though a number of the components of the calculation will repre
sent savings. Therefore. confining the cost analysis to direct costs
may lead to the incorrect conclusion that pollution prevention is
not a sound business investment.

Indirect Costs

For pollution prevention projects. unJike more familiar capital
investments. indirect costs are likcly to represent a significant net
savings. Administrative costs., regulatory compliance costs (such
'as permitting. recordkccping, reporting. sampling, preparedness.
closure/post.cJosure assurance). insurance costs. and on-site waste
manageme!J1 and.pollution control equipment operation costs can
be significant. They are considered hidden in the sense thaI they
are either allocated to overl1cad rather than their source (production
process or product) or are altogether omitted from the project
financial ,analysis. A necessary first step in including these costs
in an economic analysis is t!> estimate and allocate them to their
source. See the section below on Direct Cost Allocation for
several ways to accomplish this.

Liability Costs

Reduced liability associated with pollution prevention invest
ments may also offer significant net savings to your company.
Potential reductions in penalties. fines. cleanup costs. and personal
injury and damage claims can make prevention investments more
profil3ble. particularly in the long run.

In many instances. estimating and allocating future liability
COSlS is SUbject to a high degree of uncertainty. It may. Jor exam
ple. be difficult to estimate liabilities from actions beyond your
control. such as an accidental spill by a waste hauler. It may also
be difficult to estimate fulUre penalties and fines that might arise
from noncompliance with regulatory standards that do not yet
exist. Similarly. personal injury and pmperty damage claims that
may result from consumer misuse. from disposal of waste later
classified 'as hazardous. or from claims of accidental release of
hazardous waste after disposal are difficult to estimate. Allocation
of future liabilities to the produCts or production processes also
presents practical difficulties in a cost assessment. Uncertalnty.
therefore. is a significant aspect of a cost assessment and one that
top management may be unaccustomed to or unwilling to accept.
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Dir<et Costs
Capital Expenditures

Buildjngs
• Equipment and Installatjon
• Utlliry Conlltctlons
• Project Engjnuring

Operation and Maintenance
ExpellSes or Revenues

Raw Marerials
• lAbor
• Waste Disposal
• Warer and Energy
• Value of Recovered Material

ltulinct Costs
Admillistrl1ljve COStS
Regulatory CompliaJlce COSts

• Permitting
• Recordlcuping and Reportjng
• Mollitoring
• Manifesting

Insurance
Wor.l:man's Compensation
On-Site Waste Management
On-Site Pol/udon Control

Equipment Operation

Liability Costs
Penalties
Fjnes
Personal Illjury
Property Damage
Natural Resources Damage Clean
up Casu

• Superfund
• Corrective Actjon

ChlIpter 6
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Some finns have nevertheless found alternative ways to
address liability costs in project analysis. For example. in the
narrative accompanying a profitability calculation. you could
include a calculated estimate of liability reduction. cite a penalty or
settlement that may be avoided (based on a claim against a similar
company using a similar process). or qualitatively indicate without
attaching dollar value the reduced liability risk associated with the
pollution .prevention project. Alternatively. some finns have
chosen to loosen the fInancial perfonnance requirements of their
projects to account for liability reductions. For exatnple. the
required payback period can be lengthened from three to four
years. or the required internal rate of return can be lowered from
IS to 10 percent. (See the U.s. EPA's Pollurion Pr~enrion

Benefits Manual. Phase II. as referenced in Appendix G. for sug
gestions on fonnulas that may be useful for incorporating furore
liabilities into the cost analysis.)

Less-Tangible Benefits

A pollution prevention project may also deliver 'substantial
benefits from an improved product and company image or from
improVed employee health. These benefits. listed in the cost
allocation section of this chapter. remain largely unexamined in
environmental investment decisions. Although they are often
difficult to measure. they should be incorporated Into the assess
ment whenever feasible•.At the very least. they showd be -high~

lighted for managers after presenting the more easily quantifiable
and allocatable costs. .

Consider several examples. When a pollution· prevention
invesanent improves product perfonnance to the POint that the new
product can be differentiated from its compeutlon. marKet share
may increase. Even conservative estimates of tlus increase can
incrementally improve the payback from the polluuon prevention
invesanent. Companies similarly recogruze thai the development
and maric~ting of so<al1ed "green produCts" appeals to consumers
and increasingly appeals to intennediate purttwers who are inter
ested in incorporating "green" inputs U1tO their produCts. Again.
estimates of potential increases in sales an be added to the analy
sis. At the very least. the improved profit.lbthl} •from adding these
less-tangible benefits to the analysis should be ~ted to man
agement alongside the more easily esumllCd costs and benefits.
Other less t3ngible benefits may be more dltficult to quantitY. but
should nevertheless be brought to ~ent"s aa.ention. For
example. reduced health maintenance costs. aVOided furore regWa
tory costs. and improved relationships WIth regWaIors potentially
affect the bottom line of the assessment.

In time. as the movement toward green products and compa
nies grows. as woricers come to expect safer working environ
ments. and as companies move away from sunply reacting to
regWations and toward anticipating and addressing the environmen
tal impacts of their processes and products. the less tangible

EcoDomie All.lIlysis 0( PoUutioD Prevstioa Projects

Uss-T4IIfible BeMfus
Increased S4ItS DIU to

• improved prodllCt qllQlity
• enhlutetd company image
• COlISumer tTUSl in grun prod-

uCtS
Improved Suppliu-e==r

. ReiorlollSlfip .
Reduced Health f;!aiJIunanct

Costs
Illcrtas~d ProdJ,cm'ity Dill! to

Improved Employte RelaltcJlIS
Improved Relationships with

ReglJlators

"We wlUlUd 10 IIS4U II _jar
eDon 10 sMw tIuU ilJdllSJry in JJu
U.s. C4II simllllaMoasl, lItlaCk
IINI SQloe ellnn.-tUJZi problems
w1lile improrillt 1toJh prodJlcts
IINI profuabiJil]•..

- JOM DJJdd. value JUtQ/ysis
tfIQ1lQgu aJ Zyrec. as qllOted in
PtrsMetitHs on Minn~SlJIQ

Waste Issues. JtJJWIZI'Y-Febru·
ary.I992.
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aspectS of pollution prevention inveSllllents will become more
apparenL

EXPANDED TIME HORIZON

Since many of the liability and less-tangible benefits of pollu
tion prevention will occur over a long period of time. it is impor
tant that an economic assessment look at a long time frame. not
the three to five years typically used for other typeS of projectS.
Of course. increasing the time frame increases the uncertainty of
the cost factorS used in the analysis.

LONG·TERM FINANCIAL INDICATORS

When making pollution prevention decisions. select long-term
-financial indicators that account for:

• all cash flows during the project
• the lime value of money.

Three commonly used financial indicators meet these criteria: Net
Present Value (NPV) of an investment. Intemal Rate of Return
(IRR). and Profitability Index (Pl). Another commonly used
indicator. the Payback Period. does not meet the two criteria
mentioned above and should not be used.

Discussions on using these and other indicators will be found
in economic analysis texts.

DIRECT ALLOCATION OF COSTS

FeW companies allocate environmental COSts to the products
and processes that produce these costs. Without direct allocation.
businesses tend to lump these expenses into a single ovemead
account or simply add them to other budget line items where they
cannot be disaggregated easily. The result is an accounting system
that is incllpable of (1) identifying the products or processes most
responsible for environmental costs. (2) targeting prevention
opportunity assessments and prevention invesunents to the high
environmental cost products and processes. and (3) tracking the
financial savings of a chosen prevention investment. TCA will
help you remedy each of these deficiencies.

Like much of the TCA method. implementation of direct cost
allocation should be flexible and tailored to the specific needs of
your company. To help you evaluate the options available to you.
the discussion below introduces three ways of thinking about
allocating your costs: single pooling. multiple pooling. and service
centers. The discussion is meant as general guidance and explains
some of the advantages and disadvantages of each approach.
Please see other EPA publications (such as those listed in Appen-
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USEFUL P2 WEBSITES

Web Address Organization Descriotion
http://es.epa.gov US EPA's EnviroSense Practical Examples of

P2; Related Site
References

www.epa.gov/opptintr/library/ US EPA P2 Success Stories

http://enviro.nfesc.navy.millp2Iibrary U.S. Department of Joint Services P2
Defense Library-P2

Technologies and Case
Studies

http://epic.er.doe.gov/epic U.S. Department of P2 Info Clearinhouse;
Energy International P2 Web

Sites
http://cpp2.samia.com Canadian Centre for P2 Information;

Pollution Prevention Related Site References
http://c1ean.rti.org Research Triangle Solvent Alternatives

Institute / US EPA Guide (SAGE);
. Searchable Knowledge

Base for Surface
Cleaning

USEFUL CHEMICAL INFO DATABASE SITES

Web Address Organization Descriotion
http://u1I.chemistry.uakron.edu University ofAkron Hazardous Chemical

Database (Searchable)
http://hazard.comlmsds NGO Searchable Material

Safety Data Sheet
Information
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Prinled on paper thai conlains alleasl 50% recycled fiber.

This series from the U.S. EPA provides information
ofgeneral interest regarding industry-speci ftc
manufacturing processes and pollution issues
associated with specifie industrial scctors. The
series is unique in taking a holistic, "whole facility"
approach to environmental information, instead of
separating infonnation related to pollutants ofair,
water, and land. For each industry the Notebook
contains:

II(•I

AirTransportalion
Dry Cleaning

Electronics and <;:omputers
Fabricated Metal Products

Fossil Fuel Electric Power Generation
Ground Transportalion
Inorganic Chemicals
Iron and Steel
Lumber and Wood Products

Metal Casting
Metal Mining
Motor Vehicle Assembly
Nonferrous Metals
Non-Fuel, Non-Metal Mining
Organic Chemicals
Petroleum Refining

Pharmaceutical Manufacturing
Plastic Resin & Man-made Fibers
Printing
Pulp and Paper
Rubber and Plastic

Shipbuilding and nepalr
Stone, Clay, Glass and Concrete

Textiles
Transportation Equipment Cleaning

Water Transportation
Wood Furniture and Fixtures

What Industries Ha J

Been Captured In sector
Notebooks?

Highlighted rilles were lIewly published ill 1997.
All olhers were published ill 1995.

Check rhe Norebook website (lVWlV. epa.gov/oeca/

secror/lndex.hlml) lor new and fUllIre rilles.

II.tIII.

I

What Are \ ••e Industry
Sector Notebooks?

information about size, geographic distribution,
products, and economic trends.
a description of manufacturing processes,
including inputs of raw materials and
pollution outputs.
a profile ofchemical releases to the
environment.
a summary of federal environmental
regulations and compliance history.

• pollution prevention opportunities.
• government and industry initiatives for

compliance assurance.
• resource materials and contacts.

The Industry Scctor Notebooks arc published by the
Office ofCompliance. U.S. Environmcntal Protection
Agcncy (EPA), and have been thoroughly reviewed
by EPA and outside experts. The Notebooks have all
been carellilly researched and referenced, and
indude many tables and figures containing
quantitative infonnation relevant to each industry.
Pollutant emission and compllance dala from the
1995 Notebooks has been revised in lhe Sector
N/1tebo/1k Data Relreslr-/997 (sec Ordering
Information). The sector Notebooks arc (lne of the
few sources of consolidated data about an industry.

Iil
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Who Should Know About the
Industry Sector Notebooks?

This sector-based approach helps readers to:

l

Price

$6.50
11.00
11.00
9.00
8.00
9.00

10.00
11.00
9.00
6.50

11.00
11.00
7.50

11.00
11.00
7.50
5.50
8.00

I
......•.--_ .._--

l

055-000-00570·2 $7.50
055·000-00576-1 14.00
055·000·00571-1 10.00
055-000·00573-7 13.00
055-000·00574-5 13.00
055·000-00575-3 15.00
055·000·00577-0 9.50
055-000-00578-8 10.00
055-000·00572-9 7.50
055-000-00579-6 17.00

GPO Slock #

055-000-00512-5
055-000·00513-3
055'000-00518-4
055-000-00515-0
055-000-00516-8
055-000-00517·6
055-000-00519-2
055-000-00520-6
055-000-00521-4
055-000-00522-2
055-000-00523-1
055-000-00524-9
055-000-00525-7
055-000·00526-5
055-000-00527-3
055-000·00528-1
055-000·00529-0
055-000-00514-1

Notebooks Published in 1997 :
Profile of the Air Transportation Industry
Profile of the Fossil Fllel Electric Power Generation Ind.
Profile of the Ground Transportation Industry
Profile of the Metlll Casting Industry
Profile of the Phllrnlaeeutieal Manufacturing Industry
Profile of the Plastic Resin & Man·made Fibers Ind.
Profile of the Shipbuilding and Repair Industry
Profile of the Textiles Industry
Profile nf the Water Transportation Industry
Sector Notebook Data Refresh-1997'
ALL NOTEBOOKS FOR 1997

I Il1tL~t; 5eJr ;h/et:k
O~DERING INFORMATION

tIi

EPAl310·R·97·001
EPAl310·R·97·007
EPA/310-R-97·002
EPA/310-R-97·004
EI'A/31 O·R-97·005
EI'Al31 0·R-97-006
EPA/310·R-97-008
EPA/310·R-97·009
EI'A/31 0·R-95-oo3
EPAl3 I0-R-97-0 10
EPN310·R·97·01ISET

"Final pub/katian date: May 1998

i Notebooks Published in 1995:
EPA/310-R-95-001 Profile of the Dry Cleaning Industry .
EPA/310-R-95-002 Profile of the Electronics and Computers Industry
EPN310-R-95-007 Profile of the Fabricated Metal Products Industry
EPN31 0-R-95-004 Profile of the Inorganic Chemicals Industry
EPN310-R-95-005 Profile of the Iron and Steel Industry'
EPA/310-R-95-006 Profile of the Lumber and Wood Products Industry
EPN31 0-R-95-008 Profile of the Metal Mining Industry
EPN310-R-95-009 Profile of the Motor Vehicle Assembly Industry
EPN31 0-R-95-0 I0 Profile of the Nonferrous Metals Industry
EPN310-R-95-011 Profile of the Non-Fuel, Non-Metal Mining Industry
EPN31 0-R-95-0 12 Profile of the Organic Chemicals Industry
EPN31 0-R-95-0 13 Profile of the Petroleum Refining Industry
EPN310-R-95-014 Profile of the Printing Industry
EPN310-R-95-0 15 Profile of the Pulp and Paper Industry
EPN310-R-95-016 Profile of the Rubber and Plastic Industry
EPN310-R·95·017 Profile of the Stone, Clay, Glass and Concrete Industry
EPN31 0-R-95·0 18 Profile of the Transportation Equipment Cleaning Ind.
EPN310-R-95-003 Profile of the Wood Furniture and Fixtures Industry
EPN310-R·95-019SET ALL NOTEBOOKS FOR 1995

EPA Pub# NotebookTille

ebookSby calling the Government Printing Office (GPO) at202-512-1800. Be ready with
the GPO Stock Number from the list below. VISA, MasterCard, and Discover credit cards accepted.

3. (For government employees and libraries only): Can EPA's National Center for Environmental
Publications and Information (NCEPI), at (800) 490-9198 for complimentary copies of any Notebook.
l3e ready with the EPA Publicatioo oumher from the list below.

ere are lliree ways 10 oblain Induslry Seclor NOlebooks:
1. Download Notebooks from Ihe Internet, at no charge. Web versioos contain complete text. but they do

not always include all graphics or data tables. The Notebooks can be found at
www.epa.gov/oeea/seetor/index.html
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" build a foundation for developing holistic
solutions to environmental problems.
perform research on an industry and its
environmental regulations.
understand compliance issues.
develop industry-specific training sessionsl
programs.

" develop curricula for environmentally related
courses.
determine probable cause for a lawsuit,
citation. or penahy.

" create and improve innovative pollution
prevention programs.

cOllununityadvocates
compliance assistance providers
compliance inspectors (federal. state, and local)
educators
engineers
environmental advocates
foreign governments
internationnl agencies
legal professionals (government lind industry)
Iibmrians
regulators

• environmental numugcrs
• small business technical ilssistancc providers

waste fuciJilics Ill.mager:; (water, solid Wilsie)
memhers of the public with an interest in ,11\
industry

If you have (IUestions ahoutthe Industry Soctor
Notebooks, you may contact:
Seclor Notebook ()rojcct CoordillulOr. Office of Compliance
(2223A), U.S. EPA, 401 M Sireet, SW. WlIShington, DC.
20460. Phooe: 202-260-2300. Fax: 202-564·0050.

HoWAre the Industry
S~orNmebooksUsed?
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TECHNOLOGY TRANSFER PRODUCTS (continued)

')Control Techniques for Fugmve VOC Emissions from Chemical Process Facilities (March 1994) 6251R-93100s

Approaches for the Remediation of Federal Facility Sites Contaminated with Explosive or

Radioactive Waste (Sept. 1993) .•.•.......•••............•......••...........•••...••.•..........••••.............•......................................••. 6251R-931013

Ground Water and Wellhead Protection (May 1994) ......•..•........•.....••••..••••....•....................•••..................•••.......•...••• 6251R-94/OO1

Guide To Septage Treatment And Disposal (Oct. 1994) .••..........•......••...........••........••.......•••••..............•.•.•.•......•....••• 6251R-941oo2

Compendium of Methods for the Determination of Inorganic Compounds in Ambient Air· First Edition .....•........••. 6251R-96I010a

Handbook for Continuous Emission Monitoring Systems for Non-Griteria Pollutants •..........•.••..•.•.......••••••.....••...••••• 6251R-97/oo1

• Advanced Photochemical Oxidation .................•.......•.....•.•.................••......•.....................•••.•........•..•..........••.........•.•• 6251R-981004

• Technical Approaches to Characterizing and Cleaning Up Metal Finishing Sites under the Brownfields

Initiatives .•.••.........•.•••••.••••..•...•.••.•••.........•••••.....••••............................••.......•....•...••...••.•...........••....••••.••.......•........... 6251R-981OO6

• Technical Approaches to Characterizing and Cleaning Up Iron and Steel Mill S~es under the Brownfields

Initiatives .•...•......•..•.••••.••..•....•......••••.......................••......••••••••....••••..••.•••..••••..........••.......••••.••••.......•.•••......••••.....•.. 625/R-981007

• Technical Approaches to Characterizing and Cleaning Up Automotive Repairs Sites under the Brownfields

Initiatives ..••••....•.•...................••••.••...•..•••.....•..........•....•.•••......•..•.....••....••••.....•••.•.........•....•...........•.•......•••••.........•.. 6251R-98/008

• Cost Estimating Tools and Resources for Addressing Sites Under Brownfields Initiatives ...•.•..........••........•.•........•.• 6251R-99/OO1

GUIDES TO POLLUTION PREVENTION
The Pesticide Formulating Industry (Feb. 1990) : .....•............••••.......•........ 62517-90/004

The Paint Manufacturing Industry (June 1990) ...............••..........••......••........•....•••.•...................•..••....•.•••.............•.....62517-901005

The Fabricated Metal Industry (July 1990) .........................•.•••.•........•..............•...................•••...•................••.....•........ 62517-901006

The Printed Circuit Board Manufacturing Industry (June 1990) ........•...•..................•.••.............................•••........••..... 62517-901007

The Commercial Printing Industry (Aug. 1990) ....•.............•.••••.••.....••••...•......•••••................••••................•••••..•.....•••..._62517-901008

')Selected Hospital Waste Streams ••..••......•.••....•............••............•.••....••••...••••..••••••••••••••••.............•..•••••.•.................•••62517-901009

'Research And Educational Institutions (June 1990) 62517-901010

The Photoprocessing Industry (Oct. 1991) ..................••......••••.••........•....••.............•••••••......•.••••.....................•......•..••. 62517-911012

The Automotive Repair Industry (Oct. 1991) .•..•.......•.....••..........•.•••......•.....••....................................•.•........••.......••••.. 62517-911013

The Fiberglass·Reinforced And Composite Plastics Industry (Oct. 1991) .•.•....••..............•...............••............•••......•.. 62517-91/014

The Marine Maintenance And Repair Industry (Ocl. 1991) ••.•••.•.......•••....•.....••........................•..............•••••....•.........• 62517-911015

The Automotive Refinishing Industry (Oct. 1991) ....•.....................................•..............•............••••.......•.••..................•62517-91/016

The Pharmaceutical Industry (Oct. 1991) 62517-91/017

The Mechanical Equipment Repair Industry (Sept. 1992) 6251R-921OO8

Metal Casting And Heat Treating Industry (Sept. 1992) : 6251R-921OO9

Municipal PretreatC(lent Programs (Sept. 1993) 6251R-931OO6

Non·Agricultural Pesticide Users (Sept. 1993) 6251R-931oo9

Organic Coating Removal (Feb. 1994) 6251R-931015

Altematives To Chlorinated Solvents For Cleaning and Degreasing (Feb. 1994) ~251R-93I016

Cleaning and Degreasing Process Changes (Feb. 1994) 6251R-931017

Organic Coating Replacements (Ocl. 1994) 6251R-941006

Altemative Metal Finishes (Oct. 1994) 6251R-94IOO7

Pollution Prevention in the Paints and Coatings Industry :.................................................... 6251R-961003

Best Management Practices for the Textiles Industry 6251R-961004

Best Management Practices for Pollution Prevention in the Siabstock and Molded Aexible

Polyurethane Foam Industry 6251R-96IOO5

ISO 14000 Resource Directory 6251R-97/003

.EPA Standards Network Fact Sheet ISO 14000: Intemational Environmental Management Standards 625/F-97/004

industrial Assessments for Pollution Prevention and Energy Efficiency 625/R-991OO3

• Listed for first time
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Switch Materials
to Prevent Pollution
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There are many.. opportunities in the.. enfor replacing
hazardous

.... substances with
less-hazardous.. substitutes. This

guide can be used... to prioritize
candidates for.- replacement and

.. identify potential
alternatives...
Adolf W. Gessner.

Consultant

11
e chemical process industries

(CPI) employ many subStances
that contribute to air and water
pollution, hazardous-waste gener

ation, soil contamination, fire and explosion risks, and the exposure of humans, animals, and plants to hazardous and/or toxic
materials.

Pollution prevention seeks to reduce or
eliminate adverse health, safety, and envi
ronmental impacts of manufacturing activi
ties. Material substitution is an approach to
pollution prevention that attempts 10 re
place hazardous substances with materials
thaI are less hazardous to humans and lesshannful to the environment

This article examines the replacement of
hazardous organic substances that are used
in petroleum processing, natural gas sweetening, chemical manufacturing. surface
cleaning, and surface coating applications.

WHICH SUBSTANCES
ARE HAZARDOUS?

In the U.S., federal and state governmen
tal agencies regulate the use and disposal of
many hazardous materials, including:

• substances generating 10xic and/orhazardous liquid and solid wastes;
• substances thaI pose fire or explosion .hazards, or !hat generate ignilable wastes(flash points below 60°C or 140°F);
• reactive substances that may explodeor detonate without oxygen supply or ignition source;
• hazardous substances whose use requires annual public disclosure in a Toxic

Release Inventory (TRI);
• hazardous air pollutants (HAPs)identified by the Clean Air Act Amend

ments and by Slate regulations;

• hazardous subS1allces identified 'aspriority water pollutants (PWPs) by the
Clean Water Act;

• volatile organic compounds (V0Cs)that are photochemically reactive. forming __smog in the aunosphere at ground level;
• substances with low permissible exposure limits (PELs) as defined by regula

tions of the Occupational Safety and
Health Administration (OSHA), or as rec
ommended by the National Institute of Oc
cupational Safety and Health (NIOSH) or
the American Conference of Governmental
Industrial Hygienists (ACGlH);

• known or suspected carcinogens: and
• subStances that tend to deplete thestratospheric ozone layer or that contribute

to global warming.
These groups of subS1allces are nOl mutually exclusive; many materials fall into

two or more of these categories. Clearly•many of these substances ought [0 be con
sidered for replacement

Flammable. explosive,
and reactive substances

The ability of combustible 'organic
chemicals to fonn ignitable, potentially explosive vapor mixtures with air is characterized by the flash point The flash point isthe lowest temperatUre at which the vaporpressure of the chemical generates a vapor
concentration in air that can be ignited by a
low-energy spark.

Substances with flash points below ambient temperature can ignite and explode if
they are not properly handled. The Re
source Conservation and Recovery Act
(RCRA) defines any substanCe with a flashpoint below 60°C (140°F) as ·~gnilable."

To protect against fires and explo-

. I

'.

/tfD



...

60 • DECEMBER 1998 • CHEMICAL ENGINEERING PROGRESS

....

'1lli8'

...

...

HAPs, PWPs, and
TRI-reportable substances

Solvents that fall into these cate
gories deserve consideration for re
placement. Also included in this class
are important feedstocks used in chem
ical manufacturing, transportation
fuels, and thinners for coating applica
tions; many of these cannot be re
placed in the immediate future.

Global warming
and ozone depletion

Substances relatively transparent to ...
ultraviolet and visible solar radiation
but opaque in the infrared spectral
range trap heat by the "greenhouse ef-
fect" and contribute to global warming. ..
The principal greenhouse gases in the
atmosphere are carbon dioxide,
methane, and nitrous oxide: -- -Wi

Volatile substances that rise into the
stratosphere and release chlorine help
convert stratospheric ozone to oxygen.
Ozone depletion permits increased io;
amounts of ultraviolet solar radiation
to reach the earth's surface and is
linked to human skin cancer and looi
cataracts, and possible damage to plant
and marine life.
. Among organic solvents, chloroflu

orocarbon CFC-1l3 and methyl chlo- iilIJ
roform are the principal substances
suspected of contributing to the green
house effect and to stratospheric ozone w
depletion. Their manufacture in the
U.S. was stopped on Jan. I, 1996.

POTENTIAL
REPLACEMENTS

Solvents may be clasified into sev
eral chemical groups: paraffinic (ali
phatic and alicyclic) hydrocarbons,
monoterpenes, aromatic hydrocar
bons, alcohols, ethers, aldehydes, ke
tones, esters, phenolics, ethylene gly
col ethers and their esters, propylene
glycol ethers and their esters, chlori
nated hydrocarbons, chlorofluorocar
bons, fluorinated organic compounds.
nitrogen-containing compounds, and
sulfur-containing compounds. Some
solvents belong to more than one of
these categories. Aqueous alkaline
cleaning formulations represent an ad-

Volatile organic compounds
The list of organic substances con- .

sidered to be photochemically reactive
VOCs (40 CFR, Chapter I, Section
51.100) is so all-inclusive that the re
placement of VOCs by organic non
VOCs is virtually impossible.

However, in many cleaning applica
tions, VOCs have been successfully re
placed by aqueous alkaline cleaning
formulations. The VOC content of
some coating formulations may be re
duced. Some solvent-based coatings
may be replaced by water-based or
powder formulations.

Carcinogenic substances
In addition to well-documented car

cinogens, NIOSH has identified many
potential occupational carcinogens
based on an increased incidence of be
nign or malignant tumors or a short
ened latency period between exposure
and onset of tumor as a result of in
halation .or skin absorption exposure.
All carcinogens should be. considered
for replacement by noncarcinogenic
substitutes.

nontoxic ones. OSHA enforces PELs
for toxic substances in terms of time
weighted average concentrations in
air for a workday of 8 hours. NIOSH
publishes recommended exposures
limits (RELs), and AGCIH publishes
threshold limit values ('fLVs); their
definitions resemble those of OSHA's
PELs, but they are, generally, less per
missive. NIOSH RELs typically re
flect the most recent toxicological re-
search data. .

The lower the PEL, REL, or TLV,
the more hazardous a substance is to
human health. Pollutant concentrations
in air are expressed in parts per million
(ppm) by volume, or in mg/m3• For
purposes of this discussion, the line be
tween what is considered highly toxic
and what is relatively less toxic is arbi-

. trarily drawn at a NIOSH REL for in
halation and skin absorption of 25
ppm. Substances with RELs of 25 ppm
and less are prime candidates for re
placement; all others are considered
moderately toxic.

sions? such substances may some~

times be replaced by substitutes hav
ing flash points well above ambient
temperature.

However, it often is impractical to
replace volatile, low-flash-point sub
stances-with less-volatile substimtes.
Motor gasoline, diesel fuel, and jet fuel
are ignitable, but gasoline, diesel, and
jet engines will not operate on high
flash-point substitutes. Many solvents
with low flash points are indispensable
- wherever rapid solvent evaporation
is required, substitution by slowly
evaporating, high-flash-point replace
ments is impractical. In such cases, in
stead of material substitution, conven
tional fire protection is used: volatile,
ignitable solvents are stored in tightly
closed containers to limit the amount
of oxygen available for combustion;
metal drums are grounded to eliminate
static electricity; work areas are venti
lated to reduce contaminant concentra
tions; sprink1er systems are provided;
process and storage tanks may be ni
trogen-blanketed; explosionproof mo
tors, switches, lighting fixtures, and in
struments may be used; and no-smok
ing rules are strictly enforced.

On the other hand, wherever possi
ble, reactive substances that can ex
plode or detonate without an ignition
source or oxygen supply should be re
placed by nonreactive substitutes.

Toxic substances
Toxic effects on humans and ani

mals greatly depend on the exposure
pathway - inhalation, skin contact, or
ingestion - and on the dosage of pol
lutant received. Vapor inhalation and
absorption through the skin by vapor
contact are the most common exposure
modes. The dosage of toxic substance
entering the body is directly related to
the concentration of the substance in
the air inhaled or in contact with the
skin. This concept of toxic exposure is
the basis of the health guidelines for
industrial chemicals issued by OSHA,
NIOSH, and ACOIH.

These guidelines provide a means
of distinguishing between highly toxic
substances and less toxic or relatively



il.- _
'!
i
I,
!',

t·

•

II

i

•

•

I

•

•

ditional class of substances; they may
include both organic and inorganic
compounds.

Paraffinic hydrocarbons
Straight-cllain, branched. and naph

thenic (cycloparaffinic). hydrocarlxlDs
are relatively nontoxic. However,
paraffinic distilla1e fractions from tra

-ditional petroleum processing often
contain appreciable concentrations of
aromatic hydrocarlxlDs, rendering them
potentially toxic, carcinogenic, and
classifiable as HAPs and PWPs. The
major petroleum processors in the U.S.
and their petrochemical afliIi3leS have
begun supplying paraffinic hydrocar
bon distilIa1e fractions with very low
aromatic hydrOC3Ibon content (<0.5%).
These are preferred over traditional
petroleum distillate fractions, such as
straight aliphatic solvents (e.g., Varsol),
mineral spirits, kerosene, and Stoddard
solvent.
, Paraffinic hydrocarlxms (many ig
Jtable, all VOCS) generally are mod

erately effective solvents for hydropho
bic surface soils such as grease, oils,
and waxes. Naphthenic hydr<X31bollS
appear to be slightly more effective as
solvents than normal- and iso-parnf
finie hydrocaIbons.

Monoterpenes
Monoterpeues are relatively non

toxic olefinic CIO hydrocarbons de
rived from natural so= They in
clude limonene, pinenes, myrcene, and
others. limonene is a very effective
solvent for many types of grease,
waxes, and organic soldering fluxes.
Twpentine, a mixture of a- and ~
pinene, is a paint thinner. Mounter
penes are VOCS and are ignitable.

Arometic hydrocarbons
Aromatic hydrocatbons are impor

tant petrochemical feedstocks. They
also are excellent solvents for oils,
grease, fats. many waxes, tar, and
many chemical intermediates and

'oduets. Aromatic hydrocarbons gen
.taIIy are more versatile as solvents
than paraffinic hydrocaIbons. Howev
er, they are more hazardous.

Benzene is a carcinogen; its NJOSH
REI.. is 0.1 ppm. Obviously, it is a
highly toxic substance thai should be
replaced wherever possible. Toluene.
ethylbenzene, the xylene isorn=, and
cumene, with RELs of 50-100 ppm,
are not highly toxic and are not classi
fied as carcinogens. However, they are
ignitable. classified as HAPs, PWPs,
and VOCs, and SUbject to TRI report
ing. At present, toluene, ethy!benzene,
and xylenes are widely used in coating,
adhesive. and thinner fonnuIations be
cause of their compatibility with the
other components of coating fonnula
tions and because of their rapid evapo
ration rnleS.

Trimethylbenzene (three isomers),
p-tert-butyl toluene, bipheny!;-ter
phenyl (three isomers), and polycyclic
aromatic hydrOC3Ibons (naphthalene,
indene, anthIacene, phenanthrene, acri
dine, chrysine, benzo(a)pyrene, etc.)
are toxic and eatcinogenic. Aromatic
hydrOC3Ibon distillale fractions such as
Aromatic 100, 150, and 200 are made
up in part of these hydrocarbon con
stituents. All aromatic hydrocatbons
are VOCs and many are ignitable.

The replacement of aromatic hydro
caIbon solvents with suitable, less-haz
ardous aliphatic substitutes clearly
would be desirable. Cycloparnffinic
hydrocaIbons may fl'Place aromatics in
some applications.

Alcohols
Methanol, ethanol, n-propanol, is0

propanol, the isontelS of butanol and
amyl alcohol, cyclohexanol, diacetone
alcohol, and a-terpineol are relatively
nontoxic. All except cyclohexanol and
terpineol are ignitable, and all are
VOCs. Furfuryl a1cobol is highly toxic.

Ethers
Light paraffinic ethers such as di

ethyl ether, diisopropyl ether, and
tetrahydrofman are relatively nontoxic.
Among elhers, only methyl tert-butyl
ether (MmE), an octane booster for
gasoline, is a HAP; it is not used in
cleaning and coating applications. All
ethers are VOCs, and all the ethers
mentioned here are ignitable. The

cyclic ether 1,4-<lioxane is highly
toxic. (Glycol ethers are disC"ssed
below.)

Aldehydes
Furfural is the only aldehyde known

to be used on a !alge scale, as an ex
tractant in lube oil dewaxing. II is high
ly toxic.

Ketones
Acetone, methylethyl ketone

(MEK), methyl isobutyl ketone
(MIBK), methyl n-propyl and iso
propyl ketone, and methyl n-amyl
and isoamyl ketone are relatively
nontoxic, but ignitable; all except
acetone are VOCS. MEK and MIBK
require TRI reporting. These ke
tones are popular components of
many coating, adhesive. and thinner
formulations.

Among ketones, methyl n-butyl ke
tone, ethyl isoamyl ketone, diisobutyl
ketone, isophorone, and cyclobex
anone are highly toxic.

Esters
Methyrfonnate and acetate, ethyl,

n-propyl, all butyl and amyl ace
tates, ethyl-kthoxypropionale (EEP),
branched C6 to CIO paraftmic ac
etales, ethylene and propylene caIbon
ate, and dibasic esters (dimethyl suc
cinate. glutarate. and adipate) all are
relatively nontoxic. All these ester.;

are VOCs. The lower ester.; from
methyl formate to amyl acetale are ig
nitable. These esters are widely used
as solvents in chemical manufactur
ing, surface cleaning. and surface
coating. Gamma-butyrolactone. a
cyclic C4 ester, is highly toxic. (Gly
col ether esters are discussed below.)

Phenolics
Pbenol, the cresol isom=. and the

dihydroxybenzenes (CaleChoI, resorci
nol, and hydroquinone) are all highly
toxic. Traditional cleaning formula
tions and resin solvents containing
phenolics have !algely been replaced.
However, the displacement of pheno
lies from many specialty uses is ex
pected to be imprnctical.
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Chlorofluorocarbons
Among chlorofluorocarbons, CFC~

113 (CFq,-eF,Q) is the principal
substance of interest as a solvent fei
conducting chemical syntheses and folloi
cleaning applications. CFC-113 is al
most nontoxic (NlOSH REI.. = 1,00;
ppm), nonflammable, and chemically.
very stable. It lends itself to immersio;r"
cleaning and vapor degreasing. Other,
more-volatile CFCs, beeause they art
nonflammable and nontoxic, are excellooi
lent refrigerants and propellants for
aerosol spraying. All CFCs contribul£
to stratospheric ozone depletion an,
their use has been severely restricted. ill

Fluorinated organics
Chlorine-free fluorocarbon solvenl:o.i

are in use or under developmenll.ack
ing chlorine, they do not destroy strato
spheric ozone. However, their possibU
role as greenhouse gases is unclear ai"l
this time. They are nonflammable,
chemically stable, and their toxicity il
generally low. A fluorinated ether ;,
used for electronic circuit board clean~
ing. Several perfluorocarbons (e.g.•
perfluorobexane, CJ',J are under con:
sideration as protective vapor barri","","
for immersion degreasing with hot hy
drocarbons or aliphatic esters ir
retrofitted vapor degreasing tanks...

In some applications, the propylene
glycol-based substances are "drop-in"
replacements for their ethylene glycol
based analogs; in some applications,
there are said to be significant perfor
mance differences between ethylene
and propylene glycol ethers.
- The propylene glycol-based ethers

and their acetate esters are not coosidered
to be HAPs and PWPs. The more
volatile among them are ignitable (PM.
PMA. PE, PEA. PnB), and al1 are VOCs.

more, NIOSH classifies them as poten·
tial occupational carcinogens. Methyi
chloroform, in addition, is believed to'"
contribute to stratospheric ozone de
pletion and global warming. ChIorinat·
ed hydrocarbons, clearly, are'hlgh-pri
ority candidates for replacement by
nonchlorinated substitutes. Many ap
plications involving chlorinated hydro
carbons have already been eliminaled. ...

Methylene chloride will continue to
be used for paint stripping as long '"
there is no replacement available that i,-,

Chlorinated hydrocarbons as effective. Trichloroethylene and per-
Chlorinated hydrocarbons, being chloroethylene will continue to be used

relatively inert chemically, are useful in applications where they offer sub,
solvents for carrying out many organic stantial technical and safety advantagJo'
synthesis reactions. Having high spe- over all solvent alternatives, with provi-
cific gravities and being almost immis- sions to minimize their discharge inle

,cible with warer, they are usually easy--' the environment and to protect person...
to separate from aqueous phases by nel from inhalation and skin exposure.
gravity. Being virtually nonignitable,
they pose no fire or explosion hazards.
The most important chlorinated hydro
carbons used in organic chemicals
manufacturing are methylene chloride,
chloroform, carbon tetrachloride, ethy
lene dichloride, methyl chloroform,
trichloroethylene, and perchloroethy
lene, and several chlorobenzenes.

These chlorinated hydrocarbons are
also useful in cleaning and degreasing.
They dissolve a great variety of surface
contantinants, including oils, grease,
fats, laf.!, many resins, and rosin solder
fluxes, and they evaporate quickly.

Methylene chloride is the only truly
effective, fast-acting paint stripper
known at this time. It is relatively non
toxic (OSHA PEL = 500 ppm). Chlo
roform, carbon tetrachloride, ethylene
dichloride, and the dichlorobenzenes
are highly toxic. Methyl chloroform,
an excellent multipurpose solvent for
cleaning and for vapor degreasing of
metal parts, is relatively nontoxic
(OSHA PEL = 350 ppm). Trichloro
ethylene and perchloroethylene are
moderately toxic (OSHA PEL = 100
ppm for both). The polychlorinated
biphenyls (PCBs) are highly toxic.

All these chlorinated hydrocarbons
are classified as HAPs, PWPs, and haz
ardous wastes under RCRA. All re
quire reporting in the TRI. Further-

Propylene glycol ethers
and their esters

As a result of the toxicity findings
for ethylene-glycol-based ethers and
their acetates, several manufacturers
have developed low-toxicity propy
lene-glycol-based alternatives: propy
lene glycol methyl ether (PM) and its
acetate ester (PMA), propylene glycol
ethyl ester (PE) and its acetate ester
(PEA), propylene glycol n-butyl ether
(PaB) and its acetate ester (PaBA),
dipropylene glycol methyl ether
(DPM), tripropylene glycol methyl
ether (TPM), and several others.

Ethylene glycol ethers
and their esters

The alkyl ethers of ethylene glycol
(Cellosolves) and their acetate esters
have been widely used in cleaning for
mulations because of their remarlcable
cleaning effectiveness. Diethylene gly
col etheis (Oubitols) and their acetate
esters, and triethylene glycol ethers and
their acetates, also are popular and ver
satile solvents.

Research on health risks associated
with human and animal exposure to
glycol ethers and their acetates re
vealed many adverse effects. Thus,
the risk assessments of ethylene gly
col ethers and their acetate esters were
radically revised. The NIOSH RELs
for ethylene glycol monomethyl ether
(methyl Cellosolve) and its acetate
ester were lowered from 25 to 0.1
ppm; those of ethylene glycol mo
noethyl ether (Cellosolve) and its ac
etate ester were dropped from 100 to
0.5 ppm; and those of ethylene glycol
n-butyl ether (butyl Cellosolve) and
its acetate ester were lowered from 50
to 5 ppm. All ethylene glycol, diethy
lene glycol, and triethylene glycol
ethers now require TRI reporting and
are listed HAPs and PWPs.

Nevertheless, ethylene glycol ethers
and their acetate esters are still widely
used in industrial and household clean
ers. It is expected that in many applica
tions, chemically similar but less-toxic
propylene glycol ethers and their esters
will displace the ethylene glycol ethers
and their acetate esters.



Light fluorocarl>ons, such as I,I-diflu
... oroethane, are used as propellants for

aerosol spray cans.

Nitrogen-containing organics
- Acetonittile, N.N-<limethyl for-

mamide, N.N-<limethyl acetamide, ni
trobenzene, nitromethane, pyridine, and

... morpholine are highly toxic. Nitroben
~ne and nitromethane are potential ex
plosives because they are chemically
reactive with a variety of cornmon sub-

.. stances. These compounds, where pos
sible, should be replaced.

Pure monoethanolamine and dieth-
• anolamine are highly toxic. In nanual

gas processing and surface cleaning
applications, however, they are ordi

. nariJy dissolved_in water and largely
.. converted to quaternary ammonium

cations. As such, they pose a low in
halation risk at room temperature.

, However, when heated, they may gen-
• ernte toxic vapor compositions.

~-methyl pyrrolidone, a C4 cyclic
:am, is a versatile solvent with ap

.. pueations in natural gas sweetening,
aromatic hydrocarbon extraction, sur
face cleaning, and paint stripping.

lIiI However, it is harmful to the human
reproductive system.

Sulfur-containing organics
lIIi Sulfolane (tetramethylene sulfone)

and dimethyl sulfoxide (DMSO) are
. nontoxic. Carbon disulfide is highly

...i toxic and, where possible, should be
replaced.

Aqueous alkaline
.IiIi cleaning formulations

Aqueous alkaline formulations may
contain amines (ethanolamines, mono

.' isopropanolamine) to achieve aJkaJini
ility. As noted earlier, ethanolamines

have low RELs (3 ppm) and are poten
tiallytoxic; however, they do not ordi

_nariJy pose an inhalation risk when dis-
solved in water.

Other substances that impart alka
linity to aqueous cleaning formulations

.. )he sodium or potassium salts of
1. acids, such as farty acids (soaps),

'ethylene diamine tetraacetic acid
.,lJIDTA), carbonic acid, phosphoric

acid, silicic acid, hydroxyacetic acid,
and gluconic acid. The strongest
sources of alkalinity are sodium and
potassium hydroxide. No inhalation
hazards are associated with these sub
stances as long as nO aerosols or mists
are formed. However, eye and skin
contact are highly hazardous.

Optionally, surfactants may be
added to such cleaning formulations to
improve the wetting of surfaces. Gly
col ethers and ethanolamines may also
be added. When used for cleaning at
elevated temperatures, formuJations
containing ethylene glycol ethers and
ethanolamines may generate toxic
vapor concentrations of these sub
stances, calling for exhaust ventilation.

An important consideration in the
use of aqueous alkaline cleaning for
mulations is their possible attack on
certain metals, most importantly alu
minum and aluminum alloys. At a pH
below about 13, and in the presence of
silicates, aluminum generally is not at
tacked. At pH levels above about 13.5,
aluminum is vigorously attacked and
converted to aluminate anion with the
evolution of hydrogen. This destroys
the surface being treated and creates a
fire or explosion hazard. Highly alka
line aqueous cleaners have also been
reported to attack cadmium and
chromium-plated steel surfaces and
lead alloys, generatiilg heavy-metal
contaminated wastes.

MATERIAL SUBSTITUTION

Petroleum processing
and natural gas sweetening

In petroleum processing, several
solvent candidates are generally avail
able for sucb extractions as aromatic'
bydrocarbon recovery (e.g•• Sulfolane,
N-methyl pyrrolidone, N.N-<limethyl
formarnide), deaspballing (e.g.. pro
pane, n-butane), and dewaxing (e.g.,
MIBK, furfural).

In natural gas sweetening, similarly,
there is a variety of absorbents to
cboose from (e.g., methanol, N-methyl
pyrrolidone, N-methyl diethanolamine,
polyethylene glycol dimethyl ether,
aqueous mono- and diethanolamine,

and aqueous bot potassium carbonate).
In these processes, the solvent's se

lectivity for the substances to be ab
sorbed or extracted is the primary se
lection criterion. Toxic exposure,
wbere potentially presen~ is generally
avoided by appropriate engineering
controls, not by material substirution.

Chemical manufacturing
Organic solvents are widely used as

diJuents in whicb organic syntheses are
carried~ and as means of recovery
and purification of intermediates and
products by crystallization. Unless spe- ,
cial provisions are made, solvents es
cape into the environment from process
and storage tank vents, centrifuges, fiJ
ters, dryers, vacuum pump discharges,
pump and compressor shaft sea1s, agi
taIor seals, and leaking flanges, pipe fit
lings, and valves. Solvents dissolved in
water are discharged into sewers, enter
ing the atmosjibere through sewer
eatehbasins and manholes, aerated la
goons, and in other ways.

Changing from one solvent to an
other in a chemical manufacruring pre
cess. generally, is a daunting la'k. Criti
cal factors are the solubilities of inter
mediates and products in various sol
vents at different temperatUreS. the
volatilities and specific gravities of the
solvents, possible cbemical interactions
of the solvent with the synthesis feed
stocks and products, and many other
process-specific issues. Finding a per
fect nonhazardous substirute that meets
all chemical and jihysical requirements
of a manufacruring process sometimes
seems like an impossible task.

Early success stories repon the re
placement of benzene by cyclobexane
and by toluene in the manufacture of
specialty chemicals intermediates. The
replacement of carbon tetraehJoride and
ethylene dichloride by methyl chloro
form was a another early sucess. Now,
owing to methyl chloroform's phase
ou~ other substirutes must be found.

Surface cleaning applications
Cleaning applications are defined in

terms of the surfaces being cleaned, the
surface soils or coatings that are being
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ubility parameters tend to be inunisci
ble. Solubility parameters are useful in
predicting interactions between sol-.....
vents, polymers, and resins; they may
be useful as well in predicting solvents,'
cleaning and degreasing power. ....

Important steps
in pollution prevention

There is no "cookbook" approach td-'
pollution prevention programs, and
much has been published on the sub!
ject (such as (1, 2). However. the fol;
lowing steps should be undertaken: ...

• a study of the physics and th~

chemistry of the problem undd
consideration; W

• a study of the toxicity of the
chemical substances present and theu
disposal pathways from the proces:.".,
into the environment;

• an evaluation of human exposUI'f"
to toxic substances;

• an evaluation of fire, explosion!'"
or detonalion hazards, if applicable;

• sampling and analysis of ail
wastewater, other liquid wastes, an,W
solid wastes, as applicable;

• a review of case histories of simi,
Jar pollution prevention efforts, found iI
ptint or electronically, to stimulate ideas\lli

• identification of potential replace
ment substances, and evaluation in th<
laboratory under simulated field condi\..
lions; and

• field testing of replacement sub
stances that appeared promising in thi
laboratory evaluation. ..

....
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tion of solubility parameters. These are
factors related to the internal energy of
vaporization per unit volume of sol
vent, and they include components for
molecular dispersion, dipole interac
tion, and hydrogen bonding. Sub
stances having similar solubility param
eters tend to be miscible in each other,
whereas those with vastly different sol-
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removed, and the degree of cleanliness
required The choice of cleaning for
mulation depends on the chemical na
ture of the soils or coatings being re
moved and on the compatibility of the
cleaning fonnulation with the surface.

Ideally, cleaning processes selec
tively clean -the substrate surface with
out attack on the substrate itself by cor
rosion, plasticization, embrittlement,
and shrinkage by plasticizer extraction,
and without removal of paints or var
nish finishes that are to be preserved.
Also, the cleaning fonnulation should
not release hazardous air pollutants,
generate flammable, explosive vapor
mixtures with air, or generate haz
ardous liquid wastes.

Nontoxic, nonhazardous drop-in re
placements-are rare; Substitutes ordi"
narily require changes in equipment,
processes, work rules, and work habits.

Surface blasting with blasting
media ranging from highly abrasive
(sand, steel shot, glass beads) to mildly
abrasive (walnut shells, dry ice gran
ules) represents an alternative to mate
rial substitution in surface cleaning.

Replacement of halogenated de
greasing solvents (methyl chloroform,
perchloroethylene, CFC-113) by
aliphatic hydrocarbons sometimes is
successful. The addition of a monoter
pene and a propylene glycol ether
sometimes enhances solvent power.

Surface coating applications
Surface coating processes include

the application of primers, paints,
enamels, lacquers, adhesives, or var~

nishes to surfaces that have been suit
ably cleaned. Organic solvents, as they
evaporate during drying or curing, may
create fire and explosion hazards and
expose workers to high solvent vapor
concentrations. Adequate exhaust ven
tilation, use of explosionproof equip
ment, and strict enforcement of no
smoking rules are effective remedies.
Air pollutants in the exhaust air may be
destroyed by incineration or captured
by adsorption on activated carbon.

In both surface cleaning and coating
applications, the selection of solvent
substitutes may be aided by considera-



Prevent Pollution
Batch Processes
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The nature and sources
of emissions

A batch operation is by definition
discontinuous process. Process variabll
such as temperature. pressure. and co:
centration vary throughout the bat,
cycle.

Likewise. waste emissions associ~

ed with these cycles are seldom co.
sidered constant (I). For example.
batch reaction step may generate a ..
trogen purge stream whose volatile c
ganic compound (Vae) concentratic
varies with time. as shown in Figure
The emission rate peaks in the tlr

plant. to expand biological wastewate,
treatment capacity. to install state·of
the-art hazardous-waste incinerators fo
liquid wastes. and to provide point
source treatment of air emissions.

The true cost of waste generatior.
then. provides an incentive for batch op
erations to identify and implement po'
lution-prevention solutions.

This article outlines techniques an
technologies that engineers can use ,
reduce waste generation at the source:
batch operations. It covers: strategk
for reactor charging. operation. dL
charging, and cleaning; modeling bate
processes: and batch vs. continuous or
eration. It also discusses three exa..
pies, replacing an organic solvent wi:
an aqueous solvent for cleaning; redu"
ing methylene chloride emissions to
sealing atmospheric mix tanks; and CQ:'

veTting a process from batch to contim
DUS operation.

B
atch processes are a preferred
operating method for manufac
turing small volumes of high
value products. such as many

pharmaceuticals. agricultural materials.
and specialty chemicals.

Unfortunately. batch operations are
also associated with the generation of
unacceptably high amounts of waste per
unit of produc!. In the past. many busi
nesses could "afford" this wastefulness.
because the high value of the final prod
uct often overshadowed the cost of
treating the waste and because some of
the compounds in the waste streams
were previously unregulated.

However, in recent years. two things
have changed.

First. ousinesses are becoming aware
of the true cost of waste production.
which is always greater than the cost for
disposal or treatment. The true cost of
waste production includes the monetary
value of lost product. the cost of solvent
purchases. the fees for permitting and
monitoring emissions. and the increa.c;ed
exposure to safety and environmental
risks.

Second. with increased regulation of
emissions to air, water. and land. many
plant sites can no longer handle in exist
ing control equipment the often concen
trated. toxic waste streams (especially
wastewater streams) emanating from
batch processes. As a result. facilities
relying on batch processes are now fac
ing significant new capital investment to
pretreat concentrated wastewater before
it can be sent to a biological treatment

aV5g/(~BJi"'e
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James A. Dyar,
Kenneth L Mulholland, and
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These strategies
can reduce waste

generation by

improving reactor
charging,
operation,

discharging, and
cleaning practices.



Return Vapor line

• Charge solids before liquid
solvents to minimize solvent dis
placement fromreacleI'S-(4), A more
general strategy is to reconsider the
sequence of raw materials addition
to minimize unwanted off-gassing
due to vapor displacement and/or
chemical reactions.

• Charge solids using lock hop
pers instead of rotary valves or man
ual dumping through open lids.
Lock hoppers isolate the reactor
from the ope~ atmosphere so that
organic vapor emissions are mini
mized. (Rotary valves. on the other
hand. often allow vapors to escape
as they rotate from the reactor vapor
space back to the solids feed bin.)

. Lock hoppers are typically used
when solids must be added to a re
actor containing a volatile solvent
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two problems. consider the follow
ing pollution-prevention strategies:

• Gravity-feed .solvents into the
reactor vessel instead of using a
centrifugal, positive displacement.
or diaphragm pump to reduce the
pressure buildup associated with
pumping (2). This can often be
achieved in new designs by elevat
ing raw material feed tanks above
the reactor instead of beside it to
take advantage of gravity,

• Install closed-loop vapor recy
cling systems for pumping opera
tions (3), As shown in Figure 2. this
involves piping the displaced vapor
from the reactor (as it fills) back to
the vessel containing the feed mate
rial. e,g,. a solvent storage tank. Be
careful of materials compatibihty,
however.

• Figure 2. Closed-loop vapor recycling system for pumping operations.

• Figure I. VOC
concentration
profile for a balch
reaction nitrogen
purge stream.

nour. then decreases with time as
the reaction nears completion.

Such time-dependent behavior
makes it difficult to effectively
specify a continuous gas-abatement
system. To meet permit limits, the
abatement equipment must be sized
to treat the maximum ~chievabJe

waste flow and concentration. For
some emissions, this maximum may
last only a few minutes. It is easy to
see how uneconomical the "end-of
pipe" approach can be to a business.
For this reason. source reduction of
these emissions by pollution-pre
vention strategies can reduce the
dependence on such costly control
technologies.

Every stage of a batch cycle has
some amount of. waste .emissions as
sociated with it. Noncondensibles
(such as nitrogen and air) escape the
process during reactor charging and
discharging. carrying with them
high concentrations of VOCs. Reac-

'peration may generate unwant
Syproducts that contribute to

product losses, Most noticeable are
the large amounts of cleaning
wastes generated during vessel
cleaning between batch cycles and
product campaigns. The pollution
prevention strategies discussed in
the fonowing sections can substan
tially reduce emissions for all steps
of batch operations.

Pollution-prevention
strategies

Most waste generation In batch
operations occurs in the reactors,
For this reason. the pollution-pre
vention technologies and practices
described here focus on the batch
reactor. Four key reactor process
steps are discussed - charging. op
eration. discharging. and cleaning,

Reactor charging
Solvent vapor losses during raw

material addition occur for two pri
man, reasons - leaks from the pro
( .':]uipment. and vapor displace
Dle"t as the reactor is filled with liq
uids or solids. To circumvent these
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Table 1. Composition of a flammable solvent
mixture for cleaning parts.

• Consider solvents l'.,"ith a
lower vapor pressure to minImiZe
evaporation and facilitate recovery
by condensation. Be careful with
liquid solvent mixtures where a
small weight percentage of a
volatile solvent can account for the
majority of the vapor emissions. For
example. lhe composition of a
flammable solvent mixture used for
cleaning parts is shown in Table I.
Even lhough the liquid mixlure con
tains only 10% acetone by weight.
the saturated vapor phase is more
than 40% acetone at 26°C and I
atm toral pressure. RemOVing or re
ducing the weight fraction of ace-

_ tone in the solvent mix.ture would
cut vapor emissions significantly.

Reactor operation
The strategies in this section

focus on the inert blanketing. sam
pling. sealing. control. sequencing.
and heating of batch reactors. A
more exhaustive discussion of reac
tor design and operation for both
continuous and batch chemical reac
tors can be found in (7).

• Reduce vapor losses by enclos
ing open air tanks (3). Use lids with
gaskets that seal tightly if manual
access is a necessity. Otherwise.
consider a closed reactor with a per
manent top and closed raw-material
addition systems as described
above.

• Reduce vapor losses by im
proving seals rm agitators and lids
1I). In some cases. the agitator can
be replaced with a jet mixing sys
tem. which consists of a jet nozzle
submerged in the reactor fluid, a
pump. and a liquid recirculation
loop is).

• Sequence the addition of reac
tanfS and reagents to oplimize
yields and lower emissions. Consid
er. for example. a process in which a
base. stich as sodium hydroxide. is
added at the end of a batch reaction
cycle to neutralize the reaction mass
before feeding the next process ves
sel; the pH in lhe reactor is allowed
to vary with reaction progress.

Valve and
Actuator

Vapor
Composition.
voL %ormoi. %

44%
43%
10%
3%

• Figu,.3.
Lock hopper
arrangement/or
charging solids to
an inerted balch
reactor.

the bags inside a closed feed hopper
to contain any dust that is generated.

• Eliminate manual addition of
dry solids by introducing solids in
slurry form (3) or using dense-phase
conveying. Consider using a raw
material or intermediate already in
the process to serve as the carrier
fluid for the slurry. rather than intro
ducing a new chemical to the pro~

cess. Dense-phase conveying uses
less. conveying gas to move the
solids. thereby reducing the amount
of solvent evaporated from the reac
tor as the conveying gas is vented.

• Vent displaced vapors through
a refrigerated vent condenser to

recover and recycle condensable
solvents (6).

Uquid
Composition.
wt.%

10%
30%
30%
30%

Feed
.- Hopper

Component

Acetone
Methyl Ethyl Ketone
Toluene
Xylene

that is at an elevated temperature
andlor pressure. In addition. they
can be designed to eliminate air in
filtration into a reactor for cases
where oxygen and moisture would
create an unsafe or undesirable con
dition. Figure 3. illustrates a typical
lock hopper arrangement where two
sliding gate valves isolate the solids
feed bin (open to the atmosphere)
from an inerted reactor operating at
elevated temperature and pressure.

• Consider cut-in hoppers for
manually charging bags of solids to
a reactor (5). Rather than dumping
bags of solid raw material through
an open lid (which can lead to sig
nificant dusting and solvent vapor
losses). cut-in hoppers "cut open"
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• Figure 4. Typical piping diagram for a nitrogen.padded reactor.

Pressure
Relief Valve

possibly, valuable product andreac
tants as well.

• Design and install discharge
lines on an incline to take advantage
of gravity flow to the downstream
equipment. Avoiding a pump lowers
investment and operating costs as
well as fugitive emissions from
leaks.

• Reduce the reactor batch tem
perature before discharge to lower
the vapor pressure of VQCs, which
can include solvents and, in some
cases, reactants and products (I).

Reactor cleaning
• Optimi~e the product manufac

turing sequence and product cam
paigns to minimize washing opera
tions. This may mean structuring
product campaigns to manufacture
clear or light-colored products b,,
fore heavily pigmented products, or
products with loose quality specifi
cations before those with tight spec
ifications. Within a single product
campaign, it may mean better under
standing the chemistry that leads to
equipment fouling, and then chang
ing the reaction sequence to mini
mize tar formation, equipment scal
ing, polymer bUildup, and so on.

• Maximi:.e production runs to
decrease the frequency of washes
(6). Check with customers to see if

Pressure
Control Valve

(Primary Regulator)

Pressure
Relief Valve

Pressure
Reduction Valve

(First,Cut Regulator)

Nitrogen Supply
1>60 psig) ---

Reactor discharging
• Replace nitrogen blowcasing

with a pump. The pressurized nitro
gen used to push the reaction mass
from the reactor must be vented
downstrr.am. This nitrogen will
leave saturated with solvent and,

\ Adding the sodium hydroxide
throughout the reaction sequence to
maintain a constant pH may im
prove yield and minimize byproduct
formation.

• Control nitrogen purge rales
with automatic flow control devices
instead of manual throttling valves
(I). Too often, the manual valves are
found wide open, wasting nitrogen
and dramatically increasing VOC
losses.

• Better yet, use a nitrogen pad
s)'stem (i.e., pressure control of ni
trogen in the reactor vessel
headspace) instead of a purge based
on flow control (4). Figure 4 shows
a typical piping diagram for a nitro
gen pad system where the nitrogen
supply pressure is greater than 60
psig. Dual.pressure regulators ~ are ~ -.;;afety margins in the operating pro-
employed to improve low-pressure cedures for purging the spent caustic
control in the reactor headspace. scrubbing solution. Because of the

• Optimize existing reactor de- long turnaround time from the labo-
sign based on reaction kinetics, mix- ratory, the spent scrubbing solution
ing characteristics, and other pa- contained 3-5% unused NaOH. A

yameters to reduce byproduct for- viable alternative to this approach is
'mation (3). Further details on this to use an in-line pH meter to regu-
aspect of reactor design and opera- late caustic addition to minimize the
tion can be found in (7). amount of NaOH being wasted.

• Collect and recycle excess re- • Use statistical process control
aclallts and so/vents used in the re- techniques to regulate the reaction
action (9). Consider adding or up- instead of relying on intermediate
grading solvent purification equip- sampling (6).
ment to allow recycle. • Eliminate excessive reactor

• Use a minimum number of in- boil-up by replacing direct steam
tennediate-stage process samples to jacket heating with an external, re-
determine the reaction endpoint (4). circulating, heating loop co'nsisting
Also, strongly consider automatic, of a pump and noncontact heat ex-
in-line sampling (6), rather than changer (4). This may also prevent
manual sampling from vessel open- unwanted tar formation in reactions
ings, to minimize vapor emissions where a hot vessel wall leads to
from openings and the amount of product degradation.
sampling waste. Evaluate the impact • Eliminate fugitive emissions
of the time lag associated with man- from pressure relief valves by using
ual samples analyzed in the site lab- an upstream rupture disk in series
oratory on reactor yield and waste with the relief valve (4).
generation. In many instances, the
additional turnaround time required
for laboratory analyses leads to ex
cess waste production. For example,
in a process for making an agricul
tural intermediate, manual sampling
t a batch, caustic scrubbing system

for "%NaOH" led to unnecessary
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product specifications can be loosened. If some customers can accepthigher levels of impurities, fill theirorders later in the product campaign, if possible.
• Minimize the number of solvent rinses used to clean reactors byunderstanding the level of acceptable contamination (4). In somecases it may be possible to use offspec product instead of clean solvent to flush the reactors.• Increase the smoothness ofvessel internals to reduce the quantity of cleaning solvent used (3).Consider using nonstick non·porous linings. eliminating baffles, and minimizing other difficulHo-access points where material can accumulate and harden.• Use high-pressure rotarynoz;;les to reduce the quantity ofcleaning solvent used (2).

• Position drain valves at thelowest point on the reactor vesselto improve removal of residualsolvent and product before dryingor the next product campaign.• Clean the insides of pipeswith plastic or foam "pipe pigs"(2).
• Replace volatile chlorinatedsolvents with lower~volatility. nonchlorinated solvents.

• Replace solvent-based cleaning with aqueous·based cleaningthat uses detergents or other surfactants•. if necessary, to increase theeleaning effectiveness. Also. understand how pH affects cleaning.• Collect the final wash rinse forreuse as first-pass rinse during thenext cleaning cycle (6). Lower-quality solvent or water from elsewherein the plant may be suitable for useas the first rinse.

Modeling batch processesChanges in standard operatingconditions can affect the amount ofwaste generated by a batch process.However, few plants can accept therisks associated with making experimental batch runs. Recent developments in computer modeling soft-

ware allow changes in batch operations to be analyzed to a greater extent than ever before.
Most of the major companies thatsell process t10wsheet simulationsoftware have already developed- and/or are greatly expanding their ca·pability to simulate batch unit operations and overall batch processes.The features of several of these programs are outlined in Ref. 8. For information on a variety of such packages, see the CEP Software Direc/Oryat httpJlwww.aiche.orgicep/softdir/softwareindex.htm.

Batch vs. continuousoperation
For some processes. the conversion "from batch to COntinuous oper·ation is an effective way to reducewaste generation, as well as to in·crease total throughput (3).Cleaning waste is most signifi·canlly reduced by switching to acontinuous process. Continuous process operations are rarely interrupt·ed for cleaning. because the equipment is dedicated to the productionof one or only a few products.Therefore, switching to a continuousprocess may mean practically eliminating cleaning waste.In addition, solvent recovery in acontinuous process is feasible. because it becomes more economicalto install dedicated distillationequipment to handle the necessarychemical separations. Recoveredsolvent can then be reused in the

process. instead of being incineratedor disposed of as a hazardous waste.
Examples

The following three case srudiesillustrate successful pollution prevention in batch operations.Replacing an organic solventwith an aqueous solvent for cleaning. The small lots manufacturingarea (SLMj at a facility was con·verted to aqueous cleaning in orderto reduce solvent waste generation.SLM is an agricultural product manufacturing area using batch organicsynthesis involving reac·tion vessels in series. Pastoperations involved severalrinses with various org.anlcsolvents to clean the ves·sels between product cam·paigns. The spent organicwastes were not recycled.but were discarded off-siteas a hazardous waste.
To reduce the productionof organic solvent wastes.SLM replaced a number oforganic soh'em tlusheswith detergent flushes andwater rinses. Solvent usageper cleaning cycle was reduced by6.000 gallons - a 60% reductionover organic solvent cleaning.Moreover, the resulting aqueouswaste can be processed in the siteswastewater treatment facility. IToallow this. it was imponant to selecta biodegradable detergent and to en·sure that the additional organic andhy<..lr'~lUlic load- on the biotreatmentbasin could be handled.)Significant benefits olher thanthe environmental benefits were real·ized as well. The business savedSI68.000/yr in solvent waste disposal and S70,OOO/yr in solvent raw rna·terial costs. Clemling effectiveness,measured by the amount of materialcarrying over into the next product.was increased tenfold. The increasein production capability resultingfrom the reduction in cleaning timeis estimated to save as much a.~S750.000/yr.
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Reducing methylene chloride

emissions by sealing atmospheric

tanks. Methy lene chloride was

used as a coating and eleaning sol

vent in the manufacture of several

graphic arts and electronic pho

topolymer films, In the late J980s,

the site released more ·than 3 mil

lion Ib/yr of chlorinated solvents

into the air.
. The coating solution preparation

areas accounted for the majority of

the air emissions. Coating solutions

were prepared batchwise in agitated

vessels using a blend of polymers,

monomers, photoinitiators, pig

ments, and solvents. These atmo

spheric mix tanks were not well

sealed, resulting in large fugitive

and point-source -emissions of

methylene chloride.

To enelose the batch vessels as

much as possible, the mix tanks

were fitted with bolted, gasketed

_lids, The vessels were also designed

, 'th pressure/vacuum conservation

_<nts to allow the vapor pressure to

rise to 3 psig before the tanks

breathed.
By sealing up the process, the

site reduced air emissions -by 40%

and saved $426,000/yr in methylene

chloride costs.
Converting from batch to con

tinuous operation- The manufactur

er of an herbicide intermediate was

unable to meet demand when operat

ing its batch process at full capacity.

To overcome the production short

fall, it purchased the intermediate

from a competitor at a price higher

than its cost of manufacturing,

Duplication of the existing batch

process seemed the conservative ap

proach to increasing production.

However. the business team saw an

.opportunity to meet the expansion

objectives with minimal investment

by changing from batch to continu

ous reaction technology. The team

persevered through many intensive

-chnology and project reviews, and

.eluded that the continuous pro

cess appeared inherently safer and

technically viable. Within eleven

months from concept to startup, the

business team achieved a 240% in

crease in production capacity over

the original batch process. In addi

tion, the methanol emissions per

pound of product from the continu

ous process were 29% less than

those of the batch technology. •
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contain materials that c1assifv them as aRCRA hazardous waste (/.2):

More than
95% pollution preventionIn the design of • new facility. e<juirment should be designed without low <pots.ledges. or other crevices that will collet.1material that later be<:omes difficult 10 remove. Properly designed vessels will ~onrain sloping imerior bottom< and piping arf"mgemenL'i with valved low poinl'i urvnlves that drain b~k into the main vessels.Existing process e<juipment can beretrofitted with drain valves installed atstrategic low points. If the low points aretoo low for standllfd. tankS and pumps. lhendesign a speci~~Ie collection vesselto collect and,~Polt the material to a

" :.:,., .. /tank (3l. (TlUs'is'discus.o;ed furlher in oneof the examples below.)In addition. equipment can be dedicated to a single product line. This eliminatesthe need to wash the inside of the equipment between production campaigns.

The Pollution-PreventionContinuum,
The Pollulion-Prevemion Cominuum inFigure I sho+ the relative merits of options thal are available to eliminate or reduce the frequ~ncy of equipment c1=ingor to minimize'the waste gererated duringthe cleaning process. The decision of howfar to move toward a zero waste and emissions design will depend on- a number offactors) including corporate and businessenvironmental goals. economics. technicalfeasibility. and appli~able regulatio"",_

"Kenneth L Muth~lI.nd and
James A.. Dyer,E.. ' ,(Pont de Nemours and Co.

Prevent Pollution inEquipment and PartsCleaning Operations~"\*i:i

............ _c.o~'.•tI.,'oiI!'.l.~;....ng.:~u~~an.t.o~p:;s~These techniques c,," manyiridustrial processes. Oean---.-canavoid the . ides :~~~ ~::~ts~i~~~;~~. ~~
.'1 l othet c6nwninants thaI ~ay adversely af-
.\need to c ean f~me final produc\<tFiYI?fthe operatingefficiency Of...theeqUIPm~~tor part. 1'.",.,.. 0

equipment ,or, general typ:s\ of materialS are removed:"soft" filJl1Si,:such as din. oil,\and grease,~d
where cleaning "hard" fiIins. sucb as hai&ned polymeric

\
films. st"aJe, and paints. Until recendy, sol-

is required, replace ventStrlpPffS such .as methylene chlorideor\...·reduce the.. were frequently II'"F. to removepoth types
of films from thesUrfaces being, f1eaned.

, A chief ,onc~m for facilitie~\, with batch
use oforg(f.uic manufactJing operations ilialluse multipurpos~wipment is cross-eontarnination

solvents. of prtxMc (in addition [0 environmentalconcems.sucb as ,air ~missions and hazardous \1Ste di~li<>s3l). This anicle di~J,i. cusses?lluti?~Venlion engineerirll\"practices iliff teChnologies thaI, b~lp I~avoid thlkd to clean equipm9nt'f-~where cl~ng is necessary. th~ ~l?Prpach"',es that .available to repla~~'!lf,\r\\ducethe use t<ganic solvents. . ill.r-I: ",:
.The Rare of emis~i~~\\~~~I'~esCleatn ,de~vg'~'and coating-re-moval t1i~~j~!eneraJly involve theapplieat!of,. an' organic solvent (or solvents) ,Ie material being removed. During thelCess. air emissions are often genetlIle1ll\ the,use of the solvenL And. after.,.,lbe c,ing prOcess. other waste streamS-aV~JIj~"i-:~Che.orgi.,,·lW::~~:d.'m~~ah,0~~n~Ui;~~;':~

'WVId.
The:a<tewater s~m.< and sludges often

i
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The removal of coatings usinIJeat

that is generated by flames, Ia.~e. or

flashlamps results irt.the vaperition

of the coated materials. The.nonVlti!e

portions of the coating, sucp:as ,nIs.

fonn particulate ash that ·is rened

and collected by a vacuum ail Tel/al

system (1).
Where feasible. manual cle~g

using scrapers or spatulas might 'l

inate the need for any subsequent.

vent wash.

i,
I
I

Technology or Practice

Minimize the need lor cleaning

Drain completely

_. Dedicate to a single product

flush with process material

Continuous v.s"batch process

Loos~n finished product specifications

Modify surfaces to eliminate cleaning

Carb?n dioxide or cryogenic blasting

Burnmg or heat volatilization

Mechanical removal

~:: and.mediu~-pressure water washing· .

Wate~~d.~~~~~:~~~I~~ad~~~~~carbo
nate,wheat ;tarch

Clean with pIpe 'pigs'

Rush with solvent from another process

Decrease number of flushes

Reusel~st flush from previous campaign

Solvent~u~sti!ution {see Chapter 12 in (lOA

• Figure 2.
Carbon dioxide
blasting systems

(right).

< 10%

> 50%

>75%

:> 90%

Degree of Pollution Prevention

> 95%

More than

coatings Th .
_. e water IS collected fil

:~:e~ and then recycled. The cO~tjn;

a ~c'hess and hardness dictate whethe~

Ig -pressure (l5.000 to 30 000 .)
Or med' ' pSlg

. lurn-pressure (3,000 to' 15 000

pSi~ water·jet is required.•., ,-

typICal high-pressure water wash."

syste ~
"

ed' m or a process vessel is iIIustrat-

I mFIgure 3. The high-pressure water

.ance IS attached to a carnage. which is

m tum attached to the bottom of the

vessel. A chain drive moves the lance

up .and down the carriage as needed. A

SWIV 1 •.

50% pollution prevention ~ Jomt at the base of the lance

High-pressure water wash:·,~~~ts free. rotation. The nozzle at the

High-pressure water washing,) tu the Splnnmg lance has two apera-

called water-jet stripping, uses the,. warete
s that emit cone-shaped sprays of
ra1 JOOOO '. '.

pact energy of the water to ren fto : pSI WIth a combmed
w rate oj )6 gaVmin. OperJtion of

• Figure 1.
The Pollution
Prevention
Continuum for
equipment
cleaning (above).

More than
75% pollution prevention

Carbon dioxide blasting systems

(Figure 2) consist of a refrigerated liq

uid CO, supply and equipment for

converting the liquid CO, to solid pel

lets. The solid pellets remove coatings

by a combination of impact, embrittle

ment. thermal contraction, and gas ex

pansion. Because the CO2 pellets sub

lime, a wastewater or liquid waste is

not produced, and a dry coating

residue is collected (J ).

Liquid nilrOgen cryogenic stripping

uses liquid nilrOgen to cool the surface

and to help propel the plastic bead

blasting media. The liquid nitrogen em-

ittles and shrinks the coating, and the

.gh-velocity. nonabrasive pellets

crack. debond. and break away the

...""tinC' ( 11.

More than
90% pollution prevention

Loosening specifications for finished

product allows for higher levels of im

purities in the final product or cross

contamination of products. This reduces

or eliminates the need for solvent wash-

es between product campaigns. Many

times, specifications for products manu---'

f.ctured in the same equipment are dif

ferent, and one set of specifications may

be more stringent than another. Through

careful planning and inventory control,

,-oduct changeovers can be made from

IodUClS with .tighter specifications to

products with looser specifications.

Application of an antistick coating

such as pol}1etrafluoroethylene (!'TF'E;
e.g.. Teflon) or silicone. to the interior

wails of processing equipment could

enable easy drainage and removal of

leftover residue.

Alternatively. flush contaminated

equipment with the salable product or

a process intermediate. then recycle

the flush back to the process. where it

can be purified in existing separations

equipment.
A continuous process inherently

generates less waste, because there is

no need to shut down. drain. and clean

lhe equipment.
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POLLUTION PREVENTION

that only one-tenth of the product
crude wash material was really needed
to effect cleaning. Second, a dedicated
pipeline for each crude was installed,
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thus eliminating the need 10 flush the
line between campaigns. Third, an ex
1ended and improved drainage proce
dure was developed for a large packed
bed distillation column. Finally. the
product specifications were relaxed. so

. that fewer washes were required 10
maintain product specifications.

Capital investment for these pro
cess changes was $700,()(){): the pro
ject had a positive net present value of
more than $3 million. and realized a
78% reduction in waste generation (3).

.Using high-pressure washing. At
one chemical plant. cleaning kenles re
quired 800 h of labor and 110 t of sol
vent annually. The cleaning process
sometimes involved employees enter
ing the kenles to scrape the_walls - a
process that took each employee 3 h_
Changing to a high-pressure rotating
spray head reduced the amount of sol
vent needed, thereby reducing the time
required for cleaning. In addition, em
ployee safety was improved by elimi
nating the need for employees to enter
the vessels. The change required a cap
ital investment of $69,()(){): it resulted
in an annual savings of $61.500.

At another manufacturing site, sev
eral types of polymer were made in an
agitated vessel that had to be cleaned
periodically to maintain product quali
ty. The vessel was cleaned by washing
with a flanunable solvenL To eliminate
the use of the solvent, a special high
pressure water-jet was installed to
clean the vessel. The water-jet had a
capital investment of $125.()(){): the
project had a net present value of more
than $2.5 million and a 98% reduction
in waste generation.

In the production of polyvinyl chlo
ride (PVC), polymer buildup on reactor
surfaces. agitators, brackets, and other
pans required cleaning after every
batch. The manual cleaning operation
was replaced by a high-pressure water
jet. To minimize the need for water-jet
cleaning. a proprietary additive was
used to suppress the formation of poly
mer buildup on the walls. After each
batch. a low·pressure water rinse re·
moved sufficient material to prevent.
contamination of the next batch. Only

after SOO batches was a high-pressure
water-jet wash required (9).

Flushing equipment with Wastl
solvent. In the manufacture of a cast
type product, methylene chloride w",
used as the process flush and c1eanin~

solvent for 24 years. Two significan
changes were made to the c1eanin~

procedure. First. methylene chloride
was replaced with a dibasic este:
waste s!ream from another process
Second. the waste load was furth<r reo
duced by modifying the flushing pro
cedure. Methylene chloride emissiom
were reduced by 97%. and a proposec
$1.5 million project to control methy-

~ lene chloride emissions to the air wa__
avoided. ~
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Table 1. Pollution Prevention Through Good Operating Practices

...

...

""

...

..

Good Operating Practice

Waste Segregation

Preventive Maintenance
Programs

Training!Awareness
Building Programs

Effective Supervision

Employee Panicipation

84

Program IngredienlS

Prevent mixing of hazardous wastes with nonhazardous wastes

Store materials in compatible groups

Segregate different solvenlS

Isolate liqUid wastes from solid wastes

Maintain equipment history cards on equipment location. characteris
tics. and maintenance

Maintain a master preventive maintenance (PM) schedule

Keep vendor maintenance manuals handy

Maintain a manual or computerized repair history file

Provide training for

Operation of the equipment to minimize energy use and material
waste

- Proper materials handling to reduce waste and spills

- Emphasize importance of pollution prevention by explaining the
economic and environmental ramifications of hazardous waste
generation and disposal

- Detecting and minimizing material loss to air. land. or water

Emergency procedures to minimize lost materials during acci
denlS

Closer supervision may improve production efficiency and reduce
inadvertent waste generation

Centralize waste management Appoint a safety/waste management
officer for each department Educate staff on the benetilS of pollution
prevention. Establish pollution prevention goals. Perform pollution
prevention assessmenlS.

"QUality circles" (free forums between employees and supervisors) can
identify ways to reduce waste

Solicit and reward employee suggestions for waste reduction ideas

Appendix B



Good Operating Practice

Table 1. (Continued)

Program Ingredients

Dedicate equipment to a single product
Production Scheduling/Plan- Maximize batch size to reduce clean out waste

ning

Alter batch sequencing to minimize cleaning frequency Oight-to-dark

batch sequence, for example)

Cost accounting!
Allocation

Industry-Specific Checklists

.
Charge direct and indirect costs of all air. land. and water discharges to

specific processes or products

Allocate waste treatrr.ent and disposal costs to the operations that

generate the waste

Allocate utility costs to specific processes or products

85

...



Table 2. Checklist for All Industries

Waste OriginlI'ype Pollution Prevention and Recycling Methods

Use "Just-in-Time" ordering system.
Establish a centralized purchasing program.
Select quantity and package type to minimize packing

waste.
Order reagent chemicals in exact amounts.
Encourage chemical suppliers to become responsible

panners (e.g.• accept outdated supplies).
Establish an inventory control program to trace

chemical from cradle to grave.
Rotate chemical stock.
Develop a running inventory of unused chemicals for

other deparonents' use.
Inspect material before accepting a shipment
Review material procurement specifications.
Validate shelf-life expiration dates.
Test effectiveness of outdated material.

. . ..._Eliminate shelf-life requirements for stable compounds.
Conduct frequent inventory checks.
Use computer-assisted plant inventory system.
Conduct periodic materials tracking.
Properly label all containers.
Set up staffed control points to dispense chemicals

and collect wastes.
Buy pure feeds.
Find less critical uses for off-spec material (that

would otherwise be disposed).
Change to reusable shipping containers.
Switch to less hazardous raw material.
Use rinsable/recyclable drums.

Material Receiving!
Packaging materials. off-spec materi
als. damaged container. inadvenent
spills. transfer hose emptying

)

...

...

..

Raw Material and Product Storagel
Tank bottoms; off-spec and excess
materials; spill residues; leaking
pumps. valves. tanks. and pipes; dam
aged containers; empty containers

Esiablish Spill Prevention. Control. and Countermeasures
(SpeC) plans.
Use properly designed tanks and vessels only for their

intended purposes.
Install overflow alanns for all tanks and vessels.
Maintain physical integrity of all tanks and vessels.
Set up written procedures for all loading/unloading

and transfer operations.
Install secondary contairunent areas.
Instruct operators to not bypass interlocks. alanns. or

significantly alter setpoints without authorization.
Isolate equipment or process lines that leak or are not

in service.
Use sealless pumps.

iiii j
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Waste Originffype

Raw Material and Product Storage/
(Continued)

---,----------

Table 2. (Continued)

Pollution Prevention and Recycling Methods

Use bellows-seal valves.
Document all spillage.
Perform overall materials balances and estimate the

quantity and dollar value of all losses.
Use floating-roof tanks for VOC control. -~
Use conservation vents on fixed roof tanks.
Use vapor recovery systems.
Store containers in such a way as to allow for visual

inspection for corrosion and leaks.
Stack containers in a way to minimize the chance of

tipping, puncturing, or breaking.
Prevent concrete "sweating" by raising the drum off

storage pads.
Maintain Material Safety Data Sheets to ensure correct

handling of spills.
Provide adequate lighting in the storage area.
Maintain a clean~_even surface in transportation areas.
Keep aisles clear of obstruction.
Maintain distance between incompatible chemicals.
Maintain distance between different types of chemicals to

prevent cross-contamination.
Avoid stacking containers against process equipment.
Follow manufacturers' suggestions on the storage and

handling of all raw materials.
Use proper insulation of electric circui try and inspect

regularly for corrosion and potential sparking.
Use large containers for bulk storage whenever possible.
Use containers with height-ta-diameter ratio equal to one

to minimize wetted area.
. Empty drums and containers thoroughly before cleaning

or disposal. '
Reuse scrap paper for note pads; recycle paper.

-

Laboratories/
Reagents, off-spec chemicals, samples.
empty sample and chemical containers

Industry-Specific Checklists

Use micro or semi-micro analytical techniques.
Increase use of instrumentation.
Reduce or eliminate the use of highly toxic chemicals in

laboratory experiments.
Reuse/recycle spent solvents.
Recover metal from catalyst.
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Table 3. Checklist for the Printing Industry

ill

Waste Originffype

Image ProcessinglEmpty containers.

used film packages. outdated material

Image Processing!
Photographic chemicals. silver

Plate Making/Damaged plates. developed film.

outdated materials

Plate Making!
Acids. alkali. solvents. plate ·coatings (may

contain dyes. photopolymers. binders. resins.

pigment. organic acids). developers (may

contain isopropanol. gum arabic. lacquers.

caustics), and rinse water

FinishingIDamaged products. scrap

Printing!
Lubricating oils. waste ink. cleanup solvent

(halogenated and nonhalogenated). rags

Industry-Specific Checklists

Pollution Prevention and Recycling Method

Recycle empty containers.

Recycle spoiled photographic lilm.

Use silver-free fl1rns. such as vesicular. diazo.

or electrostatic types..
Use water-developed litho plates.

Extend bath life.
Use squeegees to reduce carryover.

Employ countercurrent washing.

Recover silver and recycle chemicals.

Use electronic imaging. laser plate making.

Electronic imaging/laser print making.

Recover silver and recycle chemicals.

Use 110ating lids on bleach and developer

tanks.
Use countercurrent washing sequence.

Use squeegees to reduce carryover.

Substitute iron-EDTA for ferrocyanide.

Use washless processing systems.

Use better operating practices.

Remove heavy metals from wastewater.

Reduce paper use and recycle waste paper.

Prepare only the quantity of ink. needed for a

press run.
Recycle waste ink. and solvent.

Schedule runs to reduce color change over.

Use automatic cleaning equipment.

Use automatic ink leveler.

Use alternative solvents.
Use water-based ink.
Use UV-curable ink.
Install web break detectors.
Use automatic web splicers.
Store ink properly.
Standardize ink. sequence.
Recycle waste ink.
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Table 4. Checklist for the Fabricated Metal Industry

Waste OrigirvType Pollution Prevention and Recycling Methods

Machining Wastes/ Use of high·quality metalworking fluid. ...
Metalworking Fluid Use demineralized water makeup.

Perfonn regularly scheduled sump and machine cleaning.
Perfonn regularly scheduled gasket. wiper. and seal

maintenance.
Filter; pasteurize. and treat metalworking fluid for reuse.
Assigning fluid control responsibility to one person.
Siandardize oil types used on machining equipment.
Improve equipment scheduling/establish dedicated lines.
Reuse or recycle cutting. cooling. and lubricating oils. ...
Substitute insoluble borates for soluble borate lubricants.

Machining Wastes/ Segregate and reuse scrap metal.
Metal wastes. dust. and sludge

Parts Oeaning/ Install lids/silhouettes on tanks.
Solvents Increase freeboard space on tanks.

Install freeboard chillers on tanks.
- --_.- ~-- Remove sludge from solvent tanks frequently.

Extend solvent life by precleaning parts by wiping. using
air blowers. or predipping in cold mineral spirits dip.

Reclaim/reqJVer solvent on- or off-site.
Substitute less hazardous solvent degreasers (e.g.•

petroleum solvents instead of chlorinated solvents) or
alkali washes where possible.

Distribute parts on rack to allow good cleaning and
minimize solvent holup.

Slow speed of parts removal from vapor zone.
Rotate parts to allow condensed solvent drop·off.

Parts Oeaning/ Remove sludge frequently.
Aqueous Oeaners Use dry cleaning and stripping methods.

Use oil separation and filtration to recycle solution.

Parts Oeariing/ Use of greaseless or water-based binders.
Abrasives Use an automatic liquid spray system for application of

abrasive onto wheeL
Ensure sufficient water use during cleaning by using

water level control.
Use synthetic abrasives.

Parts Oeaning/ Improve rack and barrel system design. ..I

Rinsewater Use spray. fog. or chemical rinses.
Use deionized water makeup to increase solution life.

...
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Waste Originffype

Surface Treaanent and Plating!
Process Solutions

Surface Treaanent and Plating!
Rinsewater

92

Table 4. l Continued)

Pollution Prevention and Recycling Methods

Use material or process substitution e.g.• trivalent
chromiwn.

Use low solvent paint for coating.
Use mechanical cladding and coating.
Use cleaning baths as pH adjusters.
Recover metals from process solutions.

Reduction in drag-out of process chemicals:
Reduce speed of withdrawal
Lower plating batt. concentrations
Reuse rinsewater
Use surfactants to improve drainage
Increase solution temperature to reduce viscosity
Position workpiece to minimize solution holdup

System design considerations:
Rinsetank design
Multiple rinsing tanks
Conductivity measurement to control rinse waterflow
Fog nozzles and sprays
Automatic flow controls
Rinse bath agitation
Counter current rinse.

Appendix B
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Table S. Checklist for the Metal Casting IndustryI

,
;~

f,.

Waste OriginIType

Baghouse Dust and Scrubber Wastel
Dust contaminated with lead. zinc.
and cadmium

Production of Ductile Iron!
Hazardous slag

Casting!
Spent casting sand

Industry-Specific Checklists

Pollution Prevention and Recycling Methods

Identify the source of contaminants. e.g.. coatings on
scrap. and work with suppliers to lind raw materials that
reduce the contaminant input.

Install induction furnaces to reduce dust production.
Recycle dust to original process or to another process.
Recover contaminants with pyrometallurgical treatment,
. rotary kiln, hydrogen reduction. or other processes.
Recycle to cement manufacturer.

Reduce the amount of sulfur in the feedstock.
Use calcium oxide or calcium t1uoride to replace

calcium carbide as the desulfurization agent.
Improve process control.
Recycle calcium carbide slag.

Material substitution. e.g.. olivine sand is more difficult
to detoxify than silica sand.

Separate sand and shot blast dust.
Improve metal recovery from sand.
Recover sand and mix old and new sand for mold

making.
Recover sand by washing, air scrubbing. or thermal

treatment '
Reuse sand for construction if possible.
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Table 6. Checklist for the Printed Circuit Board Industry

...

..

...

Waste Originlfype

PC Board Manufacture/
General

Cleaning and Surface Preparation!
Solvents

Panem Printing and Masking!
Acid fumes/organic vapors; Vinyl poly
mers spent resist removal solution: spent
acid solution; waste rinse water

Electroplating and Electroless Plating!
Plating solutions and rinse wastes

94

Pollution Prevenlion and Recycling Methods

Product substitution:
Surface mount technology
Injection molded substrate and additive plating

Materials substitution:
Use abrasives
Use nonchelated cleaners

Increase efficiency of process:
Extend bath life. improve rinse efficiency. countercur
n:nt cleaning

Recycle/reuse:
Recycle/reuse cleaners and rinses

Reduce hazardous nature of process:
Aqueous processable resist
Screen printing versus photolithography
Dry photoresist removal

Recycle/reuse:
Recycle/reuse photoresist stripper

Eliminate process:
Mechanical board production

Materials substitution:
Noncyanide baths
Noncyanide stress relievers

Extend bath life: reduce drag-in:
Proper rack design/maintenance. bener precleaningl
rinsing. use of demineralized water as makeup. proper
storage methods

Extend bath life; reduce drag·out
Minimize bath chemical concentration. increase bath
temperature. use wening agents. proper positioning on
rack. slow withdrawal and sample drainage. comput
erized/automated systems. recover drag-out. use
airstreams or fog to rinse plating solution into the
tank. collect drips with drain boards.

Extend bath life: maintain bath solution quality:
Monitor solution activity
Control temperature
Mechanical agitation
Continuous filtration/carbon treaunent
Impurity removal

Improve rinse efficiency:
Closed·circuit rinses
Spray rinses
Fog nozzles

Appendix B
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Waste OriginfI"ype

Electroplating and Electroless Plating(
(Continued)

Etching(
Etching solutions and rinse wastes

Industry-Specific Checklists

Table 6. (Continued)

Pollution Prevention and Recycling Methods

Improve rinse efficiency (continued):
Increased agitation
Countercurrent rinsing
Proper equipment design/operation
Deionized water use.

Tum off rinsewater when not in use.
Recovery/reuse:

Segregate streams
Recover metal values.

Eliminate process:
Differential plating
Use dry plasma e~ching.

Materials substitution:
Nonchelated etchants
Nonchrome etchants.

Increa.s.ed~fflciency:

Use thinner copper cladding
Pattern vs. panel plating
Additive vs. subtractive method.

Reuse/recycle:
Reuse/recycle etchants.
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Waste Origin/fype

Table 7. Cheeklist for the Coating Industry

Pollution Prevention and Recycling Methods

...

..

...

Coating Oversprayl
Coating material that fails to
reach the object being coated

Stripping Wastes/
Coating removal from parts
before applying a new coat

Solvent Emissions/
Evaporative losses from process
equipment and coated parts

Equipment Oeanup Wastes/
Process equipment cleaning with
solvents .

Source Reduction

96

Maintain 50% overlap between spray panern.
Maintain 6- to 8-inch distance between spray gun and the

workpiece.
Maintain a gun speed of about 250 feet/minute.
Hold gun perpendicular to the surface.
Trigger gun at the beginning and end of each pass.
Properly train operators.
Use robots for spraying.
Avoid excessive air pressure for coating atomization.
Recycle overspray.
Use electrostatic spray systems.
Use turbine disk or bell or air-assisted airless spray guns in

place of air-spray guns.
Install on-site paint mixers to control material usage.
Inspect parts before coating.

Avoid adding excess stripper.
Use spent stripper as rough prestrip on next item.
Use abrasive media paint stripping.
Use plastic media bead-blasting paint stripping.
Use cryogenic paint stripping.
Use thermal paint stripping.
Use wheat starch media blasting paint stripping.
Use laser or flashlamp paint stripping.

Keep solvent soak tanks away from heat sources.
Use high-solids coating formulations. .
Use powder coatings.
Use water-based coating formulations.
Use UV cured coating formulations.

Use lighHo-dark batch sequencing.
Produce large batches of similarly coated objects instead

of small batches of differently coated items.
Isolate solvent-based paint spray booths from water-based

paint spray booths.
Reuse cleaning solutiOn/solvent.
Standardize solvent usage.
Oean coating equi pment after each use.

Reexamine the need for coating. as well as available
alternatives.

Use longer lasting plastic coatings instead of paint

Appendix B
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Recovery, Reuse, and Recycle of
Water in Semiconductor Wafer
Fabrication Facilities
Jo~n DeGenova
Selll"lech. 2706 Monropolis Drive, AUSlin. IX 787-11

Farhang Shadman
NSF:SRC Center for Environmentally Benign Semiconductor Manufacturing
Depallment of Chemical and Environmenul Engineering, University of Arizona, Tucson. .!J. 8;721
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7J1J pap(T summariza tht bmtJitI and risks associaud wirh waur
TN/:I' fmd rtcycling in tht mnic()nductor industry. Tht sptcifiC irnns
thar will bt cov(Tfdin thispapfTaTr: charaaoization ofthl spmt n'nsf
IIlIIt" 'Ypts. thuomposin.n rang' ofk'] impuTints. diffrrm, rttytling

:_ ltTtZUgifS. and watu constTVation mahods. DiJcussion wiD indutk tht
;: uvtlopmrnr ofntw purification mlthods for tht rtmoval oforganic
. - impuritifS. and du dtvtlopmmt ofa COmpU1(T mork/for simulating nu
" rfJicrs ofrttytk.

INIJIOOUCIJON

The semiconductor indusuy has recently experienced rapid growth at
an unprecedented rate. This expansion is causing concan in some commu
niries due [0 me large quantities ofwacer presently required for semicon
ductor wafer manufacruring. Along wim this expansion cones the con
struction and installation ofnew wafer &brication facilities (FABS). Each
new facility will~ 1 to 3 million gallons per day. The watcr use in some

..Ioanons approaches S<VeI>l milions ofgallons pe' day. The only cost dfec
tive !;.lllg-ecrm solution is the proper segregation 2nd collection ofwaste
rinse:-. ;uers md the implemcntation ofa truc recycling sera.teg)'.

TABLE 1. Benefrts Associated With Recycling Woler

I. Improved feed w.ner qu;l)ity. fi~ UI'W qu.;liry
2. Improved rdi.;bility ofUPW facility. l..ds downtime:

R~uccd frequency of RO membrane de:l.ning proccs.z.
Reduced frequency of ion e:xdunge regeneralions.
Reduced frequency of fileer lnckw1sheslrinscs.
Improved efficiencies in UPW tlnlmenl processing.

3. Reduced chanial usage fOt ion exch.;nge regenen.tions.
4. Signified COSI savings:

1..c5s feed waler and w;utCW:ller discharge costs.
Los regmer.;rion ehemiQ] rosr.
less industrial wane uc:ltmmt COSI.

5. Improved RO reject quality for Other reclamation purposes.
6. less demand on rhe municipal warCf supply .;nd wane water

unrmcnt systems..

Vironmen(al Progress (VoI.I6. No.4)

TABLE 2. Risks Associated With water Recycling

I. The introduction ofimpuriry spiIces inro the system..

2. The buildup ofrcak:ilnJU compounds.
3. lnadequaq of me present pv.tifiation methodJ in rcmoring ptOCCS$

generated compounds.
4. RUle of~chcmial inlctXti0n5auscd b,. n:cydc.
5. Conwnirurion due [0 biofouling.

Recycling ofwater!ha, was previously purified to 411 u1lr~ lo-d and
men used to rinse offu1rrapure cheroicJs fiom dean wafeIs. pJO',ides nuny
advantages. including an improvement in 6nal water qw:licy. This ~onc

A s-pse of tttl lJnnpu,.. WatI1 Usa Among SEWATECH

MemMrCompanyF~F~

.,

rw_
"'-
(la<>al

Tllb d\8It represenIS~.._ (UPW) used ..wafer prooes:sjng (noIlceaI

~) tIC 10 U.S. d'lip~ flCll&in. TIlUt dI:tn...cI OIl k:lQII

te:SOUrQIS'" bHft.-.duced by many~ II'rou;ft~ 01 rweyde

l'-eia&m -.regin.. SOURCE: SEJ,(ATECH

AGURE 1. Ullr.Ipure waler use in semiconductor wafer pmcessing.
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FIGURE 3. Typical overflow rinsing

TABLE 3. Rinse Water Reduction

...
of the semiconductor chemical process seeps. however. some of tho
rinse water becomes contaminated with compounds thac are nor read
removed with standard separation techniques. Although they follWlil
acid/base chemistries. the actual product itself may carry contaminant
into this rinse water. The rinse water. from the resist strip hoods. rr

not be readily recyclable. The rinse that typically follows organic chel.
ical baths may also become contaminated wich compounds not readii
removable and recyclable. The segregation of these waste streams i

imponam {Q achieve a reliable recycle system.
The comaminants in the spem rinsewater generating most of t8W

concern in the industry today are organic solvents. The method 0

• Spray rinsing "S. Overtlow, Quick Dump
• Rinse Tank Geometry Improvements
• Ho[ UPW ¥s. Cold UPW
• Mega.sonic Rinsing
• Idle Flow Rate Reducrion
• Analystica.l MonilOringofRinse Water
• Computer Modeling; Convective/Diffusive

PREFURNACE HOOD

RBSIST STRIP HOOD

DISCUSSION OF WATER CONSERVATION STRATEGIES
Figure 1 shows the wide range ofwater usage rate reported by semi~

conductor manufacturing plants. This chart is the result ofa survey per
formed. by Sematech and the dara obtained from its member companies.
The amount of Ultra Pure Water (UPW) used per wafer produced varies
from site to site, from company ro company. and with wafer size. Each
wafer F.1brication facility typical1y uses 1-3 MGPD (million gal10ns per
dar). Some company sites have 3-4 fabs per site. resulting in large quanri·
ties ofUPW use persite which can easily exceed 10 MGPD. This data is
nOt the amount of municipal water demand. but the amount ofUPW.
The acrual demand on municipal water supply is approximately 25%
greater than the quantity ofUPW, due to [asses in the water purification
process. The demands can be quite significant on the municipal water
supply and have been a problem for some communities. especially those
locared in arid regions. Most of chis UPW is used for wafer rinsing pur
poses. Figure 2 indicates some typical semiconductor process rool setups
and a general indication of the various types of wastewater generated
(DeGenova and Wil1iams [2]).

Typically, ulcrapure rinse water is contaminated with residual
chemicals carried in with the process flow. The ultrapure rinse that typ
ically follows acid/base treatments usually can be readily recycled: the
contaminants ace removed from the water using standard separation
techniques. Hence. these streams are considered easily recyclable. One
must only segregate the rinse water drains away from the industrial
waste drain to collect the water for recycle purposes. Due to the nature

L_C==:r=~~r~~~t~=:c=~~t~~t~~==::=::.so L VENT,ww

L

::":'1::==::i===I===I==I=~1=~=t~~=E~=~:"SOLVENT,ww

FIGURE 2. Typical process tooi setup.
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justifies the efforts associated with the implementation ofa recycle strate
gy. It is not necessary to justify the effort based only on water conserva

. tion principles. There are many benefits to he realized. both in COSt and
in processing, associated with recycling once purified water, back
through the purification process again. Much of the spent rimewater
generated in the se~iconductor processes, is still of superior quality
compared to most municipal feedwater supplies, This spent rinsewater
can be used as a feed water source, replacing a portion of the municipal
feedwater supply. to be reprocessed in the ultrapure deionized water
(UPW) F.1cility. The benefits to this are multi-fOld. and include the
items listed in Table I.

There are also risks. however. associated with recycling spent process
rinsewater back into a UPW facility. to be used once again in the wafer
fabricacion process. These risks indude me items listed in Table 2.
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• Amly(iaJ Inmumcnf Disch~rgc;Y.:Irious Uw:

• Spent Rinse W.Uel'; CIT Mucup

... :loice for the removal of these organic compounds is oxidnion. FihrJ.
[Ion and adsorption present:l. risk ofbiofouling. The concept of photo
":Jcalyric oxidation reactors. as applied to recycle systems. has been

develo~ at the University ofArizona in Tucson (Chen and Shadman;
Shadman and Govemal [I]). The phofOwalyzed oxidation ofprocess
generated impurities like suefacranes. organic solvents. and t~cc

d1lorinared hydrocarbons in uhrapure w;ner is promising.
Process simulation is another important rool in me design and analy

~i~ of recycle systems. Work is presently underway at the Universiry of
.',irona (Shadman [5]) in developing a process simulator for this applica
rion. This simulation consists ofa solurion co me governing eqwrions for
transport and remoY21 of impurities. The equations for the simubuor
modules represenring reacrions and uanspon ofimpurities are combined

TABLE 5. Waler Recycling

• Spent Rinse Wuer: Rcqded ro upw Sysrem:
• Feed Water Srorage Tank

• Scm.i·PuJe Stonge Tank

• Ulmpure Warer Stonge Tank

to determine the processes that take place in a cypical uJtrapure water
~tment facility. In solving these equations. one em obtain the dynam
ics ofcontaminant distribution in the primary supply and the polishing
loop as well as the final concentr.l.Qons at the point ofuse.

The primary strategy to conserve UPW is by reducing the water
u:,ed for water rinsing. Some ofthe techniques. indicated in Table 3.
are quite simple but can make significant impacts to the ovenl,1 water

consumption. Spray type rinsing has been shown to use much less
water than typical overflow type. However. spray rinsing generally adds

dissolved oxygen and possibly other contaminan".
Hot warer is generally more effective rhan cold water in cleaning

wafers. In some ~es. the rinse water temperature can be dented to

T~BlE 6. Typical Water Quality Comparison

l:"ptuJ "'(~pta.I ~~rcd
Warer Munl<,.ip.J t.1U'apu~ ,-,
Qwlin< "",~ Waret >pm,
ra~meter l"niu. Su....

"""~"
Rin-e ',xr.lf(1'

-----
Resistivity MOhnu-etn 0.004 .IS OS
pH uniu S • 'S.;
TOC pph 3100 <10 '0
Ammonium pph m <I jOO
U1cium pph 2~OOO <I 6S
Magnesium pph <000 <I ,.
PoQl.Sium pph '100 <I 'S
SiJia pph ..780 <'0 338
$odium pph '9000 <. m
Qloride pph ISOOO <I '00
Auoride pph 7<0 <, '00
Suffire pph "000 <I 100

accomplish a better rinse. reducing me qw.nriry of rinse w;uer requiroi
However. hot uhrapure rinse water has also been shown to <ause
defects after certain proceSs Steps. Megzonic rinsing is another method.
of improving the rinse process. By <l:dding megasonic action. one can
improve the rinsing process in some cases, thereby reducing the
required quantioy of tinsew.lter. Until =dy. tinse anks ....= typical
ly designed with large vofumes . "was originally thoughr that large
water volumes would provide a cleaner rinse. Nonetheless. Figure 3
shows this is nor necessarily the case. As the W2fm an: rypically I""ded
into w;afer carriers, or boatS. and are tightly spaced relative to one
another. the path of/easr resistance for the water Bow is ,auaIIy around
the wafer boar. rather than in between the wafer produa spacing. It h2S
been shown thar nearly 80% of the rinse water actU2lly bypams the
produa (Rosaco et al. [4]). AsoWlet rinse lank ,ctu2I.Iy ptovides for,
better rinse process with this acnngeme:nt. New scmiconducror process
cools are being designed with sm-aller rinse tanks and with directional
Row patterns forcing the water in betv.-een the wafer spaces. producing
F.1ster. better rinsing. Less process rime for rinsing is required and bee·
tee process concrol is achieved.

In addition. mlucing Bow raleS during idle periods can also mm sig.
nmcant differences in water rcd.uction. However. low flow r.ues can lad
to bacterial growth, which could be dev=ating co the UPW sy=m and
co the production line. Studies are underway to evaluate sensors for

..

a.cyel.

! •• eyc"

± •• cycl.

~ t ..
••• a.o .
••I.r w ...r u-:::r:r'•,.t.,. 4 .. ,1••,., :_~ .1."'• HI..•1lc......l.- I'.,.•• --...t ".11•.,••• I I ...." IT••• Tt•• r•••1 T••• Tt."•••1 Y'••la.a, .fU ••

It

,.

AGURE 4. Water recycling su,,,egies.
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Table 6 indicates some typical water purity levels at different ~

of processing. Shown here are a typical municipal supply water pUi
typical Ultrapure Water qualirY~an(rwhatonewo-uld expect from
lecting approximately 50% of the spent rinse water. specifically ~

gated according to recycle readiness.

Table 6 indicates that the spent rinse water is still in a semi"
state, and is ofbetter quality than water supplied by the municip
It seems quite logical that replacing the municipal city feed warel

ply with this spent nnse water in a recycle mode would have ben\iw
consequences. However, due to the risks associated withrecy(
these spent rinse waters back inco the process flow. the consequen(
which could be devasra.ting to manufacturing, a much more deL,
effore is required. If the final UPW product becomes conramina~
any time, the manufacturing facility must Stop production. riskir
work in progress. It may rake significant time to bring the UPW ~
ty back to the required specifications, thereby causing downtim~
extra costS and risks. The task at hand is to eliminate any risk assoc
with water recycling.

The benefits of recyding, listed in Table I, can be quire substa"
With a better quality of feed water at the source. the unit proces.~

the ultrapure water facility operate with improved efficiency. D.
the improved processing. there is less required maintenance and d:
time, resulting in a more reliable. an'd safer facility. A reducri(.
chemical usage can also be realized, as less membrane cleaning ant
ion exchange regeneration are required. There is also a reduction i'
amount of industrial wastewater requiring treatment. In fact ..... I.w.
better quality feed source, reject from a reverse osmosis system
improves in quality, rendering chis water much more amenabl'
other reclamation purposes. Figure 5 illustrates a schematic ofa C)~
UPW system with recycle back to the primary feed water storage
Indicated here, are quality levels through various points in the l
facility. with and without the recycle of water. The estimated,

quality wirh recyde, based on quality levels listed in Table 6, Fe< '""
the final polishing loop is ofsuperior quality.

The risks. listed in Table 2. include bringing new and unkl
process contaminants to the UPW system. Compounds not pro ~

... i 1"
100

................
"0. ]~..~

w-' w_

~ ITt=:" ~ ~ :.-:. i~!la'.: "'--., ~-T_ , T,_ T_,
j '......·l'

w.", Quality

~ wlRec City wlRec City wlRec
29,000116,573 2,30011,314 0.9 0.5
22,000112,120 5001 275 0.1 0.05
15,0001 8,278 1,0001 552 0.4 0.2
42,000123,278 1,3001 720 0.4 0.2

(1'1'I>I
100
Na'
Ca"
Ct
SO.-2

monitoring the quality ofwater in each rinse rank [0 determine when
adequate rinsing is achieved. Some srudies have focused on the develop
ment of rinse modelS using borh'diflusion and convection equations {O

help optimize the rinsing process (Helms [3D. These models include the
processes that occur in between the tight wafer spacing. including the
desorption of the removal ofchemicals from (he wafer surface and the
diffl~ion of the chemicals through the boundary layer into the hulk fluid
where impurities are carried away by convection.

Asecond water reduction strategy currendy underway is in the re
use ofwater in other areas such as in the cooling towers, air scrubbers.
and non process applications. The reject water from the reverse osmosis
process is a good candidate for this type of re-use. Some of the more
common applications ofwater re~use are listed in Table 4. Spent rinse
water can also be used for some of these re-use applications. However.
due to its relatively pure nature. this water is quite aggressive and will
arrack most materials. Additional treatment may be necessary prior to
re~use of this water. such as in raising the alkaliniry to decrease the cor
rosion characteristics.

Another water use optimization and reduction strategy is in recy
cling of thi spent rinse water back into che UPW treatment system.

Because of the relatively high puriry level of the rinse water, one can

consider recycling this water back into the UPW process at various
points within the process. It can be combined with the feed water at
me treatment process input. thereby reducing the demand for this feed
source. It can also be combined at other points in the UPW system.
such as with reverse osmosis purified water. in a semi-pure scate. Or.
one can consider recycling this spent rinse water back into the UPW
process at an ultrapure state. such as in the ultrapure water scorage tank
where it will be re-polished prior to use. Table 5 lists these options,
which are also illustrated in Figure 4. which indicates a typical UPW
treatment process, with primary treatment. ion exchange or secondary
treatment, and a final polishing treatment step with holding tanks.
The spenr rinse water can be btought back to any of rheseholding
tanks. Naturally, the highest benefit would be gained by bringing the
recycle back to the UPW tank prior ro polishing. However, this option
also carries the highest risk.
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" FIGURE S. Typic:J1 UPW system with recycle. Recycle effects on water quality levels.
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n:mm'cd ,ould build up in {he system. The product yield (ould then he::
ncg::uivdy impacrcd. There is vcry linlc d3(3 available on the rcmo\,;tl
of org:Jnic compounds typically used in wafer processing. Any of rht:SC
compounds in the UPW produce ,J[ [he paim ofusc could be dC'\':lSr:u
ing. Hence. (he proper scgrcg;uion of [he spent rinse water is impcrJ
ri\'c in order to keep these compounds our of the recycle loop. Jt feast
until data is 3,V3ilablc for the removaJ of these compounds with existing
il."Chnology. :lnd/or until newer and more effective technologies C.1n be
Je,dop<d.

In addition to the process simulation. improved meerology Jnd
sensing techniques ;Irc required (0 minimize the recycling risk. Of
utmost import,lncc is on-line inscrumentarion with fast response that
o.n be used ro monitor recycle warer quality. The f.ur response is neces
sary so rhar quick decisions c:m be made on whether to direct the recy
de warer back imo rhe UPW process. or [0 diveer rhe flow away from
rh~ UPW process. This action must be Wt ~nough to avoid any qw.lit)'
llPS~ts. Special valve switching arrangemcnts can be installcd. b~d on
the monitoring devices. in oroer to minimize the risk or system upsets.
Eventually, there will be a need to inregr:ue the metrology and the sim
ulator for both predicrive and comrol purposes.

SUMARY AND CONCLUSION
A water recycling Str.ucgy focused on the segregation and re-use of

scmi.pure rinsewatcrs will provide for 3.-..cosc.effecrive syStem. Many
h<nefits can b< also b< r<:l1ized in the .... of final UPW product quali.

£no ,ronmenral Progress (VoI.l6, NoA)

[yo safery. waste (hcml(.I1 rcJu(rinn. t.·nag~: rct.luc.:fion. .:nd imprU\·ct.I
process rtIi:lbilil):

There is,J Jdini{~ nced for process. ..imul.uian .lnd more .Jd\·.tn,c.:tI
metro~' JJ1d ,~nrm~ rcdlnitllle\. The ris.ks;u.soci;rt.'\I \\;tn m:ydin~(Jn Ix·
minimized JJ1d mlrugt.'\I propt.'fi~:
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Quite often in developing countries, the economy progresses while the environment deteriorates because
pollution control measures appear too costly to implement. What the World Bank proposes in the
Pollution Prevention and Abatement Handbook 1998 is environmental management rather than pollution
control.

To accomplish this, the book recommends a broad mix of incentives and pressures to achieve sustainable
improvements such as setting clear goals and objectives, agreeing on priorities, cooperating on
approaches, sharing information, and setting realistic standards. The Handbook comprises three parts: a
summary ofkey policy lessons in pollution management, good practice notes on implementation of
policy objectives, and detailed guidelines intended for the preparation of World Bank Group projects.

The application of the guidelines set out in Part III can minimize the use of resources as well as reduce
the quantity ofwastes requiring treatment and disposal. They are designed to protect human health,
reduce discharge of pollutants into the environment, use commercially proven and cost-effective
technologies, follow regulatory trends, and promote good industrial practices. These guidelines represent
good environmental management practices, which can be achieved and maintained with the levels of
skills and resources typically available in countries in which the World Bank operates.
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Manufacrurer ofHardened Steel Gears

Scrap Metal Recovery Facility

Manufacrurer of Electroplating Chemical Products

Manufacrurer ofPlastic Containers by Injection Molding

Fossil Fuel-Fired Electrical Generating Station

Manufacturer of Conunercial Dry Cleaning Equipment

Electrical Utility Transmission System Monitoring and Maintenance Facility
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Investigation ofWaste Rag Generation at Naval Station Mayport

Pollution Prevention Opportunity Assessment: United States Naval Base Norfolk
Naval Air Station

Advanced Composites Technology Case Study At NASA Langley Research Center

---Waste Oil Reduction for Diesel Engines

Life Cycle Assessment for PC Blend 2 Aircraft Radome Depainter

Life Cycle Assessment for Chemical Agent Resistant Coating

Pollution Prevention Assessment: U.S. Postal Inspection Service
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Pollution Prevention Assessment: U.S. Postal Service Bulk Mail Center,
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Pollution Prevention Assessment: U.S. Postal Service Stamp Distribution
Network, Kansas City, MO
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Waste Minimization Assessment for a:

. Manufacturer ofPrinted Plastic Bags

Metal Parts Coating Plant

Manufacturer ofOutdoor llluminated Signs

Manufacturer ofRebuilt Railway Cars and Components

Manufacturer ofBrazed Aluminum Oil Coolers

Manufacturer ofHeating, Ventilating, and Air Conditioning Equipment

Bumper Refinishing Plant

"Multilayered Printed Circuit Board Manufacturing
. "

Manufacturer ofPrinted Circuit Boards

Paint Manufacturing Plant

Manufacturer ofCompressed A.k Equipment Components

Manufacturer ofAluminum Cans

Manufacturer ofRefurbished Railcar BeariDg Assemblies

Manufacturer ofPrototype Printed Circuit Boards

Manufacturer ofSpeed Reduction Equipment

Manufacturer ofPrinted Labels

Manufacturer ofChemicals

A Daily

Manufacturer ofMetal-Cutting Wheels and Components

Manufacturer ofAutomotive Air Conditioning Condensers and Evaporators

Printed Circuit Board Manufacturer

Manufacturer ofComponents for Automobile Air Conditioners
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Manufacturer of Aluminum Extrusions
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Manufacturer Producing Galvanized Steel Parts EPN600/S~92/011
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Manufacturer of Commercial Ice Machines and Ice Storage Bins EPN600/S·92/012

Manufacturer ofWater Analysis Instrumentation EPN600/S·92f013 ...
Manufacturer of Can.Manufacturing Equipment EPN600/S·92/01~
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Manufacturer ofMetal-Plated Display Racks EPAl600/S·92/019
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Manufacturer of Industrial Coatings EPN600/S-92J028
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Manufacturer ofCutting and Welding Equipment EPAl600/S·92/029
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Manufacturer ofFinished Metal C0!U,P0nents EPAl600/S-92/030 -. ,

"'"Manufacturer ofMachined Parts EPN600/S-92/031

Manufacturer of Injection-Molded Car and Truck MirrorS EPN600/S-92/032

Manufacturer Producing Printed Circuit Boards EPAl600/S-92/03J

Manufacturer of Custom Molded Plastic Products EPAl600/S-92/03~ \oo.j

Manufacturer of Sheet Metal Components EPN600/S-92J035

Manufacturer of Silicon-Controlled Rectifiers and Schottky Rectifiers
lioi

EPAl600/S·921036

Manufacturer ofPenny Blanks and line Products EPN600/S·92/037
lioi

Manufacturer ofBaseball Bats and GolfClubs EPAl600/S·93/007

Manufacturer ofProduct Carriers and Printed Labels EPN600/S-93/00& IiIo

Manufacturer ofRotogravure Printing Cylinders EPN600/S·93/009

Manufacturer of Screwdrivers EPAl600/S-94/003 iiIii

Manufacturer ofPliers and Wrenches EPAl600/S·94/004

EPAl600/S-94/00o
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Manufacturer ofFinished Metal & Plastic Parts

Manufacturer ofPrewashed Jeans EPAl600/S-94/006
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Manufacturer of Paints and Lacquers

Manufacturer of Gravure·Coated Metalized Paper & Metalized Film

Manufacturer of Surgical Implants

Manufacturer ofAluminwn and Steel Parts

Manufacnirer ofAerial Lifts

Manufacturer of Mountings for Electronic Circuit Componenis

Manufacturer ofFelt Tip Markers. Stamp Pads, & Rubber Cement

Manufacturer of Coated Parts

Manufacturer ofMicroelectronic Components

Manufacturer of Com Syrup and Com Starch

Manufacturer ofCaulk

Manufacturer of Electrical Rotating Devices

Manufacturer ofParts for Truck Engines

Bourbon Distillery

Manufacturer ofPaper Rolls. Illk Rolls. Illk Ribbons, and Magnetic

and Therma1 Transfer Ribbon

Manufacturer ofLabels and Flexib~ Packaging

New and Reworked Rotogxavure Printing Cylinders

Steel Fabricator

Rotogravure Printing Cylinder Manufacturing

Manufacturer of Iron Castings and Fabricated Sheet Metal Parts

Pollution Prvention Assessment for a

Manufacturer ofPaints and Coatings

Manufacturer ofBourbon Whiskey

Manufacturer ofAutomotive Battery Separators

Manufacturer ofAutomotive Lighting Equipment and AcceSsories

Manufacturer ofLocking Devices

Manufacturer of Combustion Engine Piston Rings

Manufacturer ofMetal Fasteners

Manufacturer ofStainless Steel Pipes and Fittings
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EPAl600/S-9SiOI i
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Manufacturer ofOutboard Motors

Manufacturer of Electroplated Truck Bumpers

Printed Circuit Board Plant

Manufacturer oiFolding Paperboard Canons

Manufacturer ofRebuilt Industrial Crankshafts..
Manufacturer ofPressure·Sensitive Tape

Manufacturer of Wooden Cabinets

EPAJ600/S-9Yo 18

EPAJ600/S:9ro 19

EPAJ600/S-91020

EPAl600/S·9102 J

EPAl600/S-91022

EPAJ600/S·9lQ23

EPAJ600/S·9l>24Manufacturer ofPower Supplies

Manufacturer ofFood Service Equipment

Manufacturer ofMetal Parts Coater

Manufacturer ofGear Cases for Outboard Motors

Manufacturer ofElectrical Load Centers

. . . - ·Manufacturer ofPharmaceuticals·

Manufacturer ofComponents for Outboard Motors

!':'Ianufacturer ofAircraft Landing.Gear

"

TO NRMRL PUBLICATIONS UNIT:

PLEASE SENtl. THE ABOVE !NFORMATION TO ME AT THE FOLLOWING ADDRESS:

NAME --
_

ADDRESS, =- _
.. ~' ...

EPAJ600/S·9102S

EPAJ600/S·9!l26

EPAJ600/S·9~2 7

EPAJ600/S·91128

EPAJ600/S·9~ 9

EPAJ600/S·9~ 0

EPAJ600/S·9S 1

EPAl600/S·9\3 2
\

-

CITY &STATE,
_

PHONE&FAX, -- _
E·MAlL,

_

ISO
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