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Course Participant Introdu_giﬁ

*Name

«Organization

*Technical Background
*Poltution Prevention Experience
=Sector Expericnce

Curriculum Overview - Da.i
* Moming “

— Inroduction
— Course Overview
— Course Schedule
- Introduction to P2
« Afternoon
- Introduction to P2 (Cont)
— Industry Refresher
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Curriculum Overview - Day; 1.
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+ Moming
- Introduction
— Course Overview
— Course Schedule
- Intreduction to P2
+ Afternoon
— Introduction to P2 (Cont.}
— Industry Refresher

Curriculum Overview - Day 2

+ Moming .

- P2 Mass Tracking Modei Protocol
» Afternoon

- R2ZM2 Assessment Protocol

Cmﬁculum Overview - D.a 3

* Moming s
— Mass Tracking vs. RZM2 Approach
— Cosl Altematives Analysis

* Afternoon
— Process Assessment I (Field Visit)
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Curriculum Overview - Day 4
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* Moming T
— Process Assessment I- Discussjon
* Afternoon

= Process Assessment [ (Field Visit)

* Moming

— Process Assessmemt IT - Discussion
* Afternoon

- Course Review

- Exam

Pollution Preventiop (PZ) "
Overview




P2 Regulatory Drivers

+ Inthe US.
_ HSWA (1984 Requires Waste Reductiem Certification

on Manifests

- Emergency Planning znd Community Right-to-Know
Act (1986): Public Access 10 Waste Data

— Pollution Prevention Act (1990). Promotes P2 Through
Govemment Involvement (¢.g., State Assistance Grants)

_ Clean Alr Act Amendmenus (1990): P2 Mandate
« No P2 regulations in RP now, but ...
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P2 Hierarchy: P2 Act of 1390

1 - Source Reduction
2 - Reuse / Recycle
3 - Treatment

4 - Disposal

Nt
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Pollution Prevention vs.

“Prevention of Pollu_tign’ T

« 1SO Standards Development Process
« U.S. Delegation Position with Regard to P2
« Tmportance of the Difference to HSE

P2 Success Stories:
Dow Chemical (Midland, MI). .

~ 17 Projects, Capital Investment SIMM
— Eliminated 6.5 Million Pounds Waste IYr
— Reduced Emissions 453,000 Pounds/ Yt
— Savings of 5.3 MM /YT

— Involved Committee of Dow Engineers &
NGOs

From: Chemical & Enginesring News, SALSY




P2 Success Stories:
Cascade Cabinet (WA)

~Wooden Cabinet Manufacturer =~

- SME - Only 200 Employees

- 6,000 Wood Scrap / Day

- Wood Waste — Land-filled (Hauling Costs,
Landfiil Charge, Lost Product)

— Grinder Purchased - $60K

= Only Disposal Cost — Chipping Time

From: Green Lrclpers: Cawt Stuches tn Corporaie Brvirorse ol Accourving,
WRI (1999 p.168.

P2 Success Stories:
Ravenswood Aluminum A

— Large Aluminum Manufacturer
—Conducted Water Use Reduction Study

—Reduced Water Loss By 10% Through
Eliminating Valve, Pump Leakage

From: Author's Expesience

P2 Methodology: Generalized
Approach . ..

Identify Processes
Prionitize Processes
Select Processes

Develop Process Flow Diagrams
Fovess Tlow

b
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P2 Methodology: Generalized
Approach (Cont.)

-
+ Identify Inpul and Output Streams
» Determine Baseline / Material Balance

« Identify Potential P2 Alternatives

s Fvaluate Alternatives

P2 Methodology: Generalized
Approach (Cont.)

A

+ Implement Alternative(s)

«  Measure Agamst the Baseline

P2 Issue No. 1: Participant
Prioritization
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Key Filipino Industrial Sectors_ﬂ_‘

P

* Mining / Quarrying :
* Food/ Beverage Manufacturing
* Textiles

*+ Agriculiure*

* Leather Tanning / Manufacture

* Wood / Fumiture Products

* Puip and Paper*

(* Not Significant in IISE Selected Sites)

Key Filipino Industrial Sectors
(Cont.) o

- Electroplating

* Power Generation

+ Industriai Chemicals
+ Petrochemicals®

* Petroleum, Products®
* Rubber Products

+ Iron / Stee]

{* Nol Significam in [ISE Sedected Sites)

P2 / 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 JER process

Y



P2 Issue No. 2: Process
Priontization

Selected Industrial Processes

Ry

Aned Swy “Paming «PickEng
+ Anpaaling « F oI o - Pesrdur Couting
+ Amamtly « Paned Proscuming « Preming / Sumpeg
= Blewchingy *Fagmy * Pratiag
~Barting * Paal Sornge Puiping
+Cyming + Oulvenizing = Nallalag
» Camat Proviecies. - Cuikiecing » Sumicendec Mly
* Chambcal DiiBation  * bajrciban Mobding * Sy Bulkdey
+Chamical Syatwals  +Matdl Casing = Ship Rurcycing
Covenion Contitg  + Mol Raflaleg + Xy Ropmly
» Crectiog *)Manisg « Smdting
» Dagrruiing * Packngu g + Sted Polricrnon
Tryeiny «Feintey + Suipping

. »Twsiag
Extradiay - Pacio . »Wood P 1

P2 Issue No. 2: Process
Prioritization 7

Key Factors

Use of Target Chemicals

Use of Other Toxic Chemicals

Release of Wastes to One or More Media
Immediate Worker Heaith Threat to Worker

s e« = @
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P2 Issue No. 3: Baseline
Determination

P2 Issue No. 3; Baseline ._. _
Determination

Key Factors

*+ Estimating Material Quantities

¢ Determining Chemical Comtent and
Concentrations in Materials Used / Wastes

*+ Normalization to Account for Production Levels

, - . .
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P2 Issue No. 4: Alternative
Selection
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P2 Issue No. 4: Alternatives
Evaluation

Key Factors

* Cost -

Implementability

- Equipment Availability

~ Technical Feasibility

- Compatibility with Current Operations

‘P2 Issue No. 5: Measuring
Pollution Reduction _;

P2 Issue No. 5: Measuring
Pollution Reduction

s

Key Issues

LSE 20%6 Redudion Goal

Which Organizations?

Which Processes?

Which Parameters?

Mass Reduction vs. Risk Reduction

« o s 2
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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 (adscrbed 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 reguired,
Leff-Marvins Cleaners realized that it would have to ceal with less
stringent control requirements and less recordkeeping than weuld be
imposed in 1995.

Roproach Implemented

Leff-Marvins Cleaners spoke with a number of eguipment vendors to £
machines that could provide closed-1lco0p handling of PSRC. They sought
to replace a transfer dry cleaning unit and two reclaimer vnics tha
handled 150 pounds of dry cleaning. The units had significant PERC
fugitive emissions and generated two disposable filters that were
+reated as hazardous wastes because of the nearly 200 gallons {(per
month) of trapped PERC.

The old eguipment was replaced with two new dry cleaning units that
had a2 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 fi
stripped of lint by distillation through the system, recu
nazardous wastestream to 35 gallons per menth of still bottems. -
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 eguipment produced a net annual savings of
about $17,000. The environmental and hazardous material savings were
actually $2,000 per menth, but this was offset by an increase in the
electric power bill of $500. The additicnal 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 c¢osts. ' o o

Environmental Benefits

Leff-Marvins Cleaners achieved cther 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 Feor Further Information

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

Case Study:
Carpet Manufacturers Reduce
Pollution via Automated
Dyebath Reuse

In a conventicnal batch dyeing process, water is pumped into a
dveing machine, and fabric is placed in a bath and saturated with
water. Chemicals and dye are then added to the water.

The bath i1s 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 recycling). The technical and ecconomic viability of
reusing dyebaths has been demonstrated in the past; however, applying
the process reguires skills that were not always available to the
textile manufacturer. For example, this procedure usually reguires
chemical analysis of the dyebath to determine what chemicals need to be
added for reuse. If a chemist is not available to analyze each bath,- -
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 O
make~-up chemicals.

Fh

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 innovative
monitoring insturments, a system is being developed that can analiyze

the dyebath and communicate the results to a computer for calculatien
of what chemicals need to be added for the next dveing cperation.

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. ¥aticnwide,
waste would be reduced by 36-million pounds (16.3-milliorn xG)
of chemicals each year.

—

- Widespread implementation of the automated dyebath reuse Trocess
would enhance U.S. industrial competitiveness by lowering COStS. In
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 ccst to implement the program wWas $g32,741 (Industry share:
$432,741). By implementing this program. the savings at the testT
facility (Shaw Industries} were $1.6-million per year. Based onh the
industry share of $432,741, the payback rperiod for this project wes
less than 3 months. Cost projects indicated that impliementation cI the
dyebath reuse Dprocess could save money in terms of carpet production at
almost all carpet plants.

Energy Benefits

The project has energy savings that are derived from threg Sgurces:

{1} the reduction in direct thermal and electrical energy to hea

dyebaths; (2} the elimination of energy to produce

additional dyes, auxiliary chemicals, and water; all of wnich are

reused with the new technology; and {3} reduction in energy associated

with treatment of wastewater. If fully implemented throughout the
riltlion

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

ct (D



Btu per year. On a national scale, and including the textile industry,
full impiementation 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/CH10093-235; DES3017075) Revised September 18%4.

NICE3 Program Summary: "Wouldn't it be NICE ..." (DOE/CHi0093-349;— -

DE3%4011821)
September 19594.

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
ozene,) 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.

Nitrocellulose coatings have been used by many furniture
manufacturers to preduce high quality cocatings. 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 1930, New
England Woodcraft, in a jeint 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 emulsicn finishes now used at New Engliand
Woodcraft contain only 1.67 pounds of VOCs per gallon of finish, a 73

i
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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 3
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 per month.

Cost, Savings, and Tradeoffs

Significant cost reductions were realized in waste management,
waste disposal, and taxes associated with hazardous waste generation.
As a result of a 90 percent decrease in hazardous waste generation, the
facility's regulatory status changed from a large guantity generator
to a small quantity generator. Hence, the facility is conditionally
exempt from some reporting and requlatory 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 their 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 dail
circulation of 225,000 and a Sunday circulation of 320, 0C0.
Approximately 175 gallons cf waste ink are generated each week. T
lithographic presses produce waste ink that is a mixture of mestly
black ink blended with other colors and press cleaning solivents.
During printing, excess ink contaminated with the blanket
wash solvent, fountain solution (mostly water), znd paper dust 1is
collected in trays under the presses. In general, the ink and soivernt
wastestreams generated by a2 printing operation are considered hazardous
wastes, especially if they contain chremium or lead or have a low Iiash
point. Prior to implementing pollution prevention acticns, the wasta
is shipped offsite for reuse as a supplemental fuel.

Approach Selected

The newspaper set out to essentially eliminate the generation oI
hazardous waste inks by cleaning and recycling waste ink. A study was
performed under the U.5. Environmental Protection Agency's (EPA} Waste
Reduction and Innovative Technology Evaluation {WRITE) Program to
evaluate a technology that could be used to recycle waste printing ink
for reuse inlithographic printing operations.

/?



Apprecach Implemented

The Hartford Courant now ccllects 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 guantity of its hazardous
waste from 9,100 gallons of waste ink and solvent to 46 gallens of
paper dust and 3,030 gallens 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 egquipment was added as
required. The waste ink goes to a large waste ink storage tank; when
encugh ink is collected in this tank, a batch is prccessed 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 determine-the amount of virgin black ink required for

blending. The ratic ¢f 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 cther functional properties of the processed ink to an acceptable
range. After blending, the recycled ink is transferred to a «lean
holding tank. The recycled ink is then drawn by a rpump 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 gualified professionals. The recycled ink
fared well in laboratory performance tests such as viscosity, 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 gallocns
per week or 9,100 gallons per year of waste ink. The waste ink
contains about 40 percent water and solvent (mostly waterland 60
percent ink. By recycling, the ink is recovered. The recycling
wastestreams consist of water {wastewater) from the separator and the
raper-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 carben 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,

L0
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Cost, Savings, and Tradeoffs

The company has eliminated the disposal costs for the nrazardous
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 $7,100/year. The wvalue of the recycled product is
almost $20,000/year. When this is added to the difference in operating
costs, the total "savings" are $50,000/vear. With a purchase and
installation cost of $318,000, a rough estimate of the payback period
is about 6.25 years, based upon the current rates of items such as
lapor 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 additicnal 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 19382,

"Connecticut WRITE Today" ConnTAP Quarterly, 1993, 6(1):4.
Motorcla Goes Solder-less

Traditionally, soldering methods use chemical fluxes to remove
oxides from metzl surfaces prior to soldering. Unfortunately, these
fluxes leave corrosive residues, which must be removed with chemical
rinses. Freon 113 and trichlorcethane ({(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 teo
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. Motorcla provided manufacturing technoicgy



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.
s 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 boards 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 assoclated air emissions. :

Cost, Savings, and Tradecffs

Costs for the cleaning solvents ranged from 52 cents to $2.33 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 $4C,000 to $100,000,
depending on the degree of mechanical and computer control modification

regquired.
Environmental Benefits

2s a result of the new soldering process, Motorola has helped
eliminate the chemical air emissions of Freon 113 and TCA. For its
efforts, Motorocla has received the U.S5. Environmental Protectiocon
Agency's Stratospheric Ozone Protection Award for the second
time in 3 years.

Contact For Further Informatiocon

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

s



Source

Arizona Pollution Prevention, Arizeona Department of Environmental
Quality APPLE+
Newsletter.

Biodiesel: "Not Blowing Smoke"

The combustion of diesel fuel in mass transit vehicles generates
emissions such as particulate matter {PM), hydrocarbons (HCj), carbon
monoxide (CO), nitrogen oxides(NCx), and sulfur oxides (SOx}. The
Clean BAir Act Amendments of 1990 (CAAA) and the cerresponding 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 content
in the fuels.

To meet the requirements of the new CAAA, and-potential, tougher
diesel regulations in the future, transit authorities across the
country have begun to consider the use of alternate fuels for their
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 frem natural,renewable resources such as
vegetable oils.

Approach Implemented

In 1993, the biodiesel industry distributed encugh Iu
nearly 7-million road miles in more than 100 demonstira
more than 1,500 wvehicles. During that time,transit aut
school districts recorded information on emissions, per
oil contaminants. The practical road demonstrations inciu
mile tests with transit authorities in Baltimore, Cincinnati
Oakland, as well as more than 30 50,000-mile tests. For thi
mass transit authorities used a mix of 20 percent biodiesel
sercent petroleum diesel. However, some municipalities have used a
blend of up to 40 percent bicdiesel without experiencing any
operaticnal problems.

-

-
w
-

Operating Results

When biodiesel was used in place of conventional diesel fuel,
transit managers noticed a reduction in smoke, odor, and diesel engine
emissions. Some operators reported a 20 to 30 percent reductlicn oI
smoke. In tests conducted by independent researchers comparin
emissions from vehicles using biodiesel vs. conventional diesel {uel,
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 enissions
were not gquantified, but would also be reduced, compared to coaventional
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 conventicnal 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 guantified. 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 Naticnal ScyDiesel 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.

T N QOther Benefits & ’ T

Biodiesel is made from natural, renewable resources such as soybean
and vegetable o0ils. (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, coffers 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.0O. Box 104898
Jefferson City, MO 65110-4898
Telephone: (800) 769-3437

Sources

Passenger Transport, APTA, May 16, 1994.



Instructions for Completion of IISE P2/CP Assessment Form

Nine worksheets have been prepared to assist the P2/CP Assessment Teams in performing facility
assessments and collecting and reducing the necessary information. Worksheets 1-5 should be completed
using the IER forms (previously completed) and for the P2/CP assessment while on-site. Completing these
should provide the necessary information for the team t0 complete worksheets 6-9 following the in-piant
assessment. Instructions to complete each worksheet are presented below, and examples for each enmry are

shown in parentheses after some of the descriptions.

Worksheet 1 - Overview

Worksheet 1 provides 2 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 OF industrial zone name, if appropriate (€.8-, Mactan

Export Processing Zone).

Sector — Enter the sector of industry (and PSIC number if known) under which the facility

falls (e.g., electroplating).

Date — Enter the date during which the assessment is being conducted.

Time — Enter the start and end times of the assessment.

Date 1IER Completed — Enter the date when the Initial Environmental Review was completed.

IER Report Attached? — Place an “X” in the appropriate box indicating whether a copY of the

Initial Environmental Review is attached to the completed P2/CP Assessment Worksheets.

P2/CP Assessment Team Members — Enter the names and affiliations of the assessment team

members including both 1ISE and host facility team members.

9, Facility Contact Information — Provide name, address, telephone, fax, and e-mail contact
information to whom all future environmental 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- 1 Receiving Raw Materials, 2. Transferring Raw Materials into
Metering Devices, 3. Specific Manufacturing Steps, €tc.)

11. 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 water is used or

. transferred in the process.

13. RP 28 / POPs Chems? - Place an “X” in the appropriate box indicating whether chemicais

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

process.

(¥}
B
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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™) of the actual product or may be used for
other activities in the facility, €.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.

i. Product Name — Enter the name of each major and/or hazardous/toxic product used at the
facility. It is not intended that every product received at the facility shouid be included; only
large quantity and/or hazardous/toxic products (€.2., 1able salt for the cafeteria does not need

1o be included but toluene for the process does).
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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.

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

RP_28 / POPs Chems. Present — Enter names of the chemicals that are components of the
product and are included in ISSE’s list of hazardous 37 chemicals.

Mass % - Enter the percent (by mass) for each RP 28/ POPs chemical present in the product,

- 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.

L.

10.

AzsesaFormingr

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). :

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 pieces/hr or 2,000 sq. m /week). This production level
for the baseline will be used in the normalization process for comparison following P2
implementation.

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 (€.g., from a phase split there would be a waste organic solvent, gaseous emissions,
tank washdown, and possibly sludge cleanout). ’

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.).

Waste Stream Flowrate — Enter the wastestream flowrate in kilograms per hour for average
operations so that this flowrate (kg/hr) may be multiplied by the operation schedule (hrs/day *
days/wk * wks/yr) to determine the total annual mass of waste.

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
of the waste stream (i.e., >5%).

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 IISE’s list of 37
hazardous chemicals.

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

RP 28 / POPs Flowrate — For each or the RP 28 / POPs chemicals, determine the flowrate (in
kg/hr) by multiplying the Waste stream Flowrate by the Mass %; and enter it on the
appropriate line.

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

14
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(e.g., on- or off-site; air: oxidizers, incinerators, activated carbon, water curtains, recycle, 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.). Ifitis stored on-
site, indicate the quantity stored on-site.

Worksheet 4 - Initial Process Flow Diagram

Worksheet 4 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 alt 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 § is intended to capture pollution prevention options identified during the assessment along with
a description of the location for implementation. For example, ifa 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 coilected after sketching the initial PFD.

Worksheet 7— Mass Balance Summary

Worksheet 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 fine for a specific product or a specific step if need be [a tank
cleanout, for instance}).

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 (¢.g., 10,000 kg/yr benzene or 5,000 kg/yr i,1,1-TCA).

4. Other HMs — Because the mass balance is intended only for hazardous materiais and if the
chemical is not an RP 28 / POPs chemical, enter the annual gquantity used in kilograms per
year on this line (e.g., 8,000 kg/yr acetone, 13,000 kg/yr toluene, or 16,000 ke/yr Cly).

ApcaForminar
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12.

Cons. In Proc. — Because matter is conserved, the fate of all input chemicals/ 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.

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.

WW Gen. — Many hazardous materials are discharged from processes in the form of
wastewater. Enter the annual quantity in kilograms per year of the chemical that is discharged

as wastewater after use in the process.
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. :

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. et e

. 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, distiliation,
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.

MB? — Enter “Y” 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 kg/yr toluene and 5,000 kg/yr are
recovered and another 3,000 kg/yr are discharged in the wastewater. It is reasonable to
assume that 2,000 kg/yr are lost to air emissions if no toluene is consumed in the process or
disposed as hazardous or solid wastes.

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,

LY
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Option Name — Provide a brief (a few word) project name that uniquely identifies the option

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

Option Description — Briefly describe the option and how it differs from the current process,
materials, etc.

Source and Contact — Provide the contact information for the option (e.g., company, contact
person, phone, address, e-mail, etc.).

Option Goal or Purpose — Briefly explain the goal or purpose of the option (e.g., eliminate
VOC area emissions, reduce hazardous waste generation, reduce hazardous chemical usage
and exposure, reduce wastewater generation, etc.).

Specific Estimate of Hazmat, Haz. Waste, Air Emission, and/or Wastewater Reduction by
Option - Estimate the extent of reduction in hazardous material usage, hazardous waste



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%0).

6. Type of P2/CP Option — Mark an «¥» in the appropriate box indicating whether the type of
option is source reduction, recycling, treatment, o disposal.

7. WNature of P2/CP Option - Mark an «¥ in the appropriate box indicating whether the nature of
the option is personnellprocedural related, material related, ot equipment related.

8. Specific Materials or Equipment Needed — List the specific materials and equipment needed
to implement the option (e.g., decanter, 1 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 jmplementation is
very difficult, moderate, oF 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 P2/CP. 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 P2/CP 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 brief descriptions for each of the cost factors.

1. Process Equipment — New equipment or modifications to existing equipment are required 10

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 dom’t require the same

precautions.
3. Installation / Site Preparation — Capital expenditures are required to install new equipment or

prepare a site. .
4. Utlity Connections / Systems - New wiring/piping is necessary for the new
. equipmenu'materials or annual utility costs are increased/reduced.

5. Permitting — Additional or less stringent permits are required for new materials/processes.

6. Input Materials ~ New or additional materials are required as a result of material/process
changes or fewer materials are required as a result of recycling, etc.

7. Disposal / Treatment = Changes in disposal and/or {reatment are required as a resuit of
material/process changes (e.g., conventional wastewater treatment rather than hazardous
waste disposal is required s a result of changing a hazardous solvent for an aqueous cleaner)-

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

decrease as a resuit of the material/process change.



IISE P2/CP ASSESSMENT Worksheet !

Facility Name:
Location: Sector:
Date: Time: Date IER Completed:
IER Report Attached? Yes ] o [ ]
CP/P2 Assessmeﬁt Team Members: 1.
(Include both IISE and Facility Personnel) 2
3.
4.
5.
Facility Contact Information
Name: Phone:
Address: S Fax:
E-mail:
Process Overview
Wet RP 28/
Process Name Description . Process? POPs
) ) Chems?
1. Y N Y N
2. Y N Y N
3. Y N Y N
4. Y N Y N
AsscsumentFoem



1ISE P2/CP ASSESSMENT Worksheet 1

Facility Name:
Wet RP 28/
Process Name Description Process? POPs
5. Y N Y N
g 0o
T N N
OO 0o
e YRTTTTTY N
OO 0o
T YR Y N
oo 0o
i v T N
g 00
e . YN N
OO Od
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Facility Name:

HSE P2/CP AS..

Process Name:

Enput Material Information

Product Name

Annual Use
(kg)

..SMENT

Chemical Components

RP 28/ POPs
Chems, Present

Mass %

Workshe, '
—

Annual RP 28/

i POPs Use (kg)
[

AssctymicniForm
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1ISE P2/CP AS. ..SMENT Workshe ‘
-
Facility Name:
Process Wastestream Analysis
Process: Operation: Hrs/day Dayslwk
Wks/yr Production Rate
Wastestream Chemical RP 28/ Mass RP 28/
Wastestream Waste Phase Flowrate Components POPs ? % POPs Fate
o Y N Flowrate
L .
0 —
i
00 o
________________________________________________________________________ | U —
2. _
o4 B
i}
O
......................................................................... 0 O —
. OO o
00
00
g
_____ } (A0
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Facility Name:

1ISE P2/CP ASSESSMENT

Initial Process Flow Diagram

Process:

Worksheet 4
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[ISE P2/CP ASSESSMENT Worksheer 5

Facility Name:

Pollution Prevention Options

Process:

Note: List Options Identified During Assessment and Location for Implementation

1.

'bJ
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Facility Name:

IISE P2/CP ASSESSMENT

Final Process Flow Diagram

Process:

Worksheet 6

36
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i 1 & K. i E i i P i 1 3 £ [ i i E
1ISE P2/CP ASSESS. T Worksheel |
Facility Name:
Mass Balance Summary
Process Name:
Inputs e : . Qutputs
RP28/ Other HM Cons. In Proc:™ § HW Gen WW Gen. Air Emis. SW Gen Recover MB?
Chemical Name POPs (kgfyr) (kg/yr) (kg/yr) (kg/yr) (kg/yr) (kgfyr) (kg/yr) (Y/N) | Comments:
(kg/yn)

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

Note: Attach sheet with all back-up calculations and assumplions.
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Facility Name:

IISE P2/CP ASSESSMENT

CP/P2 Option Description

Process;

Warksheet 8

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

Type of CP/P2 Option D Source Reduction

D Recycling

D Treatment
D Disposal

Nature of CP/P2 Option I:J Personnel/Procedural

D Material

D Equipment

Specific Materials or Equipment
Needed

Qualitative Assessment for
Implementation

Cost of Implementation

[ ] High Cost
D Low Cost
D No Cost

Ease of Implementation
[ ] Very Difficult

D Moderate
D Easy

AucymentForm
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IISE P2/CP ASSESSMENT
Facility Name:
CP/P2 Option Evaluation
Qption Name: Process:

Worksheet 9

Does the option reduce ozone depletion potential?

Does the option reduce global warming potential?

Does the option reduce acid rain potential?

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

Does the option reduce human toxicity potential by ingestion?

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

Does the option reduce aquatic toxicity potential?

Does the option reduce terrestrial toxicity potential? . .. -

Does the option reduce the use of RP 28 {/ POPs chemicals?

Does the option reduce the use of other hazardous materials?

O S
R o e

"Are there any anticipated problems with the option’s compatibility with production? 1f yes, comment:

[l
[

comment:

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

D D Would there be added health and safety (industrial hygiene) concerns by implementing the option? 1If |

yes, comment:

D D Does the option require additional labor/expertise or other resources? If yes, comment:

[:’ D Are there space or utility limitations in the buildings where the option might be implemented? If yes,

comment:
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IISE P2/CP AS:xs3SMENT Workshee. __/
Facility Name:
Option Cost ldentification
Process: _ .
Optio'n Name:
Does the option require or change the requirement for any of the following?
Description Savings / (Cost)

i
Hin
Do
00
0

10
L1

[0

Process Equipment

Personnel Training

Installation / Site Preparation

Utility Connections / Systems

Permitting

Input Materials

Disposal / Treatment

0&M Labor andfor Supplies

Note: Please attach all unit cost assumptions and calculations. '

AucaamentForm
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Facility Name:

[SE P2/CP ASSESSMENT

P2 Option ~ Cost Evaluation Worksheet

Worksheet 11

Process:
Option Name: -
Capital Costs
Item Cost Comments
Equipment
77 Materials
Installation
Utilities
Engineering
Start-up / Training
Other Costs
TOTAL CAPITAL COSTS
AsemmetFors




IISE P2/CP ASSESSMENT

Facility Name:

P2 Option - Cost Evaluation Worksheet

Process:

Option Name:

Incremental Operating Costs

Worksheet 11

Item Savings (+) / Cost (-)

Comments

Change in Disposal / Treatment
Costs

Change in Raw Material Costs

} Change in Labor

Change in Other Costs

Annual Net Operating Savings /
Costs

Calculéting Project Payback

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

Total Capital Costs

Annual Net Operating Savings

Payback Period (Y ears)

Y2
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FOOD PROCESSING 447

Fruits, Vegetables
Hamvest Waste Materials
e y
Infield Processing oo Waste Materals
(Retumed to Fields or
Reused on Farm)
Y
Loading
! y
! Transport
i
Unlcading — Plume Water Blowdown
* Conveying s Overflow, Spillage
Washing, Rinsing L. Wash Water
Inspection e Reject Materials
-' -
Peeling/Sizing L % Peels, Unusable Product
y
Preserving/Packaging F———— Spillage
'- Warehousing s Past Pul
L Date Materil
’
: y
* .. -
i Distribution
" v
Figure 19.2. Generalized fruit and vegetable processing sequence.
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question and of how it fits into the overal] facility opevation. This
perspective is a prerequisite for thorough assessment of options in
later phases of the pollution preventon plan development cycle. If
consultants are on the assessment cam. the site review enables
themn to become familiar enough with the facility to utilize their
expertise effectively,

The site review should not pe performed perfunctorily. even
though the assessment team members who are employed at the
facility will all be familjar 0 some extent with the work-site being
reviewed. Those who are not involved in the day-to-day operation

Typical questions to ask during site reviews include:

What is the composition of the Waste streams and emissions generated in the

company? What is their quantity? T
From which produyction processes or treatments do these wasts streamns and
emissions originate?

Which waste materials and emissions fall under environmental regulations?
What raw materials and input materials in the company or production
Process generate these waste .streams and emissions?

How much of a specific raw or input material is found in each waste

What quantity of materials are lost in the form of volatle emissions?

How efficient is the production procass and the various steps of that pro-
cess?

Are any unnecessary waste materials or emissions produced by mixing
materials - which could otherwise be reused with other waste materials?
Which good housekeeping practices are already in force in the company to
limit the generation of waste materials?

What process controls are already in use to improve process efficiency?

multiple visits t check or supplement data will usually be re.
quired, good Planning can minimize sych repetitions.  Several
suggestions for preparing for site visits are given below. '
Review existing documentation, such &S OpCralors’ manuals  Decide on data sources and coi-
and purchasing and shipping records. This will enable the team o /ection procedures.
focus on the topics to be investigated,
Decide on data collection formats o ensure that the dara
collection will be rigorous and compatible with the compilation
and analysis stage described on the following page. In particular,

30

Box 14

Site visits should be well-planned 10 ensure thar maximum  Good planning is esseniial for

benefit is obtained without excessive expenditures of ime. While  efficient site reviews.

Chapter 3
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Boundaries should be selected according to the factors that are
important for measuring the type and quanuty of polluvon prevent-
ed, the quality of the product, and the economics of the process.
The amount of material input shouid equal the amount cxiufig.
corrected for accumulation and creation or destrucuon-

(V3]
(V3]

Developing and Impiementing Pollution Prevention Projects
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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 opdon (e.g..
financial, compliance, liability, workplace safety, etc.)?

Does the necessary technology exist 1o develop the option?

How much does it cost? Does it appear to- be-cost-effective, meridng in-depth
economic feasibility assessment?

Can the opton 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?

Depending on the resources currently available, it may be neces-

. sary o postpone feasibility assessments for some options. Howev-

er, all options should be evaluated eventually.
Technical Evaluation

The assessment team will perform a technical evaluation to
determine whether a proposed pollution preventon option is likely

. o work in a specific applicadon. Technical evaluation for a given
- option may be relatvely quick or it may require extensive investi-

gadon. The list in Box 16 suggests some criteria 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.
This might include people from production. maintenance. QC/QA.
and purchasing., In some cases. customers may need o be con-
sulted and their requirements verified. Prior consuitation and
review with these groups will ensure the viability and acceptance
of an option. If the opton 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 (0 lower product
quality, drop it.

For options that do not involve a signifrcant 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 reladvely quickly if there are no major production rate.
product quality, or equipment changes involved.
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~ Box 18

Technical evaluations reguire the
expernse of a variety of pecple.

Some oprions can be implemented

" right away.

Chapter 3
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Typical technical evaluation criteria:
+  Will it reduce waste?
« Is the system safe for our workers?
«  Will our product quality be improved or maintained?
. Do we have space available in our facility?

operating procedures, work flow, and production rates?

tain the new sysiem?
at increased capital cost?

+  WIill the vendor provide acceptable service?
«  Will the system create other environmental problems?

Equipment-related options or process changes are more expen-
sive and may affect production rate or product quality. Therefore,
such options require more study. The assessment team will want
to determine whether the option will perform in the field under
conditions similar to the planned application. In some cases. they
can -arrange, through equipment vendors and industry contacts,
visits to existing installations. Experienced operators’ 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 datz using a rental test
unit for bench-scale or pilot-scale experiments. Some vendors will
install equipment on a trial basis, with acceptance and payment
after a prescribed time, if the user is satisfied.

Environmental 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 generating
a new waste stream. Most housekeeping and direct efficiency
improvements have this advantage. With such options. the ‘envi-
ronmental simsaton in the company improves without new environ-
mental problems arising.

Unfortunately, the environmental evaluation is not always so
clearcul. Some options require a thorough environmental evalua-
tion, especially if they involve product or process changes or the
substrution of raw materials. .

Developing and Implementing Pollution Prevention Projects

»  Are the new equipment. materials, or procedures compatible with our producuon

«  Will we need to hire additional labor to implement the option?
»  Will we need to train or hire personnel with special expertise to operate or main-

« Do we have the utilities needed to run the equipment? Or. must they be installed

«  How long will production be stopped during system instaliation?

Box 16

-Op:i‘ons that can affect production

or qualiry need careful study.

Environmental considerations:
» effect on number and roxiciry
of waste streams
» risk of transfer 1o other media
« environmenal impact of alter-
naie inpur materials
» energy consumpiion

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 (IISE) 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 (PEID of the output
streams of the 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 R2M2.

Description 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 faciliry.
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 altematives, 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 1). 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 the 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 ISE-targeted chemicals, since the
R2M2 would be utilized for targeted chemicals.

s0
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Figure 1—Process Flow Diagram
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Risk Reduction Measurement
Model (R2M2)

Dale A. Rice, P.E.g

Vice President
Millennium Science & Engineering. Inc.

[ISE P2/CP Program Consultant

R2M?2 Based on EPA’s “WAR”
Algorithm =

+ WAste Reduction Algorithm

» Developed by USEPA’s National Risk

Management Research Laboratory
Available to General Public - Spring 2000

» EPA Positioned to Assist the Technical
Team of USE

“Designed for Use in the Chemical Industry

«WAR” and R2ZM2 Algorithms

« Risk-based
- Process-oriented

. Kev Assumption: industrial Streams
Entering and Leaving a Process Have
Potential Environmental Impact (PET)

+ Makes Use of Matrix of 1600 Chemicals
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R2M2 Algorithm

PE! (In)

PEI (Qur)

= RP Priority Chemical List (RP 28)
* Priority Organic Pollutants (POPs)

* Other Hazardoys Chemicals As A Ppropriate

RP 28 Chemicals

Non-Organics

Asbestos
Selenium
Tributyttin
Arsenic
Beryllium

* Cadmium
* Chromium
* Cyanide

* Lead

* Mercury
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RP 28 Chemicals

e Organics . sem
Benzene + Hexachlorog

Carbon Tetrachloride * Mirex
Chlorofluoracarbons * Polychlorinated Biphenyls

Chloroform * Phosgene

Chlorinated Ethers + Pentachlorophenol
Ethylene Dibromide * Polybrominated biphenyls
Ethylene Oxide « Viny] Chloride

Halons « 1,1,1-Trichloroethane

Hexachlorobenzene + 1,2-Diphenylhydrazine

“POPs” Chemicals -,

&

* DDT . chachlorobenzeneﬂ

* Aldrin * Mirex
+ Dieldrin * Toxaphene
+ Endrin * PCBs

* Chlordane + Dioxins
* Heptachlor =+ Furans

RP 28 /POPs Chemicalsg

TOTAL NUMBER OF
“{ISE CHEMICALS™ = 37

L



War Algorithm: Potential
Environmental Impact Equatien

R,

I=XMfmF XijzakLij

where:

I = rate of input of PEL

M, = mass flowraee of chemical strears, i

1., = chemical fracaon in cach in each input siream
@ = weighting factor for each impact conegory

W, » PE! of chemical component

R2M?2 Health / Environmental
Impact Categories.

» Ozone-Depletion Potential
Global-Warming Potential

+ Acid-Rain Potential

* Photo-chemical-Oxidation Potential

.

R2M2 Health / Environmental
Impact Categories (Cont.

* Human-Toxicity Potential (Ingestion)

* Human-Toxicity Potential (Inhalation /
Dermal Exposure)

« Aquatic-Toxicity Potential
* Terrestrial-Toxicity Potential




R2M?2 Algorithm

* RIM2 Includes RP 28 / POPs ChemicaleT
Matrix

» User-friendly 1iSE Version Under Construction
= EPA Consulted 10/99 — Concurrence Obtained

* R2M2 10 Be Tested, Further Developed Before
Widespread Use

+ Similar to WAR, But Has Probability
CoefTicient

R2M2 Modified PEI Equgﬁg

I=¥M D) FIDN- IV 8

where:

I = rare of exipur of PE1

M = maxs flowraie of chemrcal siream. §

1. = chesucal frocnon i cach cuipes srem

o, = Weighung factor for cach impact caregory k
¥,; » PEl of chemrcal component

B,, = prodabiluy factor

PEI Illustration ..
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RISK REDUCTION MEASUREMENT MODEL

Introduction

Chemonics was awarded the Municipal Coastal Environmental Initiative (MCEI)
contract by the United States Agency for International Development on 24 July 1998. This
contract, subsequently renamed IISE (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 ISE -
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 / cleaner production (P2/CP) technologies.

A fundamental task of the project is to conduct in-plant P2/CP assessments. The
IISE project will result in the conduct of P2/CP assessments at 400 firms and a 20%
reduction in pollution. To accomplish this, a “paseline” 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 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 “5lternatives evaluation.” Following implementation of p2/CP
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
chemical appearing in any of 2 facility's waste streams. Two models are proposed for
Jtilization. The first model, the Risk Reduction Measurement Mode! (R2M2), would be
used where the waste streams of the process contain [ISE-targeted chemicals. All
processes would be investigated using the R2ZM2 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
mode] would be used to measure reduction of chemicals contained in waste streams of a
process that do not contain targeted ¢hemicals. 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 of the waste streams, or does not contain chemicals likely



t0 be added to the list of targeted chemicals in any of the waste streams,

Purpose of the Model

ensures consistent application of the parameters selected for meastiément. Given ‘the -

number of facilities and processes that are to be investigated, consistency in the assignment
of relative risk is critical to successful measurement. The model proposed for the IISE
P2/CP project is based on the WAR algorithm.

Description of the WAR Algorithm
EPA’s WAR algorithm has been designed to evaluate the relationship of competing

process alternatives. The WAR algorithm considers input and output streams of a process.

Figure [ illustrates typical streams to and from a generic process. For a given process,
several input streams (which may be comprised of materia] in the solid, liquid, or gaseous
phase) are used in an effort to generate a product. The process typically also will have
several non-product streams (which may be-comprised of material in the solid, liquid, or
gaseous phase) that result from the process. The portion of the WAR algorithm discussed
below deals with the product stream and non-product output streams,

Global warming potential,
Acid rain pbtential,

Photochemical oxidation potential,:

I.

2.

3.
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 four
represent local toxicological impact categories.

The PEIs for input and output streams are evaluated separately. For example, the
PEI associated with the output streams of a process is calculated by analyzing each of the
waste streams generated from the process. Each of the specific chemicals for each waste
stream are evaluated. Based upon the impact Category values associated with each

[T



Figure 1—Process Flow Diagram
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Pape.

chemical, the concentration of the chemical in the waste stream, and the mass flow rate of
the waste stream, the PEI is determined for each chemical in each waste stream. The PEI
of the process is the sum of the PEI for all the chemicals in all the waste streams of the
process.

The PEI for each chemical is based upon a specific score for each of the eight
impact categories. Table 1--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 Y. ¥ 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 ¥ 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 PEI 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) of chemical.

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 ¢, is a value between zero and ten. The parameter o is dimensionless. For
purposes of the IISE, « is proposed to have a value of 1 for all categories.

The overall PEI per kg of chemical j, ¥, ., is calculated using the following
equation:

¥, =§appﬂ M

where the summation # is taken over all impact categories.

The overall PEI of the process, Iy, is given by the following equation:

Ly =210 = 2 ME S 2,9, @
-

¥ i

where the summation 7 and ; are taken over all waste streams and chemicals, respectively,
I is the PEI of waste stream i, M® is the mass flow rate of the waste stream i in units

of kg per time, and x;; is the mass fraction of component j in waste stream ;. The units of
Iout are PELl/time.
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Table 2
Determining Beta

input Questions

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

2. Does potential {or implemented) P2 altematives resuit in lower
probability of a chemical waste stream release to the environment?

3. For each of the four exposure categories, check the box which best describes

the change to the chemical waste stream release following implementation of
of the P2 alternative:

Air \_N_ater Soils Human

Results

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

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

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

Air {1,2,3.4) Water (5) Soils {8) Human (7,8)

Confirmed
Release
Eliminated

0.5 0.5 0.5 0.5

Confirmed
Release
Substantially
Reduced

0.6 06 0.6 0.6

Potential
Release
Eliminated

0.7 0.7 0.7 0.7

Confirmed
Release
Partially
Reduced

0.7 0.7 0.7 0.7

Potential
Realease
Unlikely

0.8 0.81 0.8 0.8




Potential

Release

Probability

Significantly

Reduced 0.9 0.9 0.9 0.9

No Change 1 1 1 .1
- Code to Psi Values Above:

PNO R W=

- Global warming potential
- Acid rain potential

Photochemical oxidation potential
Ozone depletion potential
Aquatic toxicity potential
Terrestrial toxicity potential

* Human toxicity potential by ingestion

Human toxicity potential by inhalation or dermal exposure
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stream and its characteristics, such as mass flow rate and management/disposition of the
waste, are identified. The appropriate £ 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 chemicais. 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* of the
process.

R2M2 Inputs

PEI* must be calculated for each process in which R2ZM2 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 of RZM2

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 1. The PEI* of each
chemical is calculated, and then the PEI* of all the chemicals in all the waste streams is

¢
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Process: Palnting Process at Facility ABC
HER Philippines PZ/CP

Baseline
Waste RP28/[Psi Values (impact/kg chemical) o JBeta Values {dimensloniess) Ipa¥ 1 | xIpa'¥ M PEI
Slraam Chemical Name POPs| HTPI | HTPE | ATP | TTP [GWP[ODP] PCO [APK HTPI [HTPEIATPITIP GWP| ODP| PCC| AP (impact/kg chemical) (%) |(impacvkp)| (kg/year} |(impact/year)
VOC | TOLUENE n 0.0781| 0.0004| 0.0645(0.078 1.157 1 1 1 1 1 1 111 1.4 18.6%| 0270 101.4 27
VOC [ 1,24-TRIMETHYLBENZENE] n 0.0781] 0.0024] 0.28631{0.078 2.466 1 1 1 1 1 1 111 29 22% ] 0.064 101.4 6.5
Pigment | ZINC OXIDE n 0.7632{ 0.0591] 0.00098|0.763 1 1 1 1 1 1 111 1.6 53% | 0.084 67.2 56
5 40
Risk Reduction alernalives implemented: Use of a High Acrylic Coating that does not contain targeted compounds
Altemalive
Waste - RP28/|Psi Values (impact/kg chemical) ] |Beta Values (dimensiontess) Ipat¥ 1 x Epat¥ M PEI
Stream_ Chemical Name POPs| HTPI | HTPE | ATP [ TTP | GWP[ODP] PCO [APf HTPI [KTPE| ATE|TTP GWP| ODP| PCO| AP)(impact/kg chemical) (%) |(impacUkg)i (kg/year) |(impactyear)
None 0
0
: PEl Roduction=  100.0%
Notas: e !
HTP} = Human loxicity potential by ingestion
HTPE = Human toxicily potential by inhalation or demeral exposure
ATP = Aqualic loxicity potential
TTP = Terrestrial toxicily potential (same method as HTPI)
GWP = Glabal warming potential
ODP = Ozone depletion potential
PCO = Pholochemcial oxidation potential
AP = Acid raln polential "ﬁ\
r-..
™
W
00100y

10/31/99



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 1, 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 1o 0.5.
The annual PEI 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 PEI from the
baseline case.

!
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Process: Kerosene Bath for Bamboo for pesticide purposes {bath is current)y changed every 30 days)
HER Philippines pP2iCP
. i

Baseline

ionless

Waste [Rez8/[Psl Values e ecifg chemical
Stream | Chemical Name} POPS mﬁ]ﬂiﬁamﬁﬁﬁ GWP|ODP mmm‘ﬁlmﬁm TP GWP| ODP| PCOJAP
{Kerosene n 1] 1 1] 1|1

that bath s repiaced every 40 days instead of 30 days.

Alternative 1: Covering Bath, Moving out of direct Sunlight, oxtends life of Kerosene and maintins volume such

Waste Rp28/|Psi Values impactk chemical Beta Values dimensioniess
Stream Chemical Name POPs | HTP! HiPE|ATP TTe|GWP obrP|PCO APY HTPL HTPE|ATP TTIP|GWP ODP|PCO AP
Kerosene | n 0 0 o ol o ©0f?©° 1 e e B R

S

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

-

Waste \ RP28/|Psi i mical !Bela Values (dimensioniess oY

Stream | Chemical Name] POPS [HTPE|ATP] m@ﬂ[@ AP (HTPE[ATPITTP GWP O0P ] PCO] AP] (impactk chemical)
[Kerosenie n 1 9 : R |1

PE! Reduction = #DIVIO!

Notes.
HTPI = Human toxicity potential by ingestion
HTPE = Human toxicity potential by inhalation of demeral exposure
ATP = Aquatic toxicity polenl‘\al
TP = Terrestial toxicity potential (same method as HTPT)
GWP = Global warming potential
ODP = Ozone depletion potential
PCO~= Photochemcial oxidation potential
AP = Acid rain potential
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0018005 10/31/99



N

The following conclusions are presented with Tespect to P2/Cp Measurement mode]
development:

. The nSE Project assumes that environmental rig) Is ap appropriate
Parameter for measuring P2/Cp progress,

2. Reduction of €nvironmenta] risk can be quantified in 4 relative s€nse by

3. US Epa’s “WAR” algorithm is suitable for yge in the [ISE project and cap
be enhanced by incorporating @ probability factor, The proposeqd R2M?2

4. Not all of P2/Cp assessments wil] yge the R2M2. Where ISE-targeteq
chemicals are NOt present, a waste loading mode], MTM, will be used.

- 5. The R2M?2 conceptual mode] will be fully d'e'velop'ed into g user-friendly - -

tool that can be used by the P2/Cp Personnel of the JISE team, Speciﬁcaily,
Visual Basjc or other commonly available software can be used to write the
RaMm2 program that walks the user through the P2/Cp evaluation procegg.
This task shouiq be authorizeq by Chemonicg Internationaj prior to the
conduct of furthey P2/Cp training, MSE IS prepared to lead the mode]
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Designing Sustainable Processes with Simulation: The Waste Reduction
(WAR) Algorithm

Douglas M. Young" and Heriberto Cabezas
United States Environmental Protection Agency
National Risk Management Research Laboratory
Sustainable Technologies Division
Cincinnati, OH 45263

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—o-f-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
consumption of manufacturing processes. A great deal of research has been spawned
from this innovation as discussed by Shenoy (1995) and Gundersen (1988) in their

reviews of the subject matter.

Heat exchange networks led to the creation of mass exchange networks (MENs) which
were introduced by El-Halwagi and Manousiouthakis (1989). The idea behind MENS 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 MENSs, a number of optimization routines

" Corresponding author. E-mail: young douglas@epamail epa.gov



have been employed to maximize the efficiency of these peliution prevention techniques

(El-Halwagi, 1997).

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

the operaﬁon 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
ke/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 of pollutants in option A.

To address this idea of including environmental impact considerations into process
design, Cabezas et al. (1997) introduced a potential environmental impact (PEI) balance
as an amendment of the Waste Reduction (WAR) algorithm. The WAR algorithm was
first introduced by Hilaly and Sikdar (1994). They introduced the concept of a poilution
baIanée which was the precursor to the PEI balance. The poilution balance, basically,
was a methodology that allowed the user to track the pollutants throughout a prdcess.
The PEI balance quantifies the impact of those pollutants in a process. Ultimateiy, the
PEI balance is a quantitative indicator of the environmental friendliness or unfriendliness

of a manufacturing process.
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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 én economic
optimization problem where the constraints are designated by regulations. Minimizing
the amoun.t 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 al. {1996)
proposed an index for global warming defined as the emissions rate multiplied by the
global warming potential of that chemical relative to CO,, Grossman et al. (1982)
proposed a toxicity index by multiplying the effluent flow rate of a chemicai by the
inverse of its LDsg 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 er al. (1998) and Koller et al. (1998) proposed ecological indices based con a
classification approach to assess the environmental impact of a process. Pistikopoulos et
al. (19§4) proposed relative environmental impact indices for multiple categories, i.e. air
pollution, water poliution, global warming, ozone depletion, photochemical oxidation,
and solid wastes, and optimized the process for each impact category. The PEC/PNEC
(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 al.(1999) used case base reasoning to evaluate the environmental

impact of a process design which relies on past experience.
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This paper presents an illustrative case study that exemplifies the intendedr use of the
WAR algorithm, which is to aid in the envirOnmental evaluation of a process design. It
also presents modifications to the WAR a.l-g:).rithm and the PEI balance, such as the
incl;.lsioﬁ of energy into the balance, from their previous descriptions (Cabezas, et al.,
1997).  Also, the database containing the potential environmental impacts of the

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

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 ;cquisitiorl 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
manu'facturing step within this overall framework. The WAR algorithm does not
represent a complete life cycle analysis (LCA). The WAR algorithm is stmply a tool to
be used by design engineers to aid in evaluating the environmental friendlinegs of a
process. This methodology can be used in either the deﬁign stage of a future process or in’
the retrofitting of a current process.

[insert Figure 1 here]
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2. POTENTIAL ENV[RONMENTAL MPACT THEORY
The potential environmental impact of 2 given quantity of material and enersy can be
nergy would have ob the

d as the effect that this material and e

generally define
e the definition implies

environment if they were to be emitted into the environment. Sinc
that the impact is an unrealized quantity, i_e., something that has yet to happell, potential
environmental impact 1s, therefore, probabilistic in pature. That is, that the potemial
environmental impact of a particular emission of material and enersy into the
environment 15 an estimate of the effect that this emission is likely t© have on average.
that deviations from this average expected

1d realize and expect

Consequently, one shou
impact would manifest themselves for particular situations. Further, potential
environmental impact 1s 2 conceptual quantity that can not be directly measured. One
can, however, construct a theory 10 relate potential environmental 1mpact to measurable

quantities as will be discussed below.
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[t 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 [;ﬁ,‘” is the rate of generation of potential environmental impact

inside the system. For chemical processes, /,, 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= [P+ J3P = [ ~ [0 — [P — [P 4 o (2)
which simply states that at steady state the amount of potential environmental impact
inside the system does not change ;;\fitt-i—_t-i_rne. This expression can be used to generate a
series of indexes characterizing the internal and external environmental efficiency of the
syste;n as will be further discussed latér. Equation (2) represents a more accurate
depiction of the potential environmental impact of a chemical process than previcus
versions of the WAR algorithm (Cabezas, et al., 1997, Cabezals, 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, ail 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



linear theory has been constructed (Cabezas, et al., 1997 Cabezas, et al,, 1999: Mallick,

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

I environmental

as stream flow rates and compositions and chemical specific overal
impacts (). This theory is extended here to include the €neérgy generation process.

The expressions for the chemical process are:

p g I ’
Hep) _ Fin) _ * (in -
L —ZIJ(' )—ZM;(' )Z',&]Wk-h" (3)
J ) k
HEG ] < (aut) = fCout)
L = 200 = MY %, yr ... (4)
J J k
. P .
BP=SEPy =0 )
J

where [P is the rate of potential environmental impact Jn (=in) or out (i=out) of the
chemical process, /* is the potential environmental impact flow rate with stream j which
may be an input or an output stream, M}" is the mass flow rate of stream J which again
may be an input or an output stream, Xy 1s the mass fraction of component £ is stream J,
¥, is the potential environmental impact for chemical 4, I is the rate of potential
environmental impact output due to the emission of waste energy from the chemical
process, Ef."” is the rate of waste energy emission from the chemical process, and s

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 associated with mixtures of
chemicals which accounts for the additional terms not included into those equations.

Although the emission of energy directly into the environment is likely to have some



impact, for purposes of this article, the 1mpacts due to the emission of waste energy

directly into the environment will be neglected, and, therefore, ¥ ., is assumed to be

zero. This 1s consistent with the fact that: (1) chemical process plants do not generally
emit large amoxi;l—ts of waste energy into the environment, and that (ii), at least for
chemicai process plants, the potenﬁial environmental impact associated with the emission
of mass is usually much greater than that associated with the emission‘of energy. The
sums for subscripts j and k are, respectively, taken over all input Or all output streams and

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

process. The expressions for the energy generation process are:

if:p)'—'ijf,-m)'—'iM?")thw.ﬁ...zO ()
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where [ is the rate of potential environmental impact in (i=in) or out (i=out) of the
energy generation process, [ is the rate of potential environmental impact output due
10 the emission of waste energy from the energy generation process, Eﬁ"” is the rate of
waste energy emission from the energy generation process, and w,, is the potential
environmental impact for the waste energy emission. For the input, j“P, and the waste

energy, 1.7, 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, [‘?), the sum over sireams j 1S broken into a sum OVer gaseous output sireams,

10
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be approximately set to zero so that the entire term 7 is zero or at least very small

compared to the output term, /¢,

The potential environmental impact of the mass outputs, 7. from the energy generation

our

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 uncertain, and these 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, w,=0, it is further assumed that the potential environmental

impact of the mass outputs, /" 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 conducting 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, €.g., two detergents, and their
associated manufacturing processes, then it becomes quite important to inciude both
products and non-products in the analysis. This is particularly important when the
products c-af' a process are likely to eventually be emitted intol 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 li.kel5-/. I‘C-CII;I.}'..I'(.E -n;lo.ney and other resources té l.cee.p.)“ t-hé-;-a-o.te;lti;[-
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 [mpact [ndexes: Products, Non-Products and Energy

Equations (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, /%

out?

and the total impact output per mass of products, fm :

24 ¢p-g
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where P, is the mass flow rate of product 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, [

gen 1

and the total impact generated per mass of product,

I | defined by,

gen?
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7
In general, the lower the value of these indexes the higher the environmental efficiency of
a process, i.€., 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.
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The total rate of potential environmental impact output, [0, and the potential

environmental impact output per mass of product, /%, 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 th;e process. [ 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, /?, then the surrounding

out ?

environment is more likely to be able to dissipate the impact being emitted than would bé
the case for a process with a high impact output rate. Consequently, a process with a low

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

impact output per mass of products, /%), can decrease either because the rate of potential

out ?

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. /%) allows us to compare different process

out
alterrl.atives 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, /), and the potential

gen?

environmental impact generated per mass of products, /', define the internal

gen ?
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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

control, i.e., one can manipulate the operating conditions to increase or decrease [} and

I . The quantity J%) is useful in comparing processes based on how fast they generate

impact, and I;:,’, 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.

2.4 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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3.1 Chemical Impact FExpression

The overall potential environmental impact of chemical £, ¥k can be determined by

summing the specific potential envirgnmental impact of chemical £, Wiy, over all of the

possible impact categories (Mallick, et al., 1996):

Vi=Zewh o (13)

where @ represents the relative weighting factor of impact category /. The units for

equatzon (1) have been corrected from previous versions of the WAR alconthm
(Cabezas et aI 1997; Cabezas, et al., 1999) The units for both the overall and specific
environmental impacts of the individual compounds should be potential environmenta]

impact of chemical #/mass of chemical £ The weighting factor should be, of course,

dimensionless.

The relative weighting factors, a;, are used to express the relative importance of the

impact categories. Typically, the weighting factors should range between 0 and 10
howev;er, this is not a steadfast rule. The user should assign the weighting factors
according to their specific process conditions. The weighting factors should empha51ze
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

I8
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important as their relative values. The weighting factors are essential to this

methodology in that they permit the combining of the impact categories.
3.2 Classification of Impacts

The classification of impact categones 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 fal! into two general areas of concern with four categories in each area:
global atmospheric .and local toxicological. The four global atmospheric impact
categ_ories are global warming potential (GWP), ozone depletion potential (ODP),
acidification or acid-rain potential (AP), and photochemical oxidation or smog formation
poter;tia[ (PCOP). The four local toxicological impact categorie§ are human toxicity
potential 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 matenal

(Cabcéas, et al., 1997; Cabezas, et al., 1999). In their presentation, they included separate

categories 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 Chemical Impact Database

To implement the WAR algorithm, the specific potential environmental impacts of each

chemical in the database, wy,, 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 w7, values are normalized within each impact
category. There are two reasons for this._ First, normalization will ensure that values of
different categories contain the same units to allow for their combination as in Equation
(13). Second, a proper normalization will ensure thaf values from different categories
will have on average equivalent scores. Without the second condition, implicit welighting
factors could be present in the chemical database causing unintentional bias in the

calculation of the PEI indexes.

The scores used in the WAR algorithm will be - calculated using the following
normalization scheme:

{Score),,

W.{V':( (14)

(Score)k)l

where (Score)i; represents the value of chemical & on some arbitrary scale for category /

and ((Score) v )1 represents the average value of all chemicals in category /. 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 WAR Algorithm (Cabezas, et al., 1997,
Cabezas, et al, 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 determined 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 whnich the
comp,a;'ison :s made will change the GWP of a chemical. For this database, 100 years

was chosen as the base time frame.
The ozone depletion potential (ODP) is determined DY comparing the rate at which a unit

mass of chemical reacts with ozone to form molecular oxygen t0 the rate at which a unit

mass of CFC-11 (trichloroﬂuoromethane) ceacts with ozone 10 form molecular oxygen.
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impact categories.

Two categories were yged to estimate the Potential for human toxicity:

inhalation/dermal €Xposure.

22
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3.4 Including Energy into the WAR Algorithm

To provide a more accurate representation of the potential environmental impact
of a process. energy has been included 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 PE/MWh 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 plani were used (S0,, NOs, NO,

HCl, HF, CO,, and CO) (USEPA, 1997) to perform PEI 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
required 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 al., 1998). The process is designed for_the production of 50,000 tonnes of acrylic
acid/yr. The process begins with the catalytic oxidatioln 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).

Cyf+20y = C3Hy01 + Hy0 an’
e -C3H6 +§Oz — C2H402 +-H20+C02 : Coe 18y
C3H6 +§Oz-—-)3H20+3C02 (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 t—he 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
efﬂuen't 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 quuid 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 diiISOpropyI ether (DIPE, 87% mole) and water. The aqueous
effluent contains small amounts of acetic acid, acrylic acid, and DIPE. This streém 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 soivent 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, rﬂostly 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 1 including the potential

environmental impacts (PEI) 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 DI Water |
Temperature (°C) 25 159 25 25
Pressure (bar) 11.5 6 1 5
Flow rate (kg/hr) 5,344 17,876 39,047 2,540 |
PEI (impact/hr) 11,000 0 | 0 0
Stream Composition in Mass Fractions
Propylene 1 0 0 0
Water 0 1 0.0117 1 |
Oxygen 0 l 0 0.2302 0
Nitrogen 0 5 0 0.7581 0 :

The potential environmental impacts were calculated using uniform weighting factors, o,
equal to unity. Using @; =1 for all / 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 PE/MWh.

Table 2: Potential environmental impacts of the chemicals used in the acrylic acid case

study
Chemical PEI (Impact/kg)

Propylene 2.1

Water 0
Oxygen 0
Nitrogen 0
Carbon Dioxide 8.6x 10"
Acrylic Acid 23

Acetic Acid 0.24

Table 2 provides a quick reference for determining the relative impact ranking of the’
chernicals. From this table, it can be seen that the desired product, acrylic acid, is,
coihcidentally, the most environmentally unfriendly chemical used in this process. Note,

the values in this table wiil 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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discussed here will focus on using the WAR algorithm as a decision tool for other types

of process modifications.

With the goal in mind of limiting the PEI while maximizing producuon of the acryhc
acid stream the base case results were examined to identify possible improvement areas.
Obviously, from inspection of Table 3, to reduce the PEI 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-gas Waste Water | Acetic Acid | Acrylic Acid
Stream type Non-product | Non-product Non-product Product
Temperature (°C) 37.6 102 47 40
Pressure (bar) 1 1.1 1.1 1.1
Flow rate (kg/hr) 35,772 21,058 1,055 6,237
PEL/hr 1,300 3 1,700 F 150,000

Stream Composition in Mass Fractions
Propylene 0.0173 0 f 0 0
Water 0.0415 0.9997 0 0
Oxygen 0.0671 0 0 0
Nitrogen 0.8275 0 0 0
Carbon Dioxide 0.0462 0 ‘ 0 0
Acrylic Acid 0 0 (0.0594 ‘ 0.9992
Acetic Acid 0.0003 0.0003 | 09406 . 0.0008

The second process improvement involves lowering the PEI of the acetic acid stream.

From Tables 2 and 3, it can be seen that the primary contributor to PEI 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 inéreasing the reﬂux_r:ti-o 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 iﬁﬁreaéed rc.eﬂui réﬁé ih the acrylic acid column. The first alternative
design, Unit 301, incorporated a 30 °C reduction in reactor temperature to an operating
temp.erature 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 1owering 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, onljl a 9% increase was required to

achieve the same separation as observed in Unit 301.

30
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The performance specifications of the three process designs are summari
The selectivity was determined by comparing th

that was made to the amount of acetic acid and carbon dioxide (undesired by-products)

that was produced.

e amount acrylic acid (desired product)

Table 4: A Comparison of the Performance of the Three Process Designs

zed in Table 4.

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
PEL/hr of Energy Consumption 1700 1800 1900
Acrylic Acid Column
Reflux Ratio 7.37 11.4 8.03
“Product Flow Rate (kg/h) 6240 6280 6650
Condenser Duty (MI/h) -3610 -3410 -3630
Reboiler Duty (MI/h) 3550 3360 3570

For this research, PEI indexes are presented in two different analysis.
includes the PEI of the product stream into the calculations of

one excludes the PEI of the product stream fro

7) 7O ang T4y are presented in Figures 4 and 5. These indexes are presented for

out » ‘gens gen

both situations where the product stream was included in the analysis (product analysis,

the indexes. The second

m the calculations of the indexes. The

graphical interpretation of the four, basic potential environmental impact indexes (fc(,i,), ,

The first one

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 impacvkg
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of product. They both can provide valuable insight which wil] be discussed later. From

the non-product analysis, both the generation and the output of PEI was found to decrease

It is quite apparent that Unit 302 provides the best process design option of the three
since it has the lowest PEI and the highest rate of production of acrylic acid. Note,
economic considerations have not beep included into this anaiysis.

[insert Figure 4 here]

[insert Figure 5 here]

3. 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 bf:en directly related to the emissions of the facility.
Thes_e emissions are the basis for quantifying the PEI of the energy consumed by a
process. The inclusion.of energy into the WAR Algorithm’s calculations provides a more

realistic view of the PE] generated by a chemical processing plant.

3.1 An [lustrative Case Study: Aerylic Acid Production

In the case study, the PEI of the nergy consumed in the process is approximately equal

to PEI of the acetic acid, 1700 PEl/hr, and off-gas, 1300 PEI/hr, non-product streams the -
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base design case, 1700 PEL/hr. Obviously, including the PET of energy consumption is

vital in this case study because of the significant contribution of COergy generation to the

. creation of PEL. Each of the alternative designs increased the €Nergy consumption of the

process, from Table 4, which translates intg a greater geperation of PE] Thus, any
design mbdiﬁcation must reduce the amount of PEI generated within the process by an
amount that would offset the increase in PE due to €nergy consumption. This represents
a minimum reduction in PE] for a process modification. From Figure 5 (non-product
énalysis), it can be seen that the process modifications accomplish this.

Figure 4 (product analysis) indicate that the process modifications did not achieve the
8oal of reducing the PE] of. the original design. This contradiction presents a good
Opportunity to discuss the advantages of using both types of analysis to extract usefu]

information.

The PEI calculations which incorporate the PEI of the product into the analysis (product
analysis) show that the acrylic acid .product stream is, by far, the most significant
contrii:utor to PEI in this process. From the viewpoint of this analysis, neither of the
Process modifications resulted in an improved design. However, both designs resulted in
@ greater acrylic acid production rate (Table 4). From the view of a process designer, this
would be a favorable improvement. The increase in acrylic acid production accounts for

the increase in the PEJ indexes in Figure 4.
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To separate these seemingly competing factors, a second analysis is introduced which
calculates the PEI without ;ncluding the product stream into the calculations, non-product
analysis. The non-product analysis, Figure 5. shows that the modifications have reduced
the PEI of the process. Since the process designer 1s usually concerned about the
potential'environmental impact of only the waste streams, the PEI indexes from the non-
product analysis will be the indexes that will most often be used in evaluating process
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
observ.erthat- 7ac-:rylic add ié the most env'ironmeﬁta'ily- unfrier-idlgf chemical '.I'his: ma;( |
promote research to find an alternative chemical that would satisfy their end needs and be

more environmentaily friendly.

In these discussions of PEI indexes, note that the comparisons have been made on a
quantitative basis, e.g., one design option had a PE] index that was greater or less than the
PE] 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, 2 methodology for determining the potential environmental impact

(PEI) of a chemical process, has been modified to include the PEIL of the energy



typical power Plant to the Production of en

€rgy by that Power plan;.

have peep fe-configured ¢, include eight €nvironmenta) concerns (humap toxicity, both
by ingestion and 1nha1at10n/derma1 €Xposure, aquatjc toxicity terrestriaf toxicity, glopaj
Warming,

Primary PE] indexes (74 208 [g;),,, and /)

The product analysis

i0to the caqulations; whereas, the non-product
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NOMENCLATURE
ion from a chemical process (units of

e of waste energy emissio

Effp - the rat
energy/time)
Ef,—e“’ ) the rate of waste energy emission from an energy generation process (units
of energy/time)
I fg‘?,’fn the rate of PEI generated within 2 system including the energy generation

process (units of PEﬂtime)

d within a system (units of PEUtime)

I gg,., __ | the total rate of PEI generate
I ge)n the total PEl generated within a system per mass of product stream 1eéving
the system (units of PEL/mass of product streams) |
i ,-(,fp ) the rate of PEI entering 2 chemical process (units of PELtime)
% ) the rate of PEI entering an enersy generation process (units of PELtime)
i g-i") the rate of PEl entering a process in stream j (units of PEL/time)
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i(out)
g

jlep)

out

jlepd

out

j(f)

out

7

out

i

1

M(_in)

“r(out)
M i

PEI

(Score),,

((Score) ' )!

the rate of PEI leaving a process in stream J (units of PEL/time)

the rate of PEI leaving into a chemical process (units of PE/time)
the rate of PEI leaving an energy generation process (units of PEl/time)
the total rate of PEI leaving a system (units of PEI/time)

the total PEI leaving a system per mass of product streams leaving the

system (PEL/mass of products)

the PEI of a chemical process system including the energy generation
process (units of PEI)

the rate of PEI waste energy lost from a chemical process {(units of

PEUtime)

the rate of PEI waste energy lost from an energy generation process (units

of PEl/time)

the mass flow rate of stream J 1nto a process (units of mass/time)

the mass flow rate of stream J leaving a process (units of mass/time)

the mass flow rate of product stream p (units of mass/time)

potential environmental impact

a characteristic quantity of chemical & used to determine a PET value of
that chemical for impact category / (units vary for each category)

the average value of afl % chemicals in category / (units vary for each

category)
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PR U2 PN

time

{
Xiy the mass fraction of chemical k in stream j (units of mass of chemicaji
k/mass of stream )
Greek symbols o
ay the weighting factor.for impact category / (dimensionless)
Wi the overall PEI of chemical & (units of PEI/mass of chemical &)
Wi the specific PEI of chemical k for impact category [ (units of PEI/mass of
chemical k)
W the overall PEI of the waste energy lost from a process (units of = =7
PEl/energy)
LIST OF ACRONYMS
ACGIH American Conference of Governmental Industrial Hygienists
AP Acidification Potential |
ATP Aquatic Toxicity Potential
GWP Global Warming Potential
HEN Heat Exchange Network
HTPE Human Toxicity Potential by Exposure
HTPI Human Toxicity Potential by Ingestion
MEN Mass Exchange Network
NIOSH National Institute for Occupational Safety and Health
ODP Ozone Depletion Potential |
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OSHA
PCOP
PEI

TTP
USEPA”~

WAR

Occupational Safety and Health Administration
Photochemical Oxidation Potential

Potential Environmental Impact

Terrestrial Toxicity Potential

United States Environmental Protection Agency

Waste Reduction
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FIGURE CAPTIONS

Figure 1: 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 th_e overall life cycle of’a product.

Figure 2: The overall mass and energy balance around a che'rnical process facility
including the enérgy 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 environmental impact (PEI) output and generation indexes for

Acrylic Acid Production. Calculations include the PEI of the product stream
(product analysis). The units of /) and 7 g;),, are PEL/hr; the units of 7’} and
70

gen are PEVkg product stream.

Figure 5: The potential environmental impact (PEI) output and generation indexes for

Acrylic Acid Production. Calculations do not include the PEI of the product

Stream (non-product analysis). The units of fo(i,)f and / ggl, are PEL/hr; the units of

I é,?, and / é?,, are PEl/kg product stream.
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u being incorporated into the simulator product

igohemCAD IV from Chematations, [ne. (Houston,

Fl:ex. 1. The suthors’ discussion here does not endorse
vither of these commeraa! products or companies.

I Nore: For more on imulatinn, see p. 139.

. For each individual input stream, i
[ = The PEl rate of eoch individual

input and output stream, i, PEI/h

il Environmental Manager
. Heriberto Cabezas and
i r L] L . Deuglas Young
U.S. Environmental
- Sl l I 1 I I I l | a 10 I I Protection Agency.
” Sustainatie Technology Div.
® _ L
- For P OHUtIOI’l Pr evention
- he ability to design or modity | The goal is tg design or modify chemical progesses
chemical processes in a way . s . . . .
- that minimizes the formation to minimize their environmental impact
' of unwanted byproducts is an
. ongoing goal for process engineers. | The WAR Algorithm tion indexes, to compare different
Two simulation and design methods | This methodology assumes that each process alternatives. The lower the
are discussed here: Process Integra- { stream entering and exiting a process | value of these indexes, the better the
wi tion (PI). developed by El-Halwagi | possesses an inherent Property, its po- | process’s environmental periormance.
- and Manousiouthakis [1] at UCLA, tential environmental impact (PEL). The output indexes include the rate
- and El-Halwagi [2] at Auburn Univer- | WAR generates four indexes (dis- | of PRI output, /..., and the amount of

. sity; and the Waste Reduction {(WAR) | cussed below), which can be used to PEI output per kilogram of proeducs,

@ Algorithm, developed at the .S, En- | compare the environmenta) impact of | I ... These indexes aliow cemparison
vironmental  Protection Agency | various process alternatives. For a | of the potential impact of various out-

. (Cincinnati, Ohio), and made commer- steady-state process, one can write a | put streams on human heaith and the
au cially available through a Cooperative | balance equation for PEI; environment. [, , is given by
Rasearch and Development Agree- . , ;
(Crada) under the Federal Tech- | @ =ln~foi*] gen (1) Tou™ I,% 2)
. -»10gy Transfer Act of 1986.1 where: .

@ Pl is concerned with improving | 7;, = The rate of PEl input, PEL/h (the where: s
process efficiency and keeping tar- impact on the environment if all feed P = The rate at :vah he process pro-

. . geted components from leaving the | streams were to be released at once) duces products_, <& h -

g System. Pl is essentially the practical .fou, = The rate of PEI output, PEL/h, f‘I'};eEgIrenera‘t_ma? mde?es are “;e rate
application of the mass-exchange net- | (the impact on the environment if ail | ° gene.‘? Hon, 13“"'. and F.he
works (MEN), as detailed in (1,2], output streams were to be released) amount of PEI genemtef: ‘.pez" o

~ . Which try to remove pollutants from | 7 en = The rate of PEI generation by | Eram of p rE'duCt’ Lgen: '.["?ey adp v' com-

™ product streams and segregate them tﬁe process, PEL/h (the difference be- | P2F150R .Oth process :_a]..em? m? s ;-L?
into concentrated waste streams. tween [y, and i,,; Igen can be positive }eru%s ot ?vg'enerauou of nex PEL
By comparison, the WAR Algorithm | or negative, because a given process | “gen S S1VEN DY:

.. is concerned with evaluating and re- | can either create or consume PEI) Y e
ducing the potential environmental From Equation 1, one can generate | {en ™ P -3
impact of a process [3] — a key design | two output indexes and two genera- To compute the four indexes for a
consideration. Consider Process A,

W which emits I ton/h of a given pollu- NOMENCLATURE
zomr:;h‘and Pr.ocess B, which emits 2 In  aThe rate of input of PEL, PEI/h M‘“,M"’ = Mass Bowrate of ecch input

of a different pollutant. When | | ¢ T and for each stream, i, kg/h
4 11e5e two processes are compared on | | fes = The rate of auiput of PEI, PE1/h . and output: o
‘the basis of pollutant mass alone, one | | 7., = The rate of PE! generation inside .| ¢ =Tha moss fraction of each non-
» na . . . ..
could logically conclude that Process A the process, PEI/h (i.e., the differ- prcdud_c:en:col component, i, in
‘is preferable, However, because some . ence N T nd foy] siream i, kg/ g .
aPollutants are more toxic than others, | | {oet = mrsdm“"t of PE1 output/kg of ¥; = The overoll environmental impact
the process comparison needs to as- ; produdt . of chemical component, , PEl/kg
- sess the human-health and environ- | [£ = The rate at which the process P 1 aa =A "“ighﬁ':a Foctor that allows one
vl impacts, . duces product, kg/h to ossign relativa importance o
-t ¢ Process Integration methadology has been fem = T?ﬁ go‘;ﬂt ot Pel genermed/kg G'UCh : i’:;;gbt eri’wused byhf.ihe
Myl i ¢ C . of produ mpoct ¢ rnes, x,
’ .Pctfurgr?\fa.l. The mbymM:ng‘n m%ﬁﬂ;{m I-:‘ = The PE! input per kg of produdt, WAR Afgor‘ithm

¥ = Specific impoat of chemicel com-
ponent, j, in impad cotegory, &,
PEl/kg

P A e S —— . L




given process, the rate of PEI of all the
input and output streams, f;, and [
respectively, must be calculated. For
the input streams, this is done by cal-
culating the PEI rate of each individ-
ual input stream, i (I;i")), and then
adding the individual values to get [;,.
For the output streams, this is done by
calculating the PEI rate of each indi-
vidual input stream, { ([;0u#), and
then adding them to get J,,,,. For each
stream, f, the PEI rates of the individ-
ual input and output streams are cal-
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v
culated from the following:
* The mass flowrate of each input and
output, M, and M;ou), respectively
* The stream composition, in terms of

the mass fraction, x; of each non-

product chemical component (pollu-
tant and undesired byproduct), j

_* The overall environmental impact,
y;, of chemical component ;

The overall environmental impact,
¥, is calculated by summing the spe-
cific impacts, y3;, of chemical compo-
nent j over the various impact cate-

gory k (discussed below), in unit of

PELkg. This is given by, -
I-jn = Z I'Sl'n) =Z ‘w{iﬂ)zx‘:‘.w’_ .

i i i
ZMEin]Zxﬁ%a*w:} ml;
i i
Foe® ) -Eom) =3 M{M}Z-\‘U‘\"j =

+ i I H;)

% 3 Zxy x:.-. Wiy
i i

where: : :
@ = A weighting factor for each .
pact category & o=

GOING TO ‘WAR’ FOR A ‘GREENER' ACRYLIC-ACID PROCESS

acrylic-acid-production process designed to produce 50,000
m.t./yr of acrylic acid (Figure 1), The process catalyticaily ox-
idizes propylene with air to form ocrylic ocid, and several byprod-
 ucts {acetic acid, hydrogen, water and carbon dioxide) [4]. Three
alternative design scenarios were considered: o bese case {Unit
300} and two alternative designs (Units 301 and 302).

In the base case (Unit 300}, the reactor operctes at 310°C. The
effluent is quenched in an ediabafic Aash drum with o substantial
recycle stream (98%). The 8ash-drum vapor effluent is stripped
with deionized water ta recover any residuol acrylic acid.

The vapor effluent from the siripper is delivered fo an incinerator.
The fiquid effluent from the flash drum is mixed with fiquid effuent
from the stripper; 98% of this mixed stream is recycled to the flash
drum for quenching. The non-recycled, liquid effluent is sent to a
fiquid-liquid extraction unit, where the organics are extracted with
a salvent mixture of diisopropy! ether {DIPE; 87 mol%) and water.

The agueaus effluent, which cantains smoll amounts of ceatic acid,
aerylic acid and DIPE, is distifled 1o recaver pure water, which is con-
sidered c waste (since it is not deionized, it cannot be reused in the
process). The acids and DIPE are recycled bock to the extraction col-
wmn. The organic efffuent from the extraction tower is sent to sclvent-
recovery calumn and then ta an aerylic-acid distillation column, The
final aerylic ocid produet is 99.9 mol% pure.

In this design, there is no consumptian of DIPE. Rother, the initicl
charge of DIPE is completely recavered within the process.

To illustrate the use of the WAR Algorithm, consider an

Acrylic acid is cansidered the only product in this case study.
With the objactive of minimizing the potential enviranmentel [
pact (PEI) of the other three effent streams and maximizir
acrylic acid production, possible improvements were scught. B
cause the reactor waste ges contains unreacted prapylene and
byproduct carbon dioxide, the reactor operation was excMmined; ™

Seeking improvements Yol
The kinetics of this process are such that lower temperctures favor
acrylic acid production. Thus, in the first design clternative, Un
3C1, the reactor temperature was reduced by 30°C, 1o 280°C .
This design also incorparated a 54% increase in the reflux ratio
the acrylic ocid column, Decreasing the reactor tempercture re-
sulted in on equivalent canversion of propylene. However, it prd 7
duced ¢ greater selectivity toward acrylic ccid (from 1.58 to 2.3%
mole of aerylic acid per male of byproduct).

In the second design alternative, Unit 302, the reactor tempera-
ture was reduced by another 20°C, to 260°C, and the reactor vo.
ume wos doubled fo maintain an equivalent level of propylenl*ﬁ-é
conversion. The reflux ratia in the acrylic acid column was also ins
creased; however, anly @ 9% increase was required to achieve the
same separation os observed in Unit 301, S

The four output and generotion PEI indexes described obovig
were plotted for the base case and for the the twa process modifi-
cotions. Figure 2 shows the output indexes, £, ond I,,,;, and the

generation indexes, [g,,, and Lgen.

~~
v
=

minimization routes for the acryli¢-acid process shown above

FIGURE 1. The WAR Algorithm was used to identify several waste-

Wasts oitout (1og); P generation {botiam) ||
Dsioni gas .
sionized walsf ~———e Absorbar . [h
Lo Acatlc atid o
byproduct
__Turhfne Flash C
r drum " - .
Alr e 7
Pump Acrylle-acid .
r Ty Heat column = Acrylle acid :
Sloam — exchanger product L
Chemizal
reactor &5_ 1 s X
Water RS AT {-1.0] 1.0} C
jumn = .7 2 ] Lo
Propyland —'—s co Waste- -3 SR [gan B [ gan + b
land water ~ 12 ——— = ‘ 7
1

FIGURE 2. The design changes discussed abave
alter the qutput and generation PEl, as shown here :
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FIGURE 3. Inasource-sink diagram, the ma

target speciesis plotted against flowrate. As shawn, Stream A

can be recycled directly backto the flash unit

The current version of the WAR Al-
gorithm considers eight health- and
environmental-impact categories, k:
ozone-depietion  potential; global-
warming potential: acid-rain poten-
tial; photochemical-oxidation or SMOg-
{ormation 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, @, allows us to assign
relative importance to each of the
eight categories. A default value of 5
for o can be assumed, but it can be
adjusted between 0 and 10 to better
represent the process and locale.

Values for v can be obtained from
a database developed by the authors,
or from the database within the
ChemCAD IV chemical-process simu-
lator. The Box on p. 118 shows how
the WAR Algorithm improved an-
acrylic-acid process.

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
(MEXN), at the heart of the Process In-
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ss fraction of the

FIGURE 4. As this species-path diagram shows, streams
(such as Streams 3 and 4) with
tion, a high flowrate, or both,
eal candidates for a mass-exchange operation. Stream 2 is al

a high target-species compasi-
are generally the most economi-

ready undergoing such an operation {stripping)

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. &
MEN allows a designer to simulate
any process design to determine what
unit operations, if any, are needed.
The analysis or optimization of a se-
Hes of MENs can be performed nu-
merically or graphically; the graphical
technique is demonstrated below.

Components of MENs
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- oT 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 rely on mass-
exchange equipment — including ab-
sorbers, strippers, liquid-liquid extrac-
Hon units, adsorbers, ion exchangers
and leaching systems — which separate
and concentrate the waste streams.
Mass-separating agents (MSA) — in-
cluding solventsused in liquid-liquid ex-
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.

MENs also use stream-manage-
ment techniques, such as recyeling tc
a sink. stream mixing to achjeve a de-
sired flowrate or composition, anc
stream segregation ta avoid mixing &
streams that would require further
treatment downstream. Temperature.
pressure and flowrate can also be ad-

justed to enhance performance.

Analysis of MENSs

The first step in designing an ME™
that will simulate a process is to de-
fine the probiem to be solved —how te
increase production rates, reduce pol-
lution emission. reduce uality con-
sumption (such as cooling water) anc
so on — and to list any associated con-
straints, such as product specifica-
tions, pollutant concentrations or
flowrates, and so on. The next step iz
to define the target components —
those chemicals that need to be ident:-
fied to address the problem statement
and constraints. For example. waser
would be a target component in a Sys-
tem where you are trying to reduce
cooling-water consumption; hydroger
would be a target component in a de-
hydrogenation process where the goal
is to trim gas emissions. The graphicat
tools used in the MEN analysis focus
around these components.

The source-sink diagram (Figure
3) plots the composition of the tar-
get apecies {shown ad mais frac-
tion) against flowrate to identify re-
cycle opportunities. The red circles
represent all sources or streams.
and describe the relationship be-
tween flowrate and the composition

i
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of the target species ig that stream.

The current operating condition of
each sink (unit operation) is shown by
& blue circle, The values plotted in
Figure 3 _Tepresent the flowrate
through the sink versys the composi-

centrations, an average composition is [

shown. A source-sink diagram can he
drawn for each target species. .
Each sink hag physical constraints
that limit the compositions and
flowrates within which it can operate,
These are shown as box-like bound-
aries in Figure 3. These constraints
limit the feasible operating conditions
that may be considered during simy.
lation in a “greener” design alterna-
tive. Any source that lies within thjs
box can be recycled back to any sink
within the box. While Figure 3 only
highlights one sink, such a graphical
analysis should be done for each sink,
A source-sink diagram can alse be

N3A . MALE-1eparating aqent

MSA

o, hg

-
KPS

aptlen 2 far
used to identify streamg that can be MSA
combined and then recycled. For ip. *:'l:lfm' 1 :0;' [k
stance, in Figure 3, combining vy Y it
Streams 1 and 2 will increase the RO Mas pacton —
fowrate to an appropriate level, and | Jt:3%:58% e e A TR
adjust the composition to ap accept- -
able leve], allowing the combined | tnq curves g
stream to be recycled back to the flash | two different Mass-separating age;
unit sink shown within the box. {MSA) in a given mass-exchange u,,
Simi]a:ly, if 2 source liag to the removePo!lutantXfromagivenwas

. A g i iy stream or streamsg, The Composits ¢
right of a sink but is still within its on the right shows the range of fag
flowrate constraints, the stream can | for removing Polfutant X fromaco;

be recycled back to that sink — but | tion of streams. The pinch paint (whe
only after the target-species composi. | the two curves are closest) shows the

tion has been reduced to meet the | J°S!POiNt atwhich to apply the Ms™

o ] L tiens for rémaving Pollutant X, fron 1
UES constraints, The composition | economic ang thermodynamic sta:l!ﬁ

can be altered by using a stripper, ab.
sorber, or other mass-exchange unit, Another graphica} tool, the o’
The distance that a source lies to agram (Figure 4), shogs__thg_ﬂq{ 3
the right of sink also provides infor- | specific tomponent (i.e., a proceny
matian as to which units can be used actant) through a process. Such a 4
to accomplish the desired degree of gram is used ro determine where;{ 2
Separation. A source that lies above a exchange could be used to captumst
sink must reduce itg flowrate before it target species apd remove them fre
can be recycled to that sink, the system. :

=

¥t Adioust of maiy ex

T
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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
strearns, and implies that the target
species is in each. Multiple arrows
into a single source means several
flows are feeding a mixer or reactor.

In general, streams with higher tar-
get-species compositions or higher

flowrates — such as Streams 3 and 4
in Figure 4 — are the most-cost-effec-
tive candidates for mass exchange or
stream-management techniques.
When the goal is to reduce the con-
centration of a target species (i.e., Pol-
lutant X) from a source (waste) stream
or streams using a mass-exchange
system, a mass-pinch diagram (Fig-
ure 5) can be used to evaluate the op-
tions. While censtruction of such a di-
agram is beyond the scope of this
article, a discussion of Figure 5 may

be illustrative. In that Ggure, 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. a

Edited by Suzanne Shelley
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| Pollution
Simulators: The Generalized Waste
Reduction (WAR) Algorithm-Full Version

Heriberto Cabezas¥, Jane C. Bare, and Subir K. Mallick”

U.S. Environmental Protection Agency, National Risk Management Rcsea.rch“l.'aboratory
Sustainable Technology Division, Systems Analysis Branch
26 West Martin Luthér 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 of potential impact within a process, and the output of potential impact from a process. The indexes are used

- to quantify pollution reduction and to develop pollution reducing changes to process flow sheets using process
simulators. The potential environmental impacts are calculated from stream mass flow rates, stream composition, and
a relative potential environmental impact score for each chemical present. The chemical impact scores include a
comprehensive set of nine effects ranging from ozone depletion poteatial to human toxicity and ecotoxicity. The
resulting Waste Reduction methodology or WAR Algorithm is illustrated with two case studies usieg the chemical

process simulator Chemead IT (Use does not imply USEPA endorsement or approval of Ckemcad ).

INTRODUCTION

There is currently a great deal of interest in the
development of methods that can be used to prevent or at
least minimize the generation of polludon; and there are
numerous efforts underway in this area (Lederman and
Weber, 1991; El-Halwagi, er al. 1992; Fonyo, etal., 1994;
Rossiter, 1995; Manousiouthakis and Allen, 1995;
Mallick e af, 1996). This interest stems om 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 eavironment. Because this
technology is inherently less polluting, it is likely to be
more ropust and ecoromical than simply adding pollutioa
control devices to conventional designs. In chemical
manufacturing, these pollution prevention methods take
the form of an 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 development of a
pollution prevention methodology for chemical process
simulators is likely to have a sigrificant impact on the
poilution generated by the chemical industry. At the
National Risk Management Research Laboratory, research
efforts are underway to develop a methodology for
commercial chemical process simulators. The research
effort is called the WAste Reduction or WAR Algorithm
after Hilaly and Sikdar (1994) who performed some of the
early work in this area.

This paper presents a generalization of the WAR

% Corresponding author; Fax: 513-569- 7111; E-mail:
cabezas.heriberto(@epamail.epa.gov

+ Post Doctoral Research Fellow, Oak Ridge Institute for
Science and Education; Present Address: Simulation
Sciences, In¢c., 601 South Valencia Avenue, Area,
California 92621, USA

Algorithm, discusses the methedology for evaluatng
potectial eavironmental impacs, and illasirates the use of
the method in the design or mcdificaticn of chemical
processes with two case stucies.

ENVIRONMENTAL IMPACT THEORY
Potential environmertal impact is ihe unreatized effect or
impact that the emissior. of mass and ezergy would have
on the environment co average. Itis, thersfore, essentially
a probability functior for the realization of a potential
effect. Thus, the potentiai environmesntai impacts cf
chemical manufacturing processes are gererally caused by
the epergy and material that the process tekes Tom cr
emitsto the environment. Posential environmental impact
is a conceprual quartity that can not be directly measured,
i.e., there are no potendal environmental mpact metears.
However, one can calculate potential environmeantai
impact from related measurable quantites using finctioral
relations between the two. This situaton is common in
scierce and eaginesring, For example, the epergy of a
fluid can not be directly measured, but it can be calculated
from temperature and pressure by ithe use of heat
capacities and equations of state. Exactly how to pesform
a caiculation for potential environmeatal impacts will be
discussed later in this paper.

Conservation Equation
Traditionally, chemical process design has been based on
the creative application of mass acd energy balances along
with thermodynamics, chemical reaction 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 of potential environmental impact
in and out of the processes. This flow of impact is related
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to the :ass and erergy flows but it is not equivalert to
them. The impact conservaticn equation is

dl . . .
— "l Lo~ L m

where [ isthe potential environmental 1mpact content
inside a proccss I isthe input rate of impact, 7, is the
outpux rate of i 1mpact, and J . is the rate at which i 1mpact
is generated in the system by chemical reactions or other
means. Note that processes can also consume potential
environmental impact so that [ can in fact, be negauve
For steady state processes, fie conservation equation
reduces to,

0=f ~1 +1 @)

which implies that no potential environmental impact
accumulates in the system. Also note that Equations (1)
and (2) serve as definitions of the function /

The significance of potential environmental impacts can
be better understood by considering the following
definitions. If one were to dump into the environment all
of the mass and energy flows entering a proccss, the
resulting impact on the environment would equal to ,_; if
one were to also dump into the environment all of the
mass and energy flows exiting a process the resultmg

pact on the environment would be equal to m

However, due to chemical transformations and changes in
state conditions (temperature and pressure), 7, is never

exactly equal to Im, and consequently [ " is never

gen

exactly equal 10 zero for steady state processes.

Chemical Processes

Application of either Equation (1) or (2) to chemical
manufacturing processes requires an expression that
relates the conceptual potential environmental impact to
measurzble quantities. Potential environmental impacts
are caused by energy and material inputs and outputs to or
from the environmernt, But, as a first approach, this
treatment is restricted to potential impacts due to material
flows whife neglecting any impacts due to energy. Effects
due to energy flows can be 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 neglected ma.m]y
because thers is no effective methodology for measuring
them. This is consistent with the focus of this work which
ts the chemical process plant rather than a global life-cycle
type of analysis. The expression relating potential
chemical environmental impacts to measurables is

I = Z[(t] ZM(O injq_[ + ... (3)

where the sum over j is taken over the streams of input i
or output 7, the sum over k is taken over all chemicals &, I
is the rate of potendal environmental unpact either in
(i=in) or out of the process {(i=out), I is the rate of
potential environmental unpact for stream f whichmay be
an input oran ourput, M:,( is the mass flow rate of streamn
j which may again be etther an input or an output, xkas
the mass fraction of chemical k in stream j, and IIJ is the
overall potestial environmental impact of chem.lcal J-

Note that Equation (3) is a first crder 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 of chemical 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.
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 ard the potential
environmental impact of all products is set to zero, ie.,
yr,=0 for all productsj. These assumptions are consistent
with the objective of this paper which is to present a
methodology for waste reduction, 7 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 »0 for

_products j and further conjectures on the 1mphcat10ns for

sustainability, will the subject of future publications.
The first index of the first category of indexes (impact
generation) is obtained by solviag Equation (2) for 7 Lyen

and adding the superscript NP for Non-Products to give,

Lw = Tt = 1" @
;NP FNE . :

where [, and /" are the potential environrzental
impacts due to non-products, i.e. pollutams in the outputs
and inputs, respectively. Equanon (3) is used to give
explicit expressions for l Fand I. ®where  all
components, products and non—products are included in
the summation, but where =0 for all products j which
effectivel cly removes all products from the summation. The
index, / en » TAEASUTES the total rate at which the process
generates potennal environmental impact due to nom-

“products (VP). I ? has units of potential environmental

impact generated per time.

The second index, M of the first category is obtained by
dividing Equation (:1) by the rate at which the process
gererates products to give a specific impact generation,

- - NP .
I“NP = Ig‘:’: = Iau.r - If:rp
gen . - =
E‘Dp E PP (-)

where the sum overp is taken over all the products p, and P
is the mass flowrate of product p. [, measures the
potential impact created by all non-products in
manufactunng a unit mass of all the products p. The
index, I an has units of potential environmental impact
per mass s of products.

The third index of the first category, M, is obtained
from Equation (5) by setting the potenuaf environmental
impact () of all products to zero and that of all non-
products 6 one. This has the effect of assigning the same
potental er}wvuonmemal impact to all non-products. The
index, M, is a measure of the mass inefficiency of the

gan !
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There are various indexes that can be—



process, ié., it gives the ratio of mass converted to an
undesiraole form to mass converzed to a desirable form.
The expression for M, is

SHE TR - T s
NP _ i J; I
LW‘“ = (6)

X7,
P

where the summation over Mf""‘) is taken only over
output streams, the summation over 1‘/{,(“’ is taken only
over input streams, and the summation over x,,‘}" is taken
og.lz over all non-products kin stream j. The units of
M "f are mass of non-products per mass of products.

The first index of the second category of indexes (impact
emission) .7 is simply the total rate of poteptial
environmental impact output due to non-products. [, is
calculated from Equation }3) subject to =0 for all
products j: The index, 7 :, , is a measure of the rate at
which the process emits potential environmental impact,
and it bas units of potential environmental impact per
time. -
The second index of the second category, E:f, is obtained
by dividing the rate of potential environmental impact
output due to non-products by the output rate of products

NP _ i NP ;
Iau - Iau /gpp €))]

The index, [ :.:= has units of potential environmental
impact per mass of products. This expression gives the
poliution index @ of Mallick et al. (1996} which
measures the potential environmental impact emitted in
manufacturing a unit mass of products.

The third index of the second category, Mo‘:f, is obtained
from Equation (7) by setting the potential environmental
impact (45} of all products to zero and that of all non-

J . . -
products to one. The resulting expression 1s,

Z A;fJ(M) E xk??
My, = - = @)
2 E PF
-]
which is related to the pollution index d, of Hilaly and
Sikdar (1994} by, -~

- NP

Mau = ; ¢n 9}

where the summation is takea over all products 2. Ma‘:‘p
measures the amount of non-product or pollutant mass
emitted in manufacturing a unit mass of products, and it
has units of non-product mass per mass of products. Itis
also a mass inefficiency measure.

Significance of Impact Indexes .
The first category of indexes, £.g., I ‘f: ) ":, and M::,
characterize some aspects of the generation of potential
environmental impact within a manufacturing process.
They are most useful in addressing questions related tothe
internal environmental efficiency of the process plaat,ie.,
the ability of the plant to produce desired products while
creating 2 minimum of new, undesired poteatial
environmental impact. It is important to note that once

new poteztial environmental wmpact is created, rescurces
such as potentially costly rezzediation eSorts will likelybe
required to prevent the potential impact Tom bcinpg
realized. Obviously, the smaller the values of J Y Rt
and M the more environmentally efficient :hc?mcgs.
and, all others factors such as economics beirg equal, the
more desirable. [ would be useful in comparing
different designs on an absolute basis, while I5F and
27 would be useful in comparing different ﬁ':cigns
i.né:‘pendendy of manufacturing plant size.

;NP NP
I

The second category of indexes, e.g., /s » and

};{;f characterize some aspects of the emission of
potential environmental impact from a manufacturing
process. Their principal use is in addressing questions
related to the external environmental efficiency of the
process plant, ie., the ability of the plant to produce
desired products while indicting on the enviromment 2
minimum of undesired poteatial envirozmental imgact, It
is again obvious that the smaller the values of fg’f, f:f,
and Mﬂ‘fthe more environmentaily efficient the process,
and all other factors such as economics being equal, the
more desirable it is. Since Iﬂf is a total rate of impact
output, it could be useful in deciding whether a givea
plant is compatible with a pasticular site. For example, &t
would be unwise to locate a piant with a bigh [/ in az
ecologically sensitive area. 1™ could also be vsed in
matching the size of a plant 0 the capackty of the
surrounding environmeat 10 dissipate envirormental
impact. [ d:-f and M, are more usefl in comgaring the
potential environmental impact of altemative processes
independently of plant size.

CHEMICAL ENVIRONMENTAL IMPACT
Application of the zethodolegy so fardeveloped requires
that the potential environmental ixpacis of chemicals be
estimated. Further, it is recuired that a relative impact
number ¥, be given for each chemical j over a wide
range of different chemical eavironmental impacts. This
is, unforturately, a0t 2 wivial matter because chemical
impacts are measured oo ¢ifferent relative scales thatcaz
not be simply added without some ‘orm of zoraiization.

Chemical Impact Expression
To apply the WAR methedoiogy 10 chemical precesses,
the following expression for U, has be;-&. developed
(Mallick et al., 1996),
¥ = ZI: & Wi (10)

where the sum is taken over categories of potential
chemical environmental impacts, ¢.g., 0Z0n€ depletion
poteatial, human health, etc. listed below under
Classification of Impacts. &, is a relative weighting factor
for impact of type ] indepeadent of chemical j, and ;i
the specific potential environmental impact of chemical
j for an impact of type l. g, bas units of potential
environmental impact pef mass.

The relative weighting factor &, allows Equation (10) to
be customized to specific or local conditioes. The
suggested procedure is to initially set all the &,'s to same
value of say one, and to allow users w0 very individual
a,‘s from 0 to 10 according to local needs and policies.

1
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Please cote 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 fom smog. Thereis
an effort underway in our research group to develop more
sophisticated methods of determining values for the e,'s.
The values for the 4/, were obtained from the rejative
rankings or scores for chemicals by normalizing
according to,

v = (Score), ;
W . ((Score),)j + 20,

(11)-
where (.S'core),;j is the relative score of chemical i on
some arbitrary scale within impact category j,

(Scare)f>_is the arithmetic average of the scores of al]

emicals’ i within impact category j, and g, is the
standard deviation of all the chemical scores in impact
categoery j. The nemmalizing factor g(Scare)f> +20,
assures that about 75% of the normalized chemicA score
numbers 7, will be between 0 and 1 irrespective, of the
statistical distribution of the initial scores as expected
from Chebyshev’s theorem (Lapin, 1 975). Ifthe chemical
scores happen to follow a normal distribution, then the

- normmalization range extends to approximately 95% of the

scores.

Classification of Impacts

The classification of chemical environmental impacts and
the values for the (Score), s were adopted from the study
of Hefjungs et al. (1992)* and normalized according to
Equation(11) to cbtzin the q;;’ ;'S Inthe calculation of ((Score),),
and g, the chemical scores for dioxin, chromium VI, and
vinyl chloride were excluded. The reason is that the score
numbers 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 Y}, forthese three chernicals would appear as
outliers whicﬁ they, in fact, are.

Table'1: Normalized Chemical Impact Scores

H2 MEK  SBA  H20
¥, 0 042 41E4 0

N2~ Ar CH4 - NH3
v 0 0 7.4E-3 093

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 nommalized chemical scores used in the two case
studies presented in the next sections are given in Table
1 above where H2 is hydrogen, MEK is methyl ethy!
ketone, SBA is secondary butyl alcohol, H20 is water, N2

* Use by the authors does not imply endorsement or
approval by the U.S. Environmental Protection Agency.

is molecular citrogen, Ar is argon, CH4 is methane, and
NH3 is ammonia. These acronyms will be ysed
throughout the rest of the paper.

CASE STUDY #1: MEK PRODUCTION

To illustrate the use of the generalized WAR Algorithm,
a case study from the production of methyl ethyl ketone
(MEK) from secondary butyl alcohol (SBA) is presented,
The case study was adopted from the Chemead s
(Chemstations, Inc.) chemical process simulator, and ail
the material and energy balances were performed using
Chemead II. However, any commercial process
simulator could have been used, This case study presents
atypical chemical engineering process for the production
of a commodity chemical that involves several unit
processes such as reactors, separators, mixers, dividers,
and heat exchangers, Itis, therefore, sufficiently complex
to illustrate the WAR Algorithm but 611 treatable within
the space of this paper. Essentially, the chemica] process
consists of a SBA dehydrogenation reactor followed by a
MEK purification train and associated equipment, -

Base Flowsheet
Figure 1 shows the base process flow diagram for the

production of MEK from SBA. SBAis fedtoa hydrogen. -

scrubber where the feed SBA scrubs residual MEK fom

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 reactor where the chemical transformation occurs. The
HeanExchanger Teuter

@ - @
l Reactar
A___

Byprod H2

Product, MEX

Feed, S84

H2 Scrubber

MEX Finish

Figure 1. Base process flow diagram for the production
of methyl ethyl ketone from secondary butyl alcohol.

Table 2: MEK Production Flow Summary (kg/hr)
Input & Qutput: Base Process .

Stream  #1 #2 #12 #13 #14
(State) @) (@ @ L) (G)
SBA | 3362 19 3 2670 15

MEK 0 0 567 13, 71
H20 8 0 0 0 8
H2 0 18 0 0




reactor output stream is seatto aheat exchanger where it
is partially condeased. The mixture of MEK, hydrogen,
and uncoaverted SBA is cooled further and sent to 2
separator where the hydrogen is flashed off. The hydrogen
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 2s calculated by
Chemecad III are listed in Table 2 above.

Modified Flowsheet
Examination of the base process indicates that waste
stream 13 contains large amounts of upreacted SBA and
small amounts of MEK. 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 of a recycle from

Byprod B2
@g -’ , Fued, SM@
m:«-m-' Hizer
7 Caoler
ﬂm £ (=11,
L Heater
Pump A Hert Exchenger @
otk e = @) e
MEX Finh
Divider

MEK Denpdreior 5 Mi - }

Farte
Figure 2. Modified process flow diagram for the
producdon of methy! ethyl ketone from secondary butyl
alcohol.

stream 13 to the feed, sweam 1. Two cases were studied
with this medification, recycling 50% and 100% of stream
13. Recycling 100% of steam 13, Le., closing off stream
18, is appropriate for this illustration. But, itis clearly not
practical because stream 18 isthe only liquid waste stream
in the modified process and the only means of purging the
system of iquid impurities. Withoutthis purge, impurities
would build up inside the process caus ing it fo eventually
cease to function. Figure 2 above shows the flow
diagram for the modified process. The mass 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 (kg/hr)
_Input & Output: Modified Process (50% Recycle)

Sweam 41 #2 #12 #l4 H1B
Sawe) @ 2@ @©® @ @

SBA {3362 168 5 1 2124
MEK | © i 980 64 10
H20 | 8 2 0 6 0
H2 0 29 0 0 0

The procass modifcation increased the amount of preduct
by approximately 73% while reducing the amouxnt of
waste SBA in stream 18 by about 20%.

It is important to note that ag examination of Tables 2, 3,
and 4 will ind:cate that waste was generally reduced, and
that environmental impact was probably also reduced.
However, the information so far considersd is oot
sufficient to allow a quantitative comparison ofthe overall
waste and environmeatal impactreduction associated with
each of the three cases studied here. For this comparison
one must calculate the impact indexes already descrived.
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 of waste SBA
in stream 13 to zero.

Table 4: MEK Production Flow Summary (kg/hr)
Tnput & Output: Modified Process {100% Recycle)

Steam  #1 #2 #12 #14
(State)) @) (@ L) (G)
SBA | 3362 1117 il 1
MEK | 0 1 2094 59
H20 8 3 0 3
H2 0 60 0 0
Impact Index Celeulations

Six differeat impact indexes were calculated for the base
case and the two modified processes each. The indexes
were obtained using Equatons (3) to (8), the Sow rates
from Tables 2, 3, azd 4, Equation (10), and the
pormalized chemical impact scorss of Table 1. The
relative weighting factors, «,, wers all set to cne for these
caleulations.
The first category indexes, i.e., the impact generation
indexes, f"P, I P, and M, are shown cn Figure 3
below, It s‘ﬁ;uldgge noted that M, *P s a negative cumber
. . &
since some of the input mass is always converted to
product, and the procucts are not inciuded in tte
summation of the outputs. The specific indexes, I ::f and
M, were multiplied by a factor of 100 so that they
cond be shown on the same scale as the rate index/ “:: X
The second category indexes, i.e., the impact output
. NP #N ~ NP i
indexes I, » I r and M, , are shown in Figure 4. The
specificindex [, was multiplied by a factor of 1000, and
the specific index M, was multiplied by a factor of 10 s0
that they could both be shown on the same scale as / ;:f .
The largest source of uncerzainty in the calculation of the
impact indexesis the environmental impact scores. These
measurements are probably accurate t0 ©O more than one
significant figure or an order of magnitude. It is,
therefore, prudent to assume that impact index
caleulations are also accurate to D0 more than one
significant figure. Two significant Sgures are used in
Figures 3 and 4 in order to help the readers to reproduce
the calculations, if necessary.



Impact Generalion Indexes
N

I
img/hr Imp/kg xE2  -kg/kg xE2

74 Base case BN 50% Recycle
N 100% Recycle

Figure 3. Impabt generation indexes for the production
of methyl ethy! ketone fom secondary batyl alcohol:
L., in impact units per hou;,N;:f in impact units per
katogram of product, and -M,,, in kilograms of ~
pollutants per kilogram of product,

a i = ] 1
Imp/hr ImpkgxE3  kg/ky xE1

/] Base Case & 0% Recycle
N 1004 Recycla

Figure 4. Impact output indexes for the production of
methyl ethyl ketone fom secondary butyl alcohol: 71"
in impact units of pollutants per hour, Iaff in impact
units of polfutants per kilogram of products, and Atff
in kilograms of potlutants per kilogram of products,

DISCUSSION OF CASE STUDY #1

The impact generation indexes of Figure 3 show that: (1)
the rate of impact generation by oon-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 of non-products
generated per kilogram of product remains nearly constant
at -100. The most significant index in this case is the
impact generated per kilogram of product, The decrease
of this index reflects the increase in the productivity ofthe
plant, /.e., the increase in product flow rate.

The impact output indexes of Figure 4 show that: (1) the .
rate of impact output from non-products decreases by 11%
for 50% recycle and by 17% for 100% recycle, (2) the

impact output from non-products per kilogram of product
decreases by 48% for 50% recycle and by 78% for 100%

u
recycle, and (3} the output of kilograms of non-product
per kilogram of product decreases by 60% for 50%
recycle and by 88% for 100% recycle, It is worth ooting
u

that the output of impact and waste decreased 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 with the decrease in b
the impact generation per mass of product index discussed
in the paragraph above. This decrease is also 2 reflection
of the increased productivity of the plant.

The decreases in the indexes are sufficiently large such
that they represent significant reductions in pollution. 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 of a much larger market without
increasing its gemeration or its output of potential i
environmental impact. It also 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.

CASE STUDY#2: AMMONIA PRODUCTION

To further illustrate the use of the generalized WAR T w
Algorithm, a second c¢ase study from the production of
ammonia from synthesis gas is presented. The case study :
was also adopted from the Chemead I (Chemstations, -
Inc.) chemical process simulator, and all the material and
energy balances were performed using Chemcad IIJ,
However, any commercial 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 e
also sufficiently complex to illustrate the WAR algorithm

but stiil treatable within the space of this paper,

o
Base Flowsheet
Figure 5 shows the base process flow diagram for the
process. Essentally, the overall process is based on the B
reaction of nitrogen and hydrogen to produce ammonia, -
The mixture of hydrogen and nitrogen is compressed and
gd o ME: \ Caoler -
Compreszar Cooler A Compressor
Faste - -

Figure 5. Base process flow diagram for the production .
of ammonia from synthesis gas. S
fil{ L



cooled and feed to a series of three reactors through a
flash drum. Several reactors are normaily used the to
maximize the conversion of feed to products which for
this process is difficult to do. This flash drum also serves
to separate the ammonia product from the unreacted gases
which are feed back into the system. The ammonia is
recovered as an anhydrous liquid under modest pressure.
The mass flow rates and the state of the input and output
streams as calculated by Chemcad [II are all listed in
Table 5.

Table 5: Ammonia Production Flow Summary (kg/hr)
Input & Qutput: Base Process (Purge Ratio =0.1)

Stream #1 #17 #19°
(State) Q) (&) @)

N2 33,334 5060 187

Ar 603 428 176
H2 7196 1120 13
CH4 805 700 112
NF3 0 3696 30453

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, ie., the flow of
stream 17 was reduced five fold. Second, in additon to
reducing the purge, a flash drum was added with stream
17 as the fesd to recover sore of the ammonia.

Table 6: Ammonia Production Flow Summary (kg/hr)
Input & Output: Modified Process (Purge Ratio = 0.02)

Stream #1 #17 #19
(State) Q) @ ™)

N2 33,334 1162 217

Ar 603 199 404
H2 7196 281 16
CH4 305 448 351
NH3 0 856 38001

Figure 5 shows the configuraton of the flow diagram for
the reduced purge modified process which is identical to
that of the 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 an small increase in the impurities

present in the product seam. This changed fom about
2% impurities in the base case to 3% for the recuced
purge modified case.

Figure 6 shows the flow diagram for the modified process
with reduced purge and additon of a flash drum with
stream 17 as the feed. Under this configuration, stream 25
is used to purge impurities fom the syste, Without this
purge, impurities would agzin build up inside the process,
and it would everntually cease to funcion. Stream 24
which consists of essentially pure ammonia is mixed with
stream 19 to form a new product sirearm, stream 26.
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Figure 6. Modified process flow diagram for the
production of ammonia Jom synthesis gas with reduced
purge ratio and added flash drum,

The mass dow rates and the state of the various input and
output streamns are listed in Table 7. Note that adding the
flash drum in addition to reducing the purge fve fold
increased the amount of product by 26% as compared to
the base case. This is very close to the 23% increase In
product that was obtained by simply recucing the purge.
However, the amount of waste ammenia iz siream 23 was
reduced by 91%, and the amousnt of total wasts in stream
25 was reduced by 78%, both coxpared to the base case.
As compared to the reduced purge precess, the addiion of
the flash drum increased the amouzmt of product by a
meager 1%, but it reduced the amount of waste ammonia
by 61% ard total amount of waste by 18%, both in stream
23. Therefore, the principal effect of adding the fiash
drum was the reducton of waste. '

Table 7: Ammonia Production Fiow Summary (kg/hr)
Input & Output: Medified Process
__ (Purge Ratioc =0.02 & rlash Drum)

Stream g1 #2% %26

(State) (G) (C) L)

N2 33,334 1162 217

Ar 603 199 404

H2 7196 281 16
CH4 805 447 351
NH3 0 335 38,521




An examination of Tables 5, 6, and 7 will again show that
waste was generally reduced, that the amount of product
made was increased, and that environmental impact of the
process was probably also reduced. However, one finds
that it is not sufficient to allow a quantitative comparison
of the overail waste and eavironmental impact associated
. with each of the three cases. In a simple example such
this one the task is confusing, but for complex chemical
progess it can become impossible. For this comparison
one must calculate the impact indexes.

Impact Index Calculations

Again, six different impact indexes were calculated forthe
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, Equaticn (10), and the
normalized chemical impact scores of Table 1. The
relative weighting factors «,were all set to one for these
calculations.

The first _categpr;r indexes, i.e., the impact generation
indexes, H:, I "ﬂ ,and M ‘V: , are shown on Figure 7. It
should be noted that M,,, is 2 negative number since
some of the input mass 1s always converted to product,
and the products are not included in the summation of the
outputs. The specific index, gﬁ___,vg{as multiplied by a
factor of 10,000, and the index, M, , was multplied by
a factor of 1,000 so that they _co:g.l both be shown onthe

. I/
same scale as the rate index [, .
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Figure 7. Impact generation indexes for the production
of ammonia from synthesis gas: I ;:': in impact units per
hour, I NP in impact units per kilogram of product,

and -M,,, in kilograms of pgﬂutants per kilogram of
product. PR is the purge rato.

The second category indexes, ie., the impact output

indexes, [, [, and M7, are shown in Fi ure 8.
The specific index I;:f and the specific index M, , were

both multiplied by a factor of 0},000 so that they could be
shown on the same scale as I::‘ . _

The largest source of uncertainty in the calculation of the
impact indexes areagainthe environmental impact scores.
These measurements are probably accurate to no more
than one significant figure or an order of magnitude, and
it is, therefore, prucent to assume that impact index

caleulations are also accurate to no more than one
significant figure. Two significant fgures are presented

'in Figures 7 and § in order to allow readers to reproduce

the calculations if necessary.

I.
Imp/hr ImpkgxE4  kg/kg xE4
Base Case: PR=0.1

& PR=0.02

N PR=0.02 & Flash

Figure 8. Impact output indexc_ei' for the production of
ammonia from synthesis gas: IMF in impact units of

- pollutants per hour, ), in impact units-of poltutants

per kilogram of products, and M:f in kilograms of

pollutants per kilogram of products. PR is the purge
ratio.

DISCUSSION OF CASE STUDY #2

The impact generation indexes of Figure 7 show that: (1)

the rate of impact generation by noa-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 nion-products per kilogram of
product decreases by 81% whenthe 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 alf 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 of the 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 of Figure 8 show that: (1) the

. rate of impact output from non-products decreases by 76%

when the purge ratio is decreased from 0.1 t0 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 of product
decreases by 81% when the purge ratio is reduced from
0.1 t0 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 zll the indexes. The most significant index



in this case is the impact output per kilogram of product.
The decrease in this index was the same as that for the
equivalent generation index. This is a reflection of the
change in the index being primarify drivenby the recovery
of waste product rather than increased productivity.

The decreases in the indexes are again suificiently large
that they represent significant reductions in pollution.
The consistent decrease in the impact generation per mass
of product and impact output per mass of product (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 of waste mass per mass of product
indicates that the modified plant will lose less valuable
material in its operation.

FUTURE WORK

In addition to the topics already mentioned, there are two
other issues that need to be further mentioned in relation
to the WAR Algorithm: Engineering Economics and
Computer Aided Process Design. However, both of these
are beyond the scope of this paper which is to present the
basic generalized waste reduction or WAR Algorithm and
to illustrate its use. Engineering Economics ard
Compurter Aided Process Desige are the subject of present
and future research, and they are included here only for
completeness and to aid interested readers applying the
method and furtheq z

-

_ Engineering Economics
Whenever cess is modified to reduce wasgesthere is
a consequent change o i gciated with it,

Econormic changes are generzily dueto: (1) the additionor
removal of capital equipment, (2) an increase or decrease
in energy consumption, (3) a change in the rate of
consurmption of feed materiai, and (4) a change in the rate
of product generation. When a process is modified, all of
the above are frequently affected. There are well
established ‘methods for estimating the economics of
chemical processes either manually (Peters and
Timmerhous, 1968; Richardson Engineering Services,
1997) or with the aid of 2 computer (ICARUS, 1997,
Aspen Technology, 1997).

Modifcation of a chemical process using the WAR
Algorithm needs to be doze along with an evaluation of
the economic consequeaces of any proposed procsss
modifications, i.e., one needs to simultaneously compare
both the potential environmental imoact and the cost of
alternate process flowsheets. The 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
configuraton. This can be expressed as,

[Cg * CE]aeu 2 [Ca " C‘]Mod'ﬁ'd (2

where C,is the operating cost and C, is the capital cost
that can be estimatzd by one of the aiforemeszticned
methods or some another proprietary method, Equation
(12) can then be used jointly with Equaticns (4) to (8) to
evaluate alternative process flowsheets.

Computer Aided Process Design

While it is often possible to devise polluticn reducing
modifications from an inspection of the process flowsheet,
there are many situations where a mere systematic
approach such as computer aided process design and
optimization may be required. This is particularly
important with very complex processes that are difficult
to analyze by inspection. The WAR Algorithm can be
used in computer aided process design and optimization.
This can be done by employing the indexes of Equations
(4) to (8) as objective functions in a mathematical
optimization subject to a cost constraint such as Equation
(12). For example, one could minimize the output of
potential environmental impact per mass of product given
by Equation (7) subject to keeping the total cost from
increasing. This can be expressed as,

Minimize [ = (M2 &, £, B) (13)

subject to Equation (12) where M"“is the vector of mass
flowrates for all the output streams, x)” is the vecer of
mass fracdons for non-product compozent i in all output
streams, and 2 is the vector of mass flowrates for alt
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 evea in very comolex
procasses. There are several robust algorithms such as
simulated annealing (Kirkpatick et al, 1983; van
Laarhoven and Aarts, 1987) that can be successfully used
along with mixed integer programing (Gressmann, 1985;
Grossmann, 1990) here.

CONCLUSIONS

A general theory and a methodolegy for incorperatizig
pollution reduction into chezical process design hasbeen
presented. The work is stll at an eariy stage of
development particularly with respect to its application.
However, the fundamental bases along which future work
will procesd have been established.

When used in conjunction with chemical process
simulators, the WAR Algorithm offers a powerful
methodology for evaluating the potential eavironmental
{mpact of alternative process flow sheets. Aithough, the
WAR Algorithm is intended foruse as part ofagcod faith
effort to reduce the environmental foot priat of process
plants, and it does not obviate the need to make judicious
engineering arnd environmental decisions. For example,

there is no completely unambiguous way of setting values .

for the impact weighting factors or a,'s. The reason is
that the ¢,‘s represent the value that society places on
particular types of environmental impacts, and this wiil
vary across locations, cultures, and evea time. One
should point out, however, that engineering design
practice has always used human judgementin determining

any number of design parameters like safety factors., and,



therefore, this dilemma 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
C. Capital costs asseciated with a chemical process,
monetary
C, Operating costs associated with a chemical
process, monetary
I - Potential environmental impact content of
system, impact
... Potential environmental impact input rate,
impact/hour
I,  Potential environmental impact output rate,
) ~ impact/hour
L in Potential environmental impact generation rate,
impacthour
¥ Potential environmental impact flow of stream /
p input (i=in) or output (i=out), impacthour
en Potential environmental impact generation rate
v by non-preducts, impactthour
I,, . Potential environmental impact output rate due
to non-products, impact/hour
: NP . . . .
I, Potential environmental impact input rate due to
AP non-products, impact/hour
en Specific potential environmental impact
- generation from nen-products, impact/ kilogram
o Specific output of potential environmental
imipact due to non-products, impact/kilogram
M}m Mass flow rate of stream j, input (/=in) or output’
(i=out), kilograms/hour -
M™  Vector of mass flowrates for all output streams,
A kilograms/r hour
M:: Specific generation of non-product mass,
o P blogfamsﬂ(ﬂogram
M,, Specific output of non-product mass,
. kilograms/kilogram
P, Mass output rate of product p, kilograms/hour
B Vector of mass flowrates for all products,
kilograms/hour
X, Mass fraction of chemical k in stream j
xtf."" Mass fraction of non-product k in stream j
;:f"‘P Vector of mass fractions for non-product
component § in all output streams,
kilograms/kilograms
o Chemical independent relative weighting factor

for impact of type {, impacvkilogram

D Pollution index, kilograms/kilogram

G, Standard deviation of all chemical scores in
impact category /, no units

g Overall potential environmental impact of
chemical /, impactkilogram
i Specific (5) potential environmental impact of

chemical j for impact of type /, impact/kilogram
{Score), ;Relative potential impact score of chemical i for
impact of type j, no unit
{(Score) j)jAﬁthmetic average of the scores for all
chemicals i in impact category /, no units
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MSE Millennium Science & Engineering, In¢.

April 19, 1999 1364 Beverly Road, Suite 302

McLean, Virginia 22101
Mr. Douglas M. Young, Ph.D. Phone: 703.734.1090
Sustainable Technology Division Fax: 703.734.1093
National Risk Management Research Lab e-mail: mse@ercs.com

US Environmental Protection Agency
26 W. Martin Luther King Dr.
Cincinnati, OH 45268

Via Fax; 513-569-7111
Dear Dr. Young:

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
WAR 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 / cleaner production
project on which I am 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, ributyltin, viny!
chloride, 1,1,1-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 CP/P2 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.

7 T.A. Danielson

Environmental Science and Engineering Solutions for the 21st Century

Voumgtsd 17 ot



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 altemarive 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 leam a
great deal more about full evaluation of prevention-oriented invest-
ments. In the first place, we have learned that business accounting
systems do not usually track environmental costs so they can be
allocated tw the particular production units that created those
wastes. Without this sort of information, companies tend to lump
environmental costs together in a single overhead 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 expenditures or the products that are most
responsible for waste production. This chapter provides some
guidance on how accoundng systems can be set up to capture this
useful information 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 the fact that many pollution prevention
measures will benefit a larger number of production areas than do
most other kinds of capital investment. Second. they do not
usually accourt for the full range of environmental cxpenses
companies often incur. Third, they usually do not accommodate 2
sufficiently long time horizon to allow full evaluation of the
benefits of many pollution preventon projects. Finally. they
provide no mechanism for dealing with the probabilistic nature 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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A proposed pollution prevention
option must compete with giterna.
nve investments. :

Standard accounting systerms do
not track environmenigl costs well.

Economic analysis of pollugon
prevension projects is complex
because they:

» affect mulriple areas

» have long 1ime horizons

« have probabilistic benefits
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highlighting to management both their uncenainty and their impor-
tance.

Direct Costs

For most capital invesunents, 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 poliution prevention is
not a sound business investment.

Indirect Costs

For pollution prevention projects, unlike more familiar capital
investments, indirect costs are likely to represent a significant net

savings. Administrative costs, regulatory compliance costs (such
as permitting, recordkeeping, reporting, sampling, preparedness,
closure/post-closure assurance), insurance costs, and on-site waste
management and .pollutdon control equipment operation costs can
be significant. They are considered hidden in the sense that they
are either allocated to overhead rather than their source (production
process or product) or are aitogether omitted from the project
financial .analysis. A necessary first step in including these costs
in an economic analysis is 0 estimate and allocate them to their
source. See the secdon below on Direct Cost Allocation for
several ways to accomplish this.

Liabili;y Costs

Reduced liability associated with pollution prevention invest-
ments may also offer significant net savings to your company.
Potental reductions in penalties, fines, cleanup costs, and personal
injury and damage claims can make prevention investments more
profitable, particularly in the long run,

In many instances, estimating and allocating furure liability
coSts is subject to0 a high degree of uncertainty. It may, for exam-
ple. be difficult to estimate liabilides from actions beyond your
control, such as an accidental spill by a waste hauler. It may also
be difficult to estimate future penalties and fines that might arise
from noncompliance with regulatory standards that do not yet
exist Similarly, personal injury and property 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 10 the products or production processes also
presents practical difficulties in a cost assessment. Uncerainty.
therefore, is a significant aspect of a cost assessment and one that
top management may be unaccustomed o or unwilling to accept.

_* Monitoring

Direct Costs
Capital Expenditures -

+ Buildings ,

» Equipment and Insiallation

* Usliry Connecnions

+ Project Engineering
Operanion and Maintenance
Expenses or Revenues

* Raw Materials

« Labor

+ Waste Disposal

» Water and Energy

» Value of Recovered Maierial

Indirect Costs

Administrative Costs i

Regulatory Compliance Cosis
» Permitting
* Recordkeeping and Reporting
+ Manifesting

Insurance

Workman's Compensation

On-Site Waste Management

On-Site Pollution Control
Egquipmen: Operation

Liability Costs
Penaitries
Fines
Personal Injury
Property Damage
Natural Resources Damage Clean-
up Costs
+ Superfund
» Corrective Action

Chapter 6
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Some firms 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 calcuiated estimate of liability reduction. cite a penalty or
sertlement that may be avoided (based on a claim against a similar
company using a similar process), or qualitatively indicate without
amaching dollar value the reduced liability risk associated with the
pollution prevention project.  Alternatively, some firms have
chosen to loosen the financial performance requirements of their
projects to account for liability reductions. For example. the
required payback period can be lengthened from three to four
years, or the required intemal rate of retum can be lowered from
15 t0o 10 percent. (See the US. EPA's Pollunon Prevention
Benefits Manual, Phase Il. as referenced in Appendix G. for sug-
gestions on formulas that may be useful for incorporating future
liabilities into the cost analysis.)

Less-Tangible Benefits

A pollution preventon 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 incorporaied into the assess-
ment whenever feasible. At the very least. they should be -high-
lighted for managers after prescnnng the more easily quantifiable
and allocatable costs.

Consider several examples. When a ponut:on-prcvcnuon
investment improves product performance to the point that the new
product can be differentiated from its compeuuon. market share
may increase. Even conservative estimates of thus increase can
incrementally improve the payback from the pollution prevention
investment. Companies similarly recogruze that the development
and marketing of so-called "green producis™ appeals 10 consumers
and increasingly appeals to intermediate purchasers who are inter-
estzed in incorporating "green" inputs o their products. Again,
estimates of potential increases in sales can be added 10 the analy-
sis. At the very least, the improved profitatulity from adding these
less-tangible benefits to the analysis should be presented (0 man-
agement alongside the more casily esumaied costs and benefits.
Other jess tangible benefits may be more difficult to quantify, but
should nevertheless be brought to management’s atention. For
example, reduced health maintenance costs. avoided furure regula-
tory costs. and improved relatonships with regulators potenually
affect the bottom line of the assessment.

In time, as the movement toward green products and compa-
nies grows, as workers come to expect safer working environ-
ments. and as companies move away from sumply reacting 0
regulations and toward anticipating and addressing the environmen-
tal impacts of their processes and products. the less tangible

Economic Analysis of Pollution Prevention Projects

Less-Tangible Benefix

Increased Sales Due 1o
» improved product qualiry
* enhanced company image
« consumer (rusi in green prod-

ucts

Improved Supplier-Customer
Relationship ~

Reduced Health Maintenance
Costs

Increased Productiviry Due to
Improved Employee Relaitons

Improved Relationships with
Regulators

“"We wanted v make a major
effort to show that indusery in the
US. can simulianeously attack
and solve environmenicl problems
while improving both products
and profitabiliry.”
— John Dudek. value analvsis
manager ar Zytec, as quoted in
Perspeciives or _Minnesoto
Wasie Issues. Januory-Febru-
ary. 1992.
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aspects of pollution prevendon investments will become more
apparent.

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 o five years typicaily used for other types of projects.
Of course, increasing the time frame increases the uncerainty 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 time value of money.
Three commonly used financial indicators meet these criteria: Net

* Present” Value' (NPV) of an investment. ‘Intemnal Rate- of Returmn-— -~

(IRR), and Profitability Index (PI). 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 2 single overhead
account or simply add them to other budget line items where they
cannot be disaggregated easily. The result is an accounting system
that is incapable of (1) identifying the products or processes most
responsible for environmental costs. (2) targeting prevention
opportunity assessmments and prevention invesuments to the high
environmental cost products and processes, and (3) tracking the
financial savings of a chosen prevention invesmment. 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 1o you.
the discussion below introduces three ways of thinking about
allocating your costs: single pooling, muitiple 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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Many of the benefits of pollwion
prevention accrue over long peri-

ods of time.

Net Present Value, Internal Rate

" of Rewurn, and Profitability Index

are useful financial indicators.

Developing a pullution prevention
program may well provide the first
real undersianding of the costs of
poiiuting.

Three methods cost
allocation:

. single pooling

. multiple pooling

. service centers

of direct

Chbapter 6



USEFUL P2 WEBSITES
Web Address Organization Description
http://es.epa.gov US EPA’s EnviroSense | Practical Examples of
P2; Related Site
References

www.épa. gov/opptintr/library/

US EPA

P2 Success Stories

http://fenviro.nfesc.navy.mil/p2library

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.sarmia.com

Canadian Centre for
Pollution Prevention

P2 Information;
Related Site References

http://clean.rti.org Research Triangle Solvent Altematives
Institute / US EPA Guide (SAGE);
Searchable Knowledge
Base for Surface
Cleaning

USEFUL CHEMICAL INFO DATABASE SITES

Web Address Organization Description
http://ull.chemistry.uakron.edu University of Akron Hazardous Chemical
Database (Searchable)
http://hazard.com/msds NGO Searchable Material
Safety Data Sheet
Information

194



£t £ ¥ B & &

What Are @ Industr‘y
Sector Notebooks?

This series from the U.S. EPA provides information
of general interest regarding industry-specific
manufacturing processes and pollution issues
associated with specific industrial sectors. The
serics is unique in taking a holistic, “whole facility”
approach to environmental information, instead of
scparating information related to potlutants of air,
water, and land. For cach industry the Notebook
contains: '

* information about size, geographic distribution,
produets, and economic trends.

* a description of manufacturing processes,
including inputs of raw materials and
pollution outputs.

+ a profile of chemical releases to the
cnvironment,

»" a summary of federal environmental
regulations and compliance history.

= pollution prevention opportunities.

» government and industry initiatives for

Agency (EPA), and have been thoroughly reviewed
by EPA and outside experts. The Notcbooks have al
been carefully researched and referenced, and
include many tables and figures containing
quantitative information refevant to cach industry.
Pollutant emission and compliance data from the
1995 Notebooks has been revised In the Sector
Nutebook Datu Refresh—1997 (see Ordering
Information). The scctor Notebooks arc one of the
few sources of consolidated data about an industry.
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%9 Recycled

Printed on paper that contains at least 50% recycled fiber,
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What Industries Ha .
Been Captured in Sector
Notebooks?

Highlighted titles were newly published in 1997,
All others were published in 1995,

Air Transportation

Dry Clcaning

Electronics and Computers
Fabricated Metal Products

Fossil Fuel Electric Power Generation
Ground Transportation

Inorganic Chemicals

Iron and Stcel

Lumber and Wood Products

Metal Casting

Metal Mining

Motor Vehicle Assembly

Nonferrous Metals

Non-Fuel, Non-Metal Mining

compliance assurance. Organic Chemicals
{{‘ =5 ﬁy‘ J'&; X ‘ . * resource materials and contacts. Petroleum Refining
. l. A A -4 . . . .
$ !ﬁg j The Industry Scctor Notebooks are published by the Pharmaceutical Manufacturing
fered Office of Compliance, U.S. Environmental Protection Plastic Resin & Man-made Fibers

Printing

Pulp and Paper

Rubber and Plastic

Shipbuilding and Repair

Stone, Clay, Glass and Concrete
Textiles

Transportation Equipment Cleaning
Water Transportation

Wood Furniture and Fixtures

Check the Notebook website (www.epa.govioeca/
sector/index.html) for new and future tiles.
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How Are the Industry
Sector Notebooks Used?

This sector-based approach helps readers to:

+ build a foundation for developing holistic
solutions to environmental problems, )

» perform rescarch on an industry and its
environmental rcgulations.

= understand compliance issucs.

» develop industry-speeific training sessions/
programs.

» develop curricula for environmentally related
courses.

« determine probable cause for a lawsuit,
citation, or penalty.

« create and improve innovative pollution
prevention programs.

Who Should Know About the
Industry Sector Notebooks?

= community advocates

+ compliance assistance providers

» compliance inspectors (federal, state, and local)

» cducators

* engincers

+ environnental advocates

= forcign governments

* international agencies

+ legal professionals (government and industry)

+ librarians

« regulators

» environmental managers

« simall business technical assistance providers

« waste facilities managers (water, solid waste)

« members of the public with an interest in an
industry
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If you have questions about the Industry Sector
Notebooks, you may contact:

Sector Notebook Project Coordinater, Office of Compliance

(2223A), U.S. EPA, 401 M Strect, SW, Washington, DC,
20460, Phone: 202-260-2300, Fax: 202-564-0050.
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ORDERING INFORMATION

ere are three ways to obtain Industry Sector Notebooks:
1. Download Notebooks from the Internet, at no charge. Web versions contain complete text, but they do

not always include all graphics or data tables. The Notebooks can be found at

www.epa.gov/oeca/sector/index.htmi

rinting Office (GPO) at 2

¢ ready with

the GPO Stock Number from the list below. VISA, MasterCard, and Discover credit cards accepted.

. (For government employees and libraries only): Call EPA’s National Center for Environmental
Publications and Information (NCEPI), at (800) 490-9198 for complimentary copices of any Notebook,
Be ready with the EPA Publication number from the list below,

EPA Pub #

Notchook Title

GPO Stock #

Price

| Notebooks Published in 1995:

EPA/310-R-95-001
EPA/310-R-95-002
EPA/310-R-95-007
EPA/310-R-95-004
EPA/310-R-95-005
EPA/310-R-95-006
EPA/310-R-95-008
EPA/310-R-95-009
EPA/310-R-95-010
EPA/310-R-95-011
LEPA/310-R-95-012
EPA/310-R-95-013
EPA/310-R-95-014
EPA/310-R-95-015
EPA/310-R-95-016
EPA/310-R-95-017
EPA/310-R-95-018
EPA/310-R-95-003

EPA/310-R-95-019SET

Profile of the Dry Cleaning Industry ,

Profile of the Electronics and Computers Industry
Profile of the Fabricated Metal Products Industry
Profile of the Inorganic Chemicals Industry

Profile of the Iron and Steel Industry

Profile of the Lumber and Wood Products Industry
Profile of the Metal Mining Industry

Profile of the Motor Vehicle Assembly Indusiry
Profile of the Nonferrous Metals Industry

Profile of the Non-Fucl, Non-Mctal Mining Industry
Profile of the Organic Chemicals Industry

Profile of the Petrolcum Refining Industry

Profile of the Printing Industry

Profile of the Pulp and Paper Industry

Profile of the Rubber and Plastic Industry

Profile of the Stone, Clay, Glass and Conerete Industry
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EPA/310-R-97-004
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Profile of the Air Transportation Industry

Profile of the Fossil Fuel Electric Power Generation Ind.

Profile of the Ground Transportation Industry
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Profile of the Pharmaceutical Manufacturing Industry
Profile of the Plastic Resin & Man-made Fibers Ind.
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Profile of the Textiles Industry

Profile of the Water Transportation Indusiry
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15.00
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)Control Techniques for Fugitive VOC Emissions from Chemical Process Facilities (March 1 b2 1° ) T 625/R-93/005
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® Cost Estimating Tools and Resources for Addressing Sites Under Brownfields Initiatives ..............................___ 625/R-99/001
GUIDES TO POLLUTION PREVENTION
The Pesticide Formulating Industry (Feb. 1990) ..........ooo.vuomrveecemeeeecre e eeesreene, [T P, et etere e 625/7-90/004
The Paint Manufacturing INAUSHY (JUNE 1990) —.......vuuevumsuevesseeemseeesesseeesemsereesesess oo ee oo eeeesseeeesees e 625/7-80/005
The Fabricated Metal INAUSEY (JUIY 1990} w..u.cumumcreumremmseressone e sessesesesesseseeessesseemeessssssesesssosssenee oo eeemeeseseseseeee e 625/7-90/006
The Printed Circuit Board Manufacturing IRAUSERY (JUNE 1990 Loeiiierrrireee et eesteceeeeres e es e e es s 625/7-90/007
The Commercial Printing INAUSHY (AUG. 1990) wou.cvvurrmuurruiesscesecsssesessseceeeseseemssesessesssssssssseeeesseseseeeeeeseese e eemeeeeeeen 625/7-90/008
Selected HOSPILAl WASIE SIAIMS ..........ccumuiececonsmressssssssssssaeessssssesssssesseessssssecssesssesessssessmeessssseseseeeesseeeseeeeessemos s 625/7-90/009
Research And Educational INSHIUtONS (JUNE 1990} -....vvvermvuueessssssisseesereesmasesseemeeessssesssesssssss e oesesesseeeeeeees s ees 5/7-90/010
The Photoprocessing INQUSITY (Ot 19971) ... ceuorivuueeuueeeesesesss s neeemseseesseseemsesssse s esmess e eeeees e eeeeeeeeeseeseeesen. 625/7-91/012
The Automotive Repair INAUSEY {OCt. 1991) w.uuuuereeeuuuueeieeeeaescvmseeaeeseemmeseseseeeeeeeemseseeseeseesees oo eeeeeeeeseseeeeeeeeee 625/7-91/013
The Fiberglass-Reinforced And Composite Plastics industry (Oct. 1991) .o, et es e eeeees 625/7-91/014
The Marine Maintenance And Repair Industry (Oct. 1O ) e e et e et s e e 625/7-91/015
The Automotive Refinishing INAUSHTY (Ot 19971) c....c...vvvuuerreasesceseeeeeeenecseseeseesesseesssesesseeeeess e eeeeeeeeeeeeeeeeeeeeen 625/7-91/016
The Pharmaceutical INJUSY (OGt, 1991) ... eiveeccereee e eesetees e eeseseseeeeseesesesstoeeeeesss e eesess e oo eeeeeseeeeeesseee 625/7-91/017
The Mechanical Equipment Repair INJUSIY (SEPL. 1992) ......t.r.mevuuruoiescasneeessssemeeeemssssesesssess et eeeee e eeeoeeeee oo e 625/R-92/008
Metal Casting And Heat Treating Industry (Sept FOD2) ettt er s e eeeaa e aa e e e e e s e o 625/R-92/009
Municipal Pretreatment Programs (SePL. 1993} ... ruruueeieereereresseseseeessesseessaseeeeseessssseessesssemeeee oo seeseeeeeeee 625/R-93/006
Non-Agricuitural Pesticide USErS (Sept. 1993) ... ovv.uurrvueeeeseeaeoeeeeesemsecoeeeeeemsseeeseseeeeeeeessees oo sesee oo seseeesee 625/R-93/009
Organic Coating REMOVAL (FED. 1994) ... rumeeermurrereasareseeneersessssss e sssees et oeeeeessesesesesemessemeeeeeeesemeeeeeeeeseeseeee e 625/R-93/015
Alternatives To Chlorinated Solvents For Cleaning and Degreasing (Feb. 1994) ..o, 625/R-93/016
Cleaning and Degreasing Process Changes (Feb TO9) et et et e e e 625/R-93/017
Organic Coating Replacements (OCL. 1994) .....uuuuueeeeeeceeeeemormeeeeseeeseeeeeseeseeseesesse e sesesssssssssesseeeeeeeeeseeseeeeesnees e 625/R-94/006
Alternative Metal FiMShes (OCL. 1994) w..u..uuoreeu.eeeerrusivveeceeeeseseeeaeeeses st eeseesseeeeseseees e set e oo oeeeeeeee e eeeeeeeeeeeeoe e 625/R-94/007
Pollution Prevention in the Paints and Coatings INAUSINY .......oveoevesrerevseesresnnn et es e ee e 625/R-96/003
Best Management Practices for the Textiles BAUSIEY <ottt eeeese s s s e s se s 625/R-56/004
Best Management Practices for Pollution Prevention in the Slabstock and Molded Flexible
POIYUTEtNANE FOM INGUSILY .....u.cuseeescrsecissssseeeseasensssassssssssssestass seeemseseesseomscrasssenesasssesessseeesssmeeseeseee st eeeeeemeseon 625/R-96/005
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ENVIRONMENTAL PROTECTION F

: Switch Materials
- to Prevent Pollution

-
-
There are many
opportunities in the
. CPI for replacing
“ hazardous
o  Substances with
less-hazardous
w  substitutes. This
guide can be used
*  foprioritize
candidates for
*  replacement and
- ldentify potential
- alternatives.
-
i Adolf W, Gessner,
Consultant

€ chemical process industries

(CPD) employ many substances

that contribute to air and water

pollution, hazardous-waste gener-

ation, soil contamination, fire and expio-

sion risks, and the exposure of humans, an-

imals, 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-
tes. Material substitution is an approach to
pollution prevention that attempts to re-
place hazardous substances with materials
that are less hazardous to humans and less
harmful to the environment.

This article examines the replacement of
hazardous organic substances that are used
in petroleum processing, natural gas sweet-
ening, chemical manufacturing, surface
cleaning, and surface coating applications.

WHICH SUBSTANCES
ARE HAZARDOUS?

In the U.S., federal and state govemmen-
tal agencies regulate the use and disposal of
many hazardous materias, including;

* substances generating toxic and/or
hazardous liquid and solid wastes:

* substances that pose fire or explosion -

hazards, or that generate ignitable wastes
(flash points below 60°C or 140°F);

* reactive substances that may explode
or detonate withour Oxygen supply or igni-
tion source;

* hazardous substances whose use re-
quires annual public disclosure in a Toxic
Release Inventory (TRI);

* hazardous air poilutants (HAPs)
identified by the Clean Air Act Amend-
ments and by state regulations:

* hazardous substances identified ‘as
priority water pollutants (PWPs) by the
Clean Water Act:

* volatile organic compounds (VOCs)
that are photochemically reactive, forming _
Smog in the atmosphere at ground level;

* substances with fow permissible ex-
posure limits (PELs) as defined by regula-
tons 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 Govermnmental
Industrial Hygienists (ACGIHy;

* known or suspected carcinogens: and

* substances that tend to deplete the
stratospheric ozone layer or that contribute
to global warming.

These groups of substances are not mu-
wally exciusive; many matenals fail into
two or more of these categories. Clearly,

" many of these substances ought 10 be con-

sidered for replacement.

Flammable, explosive,
and reactive substances

The ability of combustible organic
chemicals to form ignitable, potentally ex-
plosive vapor mixtures with air is charac-
terized by the flash point. The flash point is
the lowest temperature at which the vapor
pressure of the chemical generates a vapor
concentration in air that can be ignited by 2
low-energy spark.

Substances with flash points below am-
bient temperature can ignite and explode if
they are not properly handled. The Re-
source Conservation and Recovery Act
(RCRA) defines any substance with a flash
point below 60°C (140°F) as “ignitable.”

To protect against fires and explo-
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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, Jow-flash-point sub-
stances with less-volatile substitutes.
Motor gasoline, diesel fuel, and jet fuel
are ignitable, but gasoline, diesel, and
jet engines will not operate on high-
flash-peint 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 contamipant concentra-
tions; sprinkler systems are provided;
process and storage tanks may be ni-
trogen-blanketed; explosionproof mo-
tors, switches, lighting fixtures, and in-
strtuments 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 ACGIH.

These guidelines provide a means
of distinguishing between highly toxic
substances and less toxic or relatively

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 AGCIR publishes
threshold limit values (TLVs); 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.

Carcinogenic substances

In addition to well-docurnented car-
cinogens, NIOSH has identified many
potential  occupational carcinogens
based on an increased incidence of be-
nign or malignant mmors or a shon-
ened latency pericd 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.

Volatile organic compounds

The list of organic substances con-

sidered to be photochemically reactive
VOCs (40 CFR, Chapter 1, Section
51.100) is so all-inclusive that the re-
placement of VOCs by organic non-
VOCs is virally impossible.

However, in many cleaning appiica-
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.
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HAPs, PWPs, and
TRl-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 relativety 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: -

Volatile substances that rise into the
stratosphere and release chlorine heip
convert stratospheric ozone to oxygen.
QOzone depletion permits increased
amounts of ultraviolet solar radiation
to reach the earth’s surface and is
linked to human skin cancer and
cataracts, and possible damage to plant
and marine life.

* Among organic solvents, chloroflu-
orocarbon CFC-113 and methyi chlo-
roform are the principal substances
suspected of contributing to the green-
house effect and to stratospheric ozone
depletion, Their manufacture in the
U.S. was stopped on Jan. 1, 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. Agqueous alkaline
cleaning formulations represent an ad-

!
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ditional class of substances; they may
include both organic and inorganic
compounds,

Paraffinic hydrocarbons
Straight-chain, branched, and naph-
thenic (cycloparaffinic) hydrocarbons
are relatively nontoxic. However,
paraffinic distillate fractions from tra-
-ditional petrolenm processing often
contain appreciable concentrations of
aromatic hydrocarbons, rendering them
poientially toxic, carcinogenic, and
classifiable as HAPs and PWPs. The
major petrolenm processors in the U.S.
and their petrochemical affiliates have
begun supplying paraffinic hydrocar-
bon distillate fractions with very low
aromatic hydrocarbon content (<0.5%).
These are preferred over traditional
petroleumn distillate fractions, such as
straight aliphatic solvents (e.g., Varsol),
mineral spirits, kerosene, and Stoddard
solvent.
~ Paraffinic hydrocarbons (many ig-
dtable, all VOCs) generally are mod-
erately effective solvents for hydropho-
bic surface soils such as grease, oils,
and waxes. Naphthenic hydrocarbons
appear to be slightly more effective as
solvents than normal- and mo—paraf
finic hydrocarbons.

Monoterpenss

Monoierpenes are relatively non-
toxic olefinic C10 hydrocarbons de-
rived from natural sources. They in-

clude limonene, pinenes, myrcene, and

others. Limonene is a very effective
solvent for many types of grease,
waxes, and organic soldering fluxes.
Twrpentine, a mixture of - and B-
pinene, is a2 paint thinner. Monoter-
penes are VOCs and are ignitable.

Aromatic hydrocarbons

Aromatic hydrocarbons are impor-
tant petrochemical feedstocks. They
also are excellent solvents for oils,
grease, fats, many waxes, tar, and
many chemical intermediates and

‘oducts. Aromatic hydrocarbons gen-
Jrally are more versatile as solvents
than paraffinic hydrocarbons, Howev-
er, they are more hazardous.

Benzene is a carcinogen; its NIOSH
REL is 0.1 ppm. Obviously, it is a
highly toxic substance that should be
replaced wherever possible. Toluene,
ethylbenzene, the xylene isomers, 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, ethylbenzene,
and xylenes are widely used in coating,
adhesive, and thinner formulations be-
cause of their compatibility with the
other components of coating formula-
tions and because of their rapid evapo-
ration rates,

Trimethylbenzene (three isomers),
p-tert-butyl toluene, biphenyk—-ter-
pheny] (three isomers), and polycyclic
aromatic hydrocarbons (naphthalene,
indene, anthracene, phenanthrene, acri-
dine, chrysine, benzo(z)pyrepe, eic.)
are toxic and carcinogenic. Aromatic
hydrocarbon distillate fractions such as
Aromatic 100, 150, and 200 are made
up in part of these hydrocarbon con-
stituents. All aromatic hydrocarbons
are VOCs and many are ignitable.

The replacement of aromatic hydro-
carbon solvents with suitable, less-haz-
ardous aliphatic substitutes clearly
would be desirable. Cycloparaffinic
hydrocarbons may replace aromatics in
some applications. .

Alcohols

Methanol, ethanol, n-propanol, iso-
propanol, the isomers of butanol and
amyl alcohol, cyclohexancl, diacetone
alcohol, and a-terpineo] are relatively
nontoxic. All except cyclobexanol and
terpineol are ignitable, and all are
VOCs. Furfuryl aleohol is highly toxic.

Ethers

Light paraffinic ethers such as di-
ethyl ether, diisopropyl ether, and
tetrahydrofuran are relatively nontoxic.
Among ethers, only methyl tert-butyl
ether (MTBE), 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-dioxane is highly
toxic. (Glycol ethers ame discussed
below.)

Aldehydes o

Furfural is the only aldehyde known
to be used on a large scale, as an ex-
traciant in lube oil dewaxing. It is high-
1y toxic.

Ketones
Acetone, methylethyl Kketone
(MEK), methyl isobutyl ketone

(MIBK)}, methyl n-propyl and iso-
propyl ketone, and methyl n-amyl
and isoamyl ketone are relatively
nontoxic, but ignitahle; 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 iscamyl ketone, diisobutyl
ketone, isophorone, and cyclohex-
anone are highly toxic.

Esters

Methyl formate and acetate, ethyl,
n-propyl, all butyl and amyl ace-
tates, ethyl-3-ethoxypropionate (EEP),
branched C6 to CIO0 paraffinic ac-
etates, ethylene and propylene carbon-
ate, apd dibasic esters (dimethyl suc-
cinate, glularate, and adipate) all are
relatively nontozic. All these esters
are VOCs. The lower csters from
methyl formate to amyl acetate are ig-
nitable. These esters are widely used
as solvents in chemical manufactur-
ing, surface cleaning, and surface
coating. (Gammaz-buryrolactone, a
cyclic C4 ester, is highly toxic. (Gly-
col ether esters are discussed below.)

Phenolics

Phenol, the cresol isomers, and the
dihydroxybenzenes (catechol, resorci-
nol, and hydroguinone) are zll highly
toxic. Traditional cleaning formula-
tons and resin solvents containing
phenolics have largely been replaced.
However, the displacement of pheno-
lics from many specialty uses is ex-
pected to be impractical.
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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 remarkable
cleaning effectiveness. Diethylene gly-
col ethers (Carbitols) and their acetate
esters, and triethylene glycol ethers and
their acetates, also are popular and ver-
satife solvents.

Research on health risks associated
with human and animal exposure to
giycol 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 trethylene 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-
dons, chemically similar but less-toxic
propylene glycol ethers and their esters
will displace the ethylene glycol ethers
and their acetate esters.

Propylene glycoi 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), propyiene glycol n-butyl ether

(PnB) and its acetate ester (PnBA), .

dipropylene glycol methyl ether
(DPM), tripropylene giycol methyl
ether (TPM), and several others,

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 ethyiene
and propylene glycol ethers.

- The propylene glycol-based ethers
and their acetate esters are not considered
to be HAPs and PWPs. The more
volatile among them are ignitable (PM,
PMA, PE, PEA, PnB), and all are VOCs.

Chliorinated hydrocarhons
Chlorinated hydrocarbons, being
relatively inert chemically, are useful
solvents for carrying out many organic
synthesis reactions. Having high spe-
cific gravities and being almost immis-

“cible with water; they are usually easy ——

10 separate from agueous phases by
gravity. Being virtually sonigoitable,
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
contaminants, including oils, grease,
fats, tars, 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 muitipurpose solvent for
cleaning and for vapor degreasing of
metal parts, is relatively nontoxic
(OSHA PEL = 350 ppm). Trichloro-
ethylene and perchlorcethylene are
moderately toxic (OSHA PEL = 100
ppm for both). The polychlorinated
biphenyls (PCBs) are highly toxic.

All these chiorinated hydrocarbops
are classified as HAPs, PWPs, and haz-
ardous wastes under RCRA. All re-
quire reporting in the TRI. Further-
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more, NIOSH classifies them as poten-
tial occupational carcinogens. Methyi
chloroform, in addition, is believed o
contribute to stratospheric ozone de-
pletion and global warming. Chlorinat-
ed hydrocarbons, clearly, are high-pris
ority candidates for replacement by
nonchlorinated substimites. Many ap-
plications involving chlorinated hydro-
carbons have already been eliminated. -
Methylene chloride will continue to
be used for paint stripping as long as
there is no replacement available that 1.
as effective. Trichloroethylene and per-
chicroethylene will continue to be used
in applications where they offer sub-
stantial technical and safety advantaged™
over all solvent alternatives, with provi-
sions to minimize their discharge intc
the environment and to protect’ person
nel from inhalation and skin exposure.

Chlorofluorocarbons .
Among chlorofluorocarbons, CrC™
113 (CFCL-CF,Cl) is the principal
substance of interest as a solvent foi
conducting chemical syntheses and foig
cleaning applications. CFC-113 is al-
most nontoxic (NIOSH REL = 1,007
ppm), nonflammabie, and chemically
very stable, It lends itself to immersior™
cleaning and vapor degreasing. Other,
more-volatile CFCs, because they ar¢
nonflammable and nontoxic, are excell
lent refrigerants and propellanis for
aerosol spraying. All CFCs contributr
to stragospheric ozone depletion an<
their use has been severely restricted.

Fluorinated organics i
Chlorine-free fluorocarbon solvenug
are in use or under development. Lack-
ing chlorine, they do not destroy strato-
spheric ozone. However, their possible
role as greenhouse gases is unclear 2l
this time. They are nonflammable,
chemically stable, and their toxicity i
generally low. A fluorinated ether i
used for electronic circuit board clean-
ing. Several perfluorocarbons (e.g..
perfluorohexane, C,F,,) are under con
sideration as protective vapor barricrus
for immersion degreasing with hot hy-
drocarbops or aliphatic esters ir
retrofitted vapor degreasing tanks
L
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Light fluorocarbons, such as 1,]-diflu-
oroethane, are used as propellants for
aerosol spray cans.

Nitrogen-containing organics
- Acetonitrile, N, N-dimethy! for-
mamide, NN-dimethyl acetamide, ni-
trobenzene, nitromethane, pyridine, and
morpholine are highly toxic. Nitroben-
zene and nitromethane are potential ex-

. plosives because they are chemically

. Teactive with a variety of common sub-
wil stances. These compounds, where pos-

sible, should be replaced.

* Pure monoethanolamine and dieth-
anolamine are highly toxic. In natural
gas processing and surface cleaning
applications, however, they are ordi-

- narily dissolved in water and largely
aF converted to quaternary ammonium

cations. As such, they pose a low in-

halation risk at room temperature.

.- However, when heated, they may gen-
erate toXic vapor compositions.

\N-methyl pyrrolidone, a C4 cyclic

am, is a versatile solvent with ap-

™ puf:ations in natural gas sweetening,

aromatic hydrocarbon extraction, sur-

face cleaning, and paint stripping.

-l However, it is harmful to the human

reproductive system.

- Sulfur-containing organics
s Sulfolane (tetramethyiene suifone)
and dimethyl suvlfoxide (DMSO) are
- nontoxic. Carbon disulfide is highly
_jtoxic and, where possible, should be
drep}aced.

‘Aqueous alkaline
il cleaning formulations
Aqueous alkaline formulations may
-contain amines (ethanolamines, mono-
. isopropanolamine) to achieve alkalini-
®1ty. As noted earlier, ethanolamines
have Jow RELs (3 ppm) and are poten-
tially toxic; however, they do not ordi-
waarily pose an inhalation risk when dis-
solved in water,
Other substances that impart alka-
linity to aqueous cleaning formulations

@  she sodium or potassium salts of
acids, such as fatty acids (soaps),
‘ethylene diamine tetraacetic acid

“'(EDTA). 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 associaled with these sub-
stances as long as no aerosols or mists
are formed. However, eye and skin
contact are highly hazardous.
Opticnally, surfactants may be
added to such cleaning formulations to
improve the wertting of surfaces. Gly-
col ethers and ethanolamines may also
be added. When used for cleaning at
elevated temperatures, formulations
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 aquecus cleaners have also been
reported to  attack cadmium and
chromium-plated steel surfaces and

lead alloys, generating heavy-metal

contaminated wastes.

MATERIAL SUBSTITUTION

Petroleum processing
and natural gas sweetening

In petroleum processing, several
solvent candidates are generally avail-

able for such extractions as aromatic"

hydrocarbon recovery (e.g., Sulfolane,
N-methyl pymrolidone, N,N-dimethyl-
formamide), deasphalting (e.g., pro-
pane, n-butane), and dewaxing (e.g.,
MIBK, furfural).

In nawral gas sweetening, similarly,
there is a variety of absorbents to
choose from (e.g., methanol, N-methy}
pymrolidene, N-methyl diethanolamine,
polyethylene glycol dimethyl ether,
aqueous mono- and diethanolamine,

and aqueous hot 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,
where potentially present, is generally
avoided by appropriate engineering
controls, not by material substimtion.

Chemical manufacturing

Organic solvents are widely used as
diluents in which organic syntheses are
carried out, 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, fil-
ters, dryers, vacuum pump discharges,
pump and compressor shaft seals, agi-
tator seals, and leaking flanges, pipe fit-
tings, and valves. Solvents dissolved in
water are discharged into sewers, enter-
ing the atmosphere through sewer
catchbasins and manholes, aerated la-
goons, and in other ways.

Changing from one solvent to an-
other in a chemical manufacruring pro-
cess, generally, is a daunting task. Cnti-
cal factors are the solubilities of inter-
mediates and products in various sol-
vents at different temperanires, the
volatilities and specific gravities of the
sclvents, possible chemical interactions
of the solvent with the synthesis feed-
stocks and products, and many other
process-specific issues. Finding a per-
fect nonhazardous substinute that meets
all chemical and physical requirements
of a manufacturing process sometimes
seems like an impossible task.

Early success stories report the re-
placement of benzene by cyclohexane
and by toluepe in the manufachme of
specialty chemicals intermediates. The
replacement of carbon tetrachloride and
ethylene dichloride by methyl chloro-
formn was a another early sucess. Now,
owing to methyl chloroform’s phase-
out, other substinites 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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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 formulation with the surface.

Ideally, cleaning processes selec-
tively clean the substrate surface with-
out attack on the substrate itself by cor-
rosion, plasticization, embrittlemnent,
and shrinkage by plasticizer extraction,
and without removal of paints or var-
nish finishes that are to be preserved.
Also, the cleaning formulation should
not release hazardous air poilutants,
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 biasting
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-

tion of solubility parameters. These are
factors relfated 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 t12nd to be miscible in each cther,
whereas those with vastly different sol-
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ubility parameters tend to be immisci~
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 (I, 2)). However, the fol-;ﬂ
lowing steps should be undertaken:

« a study of the physics and the.
chemistry of the problem unde1 3
consideration; -

+ a study of the toxicity of the
chemical substances present and their
disposal - pathways- from the proces,,
into the environment;

« an evaluation of human exposure
to toxic substances;

* an evaluation of fire, e:'tplc)snonh
or detonation hazards, if applicable;

« sampling and analysis of air :
wastewater, other liquid wastes; an(-il
solid wastes, as applicable;

+ areview of case histories of simi-
lar pollution prevention efforts, found it
print or electronically, to simulate 1dcasﬁ

* identification of potential replace-
ment substances, and evaluation in th(
laboratory under simulated field cond.lhé
tions; and

* field testing of replacement sub-
stances that appeared promising in th
laboratory evaluation. | CEP™)
|
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POLLUTION PREVENTION

Prevent Pollution In
| Batch Processes

R
These strategies
can reduce waste
generation by
improving reactor
charging,
operation,
discharging, and
cleaning practices.

James A. Dyer,
Kenneth L. Mulhaofland, and
Robert A. Keiler,

E. I. du Pant de Nemours and Co.

availahley=
g‘g ek .gche.org

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, baich operations are
also associated with the generation of
unacceptably high amounts of waste per
unit of product. 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, businesses 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
monitering emissions, and the increased
exposure to safety and environmental
risks.

Second, with increased regulation of
emissions to air, water, and land, many
plant sites can no longer handie 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
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plant, to expand biological wastewate:
treatment capacity, to install state-of
the-art hazardous-waste incinerators fo:
liguid wastes, apnd to provide point
source treatment of air emissions.

The true cost of waste generatioc
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: strategic
for reactor charging, operation. di
charging, and cleaning; modeling baitc
processes: and batch vs. continuous oc
eration. It also discusses three exar
ples: replacing an organic solvent wi:
an aqueous solvent for cleaning; reduc
ing methylene chioride emissions t
sealing atmospheric mix tanks; and cor
verting a process from batch to contint
ous operation.

The nature and sources
of emissions

A batch operation is by definition
discontinuous process. Process variablc
such as temperature, pressure, and co:
centration vary throughout the bat
cycle. .
Likewise, waste emissions associz
ed with these cycles are seldom ca.
sidered constant (/). For example,
batch reaction step may generate a
trogen purge stream whose volatile ¢
ganic compound (VQC) concentratic
varies with time, as shown in Figure
The emission rate peaks in the fir
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nuur, 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 achievable
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, camrying with them
high concentrations of VOCs. Reac-

‘yperalion 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 following sections can subsian- _

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-
marv reasons — leaks from the pro-
¢ uipment, and vapor displace-
Nt as the reactor is filled with lig-
uids or solids. To circumvent these

W Figure 1. VOC
conceniration

profile for a batch
reaction nifrogen
purge strean.

two problems, consider the follow-
ing pollution-prevention strategies:

* Gravity-feed solvents. into the

reactor vesse! 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.

* Instail 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 compatibility,
however.

* Charge solids before liquid
solvents to minimize solvent dis-
placement from-reactors-£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 open 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

Return Vapor Line

T Displaced
Vapors

B Figure 2. Closed-loop vapor recycling system for pumping operations,
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—=—— Nitrogen

Batch
Vessel

for Inerting
and Purging

B Figure 3.

Lock kopper
arrangement for
charging solids to
an inerted barch
reactor.

Vaive and
Actuator

that is at an elevated temperature
and/or 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 1o
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”

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 refrigerured vent condenser 10
recover and recycle condensable
solvents {6).

Tahle 1. Composition of a flammabie solvent

mixture for cleaning parts.

Liquid Vapor
Compesition, Compesition,
Cemponent wt % vol. % ormol. %
Acetone 10% 4%
Methyl Ethyl Ketone 30% 3%
Toluene 0% 10%
Xyleng D% %
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» Consider solvents with 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, the composition of a
flammabie solvent mixture used for
cleaning parts is shown in Table |.
Even though the liquid mixture con-
tains only 10% acetone by weight.
the saturated vapor phase is more
than 40% acetone at 26°C and |
atm total pressure. Removing or re-
ducing the weight fraction of ace-

.tone in the solvent mixture 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 ranks (3). Use lids with
gaskets that seal tightly if manuat
access 1s a necessity. Otherwise,
consider a closed reactor with a per-
manent top and closed raw-material
addition systems as described
above.

* Reduce vupor losses by im-
proving seals on agitators and lids
(/). In some cases, the agitator can
be replaced with a jet mixing sys-
tem. which consists of a jet nozzie
submerged in the reactor fluid, a
pump, and a liquid recirculation
loop (8).

* Sequence the addition of reac-
tunts  and  reagents 10 optimize
yields and lower emissions. Consid-
er, for example, a process in which a
base, such 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 the reactor is allowed
1o vary with reaction progress.



" Adding the sodium hydroxide
throughout the reaction sequence to
maintain a constant pH may im-
prove yield and minimize byproduct
formation.

« Control nitrogen purge rates
with automatic flow control devices
instead of manual throttling valves
(1). Too often, the manual valves are
found wide open, wasting nitrogen
and dramatically increasing VOC

- losses.

* Better yet, use a nitrogen pad
system (i.e., pressure conirol 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.
employed to improve low-pressure
control in the reactor headspace.

» Optimize existing reactor de-
sign based on reaction kinetics, mix-
ing characteristics, and other pa-
-rameters to reduce byproduct for-
mation (3). Further details on this
aspect of reactor design and opera-
tion can be found in (7).

» Collect and recycle excess re-
actants and solvents used in the re-
action (9). Consider adding or up-
grading solvent purification equip-
ment to allow recycle. .

+ Use a minimum number of in-
rermediate-stage process samples to
determine the reaction endpoint (4).
Also, strongly consider automatic,
in-line sampling (6), rather than
manual sampling from vessel open-
ings, to minimize vapor emissions
from openings and the amount of
sampling waste. Evaluate the impact
of the time lag associated with man-
ual samples analyzed in the site lab-
oratory on reactor yield and waste
generation. In many instances, the
additional wrnaround time required
for laboratory analyses leads to ex-
cess waste production. For example,
in a process for making an agricui-
tural intermediate, manual sampling

" ¥ a batch, caustic scrubbing system
for “%NaOH" led to unnecessary

Dual-pressure regulators.-are —

Pressure
Relief Valve

4

Nitrogen Supply

Control Valve
{Primary Regulator}

Prassure
Relief Valve

A

Pressure

{>60 psig)

Pressure ‘
Reduction Valve
{First-Cut Regulator)

W Figure 4. Typical piping diagram for a nitrogen-padded reactor.

——safety margins in the operating pro-

cedures for purging the spent caustic
scrubbing solution. Because of the
long turnaround time from the labo-
ratory, the spent scrubbing solution
contained 3-5% unused NaOH. A
viable alternative to this approach is
to use an in-line pH meter to regu-
late caustic addition to minimize the
amount of NaOH being wasted.

+ Use statistical process control
rechniques to regulate the reaction
instead of relying on mtermedmte
sampling (6).

* Eliminate excessive reactor
boil-up by replacing direct steam
jacket heating with an external, re-
circulating, heating loop consisting
of a pump and noncontact heat ex-
changer (4). This may also prevent
unwanted tar formation in reactions
where a hot vessel wall leads to
product degradation.

* Eliminate fugitive emissions
from pressure relief valves by using
an upsiream rupture disk in series
with the relief valve (4).

Reactor discharging

* Replace nitrogen blowcasing
with a pump. The pressurized nitro-
gen used to push the reaction mass
from the reactor must be vented
downstream. This nitrogen will
leave saturated with solvent and,

- possibly, valuable product and reac- ~
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 VOCs, which
can include solvents and, in some
cases, reactants and products (7). .

Reactor cleaning

* Optimize the product manufac-
turing sequence and product cam-
paigns 10 minimize washing opera-
tions. This may mean structuring
product campaigns to manufacture
clear or light-colored products be-
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 scai-
ing, polymer buildup, and so on.

* Maximize production runs to
decrease the frequency of washes
(6). Check with customers to see if
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product specifications can be loos-
ened. If some customers can accept
higher levejg of impurities, fill their

¢ Minimize the number of sol-
vent rinses used 1o ¢lean reactors by
understanding the level of accept-
able €ontaminatjon (4). In some
cases it may be Possible to use off.
SPec product instead of clean sol-
vent to flush the reactors,

* Increase the SMoothness of
vessel internals 1o reduce the quan-
tity of cleaning solvent ysed (3).
Consider using nonstick nop-
Porous linings, eliminating baf-
fles, and minimizing other diffi-
Cult-to-access points where mate-
rial can accumulate apd harden.

* Use high-pressyre rotary
nogiles to reduce the quantity of
cleaning solven; used (2).

* Position drpin valves ar the
lowest point on the reactor vessel
1o improve femoval of residual
solvent and product before drying
or the next product campaign.

* Clean the insides of pipes
With plasiic or Soam “pipe pigs”
2)

* Replace volarile chiorinateq
solvents wih Iower~voialility, non-
chlorinated o vents.

Replace solvent-baseq clean-
ing with aqueous-baseqd cleaning
that uses detergents or other surfac-
tants, if necessary, to increase the
cleaning effectiveness. Also, under-
stand how pH affects cleaning.

* Collect the final wash rinse for
reuse gs first-pass rinse during the
next cleaning cycie {G). Lower—qual-
ity solvent or water from elsewhere

Modeling batch pracesses
Changes in standard operating
conditions ¢ap affect the amount of

mental batch rups, Recent develop-
Ments in computer Modeling soff-

ware allow changes in bagep opera-
tions to be analyzed o a greater ex-
tent than ever before.

Most of the Major companies thae
sell process flowsheet simulation
software have already developed

- and/or are greatly €Xpanding their ¢a-
pability 1o simulate batch unit operz-
tions and overall bateh Processes.

The features of several of these pro-

Batch vs, continuoys
Operation

For some Processes, the conver-
sion from barcp to continuous oper-
ation js ap effective way 10 reduce
waste generation, s well as to in.
Crease tota] throughpuy (3).

Cleaning waste is most signifi-

cantly reduced by Switching 10 ,

ment is dedicated 1o the production
of one or only a few products,
Therefore, switching to 3 continuous
Process may mean practically efimij.
nating Cleaning waste.

In addition, solvent récovery in a
continuous process js feasible, pe.
Cause it becomes more €conomicy]
0 install dedicated distillation
equipment to handle the necessary
chemical Separations. Recovereq
solvent can thep be reused ip the
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Process, instead of being incinerateq
or disposed of as a hazardous waste,

Examples
The following three case Studies
illustrate Successful pollution pre-
vention in barch Operations,
Replacing an
with an aqueous solvent for clean-

ufacmring area using batch organic
Synthesis involving reac-
tion vessels iy series. Pagy
operations involved severa)
finses with various organjc
solvents 1o clean the yes.
sels between product cam-
paigns. The Spent organic
wastes were nog recveled,
but were discarded off-site
s a hazardoys waste,

To reduce the production
of organic solven; wastes,
SLM replaced 2 number of
Organic  solven flushes
with detergeng flushes ang
water rinses. Solvent usage

cleaning.
aqueous

hydrautic 1oad’ on the biotreatmen;
basin could be handled.)

benefits other than
the €nvironmenty] benefits were real-
ized as wejj. The business saved
3168.000¢yr in solvent waste dispos-
al and S?0.000Iyr in solvent raw ma-
terial cosys, Cleaning effectiveness,
Measured by the amount of materigj
camying over ingo the next product,



Reducing methylene chloride
emissions by sealing atmospheric
tanks. Methylene chloride was
used as a coating, and cleaning sol-
vent in the manufacture of several
graphic arts and electronic pho-
topolymer films. In the late 1980s,
the site released more than 3 mil-
lion lbfyr of chlorinated solvenis
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,
MONOMETs. photoinitiators, pig-
ments, and solvents. These atmo-
spheric mix tanks were not well
sealed, resulting in large fugitive
and point-source -emissions  of
methylene chioride.

To enclose the batch vessels as
much as possible, the mix tanks
were fitted with bolted, gasketed
lids. The vessels were also designed
“ith pressure/vacuum conservation
_ents to allow the vapor pressure 10
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 cosis.

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 patch to continu-
ous reaction technology. The team
persevered through many intensive
-~hnology and project reviews, and

«cluded that the continuous pro-
cess appeared inherently safer and
technically viable. Within eleven

months from concept 10 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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leaning equipmq_nt and pants js gp
iIﬂPOY?ﬂnf Preparatory Step in
many mdustria| processes. Clegp.

These techniques |

© T jean avoid the

|need to clean e et prodoctqalt o e oper
@ o efficiency of ,‘h‘?'e‘i“'Pmﬂf; Or part. Two
' or © general typesi of Materials are removed:
eqmpme”t ’ g:',’; ﬁhgg::ChHSdu‘LmLand gmaseand
where Fleamﬂg * “hard" films, such a4 #ned polymeric

films, scale, and pajngg, Until recenty, soy.
' vent Strippers such as ‘Methylene chloride

is required, replace
) Lo
orreduce the
. use of organic

solvents.

»- ,( James A Dyer, )
E. K'disPont ge Nemours and Co, :

Clear, degrm{: # 'and _ boa:ing-re-
moval mo#ﬂgﬁe*l cerally involve (he
appﬁcanfbffiﬁ‘organic solvent (or sof
venls) 1€ Mmaterja) being Temoved. Dyr.

4' avgﬁ\‘éz!.ﬂgche.orgjt

i ;
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The Poﬂuiion-ﬁ-evemion Con{inuum in

Or to minimize the Waste generated during
the cleaning process. The decision of how

" More than

95% pollution
In the design

Prevention
of a new facifiry, equip-

 ment shoulg b designed withouy fouy
- ledges, o other

Existing process eQuipment can he
retrofitted with drain valves installed 5,
strategic low poings, If the [ow points zre
too low for standird

. i



Alternatively, fiush contaminated
equipment with the salable product of
a Process intermediate. then recycle
the flush back 10 the process, where it
can be purified In existing separations
equipment.

A continuous process inherently
generates Jess waste, because there is
no need to shut down. drain, and clean
the equipment.

More than

: gQ% pollution prevention

i Loosening specifications for finished
product allows for higher levels of im-
purities b the final product Or CrOss-
contamination of products. This reduces
or eliminates the need for solvent wash-
es between product campaigns. Many

_ .- times; specifications forproducts manus

factured in the same equipment are dif-
ferent, and one set of specifications may
be more suingent than another. Through
careful planning and ;nventory control,
a{?ﬁuct changeovers can be made from
\oducts with tghter specifications 10
products with looser specifications.
Application of an antistick coating,
such as polyteuaﬂuoroethylene (PTFE:
e.g. Teflon) or silicone. 10 the interior
walls of processing equipment could
enable easy drainage and removal of
leftover residue. '

More than
75% pollution prevention

Carbon dioxide blasting Systems
(Figure 2) consist of a refrigerated 1ig-
uid CO. supply and equipment for
convertng the liquid CO, to solid pel-
lets. The solid pellets remove coatings
bya combination of irpact, embrittle-
ment. thermal contraction, and gas ex-
pansion. Because the CO; pellets sub-
lime, a wastewater Of liquid waste is
not produced, and a dry coating
residue is collected {1)-

Liguid nitrogen cryogenic stripping
uses Yiquid nitrogen 10 cool the surface
and to help propel the plastic bead
blasting media. The liquid nitrogen &M

_jules and shrinks the coating. and the
] .gh-velocity. nonabrasive pellets
crack. debond. and break away the

ot 1)

Degree of Pollution Prevention  Technology of Practice

> 8% Minimize the need for cleaning
Drain completely
~__Dedicatetos single preduct
Flush with process material
Continuous vs..batch process
. .
> 90% Loosen finished product specifications
Modify surfaces to eliminate cleaning
0,
> T5% | Carbon dioxide or cryogenic blasting
Burning or heat volatilization
_ Mechanical removal
. . .
- 50% . gllg:u anﬂﬁg:e?um-pressure water washing: :
ng with pl astic beads, sodium bicarbonat
Water w.nh-detergent or ultrasonics e Wheat garch
Ctean with pipe “pigs”
5 10% -Flush with solvent from another process
Dectease number of flushes
Heuse-\ggt flush from previous camfraign
, :
o<W b Sgivem_gupsti;ution {see Chapter 12in {108
W Figure 1.
The Pollution
Prevention
Continuum for
equipment

cleaning (above).

B Figure 2.
Carbon dioxide
blasting sysiems
- (right).

The removal of coatings usingheat
that is generated by flames, lase, or
flashlamps results in-the vaporition
of the coated materials. The nonvdile
portions of the coating, suchias mls,
form particulate ash that s ‘Temed
and collected by a vacuum air reyal
system (/). -

Where feasible, manual cleag
using scrapers of spatulas might 4-
inate the need for any subsequent.
vent wash. T

coatings. The water is collected, fil-
tered, and then recycled. The coating
thlcikness and hardness dictate whethe?
a h]gh—pressure (15,000 to 30,000 psig)
or medium-pressure (3,000 to' 13 000.
psig) water-jet is required: = T
A typical high-pressure water washy;”
system for a process vessel i llustrat-
edin lf"lgure 3. The high-pressure watet
lance is attached to a carriage, which is
in tum attached to the bottom of the
vessel. A chain drive mOves the lance
up and down the carriage as needed. A

. . swivel joint at the b f th
50% potiution revention ; ase of the lance
P P permits free rotation. The nozzle at the

High-pressure water - washl @ Rk

i o p of the spinning lance has W -
High-pres®i™ wae. washing, 5 tures that er'rih*c%me-shaped t‘.or:vp:rzf
called water-Jet stripping, uses the} water ot 10,000 bsi with sp T o
pact energy of the water 1o 1€ flow rate of 16 ;f;llmin (; p;::‘:;o]r? ”

Nore than
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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 to flush the
line between campaigns. Third, an ex-
tended 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 to

maintain product specifications.

Capital invesiment for these pro-
cess changes was $700,000; 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 kettles re-
quired 800 h of labor and 110 ¢ of sol-
vent annually. The cleaning process
sometimes involved employees enter-
ing the kettles to scrape the walls —a
process that took each employee 3 h.
Changing to a high-pressure rotating
spray head reduced the amount of so}-
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 369,000; 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 flammable solvent To eliminate
the use of the solvent. a special high-
pressure  water-jet was installed 1o
clean the vessel. The water-jet had a
capital investment of $125,000; the
project had a net present value of more
than $2.5 miltion and a 98% reduction
in waste generation.

In the production of polyvinyl chlo-
rde (PVC), polymer buildup on reactor
surfaces, agitators. brackets. and other
parts 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 10 prevent
contamination of the next batch. Only

2« MAV 1600 « FHERICAL FNRINFERIMG PRAGRFGS

after 500 batches was a high-pressure
water-jet wash required (9).

Flushing equipment with wast
solvent. In the manufacrure of a cast
type product, methylene chloride wa
used as the process flush and cleaning
solvent for 24 years. Two significan
changes were made to the cleaning
procedure. First. methylene chloride
was repiaced with a dibasic ester
waste soeam from another process.
Second, the waste load was further re-
duced by modifying the flushing pro-
cedure. Methvlene chloride emissions
were reduced by 97%, and a proposed
S1.5 million project to conwrol methy-
lene chlonde emissions to the air was
avoided. =
L |
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Table 1. Pollution Prevention Through Good Operating Practices

Good Operating Practice

Program Ingredients

Waste Segregation

Preventive Maintenance
Programs

Training/Awareness-
Building Programs

Effective Supervision

Employee Participation

Prevent mixing of hazardous wastes with nonhazardous wasies

Store materials in compatible groups

Segregate different solvents
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 2 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 poliution 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-
dents

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 benefits of pollution
prevention. Establish pollution prevention goals. Perform pollution
prevention assessments.

“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
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Table 1. (Continued)

Good Operating Practice

Program Ingredients

Production Scheduling/Plan-
ning

Cost accounting/
Allocation

-__—___—____—_——_—“——‘“_—___.—_—__———#—._-—#—————""—‘—ﬁ__——-—

Industry-Specific Checklists

Maximize batch size to reduce clean out waste

Dedicate equipment to a single product

Alter batch sequencing to minimize cleaning frequency (light-to-dark
batch sequence, for example)

Charge direct and indirect costs of al air, land, and water discharges to
specific processes or products

Allocate waste treatment and disposal costs to the operations that
generate the waste

Allocate utility costs to specific processes or products

ll
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Table 2. Checklist for All Industries

% —————
Waste Origin/Type Pollution Prevention and Recycling Methods
Material Receiving/ Use “Just-in-Time" ordering system.
Packaging materials, off-spec materi-  Establish a centralized purchasing program.
als, damaged container, inadvertent Select quantity and package type to minimize packing
spills, transfer hose emptying waste,

Order reagent chemicals in"exact amounts,

Encourage chemical suppliers 1o become responsible
partners (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 departments” 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.

Raw Material and Product Storage/ Establish Spill Prevention, Control, and Countermeasures
Tank bottoms; off-spec and excess (SPCC) plans.
materials; spill residues; leaking Use properly designed tanks and vessels only for their
pumps, valves, tanks, and pipes; dam- intended purposes.

aged containers; empty containers Install overflow alarms for all 1anks and vessels,
: Maintain physical integrity of all tanks and vessals.

Set up written procedures for ail loading/unloading
and transfer operations.

Install secondary containment areas.

Instruct operators to not bypass interlocks, alarms, or
significantly alter setpoints without authorization.

Isolate equipment or process lines that leak or are not
in service.

Use sealless pumps.

36 Appendix B
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Tabie 2. (Continued)

Waste Origin/Type

Pollution Prevention and Recycling Methods

Raw Material and Product Storage/
(Continued)

Laboratories/
Reagents, off-spec chemicals, samples,
empty sample and chemical containers

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 controt, ——

Use conservation vents on fixed roof tanks.

Use vapor recovery systems.

Store containers in such a way as to allow for visual
inspection for commosion and leaks.

Stack contziners 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 berween 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 ail raw materials.

Use proper insulation of electric circuitry and inspect
regularly for corrosion and potential sparking.

Use large containers for bulk storage whenever possible.

Use containers with height-to-diameter ratio equal to one
0 minimize wetted area.

., Empty drums and containers thoroughly before cleaning

or disposal. -
Reuse scrap paper for note pads: recycle paper.

Use micro or semi-micro anaiytical technigues.

Increase use of instrumentation.

Reduce or eliminate the use of highly toxic chemicals in
laboratory experiments. '

Reuse/recycle spent solvents.

Recover metal from catalyst.

Industry-Specific Checklists
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Table 3. Checklist for the Printing Industry

ﬁ

Waste Origin/Type

Pollution Prevention and Recycling Method

Image Processing/Empty 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 coaiings (may

contain dyes. photopolymers, binders. resins.

pigment, organic acids). developers {(may
contain isopropanol, gum arabic. lacquers.
caustcs), and rinse water

Finishing/Damaged products. sCrap

Printing/
Lubricating oils, waste ink, cleanup solvent
(halogenated and nonhalogenated), rags

Recycle empty containers.
Recycle spoiled photographic film.

Use silver-free films. such as vesicular, diazo.
or electrostatic types..

Use water-developed litho plates.

Extend bath life.

Use squeegees 1o 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 floating lids on bleach and developer
tanks.

Use countercurrent washing sequence.
Use squeegees to reduce Caryover.
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 automatc ink leveler.

Use altemnative 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.

Industry-Specific Checklists
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Table 4. Checklist for the Fabricated Metal Industry

Waste Origin/Type

Pollution Prevention and Recycling Methods

Machining Wastes/
Metalworking Fluid

Machining Wastes/

Metal wastes, dust, and sludge

Parts Cleaning/
Solvents

Parts Cleaning/
Aqueous Cleaners

Parts Cleaning/
Abrasives

Parts Cleaning/
Rinsewater

Use of high-quality metaiworking fluid.”

Use demineralized water makeup.

Perform regularly scheduled sump and machine cleaning.

Perform reguiarly scheduled gasket, wiper, and seal
maintenance.

Filter, pasteurize, and treat metaiworking fluid for reuse.

Assigning fluid control responsibility to one person.

Standardize 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.

Segregate and reuse scrap metal.

Install lids/silhouettes on tanks.

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/recover 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.

Remove sludge frequently.
Use dry cleaning and stripping methods.
Use oil separation and filtration to recycle solution.

Use of greaseless or water-based binders.

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.

Improve rack and barrel system design.
.Use spray, fog, or chemical rinses.
Use deionized water makeup 10 increase solution life.

Industry-Specific Checklists
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Table 4. (Continued)

Waste Odgin/Type

Pollution Prevention and Recycling Methods

Surface Treatment and Plating/
Process Solutions

Surface Treatment and Plating/
Rinsewater

92

Use material or process substitution e.g., trivalent
chromium.

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 batk 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 water flow

Fog nozzles and sprays
Automatic flow controls
Rinse bath agitation
Counter current rinse.
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Table 5. Checklist for the Métal Casting Industry

Waste Origin/Type

——
Pollution Prevention and Recycling Methods

Baghouse Dust and Scrubber Waste/
Dust contaminated with lead, zinc,
and cadmium

Production of Ductile Iron/
Hazardous slag

Casting/
Spent casting sand

Identify the source of contaminants, e.g., coatings on

scrap, and work with suppliers to find raw materials that

reduce the contaminant input.
Install induction fumaces 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 fluoride 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.

Industry-Specific Checklists
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Table 6. Checklist for the Printed Circuit Board Industry

e

Waste Orgin/Type Pollution Prevention and Recycling Methods
PC Board Manufacture/ Product substtution:
General Surface mount technology
Injection molded substrate and additive plaring
Cleaning and Surface Preparation/ Materials substitution:
Solvents Use abrasives

Use nonchelated cleaners
- Increase efficiency of process:
Extend bath life, improve rinse efficiency. countercur-

rent cleaning
Recycle/reuse:
Recycle/reuse cleaners and rinses
Pattern Printing and Masking/ Reduce hazardous nature of process:
Acid fumes/organic vapors; vinyl poly- Aqueous processable resist
mers spent resist removal solution: spent  Screen printing versus photolithography
acid solution; waste rinse water Dry photoresist removal
Recycle/reuse:
o Recycle/reuse photoresist stripper
Electroplating and Electroless Plating/ Eliminate process:
Plating solutions and rinse wastes Mechanical board production

Materials substitution:
Noncyanide baths
Noncyanide stress relievers

Extend bath life; reduce drag-in:
Proper rack design/maintenance. better precleaning/
rinsing, use of demineralized water as makeup. proper
storage methods

Extend bath life; reduce drag-out:
Minimize bath chemical concentration. increase bath
lemperature, use wetling agenis., 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 treatment
Impurity removal

Improve rinse efficiency:
Closed-circuit rinses
Spray rinses
Fog nozzles

94
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Table 6. (Continued)

Waste Origin/Type

Pollution Prevention and Recycling Methods

Electroplating and Electroless Plating/
(Continued)

Etching/
Etching solutions and rinse wastes

Industry-Specific Checklists

Improve rinse efficiency (continued):
Increased agitation
Countercurrent rinsing
Proper equipment design/operation
Deionized water use. T
Tum off rinsewater when not in use.

- Recovery/reuse:

Segregate streams
Recover metal values.

Eliminate process:
Differential plating
Use dry plasma etching.
Materials substitution:
Nonchelated etchants
Nonchrome etchants.

- Increased efficiency:

Use thinner copper cladding

Pattemn vs. panel plating

Additive vs. subtractive method.
Reuse/recycle:

Reuse/recycle etchants.
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Table 7. Checkiist for the Coating Industry

“_*__———_*%___

Waste Origin/Type

Pollution Prevention and Recycling Methods

Coating Overspray/
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 Cleanup Wastes/
Process equipment cleaning with
solvents .

Source Reduction

96

Maintain 50% overlap between spray pattem.

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 obots 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. B
Use abrasive media paint stripping.

Use plastic media bead-blasting paint stnpping.

Use cryogenic paint stripping.

Use thenmal 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 light-to-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.

Clean coating equipment after each use.

Reexamine the need for coating, as well as available
alternatives.
Use longer lasting plastic coatings instead of paint.
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" | Water in Semiconductor Wafer
i Fabrication Facilitie
usl
Joi:n DeGenova
s Sematech. 2706 Montopolis Drive, Austin. TX 78741
Fathang Shadman
i NSF:SRC Center for Environmentally Benign Semiconductor Manufacturing
Depatrtment of Chemical and Environmental Engineering, University of Arizona, Tucson, AZ 85721
his paper summarizes the benefirs and risks associated with water i . )
re-iize and recyeling in the semiconductor industry.  The specific items TABLE 2. Risks Associated With water Recycling
- thai unll be covered in tfm paper are: rbarafunmfz?n aj.r the spemt rise- 1. The introduction of impuricy spikes o the system.
water types, the composition range of key impurities, different recyeling 2. The buildup of recalcimant compounds.
sraregies, and water conservation metheds, Discussion will include the 3. Inadequacy of the present purification methods in removing proces
. . . generated compounds.
development of new purification methods for the removal of organic " 4. Risk of new chemical interactions carsed by recycle.
] " impurities, and the development of a compuser model for simsulating the 5. Conmmination duc to biofouling,
effects of recyele.
‘ g NTRCDUCTION Recycling of water that was previously purified to an ultrzpure level and
P 7he semiconductor indusery has recendy experienced rapid growthat  then used 1o rinse off ultrapure chemicals fom dean wafers, provides many
-2 unprecedented rate. This expansion is causin geoncem insomecommu-  advantages, including an improvement in final warer qualicy. This zlone
_ B nitics due to the large quantities of water presently required for semicon-
i ductor wafer manufacruring. Along with this expansion cones the con- A Sampie of 1998 UTrapure Water Usa Among SEMATECH
e eruction and installation of new wafer Ebricacion facilicies (FABS). Each Member Company Fabcication Faciieies
E now facility willuse 1 10 3 million gallons perday. The water use in some b o o 1 18 —
" B locarions approaches several milions of gallons per day. The only cost effec- Fas
gt Tve lang-term solution is the proper segregarion and collection of waste i
f tinse- azers and the implemention of a true recycling strategy.
- TABLE 1. Benefits Associated With Recycling Water - __
: 1. Improved feed water qualicy, final UPW Gualicy 100 :" 35 X
) 2. Improved reliability of UPW facility, Lz1s downtime: 0 0lecm ;
- Reduced frequency of RO membrane cleaning proccuscs. Ottrg .
E Reduced frequency of ion exchange regenerations. Wieyg 18,7 r
! Reduced frequency of filter backwashes/rinses. e 22 e T Wk
" Improved efficiencies in UPW wearment processing. Apprezimate Mask Lovets (o7~ G Dismseter
D% 3. Reduced chemical usage for ion exchange regenerations. (Eacha)
- 4. Signified cost savings: This char represents uRrpuns waler (LPW) wsed i wafer processing (ot kacal
Lesss feed warer and wastewarer discharpe coses. rescurcas) of 18 U.5. chep rl o fscltes. Touw & on locy
i - Lzss cegeneration chemical cost. resourtas has been raduced by many s through wnph o0 of recycle

Less industrial waste treatmenc cost.
5. Improved RO reject quality for other reclamation putposes.
6. Less demand on che municipal water supply and wasce warter
treatment systems.

Evironmental Progress (Vol.16, No.4)

reclaim srefogies. SOURCE: SEMATECH

FIGURE 1. Ulrapure water use in semiconducior wafer processing.
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FIGURE 2. Typical process tool setup.
|

justifies the efforts associated with the implementarion of a recycle strate-
gy. It is not necessary to justify the efforc based only on water conserva-
tion principles. There are many benefits to be realized, both in cost and
in processing, associated with recycling once purified water, back
through the purification process again. Much of the spent rinsewazer
generated in the semiconductor processes, is stiil of superior quality
compared to most municipal feedwarter supplies, This spent rinsewarer
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} faciliry. The benefits to this are multi-fold, and include che
iterns [isted in Table L.
There are also risks, however, associated with recycling spent process
rinsewater back into a UPW facility, to be used once again in che wafer
fabrication process. These risks include the items listed in Table 2.

DISCUSSION OF WATER CONSERVATION STRATEGIES

Figure 1 shows the wide range of water usage rate reported by semi-
conducror manufacturing plants. This char is the resule of a survey per-
formed by Sematech and the data obrained from its member companies.
The amount of Ultra Pure Water (UPW) used per wafer produced varies
from site to site, from company 1o company, and wich wafer size. Each
wafer fabrication facility rypically uses 1-3 MGPD (million gallons per
day). Seme company sites have 34 fabs per site, resulting in large quanti-
ties of UPW use per site which can easily exceed 10 MGPD. This data is
not the amount of municipal water demand, but the amount of UPW,
The acrual demand on municipal water supply is approximarely 25%
greater than the quantiry of UPW, due to losses 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. Mast of this UPW is used for wafer rinsing pur-
poses. Figure 2 indicates some typical semiconductor process tool setups
and a general indication of the various rypes of wastewarer generated
{DeGenova and Williams {2]),

Typically, ultrapure rinse warer is contantinared with residual
chemicals carried in with the process flow. The ultrapure rinse thac ryp-
icatly follows acid/base treatments usually can be readily recycled; the
contaminants are remaved from the warer 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 rhe water for recycle purposes. Diue to the nature

264 Winter 1997

of the semiconductor chemical process steps, however, some of th.
rinse water becomes contaminated with compounds rhat are not read

- removed with standard separarion techniques. Although they follu

acid/base chemistries, the actual product itself may carry contaminant
into this rinse water. The rinse water, from the resist strip hoods,

[
TABLE 3. Rinse Water Reduction

+ Spray tinsing vs, Overtlow, Quick Dump
* Rinse Tank Geometry Improvements

* Hot UPW w3, Cold UPW

« Megasonic Rinsing

* Idle Flow Rate Reduction

* Analystical Monitoring of Rinse Water

*» Computer Modeling: Convective/Diffusive i

not be readily recyclable. The rinse that typically follows organic chef -
ical baths may also become contaminated with compounds not read:
removable and recyclable, The segregation of these waste streams 1
importanr to achieve a reliable recycle system.

The contaminants in che spent rinsewater generating most of did

concern in the industry today are organic solvents. The method o

" r'al )
M ost oflhd}waPW bypass\c\‘i the wafers.

Desorption

Cheveciia

Diffusion

1

:
o
™)

FIGURE 3. Typical overflow rinsing
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. TAB_LE 4. Water | R_e_c!amciion/Reus_e__

*+ RO Reject: T Air Scrubbers, Ierigatiun

* Ultrafileer Reject; UPY Svstem Rinsing

* Anaiyvtical Instrument Discharge: Various Use
* Spent Rinse Water: CT Makeup

«noice for the removal of these organic compounds is oxidation. Filtrz-
tion and adsorption present a risk of biofouling. The concepr of phorto-
cacaiytic oxidarion reactors. as applied to recycle systems, has been
developed at the University of Arizona in Tucson {Chen and Shadman;
Shadman and Governal (1}). The phorocaralyzed exidarion of process-
generated impurities like surfactancs, organic solvents, and trace
chlorinated hydrocarbons in ultrapure water is promising,

Process simulation is another important tool in the design and analy-
sis of recycle systems. Work is presently underway at the Universicy of
Arizona (Shadman {5]) in developing a process simulator for chis applica-
tion. This simulation consists of 2 solurion w the governing equaions for
transporc and removal of impurities. The equations for the simulator
modules representing reactions and transpore of impurities are combined

TABLE 5. Water Recycling

* Spent Rinse Water: Recycled to UPW System:
= Feed Water Storage Tank

* Semi-Pure Storage Tank

* Uluapure Water Scorage Tank

to determine the processes that take place in a typical ultrapure water
weatment facilicy. In solving chese equations, one can obain the dynam-
ics of contaminant distriburion in the primary supply and the polishing
loop as well as the final concentrations at the point of use.

The primary strategy o conserve UPW is by reducing the warer
used for water rinsing. Some of the techniques, indicated in Table 3,
are quite simple bur can make significant impacts o the overall warer
consumption. Spray rype rinsing has been shown to use much less
water than typical overflow type. However, spray rinsing generally 2dds
dissolved oxygen and possibly other contaminanss, .

Hot warer is gencrally more effective than cold warer in cleaning
walers. In some cases, che rinse water temperature can be elevated 1o

_ TABLE 6. Typicai Water Quality Comparison

Tvpical Tapacal Segrezacad
Water Munripal Llinpure (%0%n)
Cualirr Wharer Witer penie
Parameter Cnia Supphr Produt  Rinse Witer
Resustivicy M Ohmaem 0.004 28 03
pH unirs 3 6 §.7
TOC ppb 3300 <10 i 20
Ammonium  ppb 300 <l 300,
Calcium ppb 22000 <t 68
Magnesium  ppb 4000 <1 26
Potassium ppb 43500 <1 5
Silia ppb 4780 <10 338
Sodium ppb 29000 <i 237
Chloride ppb 15000 <} 100
Fluoride ppb 740 <} 100
Sulface ppb 42000 <! 300

accomplish a better rinse, reducing the quantity of rinse water required.
However, hot ulcrapure rinse wacer has also been shown o cause
defects after certain process steps. Megasonic rinsing is anather method
of improving the rinse process. By adding megasonic action. one can
improve the rinsing process in some cases, thereby reducing the
required quanticy of rinse water. Unil recently, rinse tanks were typical-
ly designed with large volumes . It was originally thought that large
water volumes would provide a cleaner rinse. Nonetheless, Figure 3
shows this is not necessarily the case. As the wafers are typically loaded
into wafer carriers, or boats, and are tightly spaced relative to one
another, the pach of least resistance for the water Aow is acrually around
the wafer boar, racher than in between the wafer product spacing, It has
been shown that nearly 80% of the rinse water acrually bypasses che
product {Rosato et al. {4]). A smaller rinse tank acrually provides for 2
better rinse process with this arrangement. New semiconductor process
tools are being designed with smaller finse rnks and with directional
flow patterns forcing the water in berween the wafer spaces. producing
faster, better rinsing. Less process time for rinsing is requited and ber-
ter process contro] is achieved.

In addition, reducing flow rates during idle periods can also make sig-
nificant differences in warer reduction. However, low flow rates can fead
w bacterial growth, which could be devastating to the UPW system and
to the production line. Studies are underwzy to evaluate sensors for

h 4 y
Raw R.Q.

RGURE 4. \Water recjeling strategies.
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monitoring the quality of water in each rinse rank o determine when
adequate rinsing is achieved. Some studies have focused on the develop-

menc of rinse models using both diflusion and convection equations w

help optimize the rinsing process {Helms [3]). These models include the
processes that occur in berween the dght wafer spacing, including the
desorption of the removal of chemicals from the wafer surface and the
difffision of the chemicals through the boundary layer into the bulk fluid
where impurities are carried away by convection.

A second water reduction strategy currently underway is in the re-
use of water 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 of water re-use are listed in Table 4. Spenc rinse
water can also be used for some of these re-use applications. However,
due o its relatively pure nature, this water is quite aggressive and will
artack most materials. Additional rreatment may be necessary prior to
re-use of this warer, such as in raising the alkalinity to decrease the cor-
rosion characteristics. :

Anorher water use optimization and reduction strategy is in recy-

cling of the spent rinse water back into the UPW treatment system.

Because of the relatively high purity level of the rinse water, one can
consider recycling this water back into the UPW process ar various
points within the process. It can be combined with che feed warer at
the treament process input, thereby reducing the demand for this feed
source. [t can also be combined at other points in rthe UPW system,
such as with reverse osmosis purified water, in a semi-pure state. Or,
one can consider recycling this spent rinse water back into the UPW
process at an ultrapure staee, such as in the ultrapure water storage tank
where it will be re-polished prior to use. Table 5 lists these oprions,
which are also iHusrrated in Figure 4, which indicazes a rypical UPW
trearment process, with primary treatment, ion exchange or secondary
treatment, and a final polishing treatment step with holding tanks.
The spent rinse water can be brought back to any of these holding
tanks. Naturally, the highest benefit would be gained by bringing the
recycle back to the UPW tank prior to polishing. However, this option
also carries the highes risk.
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Table 6 indicates some typical water purity levels ar differenc ¢
of processing, Shown here are a typical il municipal supply water pui -
typical Uktrapure Water quality, and what one would expect from
lecting approximately 50% of the spent rinse water, specaﬁcallv .
gated according to recycle readiness.

Table 6 indicates thac che spent rinse water is still in a semitmi
state, and is of better quality than water supplied by the municip
It seems quite logical that replacing the municipal city feed wates
ply with this spent nnse water in a recycle mode would have beng
consequences. However, due to the risks associared with recy
these spent rinse waters back into the process flow, the consequenc -
which could be devastating to manufacturing, 2 much more det. .
effore is required. If the final UPW product becomes contamina:-u
any time, the manufacturing facility must srop production, riskir
work in progress. It may take significant time to bring the UPW ¢
ty back to the required specifications, thereby causing downtimdiss
extra costs and risks. The task at hand is w eliminate any risk assoc
with water recycling, '

“The benefits of recycling, listed in Table I, can be quite subsrai
With z better quality of feed water ar the source, the unit process
the ultrapure warter facility operate with improved efficiency. D.
the improved processing, there is less required maintenance and d’ -
time, resulting in a more reliable, and safer facility. A reducrit
chemical usage can also be realized, as less membrane cleaning ane
ion exchange regeneration are required. There is also a reduction it
amount of industrial wasrewater requiring treatment. In fact, Wil
berter qualiry feed source, reject from a reverse osmosis system
improves in quality, rendering this warer much more amenabl: .
other reclamation purposes. Figure 5 illustraces a schematic ofany
UPW system with recycle back to the primary feed water storage
Indicated here, are quality levels through various points in che t,
facility, with and withour the recycle of water, The estimated +
quality with recycle, based on quality levels listed in Table 6, feu s
the final poiishing loop is of superior quality.

The risks, listed in Table 2, include bringing new and unkr
process contaminants to the UPW system. Compounds not pro _;
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removed could build up in the system. The product vield could then be
negarively impacted. There is very liztle daca available on che removal
of arganic compounds rvpically used in waler processing. Aay of these
compounds in the UP'W product at the point of use could be devastac-
ing. Hence, the proper segregation of the Spent rinse warer is impera-
tive in order to keep these compounds out of the recycle loop, at least
until daa is available for the removal of these compounds with existing
wwchnology. 2ndfor unil newer and more effective techaologies can be
developed.

[n addition to the process simulation. improved metrology and
sensing techniques are required to minimize the tecveling risk. OF
utmost importance is on-line instrumentation with fast response thar
can be used to monitor recycle water qualicy. The fast response is neces-
sary so that quick decisions can be made on whether to direct the recy-
cle water back into the UPW process, of to divert the flow away from
the UPW process. This action must be fast enough to avoid any quality
upsess. Special valve switching arrangements ean be installed, based on

the monitoring devices, in order to minimize the risk or system upscts.

Eventually, chere will be a need to integrate the metrology and the sim-
ulator for both predictive and control purposes.

SUMARY AND CONCLUSION
A water recycling strategy focused on the segregation and re-use of
semi-pure rinsewaters will provide for 2 cost.cffective system. Many

henefits can be also be realized in the area of final UPW product quali-

En: :ronmental Progress (Vol.16, No.4)

ey, safecy, waste chemicat reduction, energy ceduction. and improved
process reliabilicy.

There is a definite nced tor pracess simulation and mare advanced
metcology and contra! rechniques, The risks assaciared with revcling can be
eninimized and managed properdy:
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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 of key 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 of 'wastes 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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November 10, 1997
P2 PUBLICATIONS

PLEASE PLACE A CHECK NEXT TO THE GUIDES YOU WISH TO ORDER AND SEND TO:

NATIONAL RISK MANAGEMENT RESEARCH LABORATORY

-t

TECHNOLOGY TRANSFER AND SUPPORT DIVISION
26 W. MARTIN LUTHER KING DRIVE
CINCINNATI, OH 45268
PHONE: (513) 569-7562 FAX: (513) 569-7566

GUIDES TO POLLUTION PREVENTION:

THE PESTICIDE FORMULATING I'NDUSTRY.

THE PAINT MANUFACTURING INDUSTRY-

THE FABRICATED METAL PRODUCTS INDUSTRY
THE PRINTED CIRCUIT BOARD MANUFACTURING INDUSTRY

THE COMMERCIAL PRINTING INDUSTRY

SELECTED HOSPITAL WASTE STREAMS

RESEARCH AND EDUCATION INSTITUTIONS

THE PHOTOPROCESSING INDUSTRY

THE AUTO REPAIR INDUSTRY

THE FIBERGLASS REINFORCED AND COMPOSITE PLASTICS INDUSTRIES
MARINE MAINTENANCE AND REPAIR INDUSTRY

THE AUTOMOTIVE REFINISHING INDUSTRY

THE PHARMACEUTICAL INDUSTRY

MECHANICAL EQUIPMENT REPAIR

METAL CASTING AND HEAT TREATING INDUSTRY
METAL FINISHING INDUSTRY

MUNICIPAL PRETREATMENT PROGRAMS
NON-AGRICULTURAL PESTICIDE USERS

WOOD PRESERVING INDUSTRY

THE PAINTS AND COATINGS INDUSTRY

EPA/625/7-90/00
EPA/625/7-90/005
EPA/625/7-90/006
EPA/625/7-90/007
EPA/625/7-90/008
EPA/625/7-90/009
EPA/625/7-90/010
EPA/6257-91/012
EPA/625/7-91/013
EPA/625/7-91/014
EPA/625/7-91/015
EPA/625/7-91/016
EPA/625/7-91/017
EPA/625/R-92/008
EPA/625/R-92/009
EPA/625/R-92/01t
EPA/625/R-93/0C6
EPA/625/R-93/009
EPA/625/R-93/014

EPAJ625/R-96/003



BEST MANAGEMENT PRACTICES FOR THE TEXTILES INDUSTRY

BEST MANAGEMENT PRACTICES FOR POLLUTION PREVENTION IN THE
SLABSTOCK AND MOLDED FLEXIBLE POLYURETHANE FOAM INDUSTRY

GUIDES TO CLEANER TECHNOLOGIES

ORGANIC COATING REMOVAL

ALTERNATIVES TO CHLORINATED SOLVENTS FOR
CLEANING & DEGREASING

CLEANTNG AND DEGREASING PROCESS CHANGES
ORGANIC COATING REPLACEMENTS

_ALTERNATIVE METAL FINISHES

OTHER MANUALS:

- FACILITY POLLUTION PREVENTION GUIDE - - s

BACKGROUND DOCUMENT ON CLEAN PRODUCTS RESEARCH
& IMPLEMENTATION

ACHIEVEMENTS IN SOURCE REDUCTION & RECYCLING FOR TEN
INDUSTRIES IN THE UNITED STATES

INDUSTRIAL P2 OPPORTUNITIES FOR THE 1990'S

~ POLLUTION PREVENTION CASE STUDIES COMPENDIUM
OPPORTUNITIES FOR P2 RESEARCH TO SUPPORT THE 33/50 PROGRAM
LIFE CYCLE DESIGN GUIDANCE MANUAL

LIFE CYCLE ASSESSMENT: INVENTORY GUIDELINES & PRINCIPLES

A PRHVEER FOR FINANCIAL ANALYSIS OF P2 PROJECTS

MEASURING POLLUTION PREVENTION PROGRESS PROCEEDINGS

WASTE MINIMIZATION PRACTICES AT TWO CCA WOOD-TREATMENT
PLANTS

INNOVATIVE CLEAN TECHNOLOGIES CASE STUDIES
DUPONT CHAMBERS WORKS WASTE MINIMIZATION PROJECT
ONSITE SOLVENT RECOVERY

MERCURY USAGE AND ALTERNATIVES IN THE ELECTRICAL
AND ELECTRONICS INDUSTRIES

A REVIEW OF COMPUTER PROCESS SIMULATION IN INDUSTRIAL P2

EPA/625R-96/004

EPA/625/R-96/00.

EPA/625/R-93/015

EPA/625/R-93/016
EPA/625/R-93/017
EPA/625/R-94/006

EPA/625/R-94/007

—EPA/600/R-92/083

EPA/600/2-90/048

EPA/600/2-91/051 . - -

EPA/600/8-91/052
EPA/600/R-92/046
EPA/60O/R-92/175
EPA/600/R-92/226
EPA/600/R-92/245
EPA/600/R-93/059

EPA/600/R-93/151

EPA/600/R-93/168
EPA/600/R-93/173
EPA/600/R-93/203

EPA/600/R-94/026

EPA/600/R-94/04"

EPA/600/R-94/128

UL



November 10, 1997
NEW JERSEY RESEARCH BRIEFS

PLEASE PLACE A CHECK NEXT TO THE REPORTS YOU WISH TO ORDER AND MAILL TO:

NATIONAL RISK MANAGEMENT RESEARCH LABORATORY
TECHNOLOGY TRANSFER AND SERVICE DIVISION
26 W. MARTIN LUTHER KING DRIVE
CINCINNATI, OH 45268
PHONE: (513) 569-7562 FAX: (513) 569-7566

Waste Reduction Activities and Optioans for a:

——

Printer of Forms and Supplies for the Legal Profession
Nuclear Powered Electrical Generating Station

State DOT Maintenance Facility

Local Board of Education in New Jersey
Manufacturer of Finished Leather

Manufacturer of Paints Primarily for Metal Finishing

Manufacturer of Writing Instruments

- Manufacturer of Room Air Conditioning Units and Humidifiers

Autobody Repair Facility

Fabricator and Finisher of Steel Computer Cabinets
Manufacturer of Artists' Supply Paints

Manufacturer of Wirc Stock Used for Production of Metal Items
Manufacturer of Commercial Refrigeration Units

Transporter of Bulk Plastic Pellets

Manufacturer of Electroplated Wire

Manufacturer of Systems to Produce Semiconductors

Remanufacturer of Automobile Radiators

Manufacturer of Fire Retardant Plastic Pellets and Hot Melt Adhesives

Printing Plate Preparation Section of a Newspaper
Manufacturer of General Purpose Paints and Painting Supplies
Manufacturer of Fine Chemicals Using Batch Processes

Larninator of Paper and Cardboard Packages

EPA/600/S-92/003
EPA/600/S-92/035
EPA/600/S-92/026
EPA/600/S-92/027
EPA/600/S-92/03
EPA/600/S-92/04)
EPA/600/S-92/041
EPA/600/S-92/042
EPA/600/S-92/043
EPA/600/S-92/048
EPA/600/5-92/045
EPA/600/S-92/045
EPA/600/S-92/047
EPA/600/S-92/048
EPA/600/S-92/049
EPA/600/S-92/050
EPA/600/5-92/05i
EPA/600/S-92/057
EPA/600/S-92/053
EPA/600/S-92/054
EPA/600/S-92/055

EPA/600/S-92/056



Manufacturer of Hardened Steei Gears

Scrap Metal Recovery Facility

. Manufacturer of Electroplating Chernical Products
L Manufacturer of Plastic Containers by Injection Molding
- Fossil Fuel-Fired Electrical Generating Station

- Manufacturer of Conunercial Dry Cleaning Equipment

Electrical Utility Transmission System Monitoring and Maintenance Facility

' Manufacturer of Orthopedic Implants

TO NRMRL PUBLICATIONS UNIT:

PLEASE SEND THE ABOVE INFORMATION TOME AT THE FOLLOWING ADDRESS:

NAME

EPA/600/5-92/057
EPA/600/S-92/05¢
EPA/600/5-92:059
EPA/600/3-92/068
EPAJ600/5-92/06]
EPA/600/S-92/06)
EPA/600/S-92/063

EPA/600/5-92/064

ADDRESS__ - - e

CITY & STATE.

" PHONE & FAX

E-MAIL,

s
o,




FEDERAL FACILITY POLLUTION PREVENTION TOOLS FOR COMPLIANCE EPA/G00/R-94/15%
POLLUTION PREVENTION OPPORTUNITY ASSESSMENT: US COAST GUARD
AVIATION TRAINING CENTER, MOBILE, ALABAMA EPA/600/R-941556
DEVELOPMENT OF A POLLUTION PREVENTION FACTORS METHODOLOGY

BASED ON LIFE-CYCLE ASSESSMENT: LITHOGRAPHIC PRINTING .

CASE STUDY EPA/600/R-94/15 T

INNOVATIVE CLEAN TECHNOLOGIES CASE STUDIES

SECOND YEAR PROJECT REPORT EPA/600/R-94/169
NASA LANGLEY RESEARCH CENTER & THE TIDEWATER INTERAGENCY
POLLUTION PREVENTION PROGRAM EPA/GO0/R-941171

CHEMICAL HAZARD EVALUATION FOR MANAGEMENT STRATEGIES
(CHEMS 1): A METHOD FOR RANKING & SCORING CHEMICALS BY

POTENTIAL HEALTH & ENVIROMENTAL IMPACTS

THE PRODUCT SIDE OF POLLUTION PREVENTION:
EVALUATING THE POTENTIAL FOR SAFE SUBSTITUTES

GERMANY, GARBAGE, & THE GREEN DOT:
CHALLENGING THE THROWAWAY SOCIETY

P2 CASE STUDIES COMPENDIUM - 2ND EDITION
P2 RESEARCH WITHIN THE FEDERAL COMMUNITY

- P2 POSSIBILITIES FOR SMALL & MEDIUM-SIZED INDUSTRIES:
RESULTS OF THE WRITE PROJECTS

LIFE CYCLE DESIGN FRAMEWORK AND DEMONSTRATION PROJECTS:

PROFILES OF AT&T AND ALLIED SIGNAL

- DEMONSTRATION OF ALTERNATIVE CLEANING SYSTEMS

DEVELOPMENT OF COMPUTER SUPPORTED INFORMATION SYSTEM SHELL

FOR MEASURING POLLUTION PREVENTION PROGRESS

SOFTWARE PROGRAM

EPA/600/R-94/1 7
EPA/600/R-94/1S

EPA/G600/R-94/11G»
EPA/6QO/R-95B S

EPA/600/R-95151
EPA/600/R-95MIO

EPA/GOO/R-95M7

EPA/600/R-9 5O

EPA/G60C/R-95130

P2P SOFTWARE: A MEASUREMENT METHODOLOGY FOR POLLUTION PREVENTION PROGRESS.
This software applics to P2 progress resulting from product redesign, or reformulation by comparing the

pollution generated by the original product with that from the modified product.

TO NRMRL PUBLICATIONS UNIT:
PLEASE SEND THE ABOVE INFORMATION TO ME AT THE FOLLOWING ADDRESS:

NAME

ADDRESS

CITY & STATE

PHONE & FAX

E-MAIL




ke

Pollution Prevention Cpportunity Assessments of U.S. Army Corps of Engincers
Civil Works Facilities

Pollution Prevention Research Within the Federal Communiry
Radome Depainting Evaluation at Tinker Air Force Base

Performance Demonstations of Alternative Screen Reclamation Products
for Screen Printing

Chromate Recovery from Chromating Rinsewater in the Metal-Finishing Industry

Field Testing and Evaluation of Zerpol Technology at Pioneer Metal Plating at
Franklinville, New Jersey ,

Pollution Prevention Alternatives for Public Works Center (Transportation) Waste
Fluids at Naval Station Mayport

Investigation of Waste 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
National Forensic Laboratory

Pollution Prevention Assessment: U.S. Postal Service Bulk Mail Center,
_Dallas, TX _ ..

Pollution Prevention Assessment: U.S. Postal Service Stamp Distribution
Network, Kansas City, MO

Poliution Prevcntiqn Assessment: U.S, Postal Service Facilities, Memrifield, VA

Pollution Prevention Assessment: U.S. Postal Service Post Offices,
Pittsburgh, PA Area

Pollution Prevention Assessment: U.S. Postal Service Materials
Distribution Center, Topeka, KS

Finishing Fabricated Metal Products with Powder Coating

TO NRMRL PUBLICATIONS UNIT:

PLEASE SEND THE ABOVE INFORMATION TO ME AT THE FOLLOWING ADDRESS:

NAME

ADDRESS

CITY & STATE

PHONE & FAX

E-MAIL -

EPA/600/S45,014

EPA/600/SRA /06 1

EPA/600/R%,079

EPA/600/SR-%,/081

EPA/600/SR-%/087

EPA/600/R¥ 126
EPA/600/R-%127
EPA/600/R%128

EPA/600/SR-% 3 5

EPA/600/SR-% 3 8

EPA/SO0/SRS 2

EPA/600/SR-42 ¢

EPA/600/SRSD<t
EPA/600/SR-Hl O
EPA/600/SR-%T 1

EPA/600/SR-% 12

EPA/600/SR-% 13
EPA/600/SR-4 14

EPA/600/SR-H 15

EPA/SQ0/SR-41 52

ey,

e



ENVIRONMENTAL RESEARCH BRIEFS

November 10, 197

PLEASE PLACE A CBECK NEXT TO THE REPORTS YOU WISH TO ORDER AND MAIL TO:

NATIONAL RISK MANAGEMENT RESEARCH LABORATORY
TECHENOLOGY TRANSFER AND SERVICE DIVISION

26 W. MARTIN LUTHER KING DRIVE
CINCINNATI, OH 45268

PHONE: (513) 569-7562 FAX: (513) 569-7566

Waste Minimization Assessment for a:
- - Manufacturer of Printed Plastic Bags
Metal Parts Coating Plant
——. Manufacturer of Outdoor llluminated Signs
- Manufacturer of Rebuilt Railway Cars and Components
- Manufacturer of Brazed Alurninum Oil Coolers
- Manufacturer of Heating, Ventilating, and Air Conditioning Equipment
Bumper Refinishing Plant
*Multilayered Printed Circuit Board Manufacturing
Manufacturer of Printed Circuit Boards
Paint Manufacturing Plant
- Manufacturer of Compressed Ak Equipment Components
Manufacturer of Aluminum Cans
Manufacturer of Refurbished Railcar Bearing Assemblies
Manufacturer of Prototype Printed Circuit Boards
Ménufactu:cr of Speed Reduction Equipment
Manufacturer of Printed Labels
Manufacturer of Chemicals
A Dairy
Manufacturer of Metal-Cutting Wheels and Components
Manufacturer of Automotive Air Conditioning Condensers and Evaporators
Printed Circuit Board Manufacturer

Manufacturer of Components for Automobile Air Conditioners

EPA/S00/M-9017
EPA/600/M-9 1/85
EPA/600/M-9 116
EPA/600/M-9 117
EPA/600/M-9 1108
EPA/600/M-9 149
EPA/600/M-9 IR0
EPA/600/M-9 111
EPA/600/M-9 1112
EPA/600/M-9 143
EPA/G0O/M-9 L4
EPA/600/M-9 1815
EPA/600/M-9 1/
EPA/600/M-9 1145
EPA/600/M-9 1146
EPA/600/M-9 1247
EPA/600/5-9 2004
EPA/600/S-92105
EPA/600/S-92/06
EPA/600/S-92/07
EPA/600/S-92/08

EPA/600/S-92:09

8



Manufacturer of Aluminum Extrusions

Manufacturer Producing Galvanized Steel Parts

Manufacturer of Commercial Ice Machines and Ice Storage Bins
Manufacturer of Water Analysis Instrumentation

Manufacturer of Can-Manufacturing Equipment

Manufacturer of Metal Bands, Clamps, Retainers, and Tooling
Manufacturer of Permanent-Magnet DC Electric Motors
Manufacturer of Military Furniture

Aluminum Extrusions Manufacturer '

Manufacturer of Metal-Plated Display Racks

Manufacturer of Motor Vehicle Exterior Min'ors' -

Manufacturer of Sheet Metal Cabinets and Precision Metal Parts
Manufacturer Producing Treated Wood Prodicts

Manufacturer of Industrial Coatings
Manufacturer of Cutting and Welding Equipment
Manufacturer of Finished Metal Components

Manufacturer of Machined Parts

. Manufacturer of Injection-Molded Car and Truck Mirrors

Manufacturer Producing Printed Circuit Boards
Manufacturer of Custom Molded Plastic Products
Manufacturer of Sheet Metal Components
M-anufactu.rcr of Silicon-Controlied Rectifiers and Schottky Rectifiers
Manufacturer of Penny Blanks a;:d Zinc Products
Manufacturer of Baseball Bats and Golf Clubs
Manufacturer of Product Carriers and Printed Labels
Manufacturer of Rotogravure Printing Cylinders
Manufacturer of Screwdrivers

Manufacturer of Pliers aud Wrenches

Manufacturer of Finished Metal & Plastic Pam

Manufacturer of Prewashed Jeans

EPA/600/S-92/010
EPA/600/S-92:011
EPA/600/S-92/012
EPA/600/S-52/013
EPA/600/S-92/014
EPA/600/S-92/015
EPA/600/S-92/015
EPA/600/5-92/017
EPA/600/5-92/018
EPAfsow;.éz/ow
EPA/600/S-92/020

EPA/600/8-52/024

~ EPA/600/S-92/027

EPA/600/S-92/028
EPA/600/S-92/029
EPA/600/S-92/0% -
EPA/600/S-92/031
EPA/600/S-52/03
EPA/600/S-92/03}
EPA/600/S-92/034
EPA/600/S-92/035
EPA/600/S-92/036
EPA/600/S-92/037
EPA/600/S-93/007
EPA/600/5-93/008
EPA/600/S-93/009
EPA/600/5-94/003

EPA/600/5-94/004

EPA/600/S-94/00%

EPA/600/8-94/006

fmn

179 =



o Manufacturer of Paints and Lacquers

ad

4

Manufacturer of Gravure-Coated Meualized Paper & Metalized Film
Manufacturer of Surgical Implants

Manufacturer of Aluminum and Steel Parts

Manufacturer of Aerial Lifts

Manufacturer of Mountings for Electronic Circuit Components
Manufacrurer of Felt Tip Markers, Stamp Pads, & Rubber Cement
Ma:nufactmer.of Coated Parts

Manufacturer of Microelectronic Components

Manufacturer of Corn Syrup and Com Starch

Manufacturer of Caulk

Manufacturer of Electrical Rotating Devices

Manufacturer of Parts for Truck Engines

Bourbon Distillery

Manufacturer of Paper Rolls, Ink Rolls, Ink Ribbons, and Magnetic
- and Thermal Transfer Ribbon

Manufacturer of Labels and Flexible Packaging

New and Reworked Rotogravure Printing Cy]jndcrs
. Stecl Fabricator

Rotogravure Printing Cylinder Manufacturing

Manufacturer of Iron Castings and Fabricated Sheet Metal Parts

Pollution Prvention Assessment for a
Manufacturer of Paints and Coatings
| Manufacturer of Bourbon Whiskey
Manufacturer of Automotive Battery Separators
Manufacturer of Automotive Lighting Equipment and Accessories
Manufacturer of Locking Devices
Manufacturer of Combustion Engine Piston Rings
Manufacturer of Metal Fasteners

Manufacturer of Stainless Steei Pipes and Fittings

EPAJ600/5-94/007
EPA/600/5-94:008
EPA/600/S-94/009
EPA/600/5-94/010
EPA/600/S-94/011

EPA/600/5-94/012
EPA/600/5-94/013

EPA/600/S-94/014
EPA/600/S-94/015
EPA/600/S-94/016
EPA/600/S-94/017
EPA/600/5-94/018

EPA/600/5-94/019

EPA/600/8-95/002

EPA/600/S-95/003
EPA/600/S-95/004
EPA/600/S-95/005
EPA/600/S-95/006
EPA/600/S-95/007

EPA/600/S-95/008

EPA/600/S-95/009
E:PNGODIS-QSIO 10
EPA/600/S-35/011
EPA/600/S-95/012
EPA/600/5-35/011
EPA/600/S-95/015
EPA/600/S-95/016

EPA/600/S-95/017



e

. LR IEN
—_ Manufacturer of Quthoarg Motors EPA/600/S.%0 13 )
Manufacturer of Electroplated Truck Bumpers EPA/600/S 990 19
Printed Circuit Board Plag; : : EPA/600/S.9i52¢
Manufacturcr of Folding Paperboard Cartons EPA/600/S-%02) .
Manufacturer of Rcbu:lt ;ndustnal Crankshafts EPA/600/S-%0 22
Manufacmrcr of Prcssurc-Scnsmve Tape B ' EPA/600/1S-9po3 =
Manufacturer of Wooc_!en Cabinets EPA/600/S-992 4
1
Manufacturer of Power Supplies EPA/600/S-% =2 5
Manufacturer of Food Service Equipment ' - EPA/600/S-992 6 -
Manufacmrcr of Metal Parts Coater EPA/600/S-9%92 7
Manufacmrcr of Gear Cases for Outboard Motors ' EPA/600/S-%> 8 -
Manufacmrcr of Electncal Load Centcrs ' ' EPA/600/S-952 9
- ~-Manufacturer of Pha.rmaccuncals'* T T e ST = EPA/600/S-5i3 G+ w==-
Manufacrurer of Components for Outboard Motors EPA/600/S-93 1
Manufacturer of Aircrafy Landing Gear EPA/600/S.93 2
T " - NP
-
TO NRMRL Punucanons'uwn_': -
PLEASE SEND THE ABOVE INFORMATION TO ME AT THE FOLLOWING ADDRESS:
NAME
ADDRESS K
"
CITY & STATE o , -
PHONE & FAX _ 7 |
E-MAIL : — -
L1}
.
sl
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