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ABSTRACT
The environment has emerged as an important determinant of the performance of
the modern chemical industry. This paper reviews approaches for incorporating
environmental issues into the design of new processes and manufacturing facil-
ities. The organizational framework is the design process itself, which includes
framing the problem and generating, analyzing, and evaluating alternatives. A
historical perspective on the chemical process synthesis problem illustrates how
both performance objectives and the context of the design have evolved to the
point where environmental issues must be considered throughout the production
chain. In particular, the review illustrates the need to view environmental issues
as part of the design objectives rather than as constraints on operations. A con-
cluding section identifies gaps in the literature and opportunities for additional
research.

CONTENTS
INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 500
THE DESIGN PROCESS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 501
PROBLEM FRAMING . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 505
GENERATION OF ALTERNATIVES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 509

Use of Documented Pollution Prevention Solutions as a Source of Design Alternatives . . 510
Design by Case Study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 511
Hierarchical Design Approaches and Other Methods of Structured Thinking . . . . . . . . . . 511
Pinch Analysis and Other Targeting Techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 511
Mathematical Programming . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 514
Expert Systems and Other Artificial Intelligence Approaches . . . . . . . . . . . . . . . . . . . . . . 515

499
1056-3466/98/1022-0499$08.00

A
nn

u.
 R

ev
. E

ne
rg

y.
 E

nv
iro

n.
 1

99
8.

23
:4

99
-5

36
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lre

vi
ew

s.o
rg

 A
cc

es
s p

ro
vi

de
d 

by
 1

10
.2

25
.3

5.
16

4 
on

 0
4/

11
/2

0.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 



       

P1: PKS/Sa/Ga P2: PSA/VKS QC: PSA

September 19, 1998 14:2 Annual Reviews AR064-13

500 CANO-RUIZ & McRAE

ANALYSIS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 516
EVALUATION OF ALTERNATIVES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 517

Environmental Concerns as Constraints on Economic Optimization . . . . . . . . . . . . . . . . . 518
Environmental Concerns as Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 519
Trading Off Environmental Objectives Against Other Design Objectives . . . . . . . . . . . . . 524

SENSITIVITY ANALYSIS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 526
RESEARCH NEEDS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 528

Generation of Alternatives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 528
Analysis of Alternatives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 528
Evaluation of Alternatives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 529
Sensitivity Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 529

CONCLUSIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 529

INTRODUCTION
Chemical manufacturers are facing many challenges, including global compe-
tition and regulatory demands for more benign products and production pro-
cesses. Environmental issues are also at the core of how the chemical industry is
perceived by society. Images of dangerous pollution, reinforced by data on the
generation of hazardous pollutants (1, 2), have continued to drive public percep-
tion, which in turn has put pressure on governments and regulatory agencies to
tighten environmental regulations. Industry has responded to these concerns by
developing programs, like Responsible Care, that establish goals for environ-
mental health, safety, and product stewardship (3). More than 4000 companies
or facilities around theworld have embraced the ISO14001 environmentalman-
agement system standard. The standard requires senior management to adopt
an environmental policy document that demonstrates commitment to compli-
ance with national laws and regulations, continual improvement, and pollution
prevention (4). Although the goals are certainly appropriate, the real problem
and opportunity is how to translate them into action.
The enormity of the challenge can be seen in Table 1. Even just using ma-

terial economy as a measure of waste generation there are wide variations
across the chemical industry and obviously many opportunities for improve-
ment. Typically, the most common way to reduce pollutant emissions has been
to add control technology to bring the process into compliance with discharge
standards. One consequence of this approach has been the allocation of large
amounts of capital to the installation and operation of environmental control
equipment (Figure 1). While there is a clear need to improve economic and
environmental performance, there is unfortunately little operational guidance
about how to do better. For example, consider the references listed in Table 2.
These books, currently used in teaching chemical process design, contain little
or nothing about environmental issues, decision making involving tradeoffs, or
the larger context of the design process itself. Currently, much of the needed
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Table 1 Waste generation in different segments
of the chemical industrya

Product Waste
Industry segment tonnage generationb

Oil refining 106–108 0.1
Bulk chemicals 104–106 <1–5
Fine chemicals 102–104 5–50
Pharmaceuticals 101–103 25–100+

aFrom References 5, 6.
bResults shown in kilograms of by-product per

kilograms of product.

information is scattered throughout the literature. The focus of this review is to
identify the issues, information sources, and approaches to process design that
have the potential to lead to improvements in both economic performance and
environmental quality.

THE DESIGN PROCESS
Design is a complex activity (22). It involves accepting as input an abstract
description of the desires of an organization and delivering a detailed description
of a concrete product, process, or system that will satisfy those desires. The

Figure 1 US chemical industry environmental expenditures in perspective (1996 data) (7).
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Table 2 Approaches to environmental issues in chemical process design books

Reference Treatment of environmental issues

Valle-Riestra (8) States: “...the initiative to participate effectively in the struggle to
preserve the integrity of the environment must ultimately originate
with each engineer’s inner conviction, not with externally imposed
regulations...”; uses only uses economic criteria for evaluating designs

Ulrich (9) Includes costing data for waste treatment facilities, otherwise no
mention of environmental issues

Wells (10) Advises the designer to be aware of the environmental constraints
that are applicable at the project location

Douglas (11) Stresses importance of including the cost of meeting environmental
constraints in process cost estimates

Edgar & Optimization is restricted to economic objective functions
Himmelblau (12)

Baasel (13) Includes discussion of the issues involved in determining appropriate
standards; no methodologies given for evaluating the environmental
merit of a design

Hartmann & Says “[processes] must scarcely pollute the environment...”;
Kaplick (14) methodologies to prevent pollution not discussed

Peters & Contains section on challenges posed by environmental regulations
Timmerhaus (15) and on “end-of-pipe” treatment technologies

Smith (16) States “...chemical processes will in the future need to be designed as
part of an industrial development which retains the capacity of
ecosystems to support industrial activity and life...”; includes chapter
on waste minimization and chapter on effluent treatment; includes
ideas and examples for decreasing waste generation; does not
include environmental evaluation methodologies

Ludwig (17) Environmental issues not mentioned
Woods (18) A single reference to environmental issues: “...the equipment must fit

into the environment safely”
Perry et al (19) Chapter on waste management has minimal section on pollution

prevention
Biegler et al (20) States “...environmental concerns involve satisfying the very large

number of regulations the government imposes on the operation
of a process.”

Turton et al (21) Includes data on waste treatment and disposal costs; adds “environmental
control block” to the generic block flow process diagram; advocates
pollution prevention over “end-of-pipe” treatment alternatives; includes
chapter on “Health, Safety, and the Environment”; mentions pollution
prevention hierarchy and life-cycle analysis; does not give specific
guidance, methodologies, or examples
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activity is well characterized as a decision process, involving many decision
makers andmultiple levels of detail. Figure 2 gives a flow diagram of the design
activity. Together, the set of discrete steps shown in the figure form the design
cycle. Similar diagrams have been proposed by others (e.g. 20, 23).
Design starts with problem framing. The critical importance of this step in

determining the outcome of the design process is often overlooked. Design
problems are rarely fully specified. Along the path from receiving a problem
statement to delivering a completed design, design teams make decisions about
concept definition, scope of analysis, design objectives, constraints, evaluation
criteria, and stopping rules. Often framing decisions are made implicitly, by
following available precedent. In a recent paper (24), Sargent recognizes the
role of problem framing by distinguishing between performance models (those
used in the analysis stage of the cycle) and valuation models (those used for
alternative evaluation).
Once the design problem has been properly specified, the next step is the

generation of alternatives. There are many different methods for generating
chemical process design alternatives, including the application of existing de-
sign concepts and the generation of new ones from first principles. Because the
time available to complete a design project is often limited, there is a tradeoff
between the number of alternatives that are explored and the level of detail with
which they can be analyzed. To reduce the severity of this tradeoff, systematic
alternative generation tools, which allow a large number of alternatives to be
generated and evaluated simultaneously, are utilized.
After alternatives have been generated, the next step is the analysis of al-

ternatives. In this step, engineering analysis (usually starting with mass and
energy balances) is applied to each alternative generated to make predictions
about the expected performance of the system. The result of this step might be
a list of the inputs and outputs of the process, including the flow rates, composi-
tions, pressure, temperature, and physical state of all material streams, as well
as the energy consumption rate from various sources. Other useful information
concerns the stocks of materials in the process, as well as information related
to the sizing of the equipment units.
The analysis step will produce a large number of information elements for

each alternative analyzed. In the evaluation step, this information is summa-
rized into indicators of performance that can be used to assess whether the
requirements specified during the objective formulation step have been met and
the extent to which the design objectives have been advanced. These indicators
typically include economic indicators, such as capital investment required and
operating cost, but they should also include indicators of safety and environ-
mental performance. The evaluation step ends with a ranking of alternatives
according to their overall level of attractiveness.
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Figure 2 The design process. Given a problem statement, the design work flows according to this
diagram. Each box corresponds to sections of this review in which approaches to the incorporation
of environmental objectives to the steps of the design cycle are discussed. Highlighted items are
often not recognized explicitly as elements of chemical process design.
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Process design is iterative. Before returning to the beginning of the design
cycle, the results obtained at the evaluation stage must be examined to identify
opportunities for improvement. This can be done at the sensitivity analysis
stage. If the design team concludes that there are no significant opportunities
for improvement left available, then the work stops. Otherwise, an additional
iteration on the design cycle is undertaken. Iterations might involve generating
additional alternatives or modifying the framing of the problem (for example,
by deciding to carry out more detailed analysis). There is a strong interaction
between alternative generation, analysis, and evaluation, as depicted in Figure 2
by the inner feedback loop connecting these three activities.
The following sections of this review organize the relevant literature in terms

of the steps of the design cycle. When a particular design procedure contains
elements relevant to more than one step of the design cycle, we mention it only
once, in the first relevant section of the review. Papers have been selected for
their relevance to the design of chemical processes where avoiding environ-
mental damage is one of the objectives of the design. Although this review
focuses on process design, we must acknowledge that it is not worth investing
effort in designing an environmentally benign process for the manufacture of
a known environmentally hazardous chemical (e.g. the well-known cases of
tetraethyl lead and chlorofluorocarbons). A recent American Chemical Soci-
ety symposium–based book is a good pointer to the environmentally conscious
chemical product design literature (25).

PROBLEM FRAMING
A design problem may be represented by the mathematical program:

Max P(d, z, µ)

d, z

s.t. h(d, z, µ) = 0, (Problem DP)

g(d, z, µ) ∑ b,

d 2 D, z 2 Z,

where d, z are the vectors of design and control variables, respectively, µ is the
vector of uncertain parameters, h(d, z, µ ) is the vector of equations defining the
process model, P(d, z, µ ) is the objective function (which may be a function of
multiple objectives), g(d, z, µ ) is the vector of equations defining the constraints
on the process, b is the vector of parameters giving the upper bound of the
constraint equations, and D and Z are the domains over which the design and
control variables are defined.
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Solving problem DP is only one of the activities involved in the design
process. Prior to deciding on the values of the d variables (which given enough
power and the appropriate algorithms can be done by a computer), the designer
must make decisions regarding the objectives of the design (i.e. what objective
functions to use and what constraints to include), the set of design alternatives
to consider (i.e. the choice of decision variables to include and their domain, as
well as the logical constraints relating the variables), and the scope and degree
of accuracy of the model representing the problem (i.e. the functional form of
the system equations). The set of all decisions made in the formulation of the
optimization problem is what we call problem framing. The design process
involves a series of iterations, in each of which a different version of Problem
DP is solved, until such time as the designer either (a) is satisfiedwith the design
or (b) is required to shift attention to a different design problem. Analysis at
each iteration gives the designer information that can be used in the formulation
of the next version of the design problem.
Figure 3 shows our view of the evolution of the framing of chemical process

design problems over the past 40 years. Initially, chemical process design was
limited to the designof the core reaction and separationprocesses. In response to
the 1970s energy crisis, the domain of chemical process design was increased to
include the interaction of the core process with the utility systems. Methods for
heat and power integration were developed and applied to industrial problems,
and todaymost of the chemical process design books include at least one chapter
on heat integration or heat exchange network design. As the cost of complying
with environmental regulations increased, chemical process designers became
aware of the need to takewaste generation into account in their work. Academia
was slower to internalize this need and often ignored the generation of waste in
the formulation of process synthesis problems. A typical example of this is a
version of the second process diagram in Figure 3, published in a 1985 review
of mathematical programming approaches to process synthesis (26). In that
diagram, there are no outputs from the system other than the desired products.
The bottom panel of Figure 3 summarizes four emerging trends in the evo-

lution of problem framing with respect to the consideration of environmental
impacts.

1. Inclusion of the Waste Treatment Infrastructure in the Analysis Bound-
aries: It has been estimated that up to 50% of the capital for new pro-
cesses is devoted to handling wastes (27). As a result, waste handling is
being incorporated in the scope of process synthesis activities in indus-
try, and efforts are being made to design processes that can use existing
waste processing infrastructure, avoiding the need to invest in new treatment
facilities.
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Figure 3 Evolution in the framing of the chemical process synthesis problem, from the perspective
of process design. 1960’s: Chemical process design only considered the core reaction and separation
processes. 1980’s: Incorporating heat and power integration into chemical process design revealed
opportunities to decrease energy consumption at significant cost savings. 21st Century: Further
incorporation of integration principles into chemical process design will reveal opportunities to de-
crease raw material consumption while realizing cost savings. Sustainability concerns will demand
that process designers consider environmental impacts throughout the production chain.

A
nn

u.
 R

ev
. E

ne
rg

y.
 E

nv
iro

n.
 1

99
8.

23
:4

99
-5

36
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lre

vi
ew

s.o
rg

 A
cc

es
s p

ro
vi

de
d 

by
 1

10
.2

25
.3

5.
16

4 
on

 0
4/

11
/2

0.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 



   

P1: PKS/Sa/Ga P2: PSA/VKS QC: PSA

September 19, 1998 14:2 Annual Reviews AR064-13

508 CANO-RUIZ & McRAE

2. Materials Integration: The success of energy integration techniques in reduc-
ing operating and capital costs (28) raised the question of whether similar
savings can be achieved through materials integration. The potential sav-
ings may be overlooked if the boundaries of analysis are drawn too tightly
during problem framing. It has been suggested that process design should in-
clude efforts to identify potential matches betweenwastes (material sources)
and raw material requirements (material sinks) across processes and plants
within a company (29).Materials integration techniques are being developed
as a cost-effective way of reducing pollutant emissions (30).

3. Life-Cycle Analysis: Life-cycle analysis (also referred to as life-cycle as-
sessment) is a framework for considering the environmental impacts asso-
ciated with every stage in the life cycle of a product, from raw materials
production to final disposal. The consequences of ignoring impacts over
the entire life cycle can be illustrated by an example taken from the chem-
ical engineering literature. In one of the first attempts to integrate envi-
ronmental objectives in the design of chemical processes, Grossmann and
coworkers considered the problem of synthesizing industrial chemical com-
plexes with the two basic objectives of maximizing the net present value
and minimizing the toxicity of the material flows in the system (31). The
configuration they found when minimizing toxicity was one in which the
production of all intermediates was carried out by suppliers. Even though
the flows of toxic materials decrease within the limits of the complex under
this design, the overall environmental impact could increase if the produc-
tion processes of the suppliers are more polluting than those considered
by the designers of the chemical complex, or if the supplier plants were
located in more sensitive areas. Life-cycle thinking has been recently ap-
plied to chemical process synthesis problems in academia (32–34), and there
is growing interest in its use in industry, particularly in Europe. Bretz &
Fankhauser have published an account of the routine use of life-cycle as-
sessment as part of chemical process design at Ciba Specialty Chemicals
(35). A specialized computer system was developed for the purpose of in-
tegrating life-cycle inventory data for more than 4700 raw materials and
1700 products.

4. Shift in Emphasis from Effluent Concentrations to Environmental Impacts:
Most environmental regulations are written in terms of effluent concentra-
tion standards. It has been noted that regulations in terms of concentrations
do not give a real account of the actual emissions (36). Furthermore, de-
sign problems framed as “minimize cost subject to not exceeding allowable
concentration limits” can result in using dilution of waste streams as a so-
lution for meeting the standard without changing the amount of pollutants
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released to the environment (37). Limiting effluent concentrations is only
a means to achieve the end objective of improving environmental quality
(38). Sharratt & Kiperstok have recently coupled environmental receptor
models to the mass exchange network synthesis problem in order to pose
the environmental constraint as an environmental quality standard, instead
of as an effluent concentration standard (39, 40). The idea has also been
applied in industry: Amoco used exposure to benzene in the vicinity of
its Yorktown refinery (determined through environmental modeling) as a
criterion for ranking pollution prevention projects (41).

GENERATION OF ALTERNATIVES
The design of chemical processes with lower environmental impact starts with
an understanding of the sources of emissions and waste in chemical processes.
Figure 4 [adapted fromLerou&Ng (42)] is an abstraction of a chemical process
in which raw materials are processed into desired products. By-products may
be generated either as a result of the desired reaction stoichiometry or as the
consequence of undesired secondary reactions (selectivity losses). Unwanted
by-productsmay also be generated in the separation system (e.g. by polymeriza-
tion reactions in distillation column reboilers). Purge streams are necessary to
prevent the accumulation of trace components in recycle streams, unless these
components can exit the process in the product or by-product streams. Other
materials introduced to the process include reaction agents (e.g. catalysts, sol-
vents, diluents, heat carriers) and separation agents (e.g. solvents, adsorbents,
entrainers), which contribute to waste generation because they degrade with
time and may exit the process with the purge or by-product streams. Leaks
(known in the literature as “fugitive emissions”) may occur anywhere in the
system. In addition, emissions are produced in the systems that provide utili-
ties to the process.

Figure 4 Material flows in a chemical process.
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The term zero-avoidable pollution (ZAP) has been coined to refer to the by-
productwaste generated in processes inwhich all rawmaterials, reaction agents,
and separation agents are recycled with 100% efficiency (43). It is worth not-
ing that ZAP designs are not necessarily designs with minimal environmental
impact. There are two reasons for this: First, separation and recycling require
energy, and there are emissions associatedwith the supply of energy to a process
(e.g. emissions from fuel combustion); and second, the quantity and composi-
tion of by-product waste generated in a ZAP design can be changed by changing
the reaction path or by changing the design of the reactor network. Examples
of alternative “green” synthesis pathways to a large number of chemicals have
been reported (44, 45).
The goal of environmentally conscious alternative generation is to produce

designs that (a) have high economic potential, (b) have high conversion of
rawmaterials into desired products, (c) use energy efficiently, and (d ) avoid the
release of hazardous substances to the environment. The key to the discovery of
such designs is process integration (energy integration, materials integration,
and processing task integration). Pollution from a chemical process can be
viewed as the consequence of using the environment as a sink for unwanted
by-products and unrecovered materials. Using nonrenewable resources as a
source of raw materials for a process raises issues of sustainability. It follows
from these observations that design alternatives that increase the use of process
units and streams as material sources and sinks may have lower environmental
impact. There are well established energy integration techniques that reduce
utilities consumption by using process streams as sources and sinks of heat
(28). The use of processing task integration in reactive distillation processes
has been shown to reduce costs, energy use, and emissions (46, 47).
Framing of the problem influences the range of alternatives that may be

considered, through the decisions made during concept definition. A narrow
concept definition may fix prematurely the process chemistry or it may limit
the type of unit operations considered (e.g. it may restrict the design team to
using conventional, well-proven technologies).
Reviews of methodologies to generate design alternatives with pollution pre-

vention as an objective have been given by Manousiouthakis & Allen (48),
Rossiter &Kumana (49), and Spriggs (22, 50). The classification of approaches
that follows is partly based on the discussion presented in these references.

Use of Documented Pollution Prevention Solutions
as a Source of Design Alternatives
Ideas for reducing waste generation in chemical processes have been published
in professional journals (51–58). These ideas range from general questions
intended to elicit ideas to very specific process and equipment changes. Two
particularly comprehensive collections of ideas have been assembled byNelson
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(59) and Smith et al (60–65). Englehardt compiled a list of references to pollu-
tion prevention technologies and classified them according to their placement
in the pollution prevention hierarchy and the function of the industrial haz-
ardous materials involved (66). Government agencies compile and publish
ideas for preventing pollution in specific industry sectors from time to time
(e.g. 67–70). Electronic databases have been created to enable designers to
search for solutions that are most relevant to their applications (71, 72).

Design by Case Study
In designing by case study, processmodels are used to simulate the performance
of an existing process or a base case design. The design team next thinks
of process modifications that may improve system performance. The process
model is modified to incorporate the proposed changes, and simulations are
carried out to checkwhether the desired performance improvements are realized
in the model. With the availability of process simulators (e.g. Aspen Plus), this
approach to process design has become widespread. Examples of applications
to pollution prevention have been published (73–83). Process modifications
explored by this technique are usually incremental in nature.

Hierarchical Design Approaches and Other
Methods of Structured Thinking
Douglas (84) applied his hierarchical process synthesis procedure to the prob-
lem of identifying potential pollution problems and identifying process alter-
natives that can be used to eliminate these problems. The recommendations
obtained by his procedure are fairly general (e.g. change the chemistry, change
the solvent, look for a different separation system) and serve as a starting point
for the search of design alternatives. The procedure has been used to clas-
sify process improvements reported in the literature according to the sources
of waste and the waste minimization techniques applied (85). Rossiter and
coworkers built on the procedure by adding more key questions at each de-
cision level and used it to generate attractive alternatives for reducing waste
generation and emissions from the fluid catalytic cracking unit at Amoco’s
Yorktown, VA, refinery (86). More recently, Douglas expanded his set of syn-
thesis rules for the design of separation system flow sheets for vapor/organic
liquid/aqueous liquid/solid mixtures (87). The rules acknowledge explicitly
the generation of waste streams and provide some guidance for addressing the
pollution problems arising from these streams.

Pinch Analysis and Other Targeting Techniques
Pinch technology was first developed as a tool for reducing the capital and en-
ergy costs of a processing plant through the design of heat exchanger networks.
It is most often used to design the heat recovery network of a process, once the
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core reaction and separation processes have been defined. Pinch technology
recognizes that in the majority of chemical processes there exist heat sources
(hot process streams that need to be cooled) and sinks (cold streams that need
to be heated). Instead of using utilities (e.g. steam, cooling water) to bring all
process streams to their desired temperatures, pinch technology exploits the
heat sources and sinks in the process before using utilities, thus reducing the
operating cost of a design. A key feature of the pinch design method is that
minimum utility consumption targets and approximate capital costs of the as-
sociated heat exchanger network can be established prior to the development
of a design. Another key feature is its use of diagrams to identify integration
opportunities within a process, a plant, or a total site. A review of the state
of the art in pinch analysis up to 1994 is given by Linnhoff (28). Buehner &
Rossiter have reviewed the application of pinch analysis to waste minimization
problems (88). Reducing energy consumption in a plant can be translated into
reduced flue gas emissions (for a given fuel and combustion technology type),
since less fuel needs to be burned (89). BASF (Badische Anilin Soda & Fabrik
AG) reported the results of an energy efficiency campaign undertaken at their
Ludwigshafen plant in the early 1980s (90). Their efforts resulted in signifi-
cant reductions in the generation of CO2, SO2, NOx, CO, ash, and wastewater,
despite increased production levels.
Minimizing energy consumption may not always result in minimizing the

environmental impact of utility systems. Smith & Delaby argue that the es-
tablished methods for targeting the minimum energy consumption of a given
process do not necessarily give insights into the emissions of combustion prod-
ucts associated with supplying the heat and power needed by the process (36).
They argue that considering global emissions (emissions generated by fuel
combustion on-site at furnaces, boilers, and gas turbines and off-site at power
generation plants) gives a broader view of the pollution problem and is the view
that should be universally adopted.
Many separation processes are driven by heat inputs (e.g. distillation, evapo-

ration) or by heat removal (condensation, crystallization). When such processes
are used to recover materials fromwaste streams, thermal pinch analysis can be
used to minimize the cost and emissions associated with the separation. Smith
et al have given examples where energy savings are achieved by integrating
materials recovery and waste treatment units with the rest of the process (89).
Richburg & El-Halwagi developed a shortcut method for the cost-optimal de-
sign of condensation networks for the recovery of volatile organic compounds
from air, based on pinch analysis concepts (91).
El-Halwagi exploited the analogy between mass and heat transfer to develop

the concept of mass exchange network synthesis, based on the pinch method
for heat exchanger network synthesis (92). He developed tools analogous to
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those used in thermal pinch analysis (composition interval diagram, composite
curves, grid diagram) and applied to a sample problem. A mass exchanger can
be anydirect-contact countercurrentmass transfer operation, such as absorption,
adsorption, liquid-liquid extraction, ion exchange, leaching, and stripping (30).
As applied to pollution prevention, the goal of mass exchange networks is to
transfer species that are potential pollutants in effluent streams to streams in
which theymay have positive value (47). The idea ofmatchingmaterial sources
and sinks has been further elaborated by El-Halwagi and coworkers in the
concept of waste-interception networks (93). The main goal of these networks
is to provide selective interception and rerouting of undesirable species that
would otherwise exit a process to those parts of the process that can act as sinks
for these species.
Wang & Smith developed a pinch design methodology for wastewater mini-

mization using the more general mass exchange network framework as a basis
(94, 95). Processes that use water are represented as limiting water profiles in a
concentration versus mass load diagram, which is analogous to the temperature
versus enthalpy diagram used in the design of heat exchanger networks. The
limiting water profile for a process represents the minimum amount of water
with the highest possible concentration of contaminants that would be able to
perform the task required in that process and is not necessarily the actual water
profile that will be used in the final design. Pinch analysis techniques are then
used to establish targets for minimum freshwater use (enabling reuse of water
in processes that tolerate higher contaminant concentrations) and to design net-
works consistent with those targets. The methodology includes the possibility
ofwater regeneration (treatment) and recycling and can be used in problems that
involve multiple contaminants. An extension has been developed that makes
the methodology applicable to batch processes (96). The same framework was
used to develop a methodology for the design of distributed effluent treatment
systems, which seek to minimize the cost of achieving specified concentrations
in the wastewater effluent of a site by segregating wastewater streams, com-
bining them when economies of scale are attainable, and matching streams to
treatment processes (97). Dhole et al have developed a similar methodology,
trademarked WaterPinch (98). In this method, water sources and demands are
plotted in a purity versus water mass flow rate diagram. Composite curves are
developed for the sources and the demands, and the pinch point is located. Fresh-
water and wastewater targets can be read directly from the diagram, once the
composite curves have been brought together at the pinch point. Pinch analysis
techniques have been applied to industrial wastewater minimization problems
(99–101).
Other targeting approaches have been developed for the minimization of

waste generation in the core reaction and separation processes. Flower and
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coworkers have developed tools for establishing mass-efficiency targets for re-
action and separation systems (102, 103). By using the concept of the attainable
region for reactors and the assumption of sharp splits for separators, they de-
velop lower bounds on the mass of waste by-products that can be obtained for
a given reaction scheme. Ahmad & Barton presented a methodology for the
automatic targeting of maximum feasible solvent recovery from streams with
an arbitrary number of components by batch distillation (104).

Mathematical Programming
In the mathematical programming approach to process synthesis, a reducible
superstructure is optimized to find the best combination of process units that
achieve the design task. Manousiouthakis & Allen reviewed several process
synthesis concepts and outlined their importance for waste minimization (48).
Their task definitions and examples of the application of mathematical pro-
gramming to waste minimization under each task are summarized in Table 3.
There is a large number of published mathematical programming formu-

lations of the problem of synthesizing recycle/reuse networks for waste re-
duction. Although direct contact mass exchangers are used in the majority of
these formulations (37, 92, 113, 119–125, 129–131), other unit operations have
also been used, including condensers (112, 115–117) and pressure-drivenmem-
brane units (113, 114, 132). The scope of applications include the following:
single (37, 112, 113, 115, 117, 119–123, 131, 132) or multiple (116, 125) trans-
ferrable pollutants; linear (37, 113, 119, 120, 123, 125, 131), convex (121), or
general nonlinear (122) equilibrium functions; fixed (112, 115–117, 119–123,
125, 132) or variable (within bounds) (37, 114, 124, 131) recovery targets; phys-
ical (37, 112–117, 119, 120, 124, 125, 129, 131, 132) or chemically reactive
(121, 122) separations; inclusion of mass separating agent regeneration unit
operations in the network (120); and inclusion of flexibility constraints (131).
A common feature in these formulations is the use of cost minimization as

the objective function in the optimization. Earlier formulations used a two-
stage optimization procedure (37, 112, 119–123, 125). First, operating cost
minimization is used to establish minimum utility consumption targets. This is
followed by the solution of a mixed integer linear programming transshipment
problem to design a network with the minimum number of units that meets the
minimum operating cost targets. More recent formulations use a total cost min-
imization approach, where capital costs are included in the objective function
(114–116, 123, 124, 132). Both types of objective functions include only the
cost side of the profit equation. As the value of recovered materials is not in-
cluded, opportunities to improve the economic performance of these networks
by increasing material recovery beyond targets specified in the framing of the
optimization problem may be overlooked.
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Table 3 Process synthesis tasks and references to examples of their application to waste mini-
mization problems using the mathematical programming approach

Task Task definition (48) References

Material Given set of desirable properties, identify material that 105–108
synthesis possesses these properties

Reaction path Identify reaction path that employs substances from set of 107, 109, 110
synthesis permissible chemicals to yield desired product (meeting

economic, thermodynamic, and kinetic constraints)
Reactor Given reaction mechanism, identify network of reactors in 111
network which reactions transform raw materials to products at
synthesis optimum venture cost

Separator Given a set of multicomponent feed streams, identify 112–117
network network of separators that can yield set of desired
synthesis product streams at minimum venture cost

Recycle/reuse Given set of multicomponent waste streams, identify 93
network network of separators that allow the recycle of waste
synthesis streams (meeting quality specifications) at minimum

venture cost
Heat exchanger Given set of hot and set of cold streams, identify network 118
network of heat exchanger units that can transfer heat from hot to
synthesis cold streams at minimum venture cost

Mass Given set of rich streams and set of lean streams, 37, 92, 113,
exchanger synthesize network of mass exchange units that can 119–126
network transfer certain species from rich streams to lean streams
synthesis at minimum venture cost

Total flowsheet Given reaction path that transforms new materials to 32, 75, 127,
synthesis desired products, identify network of process units that 128

accomplishes transformation at minimum venture cost

Expert Systems and Other Artificial
Intelligence Approaches
Huang&Edgar listed features of the problem of generating waste minimization
alternatives that make knowledge-based expert systems and fuzzy logic attrac-
tive tools for designers (126, 133). (a) Incorporating environmental objectives
into process design requires knowledge frommany disciplines. Thus, the task is
knowledge intensive. (b) The generation of waste minimization options is heav-
ily dependent on experience, and quantitative descriptions of the processes gen-
erating waste are often not available. Hence, qualitative information needs to be
incorporated in the analysis. (c) The available information pertaining to the en-
vironmental impact of a process is often uncertain, imprecise, incomplete, and
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qualitative in the design stage. (d ) A large number of regulations and strategies
for pollution prevention may be expressed as rules.
One of the major barriers to process integration is the perception that highly

integrated processes are difficult to control. Huang & Fan addressed this prob-
lem by developing a hybrid intelligent design system that improves the con-
trollability of heat and mass exchanger networks by choosing stream matches
that improve an index of controllability while keeping the operating cost of the
network at its minimum (130). Their system combines pinch analysis for the
generation of targets with an expert system, fuzzy logic, and neural networks
to assign stream matches.
Computer-assisted systems for the rapid generation of alternative synthesis

paths to a desired chemical are available (e.g. SYNGEN, LHASA). Their use
in supporting pollution prevention initiatives has been explored by government
agencies (134) and as teaching aides (135).
The EnviroCAD system has been developed at the New Jersey Institute of

Technology as an extension of BioDesigner, a program for the design and
evaluation of integrated biochemical processes (136). The system takes as input
data a set of waste streams and recommends alternatives for waste recovery,
recycling, treatment, and disposal based on three knowledge bases. An expert
system for generating feasible treatment trains for waste streams has also been
embedded in the Process Assessor module of the BatchDesign Kit under de-
velopment at the Massachusetts Institute of Technology (43, 137, 138). The
expert system is based on heuristic rules containing knowledge of regulations
and treatment technologies.

ANALYSIS
The function of the analysis step is to generate the information needed to eval-
uate the merit of a design. A challenge for designers interested in incorporating
environmental considerations into their work is that much of the information
needed to evaluate the environmental impact of a proposed design alternative
is not normally generated in the analysis stage, when economic performance
is the only design objective. Consider the case of fugitive emissions. Fugitive
emissions are losses of process fluids through leaks in equipment. Although
these losses are strongly influenced by the choice of equipment and operat-
ing procedures, decisions made at the conceptual design stage (e.g. tempera-
ture, pressure, and flow rate of recycle streams) are also important contribut-
ing factors. Fugitive emissions are usually too small to impact the process
mass and energy balances (typically 500–1500 g/Mg of product) (47), but in
some plants it has been estimated that fugitive emissions are responsible for
70–90% of the environmental releases of hazardous substances (139). Because
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the value of the materials lost through fugitive emissions can be neglected in
the economic evaluation of a process, no effort is made during process de-
sign to estimate the magnitude of fugitive emission losses. However, such
estimates may be important in determining the environmental merit of com-
peting design alternatives. Another example is that of selectivity losses in re-
actors. From an economic perspective, all that is needed during the analysis
stage is an estimate of the amount of raw materials converted to unwanted by-
products, and an estimate of the resources needed to separate the unwanted
by-products from the desired product. Estimation of the amounts of indi-
vidual by-products is usually not required. However, two processes with the
same selectivity to the desired product may have different environmental im-
pacts, depending on the composition of the unwanted by-product stream. Thus,
the set of chemical species considered in the analysis may have to be ex-
panded beyond the set used when economic performance is the only evaluation
criterion.
Not all mass and energy balances that are relevant for estimating the pol-

lutant emissions from a process are included in the standard flow sheets used
during process design. For example, although energy consumption is typically
quantified, the emissions associated with the generation of electricity or steam
of various grades typically are not. In addition, environmental concentrations
of released pollutants may be necessary for a proper evaluation of the potential
environmental impact of a design. In this case, the material balances used to
evaluate the process need to be expanded to include the fate and transport of
environmentally sensitive species.
It has been noted (136, 140) that commercial process simulators are still

deficient in predicting chemical species concentrations in dilute process effluent
or waste streams. Unit operation models for innovative separation technologies
(e.g. membrane separations) and waste treatment equipment are not included
in commercial process simulators and are therefore usually not included in
conceptual process designs. Farag and colleagues described the structure of
models of pollution control andwaste treatment processes they developed using
the Aspen Plus simulator (141). They noted that a challenge in the development
of these models is that they often involve the handling of types of materials that
are not well characterized.

EVALUATION OF ALTERNATIVES
The central question in process evaluation within an environmentally conscious
design framework is how to evaluate design alternatives from an environmental
perspective. A related question is how to balance environmental objectives with
other design objectives.
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Problem framing has a direct impact on this step of the design cycle. When
the problem is framed, decisions are made with respect to objectives that the
design should advance and, in particular, about the objective functions that will
be used to translate the data produced during the analysis step into aggregate
metrics than can be used to optimize and rank design alternatives.
A quantitative evaluation of a process flow sheet involves summarizing the

information generated during the analysis stage of design into a fewmetrics that
can be used to optimize and rank design alternatives. An example of a metric
used for economic evaluation is the net present value (15). This allows a design
team to summarize into a single number information regarding production and
consumption of materials and utilities, as well as to design specifications for
equipment. The additional information needed are unit prices for materials
and utilities, correlations that relate equipment design specifications to their
installed cost, and the discount rate used by the firm to make trade-offs between
capital spent in the present and future cash flows.
In contrast to the calculation of net present value, where all the additional

information needed to summarize flow-sheet information into a single metric
can be obtained from company databases, market data, or vendors, no such in-
formation is available to chemical process designers to allow the computation
of an overall widely accepted index of environmental performance. There are
three main reasons for this. (a) Relevant properties of chemicals (e.g. toxic-
ity, environmental degradation constants) are not readily available in the tools
commonly used by chemical engineers (process simulators, chemical process
design handbooks). The properties have not been measured for a large number
a chemicals, and the measurements that have been made frequently show wide
ranges of variation. Although structure-activity relationship tools exist for es-
timating the toxicity of chemicals for which biological assays are not available
(142), the accuracy of their predictions needs much improvement. (b) With
the exception of environmental problems that are global in nature (e.g. ozone
layer depletion and greenhouse gas concentration increases), location-specific
knowledge is needed to estimate potential environmental impacts. This is par-
ticularly challenging when trying to estimate the environmental impact of the
production of inputs obtained from external suppliers. (c) People differ in the
importance they assign to various environmental impacts. This is a matter not
of disagreement about facts but of differences in values.

Environmental Concerns as Constraints
on Economic Optimization
The most common approach to incorporating environmental considerations
in chemical process design has been to treat them as constraints: Upper lim-
its are set for pollutant flows or concentrations in waste streams (based on
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regulatory requirements), and designs that satisfy these constraints are evalu-
ated in terms of economic indicators, such as net present value (75), annualized
profit (128, 143), payback period (50), operatingmargin (74, 110), total annual-
ized cost (91, 95, 97, 112–116, 119, 124, 129, 131, 132, 144–146), or operating
cost (37, 48, 91–93, 116, 120–122, 125, 133). The search for economically
attractive waste minimization design alternatives is advanced by including
the cost of waste treatment and disposal in the economic objective function
(74–76, 84). The costs associated with the retirement of process equipment and
site restoration at the end of the useful life of a process have usually not been
included in the analysis.
Surprisingly, the value of products, by-products, and recovered materials

is often not included in the objective function, as the majority of authors have
chosen to use costminimization as their economic objective. Depending on how
the optimization problem is framed, this may lead to overlooking opportunities
to increase the profitability of a design by recovering materials from waste
streams beyond the level required by compliance.
The main problem with incorporating environmental considerations as con-

straints on the flow or concentration of chemical species in particular waste
streams is that the proposed solutions may not address the underlying environ-
mental concern. This is illustrated by the examples given in a couple of papers
addressing the synthesis of membrane separation networks for waste reduction
(113, 132). The proposed networks split an aqueous waste stream into two
streams, one of which has a pollutant concentration low enough to meet the
specified discharge limits. However, neither the fate nor the treatment cost of
the concentrated stream is considered in the solution.
A variation of this approach is to optimize for economic performance while

setting environmental objectives in terms of environmental quality standards in
a particular receptor (e.g. a water body or the airshed in an urban area) (39, 40).
Although this approach presents opportunities to achieve the desired level of
environmental protection at lower social cost, it poses challenges to individual
firms because their allowable emissions or discharges would be affected by
those of other firms sharing the same receptor.

Environmental Concerns as Objectives
Instead of treating environmental considerations as constraints, designers can
choose to treat them as an objective to be balanced against other objectives in
the design (31–33, 43, 81, 111, 118, 128, 143, 147). This requires establishing
environmental performance measures. Several authors (148–150) have noted
that the lack of metrics to support objective environmental assessments is one
of the main barriers to developing effective pollution prevention and design for
the environment approaches. Linninger and coworkers pointed out that the lack
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of a general binding value system for environmental impact assessment makes
it difficult to evaluate the environmental impact of a design (138). Given the
diversity of prevailing views regarding the environment, such a binding value
system may never become available.

MINIMIZATION OF EMISSIONS OF POLLUTANTS OF CONCERN In cases where the
emission of a single pollutant is the most important environmental concern
affecting a design, the mass of pollutant released into the environment can
be used as an indicator of environmental impact. Such an approach has been
used to study the trade-off between control cost and emissions of nitrogen
oxides from a power plant (151) and a refinery (145). Some authors have cho-
sen to use carbon dioxide emissions as a measure of flue gas emissions from
power generation (36) or associated with utilities used in chemical production
(76).
When more than one chemical is a source of environmental concern, en-

vironmental evaluation becomes more complicated. One approach is to use
the release inventory directly as a set of indicators. This may be an acceptable
solution when only a few pollutants are involved. As an example, Chang &
Hwang use emissions of CO2, SOx, and NOx as three independent environ-
mental objectives to be minimized in the design of utility systems for chemi-
cal plants (118). The approach becomes unmanageable when upstream emis-
sions are considered, as is done in life-cycle analysis. It is not uncommon for
life-cycle inventories to contain releases and discharges of dozens of differ-
ent species. In such cases it is clearly necessary to summarize the informa-
tion into a small number of indicators that can be used to optimize and rank
alternatives.

MINIMIZATION OFMASS OFWASTE GENERATED It has been argued that mass is
the only consistent and universal basis for aggregating waste streams (78). In-
deed, indicators based on the mass of waste generated are the ones most com-
monly used in the chemical engineering literature. Examples of indicators used
are the total mass of waste generated (104, 111, 128, 143, 152), the mass of
waste generated per unit mass of product (5, 6, 77, 78, 81–83, 153–155), and
the mass of waste generated as a percentage of the total mass of outputs from
a process (156).
If waste minimization is understood as reducing the mass of waste gener-

ated in the production of a product, the mass-based indices used in the refer-
ences cited above are suitable indicators for the objective of minimizing waste.
However, waste minimization is a means, not an end. The goal is improved
environmental quality (157). In seeking to avoid value judgements regarding
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the relative environmental impact of different chemicals, some authors go to
the extreme of including inert substances such as nitrogen in flue gases in the
computation of the mass of waste generated (152). Clearly, chemical process
designers should take into account the difference between the emission of 1 kg
of N2 and the emission of the same amount of a highly toxic chemical.
Recognizing that not all substances in a waste stream raise the same level of

concern with respect to their environmental impact, some authors compute total
mass of waste in special categories of concern (43, 154, 158, 159). Common
categories include regulated hazardous waste, volatile organic compounds, and
substances included in regulatory lists, such as the Toxic Release Inventory in
theUnited States. In the system used at Polaroid Corporation, all materials used
or generated by the company are placed in one of five categories, according to
their potential hazard (160). The total mass of materials used (in the case of
the two most sensitive categories) or contained in waste streams (in the case of
the other three categories) is reported separately for each category.
Although the approach mentioned above is a step in the right direction, it

still falls short of what is needed to incorporate environmental considerations
into the evaluation of a design. The reason is that the contribution of a unit
of mass emission to a particular environmental impact may vary by orders of
magnitude among the chemicals included, even in narrowly defined categories.
The alternative is to shift the focus from emissions to impacts.

MINIMIZATION OF CONTRIBUTION TO SPECIFIC ENVIRONMENTAL PROBLEMS In
the problem-oriented approach, the relative contributions of different chemical
species to identified environmental problems are used to obtain a weighted sum
of the masses of chemicals emitted. The resulting figure can be interpreted as
the mass emissions of a single reference substance that would have the same
contribution to an environmental problem of concern as the particular mix of
emissions being analyzed. For example, emissions of different greenhouse
gases may be aggregated into an index by multiplying the emissions of each
gas by its global warming potential relative to CO2 (161).
The first attempts to apply the problem-oriented approach in the development

of environmental indicators for the evaluation of chemical processes focused on
toxicity. Grossmann and coworkers multiplied the material flows in a chemical
process by the inverse of the 50% lethal dose of each material and added the
resulting figures to obtain a toxicity index (31). In a study of the structure of the
petrochemical industry that would minimize the toxicity of organic pollutant
emissions, Fathi-Afshar &Yang (147) divided material flows by their threshold
limit values (TLVs) [upper limits to the concentration of pollutants in air in the
work environment recommendedby theAmericanConference ofGovernmental
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Industrial Hygienists (162)] and multiplied them by their vapor pressure (they
assumed that fugitive emissions are proportional to vapor pressure). TLVswere
also used by Horvath and coworkers as the basis for a toxic emissions index
(163).
Literally dozens of different ranking and scoring schemes have been proposed

to evaluate chemicals based on measures of toxicity or measures of toxicity and
exposure (164). These systems differ in the scoring criteria used, the endpoints
used to score each criterion, the algorithm used to aggregate individual scores
into an overall score, and the procedures used to score chemicals with miss-
ing data. The hierarchy of indicators proposed by Jia and coworkers (171)
(see Table 4) gives an example of the different levels of sophistication that can
be used to evaluate the potential toxic impacts of a design. The fourth type
of index is based on the PEC/PNEC (Predicted Environmental Concentration/
Predicted No Effect Concentration) concept used for risk characterization (165)

Table 4 Toxicity-based indicators for the evaluation of environmental releasea

Aspects
considered Example

Mass Q1m
X

c
Ec,m

Qi is a toxicity-based environmental indicator for chemical releases to
medium m; E is themass of chemical c released to medium m

Mass + toxicity Q2m =
X

c

Ec,m
Cc,m

C is the toxicity-based reference concentration of chemical c in medium
m; examples include the threshold limit value, 50% lethal
concentration, and predicted no-effect concentration; other measures of
toxicity can be used instead of reference concentrations (e.g. reference
doses and cancer potency factors)

Mass Q3m =
X

c

Ec,møc,m

Cc,m+ toxicity
+ persistence ø is the persistence of chemical c in medium m and depends on the rate

of the chemical loss by advection, reaction, and transfer to other media

Mass Q4m =
X

c

°P
j Ec, j Fc, j,m

¢
øc,m

Cc,m
+ toxicity
+ persistence
+ environmental
mobility

F is the intermedia mobility fraction of chemical c from medium j to
medium m; the values of ø and F are context specific; estimating
these values requires either the use of a multimedia mass balance model
or a broad database of chemical fate observations

aAdapted from Jia et al (171).

c,m

c,m

c,m

c, j,m
c, j,m

,m

i,m
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and has been characterized as the most consistent with an environmental sci-
ence approach (166). Cave & Edwards recently applied an index of this type to
compare the environmental hazard of six alternative routes with the production
of methyl methacrylate, based on the total inventory of chemicals present in
the corresponding plants (167). Variations of these indices that take into ac-
count bioaccumulation in the food chain have been developed (168, 169). A
further level of sophistication is embedded in the Human Toxicity Potential
index developed by Hertwich and coworkers (170). In addition to toxicity,
persistence, and environmental mobility, this index takes into account the re-
lationship between environmental concentrations and chemical doses received
through different exposure routes.
Toxicity is not the only environmental concern relevant to chemical process

design.Other relevant environmental problems towhich a chemical processmay
contribute include ozone layer depletion, climate modification, acid precipita-
tion, and photochemical smog formation. Stefanis and coworkers (32, 33, 107)
and Kniel and collaborators (34) applied such problem-oriented indices to the
design of chemical processes.

MINIMIZATION OF OVERALL INDICATOR OF ENVIRONMENTAL IMPACT Efforts
have been made to develop an overall index of environmental impact for use
in the quantitative evaluation of chemical process flow sheets (79, 80, 172).
Chemical process designers willing to use such indices must keep in mind that
these indices are meaningless without input from the users about their values
regarding the environment. The Eco-indicator 95 is an example of an environ-
mental indicator developed for product design applications where the method
developers have been explicit about the value judgements used to weight contri-
butions to different environmental damages (173). The method developers are
also explicit about the decisions theymade to include or exclude environmental-
problem categories in their indicator (for example, they excluded local toxic
impacts because their focus was on environmental effects on a European scale).
The weighting factors used in the Eco-indicator 95 are developed in two stages.
First, individual problem-oriented indicators are normalized by the indicators
corresponding to the emissions inventory of Europe. In the second stage, nor-
malized scores are multiplied by reduction factors. The reduction factor for
a particular problem is defined as the factor by which the current European
emissions would have to be reduced so that the resulting impact would not
exceed 1 death per million people per year, or a 5% ecosystem impairment.
The method developers are explicit in expressing their value judgement that 1
death per million people per year is equivalent to a 5% ecosystem impairment.
Users who do not share that value judgement would need to develop their own
reduction factors for each problem.
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Table 5 Environmental indicators used for process evaluation in the chemical industry

Company Environmental index used Comments

Roche (153) Total mass of waste (before
end-of-pipe treatment) per
unit mass of end product

3M (156) Total mass of waste as
fraction of the total mass
of outputs of a process
(including products,
by-products and wastes)

Polaroid (160) Total mass of chemical use All chemicals in raw materials and
or waste in each of five waste are assigned to one of the five
categories per standard categories, based on relative hazard
unit or product

Rohm and Hass Weighted sum of waste Weighting factors are the product of
(175) stream masses, per unit toxicity score (based on its NFPA

mass of product health hazard rating) and a “mode
of delivery to the environment”
score (based on whether the waste
stream is directly discharged,
treated before release, or recycled
or reused)

Imperial Equivalent emissions of Potency factors for each category are
chemical reference substance for developed based on published
industries (176) ten environmental impact studies and standards

categories
Ciba Specialty Eco-indicator 95 (173) and The toxicity of most chemicals is not
Chemicals (35) Swiss Eco-scarcity considered in either indicator;

method (177) Eco-scarcity method based on
national emission targets
established by the Swiss
government

INDUSTRIAL PERSPECTIVE A sample of environmental indicators being used
to evaluate processes in the chemical industry are given in Table 5. DeSimone
& Popoff have published a book with accounts of the approaches used by a
wide variety of firms to measure their environmental performance (174).

Trading Off Environmental Objectives Against
Other Design Objectives
The selection and refinement of a final design is a multiobjective decision prob-
lem, where economic, environmental, and safety concerns may be in conflict
(42). As explained above, “the environmental objective” is in itself a collection
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of many objectives, where improving one objective may not be possible with-
out worsening another. For example, decreasing solvent emissions by increased
separations and recycling may lead to increased emissions of combustion gases
from energy generation.
The first step in the analysis of a decision problem with multiple objectives

is the identification of the set of nondominated alternatives, also known as the
Pareto set of noninferior alternatives (43). A dominated alternative is one that
is inferior to another feasible alternative in the set with respect to all attributes
under consideration. This means that for each dominated alternative there is at
least one win-win alternative that can be attained without sacrificing achieve-
ment in any of the design objectives. The set of alternatives that remains after
all the dominated alternatives have been removed is the set of nondominated
alternatives. Techniques for identifying the set of nondominated alternatives
include the "-constraint technique and the weighting method approach. Both of
these techniques have been applied to process design problems with economic
and environmental objectives (31, 32, 111, 128, 143, 147). For simple problems
involving discrete alternatives and only two objectives, the set of nondominated
alternatives may be identified by inspection (145).
The selection of the “best compromise” alternative from the set of nondomi-

nated alternatives requires input about the values and preferences of the people
responsible for making the decision. Thus, design teams working on a prob-
lem with multiple objectives are faced with the need to apply multiattribute
decision-making techniques (178, 179), in which most process engineers are
not trained. Some authors attempt to avoid the elicitation of values by normal-
izing the objectives (so that their values for all alternatives are in the range 0–1)
and then computing a norm (31, 79, 147). This does not remove the need to
evaluate trade-offs; it merely makes it more difficult to do so by eliminating
relevant information.
Multiobjective goal programming is a technique that has also been used to

solve chemical process design problems without specifying weighting factors
to trade off one objective against another (43, 118). The procedure involves
stating goals for each objective of the design, ranking the objectives in order of
importance, and choosing the alternative that minimizes lexicographically the
vector of deviations from the aspiration levels. With this procedure, the deci-
sion maker makes trade-offs implicitly by specifying the aspiration levels. In
addition, it is likely that the trade-offs will not be consistent across projects
because the aspiration levels will be case specific. A further problem with this
technique lies in its use of lexicographical minimization, because the technique
does not attempt to balance conflicting objectives. An even marginal improve-
ment in a highly ranked goal is preferred to large improvements in goals ranked
below. An example of this is given by a lexicographic pollution prevention

A
nn

u.
 R

ev
. E

ne
rg

y.
 E

nv
iro

n.
 1

99
8.

23
:4

99
-5

36
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lre

vi
ew

s.o
rg

 A
cc

es
s p

ro
vi

de
d 

by
 1

10
.2

25
.3

5.
16

4 
on

 0
4/

11
/2

0.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 



    

P1: PKS/Sa/Ga P2: PSA/VKS QC: PSA

September 19, 1998 14:2 Annual Reviews AR064-13

526 CANO-RUIZ & McRAE

index that has been used to rank pollution prevention alternatives (71, 72). In
this index, the classificationof the solution according to the pollution-prevention
hierarchy is given priority over all other considerations. As a result, the most
expensive, inefficient, and difficult to implement source reduction alternative
is ranked higher than the most profitable, effective, and easy to implement
recycling option.
Weighted sums of dimensionless scores are commonly used to make deci-

sions involvingmultiple criteria. In the analytical hierarchy process, the criteria
are organized in a hierarchy, where higher level scores are weighted sums of
lower level scores (180). Trade-offs made using these methods will not be con-
sistent across projects because the attribute values used in the normalization are
case specific. Applications of these techniques to pollution-prevention projects
have been published (41, 181, 182).
A different reaction to the valuation problem is to dismiss it as a “social

science” problem outside of the field of process engineering, but this gives no
assistance to design engineers facing the challenge of making a decision. Our
perspective on this issue is that even though it may be difficult to establish
precise levels for the trade-offs that decision makers are prepared to make, it is
always possible to place bounds on them. Sensitivity analysis (discussed in the
next section) can then be used to determine whether there is a need to undertake
more thorough elicitation of preferences. Ideally, many of these questions
would be addressed at the corporate or division level, allowing management to
give design teams uniform guidance regarding the trade-offs the company is
prepared to make among the different objectives.

SENSITIVITY ANALYSIS
The main goal of sensitivity analysis is to determine whether the best alterna-
tive identified advances the design objectives sufficiently, given current levels
of uncertainty, to make further search unnecessary. Framing of the design prob-
lem should specify the criteria to be used to determine whether the gains from
additional analysis are worth the additional time required. With respect to envi-
ronmental objectives, the design team needs to be able to identify those aspects
of the design that are driving the environmental impact. It is also necessary to
understand the trade-offs associated with the modification of the aspects of the
design driving the impacts.
Ciric and collaborators have noted that costs associated with waste treatment

and disposal are difficult to estimate because direct costs (e.g. landfill fees) are
rapidly increasing and indirect costs (e.g. liability, paperwork) are significant
but hard to quantify (128, 143). This observation motivated them to develop
a procedure for determining the sensitivity of the maximum net profits of a
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chemical process to changes in the waste treatment cost. In this procedure, the
concave portions of the solution set of the multiobjective problem that maxi-
mizes profits and minimizes waste are mapped into the solutions of the original
profit-maximization problem for different values of the waste-treatment cost.
There are few examples of the application of sensitivity analysis to published

mathematical programming formulations of waste minimization (113, 116,
132). Two of these examples examine only the impact of adding additional
structural constraints on the network of separation units (116, 132), whereas
the other one analyzed the sensitivity of the optimal network to equipment
cost (113). Sensitivity analysis on variables fixed at the problem framing stage
(e.g. recovery or concentration targets) has not been reported.
Many aspects of the evaluation of a chemical process designwith respect to its

environmental performance are subject to considerable uncertainty. Diwekar
examined the impact of uncertainties associated with technical factors alone
(e.g. equipment performance, emission rates) in the economic and environmen-
tal performance of a power plant design (151). Proponents of environmental
impact assessment indices (163, 171) have noted the need for quantifying the
uncertainties in environmental indices and in any rankings that may result from
these indices, but work in this area is still in its infancy.
In order to improve the environmental performance of a design, it is nec-

essary to understand which features of a design are the main drivers of its
environmental impact. Thus, the calculation of an environmental index is not
useful unless the results can be presented in a way that allows the design team
to set priorities for further design work. Unfortunately, most of the work re-
ported in the literature has not addressed this problem. Tools analogous to the
cost diagrams introduced by Douglas &Woodcock for the screening of designs
based on economic objectives (183) could be useful in this regard. Hilaly &
Sikdar (77, 78) recommend the calculation of pollution indices (a measure of
the mass of waste produced per unit mass of product) for a complete flow sheet
as well as for individual process streams. In their procedure, the units asso-
ciated with process streams with high pollution indices are then targeted for
wasteminimization.Heinzle&Hungerbühler (187) use amass loss index (MLI)
to allocate all mass flows leaving a process to their cause. Causes of mass in-
efficiencies include stoichiometric formation of by-products in desired reac-
tions, incomplete conversion, selectivity losses, purification losses, impurities
contained in substrates, and losses of solvents, catalysts, and other auxiliary
materials not recycled with 100% efficiency. By weighting individual streams
by their cost or by a relative measure of environmental impact, those causes
of mass inefficiency with the greatest cost or potential ecological impact can
be identified. The design team would focus their attention on reducing those
sources of inefficiency in the next iteration.
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RESEARCH NEEDS
In December of 1992, the Center for Waste Reduction of the American Insti-
tute of Chemical Engineers, the US Environmental Protection Agency, and the
US Department of Energy sponsored a workshop to identify requirements for
improving process simulation and design tools with respect to the incorpora-
tion of environmental considerations in the simulation and design of chemical
processes (184, 185). Most of the needs identified during that workshop are
still present today. The following lists combine the needs identified in that
workshop that we find most relevant (marked with an asterisk) with additional
needs we identified during the preparation of this review.

Generation of Alternatives
1. Increase the integration of process chemistry into the generation of design
alternatives.

2. Develop tools to identify new reaction pathways and catalysts.§

3. Extend alternative generation methods to include nonconventional unit
operations.§

4. Develop methods that allow the rapid identification of opportunities to inte-
grate processes.

5. Develop methods to recognize opportunities to match waste streams with
feed streams and to prescribe the operations needed to transform a waste
stream into a usable feed stream.

Analysis of Alternatives
1. Predict generation of undesired by-products.§

2. Improve prediction of reaction rates.§

3. Predict fugitive emissions and emissions from nonroutine operations
(e.g. start-up).§

4. Improve characterization of nonequilibrium phenomena.§

5. Include waste-treatment unit operations in process simulators.

6. Increase the ability of process simulators to track dilute species.§

7. Improve stochastic modeling and optimization.§

8. Link process and environmental models.§
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9. Build databases of properties relevant to environmental characterization of
processes and link them to process simulators.

10. Include information about uncertainties in databases.

11. Create databases with typical mass and energy balances (including trace
components of environmental significance) for widely used raw materi-
als in the chemical industry to facilitate the characterization of upstream
processes.

12. Develop guidelines to match the level of detail used in process models with
the accuracy needed to make decisions.

Evaluation of Alternatives
1. Develop accounting rules to allocate environmental impacts to specific pro-
cesses and products in complex plants.

2. Develop environmental impact indices that are able to combine data of dif-
ferent quality while preserving their information content.

3. Develop screening indicators.

4. Develop frameworks that facilitate the elicitation of preferences needed as
input to multiobjective optimization.

Sensitivity Analysis
1. Incorporate sensitivity analysis as a standard element in papers and books
related to chemical process design.

2. Develop indicator frameworks that allow rapid identification of the features
of a design that drive its environmental impact.

CONCLUSIONS
Environmental issues are emerging as one of themajor driving forces for change
in the chemical industry. This paper has presented a review of the issues,
methodologies, and future needs for integrating environmental concerns into
the design and operation of chemical manufacturing facilities. Although there
are clearly many needs, perhaps one of the most overriding opportunities is for
a change in attitudes. A view of product and process design that sees environ-
ment as an objective and not just as a constraint on operations can lead to the
discovery of design alternatives that improve both environmental and economic
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performance. An adoption of environmentally conscious design ideas in aca-
demic curricula is perhaps the most significant leverage point for moving the
practice of chemical process design in this direction.

Visit the Annual Reviews home page at
http://www.AnnualReviews.org
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