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(2) mathematical programming-based methods, have been ex-
tended to account for waste considerations.

HIERARCHICAL APPROACH FOR WASTE MINIMIZATION

The hierarchical decision procedure described by (6) provides
a simple way of identifying potential pollution problems early
in the development stages of the design. If these decisions are
changed, other process alternatives are generated. Some of
the decisions affect the exit streams from (and the feeds to)
the process and, in some cases, these exit streams have an
adverse environmental impact. Hence, Douglas proposes that

LIFE CYCLE OPTIMIZATION if we can make decisions, that is, find alternatives that do not
lead to pollution problems, we can develop cleaner processes.

Consider the reaction in the U.S. if the Soviet Union were to Based on such a hierarchical approach, (7) reported on pro-
threaten, as global climate change threatens, to invade 7000 cess integration studies for waste minimization. Process im-
square miles of U.S. coastal land, incapacitate a significant frac- provement options are identified to minimize emissions and
tion of U.S. agriculture, reduce hydroelectric capacity and degrade

waste generation.water quality in many regions, all in the next 50 years. What level
Douglas’ approach motivated (8) to distinguish betweenof resources would be committed to stopping this threat?

wastes generated in a process, that is, process wastes (pro-Joel N. Swisher (1989)
duced in reactors, separation systems, and process opera-
tions) and utility wastes (associated with hot and cold utili-

The quote above, which was made in reference to a USEPA
ties), and (9) introduced the idea of the Graphical Mass

report on global warming (1), provides the thematic introduc-
Balance, a visual means of mass balance manipulation which

tion and motivation to this chapter. The environmental prob-
can be used for an initial exploration of the operating condi-

lems that have been added to a process engineer’s list tend to
tions of a process in order to meet environmental regulations.

be more global in scope than ten years ago. In the past, engi-
neers and legislators worried about the effect of stack emis-
sions on the air quality of the cities in which we live. Now, in ENVIRONMENTAL APPLICATIONS OF

MATHEMATICAL PROGRAMMINGaddition, they must consider the impact of those same emis-
sions (as well as other sources) on the climate and strato-

The concept of mass exchange networks (MENs) has been de-spheric ozone layer of the entire planet. Acid rain does not
respect international boundaries, and hazardous wastes that veloped by Manousiouthakis, El-Halwagi, and coworkers

(1989, 1990, 1992) to provide a way of configuring a minimumare too expensive to dispose of here, all too often wind up
halfway across the planet. For these reasons, the early envi- cost separations network which meets environmental dis-

charge constraints. ‘‘End-of-pipe’’ treatment can be integratedronmental activities that have primarily dealt with treating
process waste after its generation (end-of-pipe treatment) are with the utilization of waste materials through the synthesis

of mass efficient processes. Wang and Smith (10) developedgradually transformed to pollution prevention approaches to
achieve economically and environmentally competitive pro- techniques to target and design for minimum wastewater for

re-use, regeneration re-use, and regeneration recycling.cess designs.
The objective of life cycle optimization is to develop a con- The discontinuous nature of many processes poses not only

a difficult problem in sequencing and scheduling the tasks tosistent framework to help process engineers, legislative bod-
ies, and environmental agencies identify opportunities for en- manufacture some products but also in the reduction of waste

generation time-dependent profiles. Grau et al. (11) tackledvironmental impact minimization in the process industries by
considering process technological, material alternatives and the waste minimization problem in multipurpose batch plants

as part of the constrained scheduling problem with limitedtheir interactions, cost implications for production and sched-
uling, and input as well as output waste generation due to resources. Pollution indices had been attached to cleaning

streams to quantify their environmental impact aiming at theintentional and unintentional operation in a unified way.
Many articles report successful case studies, and several minimization of the product changeover waste. However,

throughout their work, the design is considered to be given,guides attempt to provide a systematic approach to waste
minimization and pollution prevention (2–4). Their approach and pollution is addressed at a macro scale. Stephanopoulos

and his coworkers employed ideas of lexicographic goal pro-involves ranking waste minimization alternatives and propos-
ing practical techniques that can be applied to waste genera- gramming as a means to generate the pareto curve of solu-

tions so as to incorporate ecological considerations in batchtion problems such as technology replacement, source reduc-
tion by process changes and equipment modifications, and on/ process design. Linninger et al. (12) developed a methodology

to design batch processes with Zero Avoidable Pollution (ZAP)offsite recycling of waste materials.
Process synthesis involves the ‘‘act of determining the opti- by detailed consideration of alternative reaction systems, sol-

vents, catalysts, separation processes, and treatment units.mal interconnection of processing units as well as the optimal
type and design of the units within a process system’’ (5). The The above ideas have been implemented in an integrated,

computer-aided environment, called Batch Design Kit, com-two basic approaches, which have been established over the
last 20 years to address the process synthesis problem, (1) prising a physical property and legislation limits database,

a batch process synthesizer, and a simulator. The softwarehierarchical decomposition and evolutionary techniques and

J. Webster (ed.), Wiley Encyclopedia of Electrical and Electronics Engineering. Copyright # 1999 John Wiley & Sons, Inc.
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development has been applied mainly to pharmaceutical pro- charges, process emissions can be reduced; however, it does
not necessarily follow that the environmental impact of thecesses (12). Another design system for pollution prevention

in process and product design is the Clean Process Advisory process is reduced since the wastes associated with the provi-
sion of the energy may outweigh the original emissions prob-System, or CPASTM (13). It is a product under development by

collaboration between industry, academia, and government lem. In a similar way, higher purity starting materials or im-
proved catalysts may lead to reduced emissions from theand includes tool groups such as new technology, pollution

prevention design options, treatment design options, technol- process under consideration but may incur a greater overall
degree of environmental damage through the raw materialogy modelling, industry planning, environmental risk, etc.

The combined result will enable engineering designers to purification or catalyst production stages.
Another important point not addressed to date by thecome up with environmentally benign conceptual designs. Pe-

trides et al. (14–15) developed a user friendly design kit, En- waste minimization methodologies is the systematic quanti-
fication of the environmental impact of process wastes. Gener-viroCAD, for deriving alternative waste treatment designs by

recommending, based on waste input, options for waste recov- ally, most techniques have been confined to systems in which
the environmental impact has been measured in terms of theery, recycling, and in cases where this is not possible, alterna-

tives to treat or dispose of the wastes generated. Recently, mass discharge of a single species (e.g., phenolics). In cases
where many different kinds of wastes are emitted from a pro-Elliott et al. (16) provided a computer aided implementation

of relative environmental impact indices to calculate the devi- cess, any sensible waste minimization approach would need
to weigh these emissions in some consistent way.ation of environmental damage associated with a process for

different design and operational alternatives. Some of these issues have been addressed in the field of
Life Cycle Analysis (LCA). This is a methodology aimed at
quantifying the full range of environmental impacts of a prod-

RISK ANALYSIS TOOLS
uct, and of its material and process inputs, over its complete
life cycle, encompassing extraction and processing of raw ma-Apart from industrial pollution related to conventional pro-
terials, manufacturing, transportation and distribution, use/cess effluent streams, accidents such as the Seveso incident
re-use/maintenance, recycling, and final disposal. LCA hasin Northern Italy highlighted the need to address the impact
been used in evaluating eco-labelling and extensive LCAsof such incidents on the environment. For this reason, the
have been carried out to establish the environmental impactsEuropean Commission provided the first legislative frame-
of various products (20–21). A methodology for performingwork for controlling human hazards called the Seveso Direc-
LCA has been formally defined by the Society for Environ-tive. Most of the latest methods for assessing environmental
mental Toxicology (22) and comprises three stages: (1) prepar-impact of nonroutine releases are simple and qualitative,
ing a Life Cycle Inventory, which is an inventory of all mate-such as checklists and networks (17). To differentiate from
rial and energy requirements associated with each stage ofhuman risk assessment, environmental risk assessment
product manufacture, use, and disposal (e.g., to find the im-should consider the various components of the environment
pact of VCM, the inventory is based on the system defined insuch as air, water, and soil.
Fig. 1), (2) performing a Life Cycle Impact Analysis, a processQualitative hazard identification techniques [for example,
in which the effects of the inventory on the environment arehazardous operations (HAZOP)] are currently employed to
assessed, and (3) addressing the Life Cycle Improvementassess the adverse environmental effects at a post release
Analysis, which is aimed at reducing the product impact onlevel (18). Risk related events (like accidents, off-spec. produc-
the environment. Most LCA studies to date have focussed ontion, etc.) have been incorporated quantitatively in formal en-
the inventory component, although there are well developedvironmental impact assessment by Aelion et al. (19) through
techniques for performing the Impact Analysis as well (23).the idea of the frequency/environmental load curve. In partic-
Generally, where chemicals manufacturing processes haveular, they distinguished release scenarios depending on
been included in an LCA (for instance, the production of etha-whether they result from intended or unintended plant opera-
nol for use as a hairspray propellant), the inventory data hastion (e.g., production of off-spec material, disposal of perished
been based on industry standard practice and has not beenmaterial, leakage); an aggregate figure of the annual process
examined in detail. Two important insights that can beenvironmental load attributed to accidents is represented as
gained from LCA techniques area function of the expected number of unintended events per

year (frequency) and the environmental load released during
each accident. 1. It is necessary to define a consistent system boundary

around a process, so that most wastes associated with
inputs (i.e., emissions from all preceding processesLIFE CYCLE ANALYSIS PRINCIPLES
reaching right back to the original raw materials ex-
traction) are included when the environmental impactThe approaches described above can provide useful results
of the process is assessed.about the waste generation from a process; however, from an

2. It is often more useful to concentrate on the environ-environmental viewpoint, they typically overlook an impor-
mental impact of the process emissions rather than thetant issue. They provide systematic methods to evaluate the
actual emissions, themselves. If a limited number of im-optimal way to cut down waste generation by the process (i.e.,
pacts can be assumed to be important (most LCA stud-to reduce emissions waste, but do not take into account the
ies quantify 5 to 10 environmental impacts), then thewaste associated with inputs to the process (such as wastes
inventory of emissions (which may comprise severalassociated with raw materials and energy generation, capital

plant, etc.). Clearly by employing energy to remove mass dis- hundred chemical species) can be reduced in dimension
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Figure 1. Boundary studied in criteria for
VCM ecolabels.
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to an impact vector which comprises 5 to 10 elements. that the methodology is flexible with respect to the choice of
system boundary (conventional or global), as this depends asThis greatly facilitates comparison of discharges which

are ostensibly different in nature. Thus, instead of at- well on the aims of the specific case to be tackled, the target
audience, and the data availability.tempting to compare discharges of different chemicals,

it is possible to transform the emissions inventory into
a ‘‘common currency’’ comprising a limited number of Emissions Inventory
environmental impacts and compare processes on this

Within the system boundary, the emissions inventory is de-
more manageable basis.

fined as the vector of all routine and nonroutine gaseous, liq-
uid, and solid wastes disposed to the environment from all

A design methodology for the assessment and minimiza-
processes in the network. Intentional waste release is associ-

tion of the environmental impact of process systems is pre-
ated with discharges from planned operation of the process

sented in this article. The proposed methodology relies on
(for example, gaseous purge and wastewater streams),

principles of Life Cycle and Risk Assessment that are embed-
whereas unintended wastes mainly arise from accidental re-

ded within a formal process optimization framework. Such an
leases, emissions from process deviations (like start up, shut-

integrated environmental framework extends existing waste
down, changes in plant parameters, etc.), and fugitive emis-

minimization design techniques by providing a considerably
sions that are generally tolerated in industry. It is often the

more complete description of the environmental impact of the
case that the resulting waste vector is highly dimensional;

process. It has implications to process synthesis by including
this prohibits the efficient analysis and interpretation of the

environmental objectives together with economics at the de-
environmental behavior of the process. Furthermore, the

sign stage so as to determine cost efficient solutions to waste
emissions inventory relies only on the mass of pollutant dis-

minimization projects. Furthermore, it adds to conventional
charged and shows no indication of the form and extent of the

life cycle and risk analysis tools by employing process model-
actual damage caused to the environment.

ling and optimization techniques to yield the optimal design/
operating conditions and efficiently select the best materials
to be used in order to achieve minimum environmental
impact.

MINIMUM ENVIRONMENTAL IMPACT METHODOLOGY

In order to systematically estimate and minimize the full
range of adverse effects of processing systems on the environ-
ment, the following step-wise procedure is proposed.

Definition of System Boundary

The boundary of the process of interest needs to be defined.
The conventional system boundary helps to identify all waste
output to the environment such as gaseous emissions, waste-
water streams, leakages, etc. However, wastes associated
with inputs to the process, such as raw materials and energy
consumption, are not taken into account. For this purpose,
the boundary of the process can be expanded to include all
processes related to raw materials extraction, energy genera-
tion, and capital manufacture. Including all sources of pollu-
tion from natural sources to the gate of the process (cradle-
to-gate analysis) provides the designer a global view of the
process interactions with the environment. It should be noted

Table 1. Transformation of Emissions
Inventory to Environmental Impact

Initial Vector Condensed Vector

Energy Contents of Feed-stocks and • Primary Energy
By products

Processing Energy
Transport Energy
C1s, C2s
C3s • Indirect Global Warming
C4s • Photochemical Oxidation
Others Volatile Organic Compounds
CO2, CH4

CFCs, N2O • Global Warming (Direct)
HCFCs, CCl4 , CH3CCl3

SO2 • Acid Rain
NH3 , CO
NOx • Toxic Air Pollutants
HCl, SO2

Acids
Heavy Metals
Dissolved, Suspended Solids • Toxic Water Pollutants
BOD
Solid Wastes • Solid Wastes
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Figure 2. Environmental impact assess-
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Environmental Assessment of Routine Releases case represent relative environmental damage with re-
spect to pollutants like carbon dioxide (global warming),

In order to reduce the dimensionality of the problem and pro- ethylene (photochemical oxidation), and CFC11 (strato-
vide aggregate, yet accurate, information on the environmen- spheric ozone depletion).
tal burden associated with any industrial process, an environ-

2. Fate Considerations. Short term environmental impactmental impact assessment step is included in the
assessment relies on the assumption that various pol-methodology. The essence of the environmental damage quan-
lutants contribute linearly to the overall environmentaltification is to transform the emissions inventory into an im- impact. This can be unrealistic in many cases since the

pact vector of low dimensionality. For this purpose, all routine actual partitioning and the reactions of each pollutant
releases are grouped together with respect to the form of bur- in the environment are ignored. To predict the post re-
den caused. For example, as illustrated in Table 1, the initial lease behavior of pollutants, the multimedia approach
waste vector is transformed to a condensed environmental im- developed by (24) is employed. The globe is assumed to
pact vector that consists of metrics to measure pollution re- comprise three primary media: air, water, and soil, in
lated to energy, global warming, air pollution, water pollu- equilibrium. This form of environmental impact assess-
tion, etc. ment is based on steady state behavior and continuous

While the metrics used to assess different aspects of pollu- release scenarios. Furthermore, uniform pollutant dis-
tion are analysed in subsequent chapters, the environmental tribution and first order exponential decay in each me-
impact assessment tool developed in this work is qualitatively dium is assumed for all pollutants. The ultimate envi-
presented in Fig. 2. The environmental damage caused by re- ronmental impact is based on maximum acceptable
leases due to expected or unexpected operation can be broadly concentration and reflects the actual damage caused in
classified as follows. the environment based on the distribution of the pollut-

ant in the various compartments.
Short Term Environmental Effects. Short term environmental

Assessment of Nonroutine Releasesassessment is the measurement of environmental damage at
the point source of the release. The environmental burdens, The environmental impact assessment technique defined
in this case, depend on the legislation limits imposed (for ex- above can be extended to quantify not only routine process
ample, threshold value, maximum acceptable concentration releases like purge, wastewater streams, etc., but also poten-
for discharge) and the mass of pollutant discharged. The point tial environmental hazards related to unexpected plant opera-
source impact can be distinguished into (1) atmospheric, rep- tion. As shown in the hypothetical risk frequency graph pre-
resenting qualitatively the amount of air necessary to dilute sented in Fig. 3, the nonroutine releases have significant
the pollutants down to the desirable concentration, (2)
aquatic, referring to the equivalent amount of water volume
(or mass) to meet the required limits, and (3) solid, associated
with the total mass of solids disposed.

Long Term Environmental Effects. The long term environ-
mental impact assessment mainly involves pollution that
arises from post-release pollutant behavior and can be distin-
guished into two categories based on environmental or hu-
man-health concerns.

1. Modification of the Environment. The metrics used in
this case deal with global atmospheric change problems
of major public concern, such as greenhouse effect en-
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Figure 4. A general process system su-
perstructure.
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influence on the environmental damage related to a process catalysts, and mass separating agents) and utilities (fuel, air,
water, etc.) are included in order to ensure a global environ-system. Unlike extreme cases of major accidents that occur at

very low frequencies but with serious consequences and rou- mental impact assessment strategy.
Such a general synthesis strategy will then lead to a con-tine releases that are highly frequent but cause minor envi-

ronmental damage, nonroutine releases are placed within this ceptual mathematical formulation as follows:
frequency range posing often moderate adverse effects and,
therefore, resulting in considerable risk levels. For this pur-
pose, in addition to conventional environmental impact as-
sessment, a quantitative risk analysis step is developed based

[P] min Annual Cost

(or max NPV)

andon formal reliability assessment techniques, accounting for
release scenarios for various types of nonroutine pollution re-
lated to internal events (such as releases due to equipment
failure) or external events (such as fugitive emissions due to
small leaks or spills from pumps or flanges) that are generally
tolerated in industry. This information is then used to quan-
tify the environmental impact vector of the fully operable
state and the vector of nonroutine release environmental im-
pact, defined as the weighted sum of deviations of all de-

minfEnvironmental Impact Criteriag
• routine releases

– function of structural design
and operating variations

• nonroutine releases
– additional function of reliability models

and stochastic events

(A)

graded operable states from the standard release scenario.

s.t.
Synthesis of Environmentally Benign Processes

The last step, which constitutes the heart of the methodology,
is the incorporation of the environmental impact criteria pre-
sented in the previous section into an overall process synthe-
sis and optimization strategy. The process synthesis problem
then will conceptually involve determining the best design
and plant operation featuring minimum environmental im-
pact at minimum annualized cost. Different process techno-
logical and material alternatives are explicitly considered in

Superstructure global process model
and design specifications

• Material and energy balances
• Physicochemical property equations
• Operational requirements (scheduling)
• Equipment design and specification constraints
• Logical conditions

(B)

a general process system superstructure, as shown in Fig. 4.
For example, for the reaction section, alternative reaction Unlike conventional process, synthesis mathematical formu-
routes possibly involving different raw materials, different lations based on a mixed integer optimization representation,
types of reactors, and reactor network configurations can be problem [P] has three additional features:
included. For the separation section of the process, different
separation systems, such as distillation, extractive distilla-
tion, adsorption, and hybrid separation systems, including re- • It involves, as explicit objectives, the minimization of en-

vironmental impact criteria in (A); that is, it is a multiob-active separation, can also be explicitly considered. Alterna-
tives for material extraction (for raw materials, solvents, jective optimization problem
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• Unlike conventional Life-Cycle Analysis tools, these envi- pressure (5 atm) and temperature (220 �C), in the presence of
ronmental impact criteria have been modelled as explicit a small amount of catalyst (copper chloride) (26). The reaction
parametric expressions of structural design and op- selectivity is high, and DCE purity exceeds 98%, with negligi-
erating (including reliability) process variables; that is, ble amounts of chloral and ethyl chloride. A small portion of
they are functions of the process decisions the ethylene feed is oxidized to carbon monoxide and carbon

• It involves global considerations in a plant-wide context dioxide. The products and unreacted raw materials exit the
in (B) reactor and are separated using a three phase flash drum.

The bottom exit stream mainly consists of DCE, H2O, and
These additional three features conceptually differentiate traces of dissolved gases which are removed from the DCE

problem [P] to conventional process synthesis formulations; using a distillation column. The side aqueous phase consists
in this respect, the above problem can be viewed as a concep- of water which is contaminated with DCE and traces of gases.
tual process synthesis problem formulation for obtaining en- The unreacted gases such as C2H4, O2, N2 (in case of air feed),
vironmentally benign processes on a plant-wide basis. and HCl are separated and exit as the vapor phase. The aque-

The solution of the above problem clearly poses a number
ous exit stream from the flash drum is fed to a suitable sepa-of difficulties and challenges. While this article does not aim
ration stage (possible alternatives are a steam stripper or ato address all numerical issues involved in the efficient solu-
distillation column) for removal of the residual (undesirable)tion of problem [P], it is shown in the next sections, how for-
DCE. The vapor stream mainly consists of unreacted gasesmal multiobjective optimization techniques (see for example,
and is fed to a burner. Thus, the main emissions from this(25) can be applied to certain classes of [P] to obtain the Pa-
simplified process flowsheet are the waste gases, which arereto space of (parametric) optimal solutions with respect to
fed to a burner operating at sufficiently high temperature tocost and the various components of environmental impact.
ensure effectively 100% combustion, and the DCE contami-Material design issues are also captured in [P], as discussed
nated wastewater stream which is partially cleaned up in thenext.
stripping or distillation column.

A typical waste minimization approach could be applied toLIFE CYCLE OPTIMIZATION IN CONTINUOUS PROCESSES
obtain the optimal operating conditions of the process that
minimize its annual cost, not entailing excessive waste gener-The production system of dichloroethane from hydrochloric
ation. The superstructure of the continuous process to includeacid, ethylene, and oxygen by oxychlorination is studied here
alternative raw materials (such as air or pure oxygen) andas a means of revealing waste minimization opportunities
separation techniques (steam stripping, distillation), in theand demonstrating the need for a consistent framework to in-

vestigate the environmental impact of continuous processes. most general case can be modelled as a mixed integer nonlin-
Dichloroethane (DCE) is an intermediate for the produc- ear (MINLP) optimization problem of the following form (27):

tion of vinyl chloride monomer. Hydrogen chloride, ethylene,
and oxygen (either in air or as a pure gas) react in a fixed
reactor as presented in Fig. 5, which operates at constant Z = min{cT · y + f (x)} (1)
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s.t.

h(x) = 0

g(x) ≤ 0

A · x = a

B · y + C · x ≤ d

x ∈ X = {x|x ∈ Rn, xL ≤ x ≤ xU }
y ∈ Y = {y|y ∈ 0, 1m}

p(x) ≤ pU

The continuous variables x represent flows, operating condi-
tions, and design variables. The binary variables y denote the
potential existence of process unit blocks and streams. These
variables typically appear linearly as they are included in the
objective function to represent fixed charges in the purchase
of process equipment (in the term cT � y) and in the constraints
to enforce logical conditions (B � y � C � x � d). The term f (x)
is often a linear term involving purchase costs for process
equipment (cost coefficients, multiplying equipment capaci-
ties, or sizes), raw material purchase costs, product/by-product
sales revenues, and utility costs. The sizing equations corre-
spond to h(x) � 0, and the inequality constraints g(x) � 0
include design specifications which are typically linear ine-
qualities. The linear equations include mass balances and re-
lations between the states of process streams. Pollution met-
rics can be expressed in terms of flowrate or stream
concentration, and constraints are imposed for pollution pre-
vention (pU denote the desired upper bounds). The best struc-
ture and the corresponding optimal values of the operating
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variables of problem (1) are presented in Table 2.
Figure 6. Effect of the DCE degree of abatement on the annual cost

If one concentrates on the waste water stream exiting from of the process.
the last column or the steam stripper, it can be noted that
minimization of annual cost results in relatively large DCE
mole fractions in the exit stream. This is expected as applying

However, such an analysis takes a myopic local view ofstricter limits on the DCE mole fraction results in an increase
environmentally related problems. For example, althoughof the column (stripper) size and steam consumption. By solv-
DCE exits in the waste water stream, due to its high volatil-ing parametrically problem (1) for varying mole fractions, one
ity, much of it becomes airborne, so ideally, a metric shouldrealizes that an increased cost penalty has to be paid for
be used to combine the DCE discharge with the gaseous dis-waste minimization (Fig. 6). Steam stripping and oxygen feed
charge from the tail gas burner and facilitate the minimiza-appear to be cheaper alternatives, despite the fact that oxy-
tion of the overall pollution at the same time, without solvinggen is a more expensive raw material than air, since air flow-
independent optimization problems for each type of waste. Anrates significantly increase equipment sizing.
obvious question that arises here is, then, ‘‘Can (a) common
metric(s) be defined to enable the minimization of ostensibly
different emissions at the same time?’’. Another issue is the
following: dichloroethane, for example, also affects the global
warming phenomenon, and therefore, this effect needs to be
taken into account in quantifying the overall impact of the
process. A second question is then: ‘‘Apart from the common
pollution effects, such as air emissions, water pollution, and
solid discharge, is it possible to explore long term environ-
mental effects (such as global warming, ozone depletion etc.)
and obtain a more complete picture about the interactions of
the process with the environment?’’.

In minimizing the cost subject to waste constraints in the
example above, it was implicitly assumed that all the pollu-
tion effects were due to the DCE waste and the off-gases.
However, in order to purify the wastewater stream, a large
amount of steam is consumed that generates an additional

Table 2. Optimal Operation of DCE Process
for Minimum Total Annual Cost

Raw Material Oxygen

Separation Alternative Steam Stripping
Conversion of Hydrogen Chloride (0.93 � xHCl � 0.93

0.97)
Flash Drum Temperature (TF � 313 K) 313
Flash Drum Pressure (202 � PF � 510 kPa) 250
Stripping Column Pressure (101.3 � PStr � 202 101.3

kPa)
Distillation Column II Pressure (PDII � 202 kPa) 180
DCE Mole Fraction in Waste Water Stream 1 � 10�4

(xDCE � 10�4))
TAC (rcu/y) 1.74 � 106
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waste input to the process. In addition, the raw material gen- system all the way to the natural state of pure raw materials
which are available at no environmental penalty. Differenteration and the capital manufacture create waste inputs that
technological routes for the production of the same set of rawneed to be taken into account.
materials (leading to desired product formation) are includedThese important dimensions of the environmental impact
in this expanded boundary. The advantage of defining suchminimization and pollution prevention problem in continuous
an expanded global process system boundary is that input (toprocesses can be effectively captured by the proposed method-
the conventional process) wastes together with their routesology for environmental impact minimization.
can also be accounted for together with output emissions
forming an aggregated waste vector (see Fig. 7). Note thatDefinition of Process System Boundary
although this definition is consistent with the one used in Life

This step involves expansion of the conventional process sys- Cycle Analysis (22), it does not include the routes and stages
tem boundary to include all processes associated with raw of the product after leaving the process since the main focus
materials extraction and energy generation. As shown in Fig. of this work is on optimizing the damage related to a chemical

manufacturing route.7, this requires backtracking from the conventional process

Product(s)
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material(s)

Energy

Waste(s)

Product

Product

(a) Conventional process system boundary

C2H4 + 2HCl +      02     C2H4Cl2 + H20

C2H4 + Cl2      C2H4Cl2

C2H4Cl2      C2H3Cl + HCl

1
2

C2H4 + 2HCl +      02     C2H4Cl2 + H20
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C2H4Cl2      C2H3Cl + HCl
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Waste -1

Aggregated waste vector
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Waste -2

Capital

Energy

Raw

Materials

Interconnection
nodes

Process
unit nodes

Separation systemsReactors

N
a

tu
ra

l s
ys

te
m

 b
o

u
n

d
a

ry

Figure 7. Definition of global process system boundary.
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Different waste treatment systems associated with process Air pollution is measured by defining a critical air mass
(CTAM) as kg air/h,waste effluents can be explicitly considered, although concep-

tually achieving minimum environmental impact without any
waste treatment provides a target treatment value for any
possible waste treatment system.

CTAM = Mass of air emissions (kg pollutant/h)
Standard limit value (kg pollutant/kg air)

water pollution by a critical water mass (CTWM) as kg water/
h,

Environmental Impact Assessment

Having defined a global process system boundary, an assess- CTWM = Mass of Water Pollutant (kg pollutant/h)
Standard Limit Value (kg pollutant/kg water)

ment of the environmental impact of the various wastes (the
aggregate waste vector in Fig. 8) flowing out of the system is and solid wastes by a solid mass disposal (SMD) as kg
performed in step 2. This involves (1) defining an emissions solids/h.
inventory comprising all wastes generated in any stage of the In all the above metrics, the mass of pollutant discharged
processing network within the global process systems bound- is assumed to be measured at the point source of the release.
ary, and (2) grouping these wastes together according to their Long term interactions like global warming can be depicted
impact on the environment—this is termed environmental by metrics like global warming impact (GWI) as kg CO2/h:
impact assessment.

Environmental impact is commonly assessed by defining GWI = Mass of Pollutant (kg/h) × GWP(kg CO2/kg pollutant)
appropriate environmental indices, which measure air pollu-

where GWP is the global warming potential of each pollutant.tion, water pollution, solid wastes, global warming, photo-
Similarly to GWI, photochemical oxidation is defined by pho-chemical oxidation, and stratospheric ozone depletion. There
tochemical oxidation impact (POI) as kg ethylene/h:is considerable debate surrounding impact assessment (see,

for example, Ref. 28); yet currently, there is no sound scien-
POI = Mass of Pollutant (kg/h) × POCP(kg C2H4/kg pollutant)tific way of arriving at sensible quantitative metrics for over-

all environmental impact—a subject of active research work.
where POCP is the photochemical oxidation potential as in
UK Ecolabelling Board Report (21) and stratospheric ozone
depletion by stratospheric ozone depletion impact (SODI) as
kg CFC11/h:

SODI = Mass of Pollutant (kg/h)

× SODP (kg CFC11/kg pollutant)

where SODP is the stratospheric ozone depletion potential
(SODP), as in UK Stratospheric Ozone Review Group Report
(29). Note that the direct global warming potential is defined
as (30):

GWPw =
∫ ∞

o aw(t)cw(t) dt∫ ∞
o ac(t)cc(t)dt

where aw(t) is the instantaneous radiative forcing due to a
unit increase in the concentration of waste gas w, and cw(t) is
the fraction of the gas w, remaining at time t. The correspond-
ing values of CO2 are in the denominator. Radiative forcing is
expressed as the initial change in earth’s radiation budget
due to changes in the greenhouse gas concentrations
(Wm�2p.p.m.�1).

As a result, for each pollutant w (for example, DCE), a vec-
tor EIw can be obtained denoting its corresponding environ-
mental impact; that is,

EIw = [CTAM CTWM SMD GWI POI SODI]T
w

By summing up all pollutants, a global environmental impact
vector can be obtained indicating the environmental impact
of the entire processing network, as shown in Fig. 8:

Waste-1 Product(s)

Waste-4Waste-2 Waste-3

Emissions
Inventory 

Aggrevated waste vector
[DCE, BTE, CO2, N3H2, C4H, BOD, COD . . . ]

Impact
assessment

GEI= [CTAM  CTWM  SMD  GWI  POI  SODIT]

Aggrevated waste vector

CTAM
CTWM SMD GWI

POI
SODI

Figure 8. Environmental impact assessment.
GEI =

W∑
w=1

EIw = [CTAM CTWM SMD GWI POI SODI]T
process
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There are two advantages of using a global environmental im- Acevedo and Pistikopoulos (30) have recently developed
pact vector (GEI): new algorithms for the rigorous solution of problems such as

(3). The solution of problem (3) for fixed structural decisions
• The vector of waste emissions typically comprising a (fixed y vector) yields the Pareto curve of noninferior solu-

large number of wastes can effectively be transformed tions, as shown in Fig. 9(a). If structural alternatives are also
into an aggregated vector of low dimensionality (in this included, the solution of (3) may be discontinuous, as shown
case, of six) in Fig. 9(b), where different segments correspond to different

• The information provided is directly linked to impact on optimal structural arrangements.
the environment rather than, for instance, to mass flow-
rates of waste materials. Remarks on Benefits of MEIM

The methodology for environmental impact minimization, asNote that this systematic aggregation of wastes relative to
described above, in principle enables one to:their environmental impact obviously can be used for both

conventional and expanded (global) process system bound-
• Obtain compromise solutions in a systematic way byaries. Furthermore, the use of environmental impact vectors

transforming the traditional process design style optimi-does not exclude the possibility of employing them in conjunc-
tion with other environmental ‘‘indicators’’ (for example, BOD zation problem, typically involving a cost/profit objective
or a specific pollutant mass discharge) if environmental legis- function, to be a multiobjective optimization problem [see
lation enforces such limits. Figs. 10(a,b)],

• Show that zero emissions may not be the best environ-
Incorporation of Environmental Impact Criteria in Process mental policy, but rather seek for optimal degree of
Synthesis and Design Optimization abatement [see Fig. 11(a)], and
The third step of MEIM involves the direct incorporation of • Identify pollution prevention strategies which also result
environmental impact criteria in a conceptual process synthe- in cost savings [see Fig. 11(b)]
sis formulation, discussed earlier (problem [P]). Using the no-
tation of problem (1), problem [P] can then be revisited as Example 1. The proposed methodology is applied to the
follows: DCE example described above.

Definition of System Boundary
min

x,y
[cT y + f (x), GEI] (2)

Figure 12 shows a block representation of the DCE produc-s.t.
tion process and the processes associated with the generation
of all raw materials required in the DCE manufacture. A con-h(x) = 0
ventional waste minimization approach would focus on arriv-g(x) ≤ 0
ing at the minimum cost subject to emissions constraints on
discharge of DCE from the production process; in our simpli-A · x = a
fied flowsheet (Fig. 5), this corresponds to meeting a con-B · y + C · x ≤ d
straint on emissions of DCE from the steam stripper or the

x ∈ X , y ∈ Y distillation column. Generally, wastes associated with inputs
to the process such as raw materials and energy are ignored.GEI(x, y) = [CTAM CTWM SMD GWI POI SODI]T

process
In MEIM, environmental impacts associated with all process
inputs are included by associating an impact vector with eachp(x) ≤ pu

input, which contains information on the aggregated environ-
Equation (2) is a multiobjective mixed-integer nonlinear pro- mental impact of the input, incorporating all processing
gramming problem. One way to solve Eq. (2) is to reformulate stages back to the extraction of raw materials. Raw materials
it as the following parametric MINLP problem (	-constraint such as air, rock salt, and coal are assumed to be available at
method).

min
x,y

cT y + f (x) (3)

s.t.

h(x) = 0

g(x) ≤ 0

A · x = a

B · y + C · x ≤ d

x ∈ X , y ∈ Y

Cost

(a) (b)
EL EL

Cost

Structural
alternative (1)

Structural
alternative (2)

GEI(x, y) ≤ ε

Figure 9. Pareto curve of noninferior solutions between cost and en-p(x) ≤ pu

vironment: (a) Pareto curve for fixed structure. (b) Impact of struc-
tural changes on Pareto curve.where 	 is a parameter vector.
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Product

Capital
manufacture

Raw material
B

Raw material
A

Process for
extraction of
raw mat. B

Process for
extraction of
raw mat. A

Energy plant

GEI = [CTAH  CTWH  SHD  GWI  POI  SODI]

Design objectives: min cost, min GEI

(a)

(b)

Energy

Capital

Capital
manufacture

Raw material
B

Process for
extraction of
raw mat. B

Energy plant

Energy

Capital

Interconnection
nodes

Process
unit nodes

Figure 10. Incorporation of environmental impact criteria in process synthesis and design opti-
mization: (a) Multiobjective optimization framework, (b) ‘‘best’’ manufacturing route for mini-
mum environmental impact (from possible technological alternatives).

no environmental penalty. This approach requires analysis of Note that oxygen and nitrogen, which flow across the system
boundary into the process and flow out again, are not consid-environmental impacts associated with the production of en-
ered as emissions, since they enter from the natural resourceergy, hydrochloric acid, ethylene, and in the case of pure oxy-
state and then exit to the natural resource state. In a similargen feed, air separation. Each of these inputs has an associ-
fashion, inventories can be prepared for the processes inated environmental impact vector which can be obtained
which production of raw materials (HCl, ethylene) and energythrough an environmental impact assessment, as described
take place.below.

Each raw material is extracted from its natural state (Fig.
12). In particular, ethylene is produced from naphtha (32),Environmental Impact Assessment
which is a major product of the petroleum mining and pro-

Emissions Inventory. Once a clear system boundary has cessing plant (33). Hydrogen chloride is generated directly
been drawn, it is possible to determine an emissions inven- from hydrogen and chloride using the anhydrous HCl process
tory for the system. Raw materials flow inwards across the (34). The chlorine feed is assumed to be pure and is produced
system boundary, and products and emissions flow out. For from electrolytic chlorine cells (33). All hydrogen feed to the
DCE production, the emissions comprise DCE exiting in the HCl manufacture plant is produced from the electrolysis pro-
wastewater stream, water exiting in the wastewater stream, cess (as a by-product). Rock salt is needed as feed to generate

chlorine and hydrogen (35); therefore, wastes associated withand carbon dioxide exiting in the tail gas from the burner.
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Figure 12. The global dichloroethane production system.

rock salt mining must be considered. The net energy demand the US EPA uses dose-response analysis to set limit values
for the process of interest and all associated processes is satis- so that all discharges result in approximately the same esti-
fied by a power generation plant using coal as raw material mated increase in mortality rates. This issue is further com-
input (33) [there sometimes arise cases in which there is an plicated by the different half lives of emissions in the environ-
energy credit if energy is generated in a process, such as in ment, and there is still considerable debate surrounding
this case where energy is produced due to the highly exother- impact assessment. It would be useful if there was a sound
mic oxychlorination reaction (34)]. Finally, for the case in way of combining the various indices to arrive at a single
which oxygen is fed into the oxychlorinator, an air separation overall environmental impact index. Some authors (38) have
plant has to be taken into account (36). suggested making what are essentially arbitrary combina-

tions of impact indices to this end, but there seems little basis
Impact Assessment. A key element in LCA is the transfor- for their weight factors. For the purposes of the case study,

mation of an emissions inventory, which is simply a list of we will simply employ two commonly used indices for analysis
mass discharges of various chemical species into a series of of the DCE manufacturing process: critical air volume based
environmental indices which reflect environmental impacts. on point source releases and global warming potential.
Typical indices include measurements of the relative impacts We choose critical air volume because although DCE is dis-
of discharges on global warming [assigning carbon dioxide charged in a wastewater stream, it is a highly volatile com-
value of 1.0, methane, for instance, gets a relative rating of 30 pound and will partition heavily into air. DCE has a Henry’s
(37)], stratospheric ozone depletion, and photochemical ozone law constant of 529 atm/mole fraction. Given the total masses
creation potential. Such relative ratings can be determined of air and water are 5.1 � 1018 and 1 � 1018 kg respectively,
through laboratory experiments and a knowledge of the phys- and since for sparingly soluble gases Henry’s law constant
ical processes involved in creating the pollution problem. The

H g (atm/mole fraction) can be related to the dimensionless
Critical Air Volume (Mass) represents the volume (mass) of equilibrium constant K� as,
air polluted by a given mass of pollutant discharged. Clearly,
the critical volumes depend directly on the acceptable limit
values. This is a problem if they are set arbitrarily; however,
they can be set on a scientific and common basis; for instance,

K∞ =
(y

x

)
x→0

= Hg

P
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it can be found that 99.9% of DCE on the earth would be Incorporation of Environmental Impact Minimization Criteria in
Process Optimization. The critical air mass index (and globalpresent in the atmosphere, assuming perfect mixing.

To illustrate the calculations of critical air volume and warming index) obviously depends on the process design and
operating conditions; consequently, impact assessment alsoglobal warming associated with a DCE discharge, consider a

mass discharge of 1 kg of DCE in air. With a global warming directly relates to process decisions. Therefore, the environ-
mental impact vectors are expressed via input-output rela-index of 100 kg CO2, and a limit value of 4 mg/m3 air imposed

by World Health Organization, WHO (39), the 1 kg discharge tionships across the processes within the global production
system as functions of process decisions.of DCE results in the following impact vector:

The environmental impact vector considered in the case of
the DCE production process comprises the critical air mass,
CTAM and the global warming potential, GWI (since no solid

[
2.5 × 105 kg air

100 kg CO2

]
wastes are disposed, and the only gaseous waste of the pro-
cess is the unreacted hydrogen chloride which has negligible

Such a calculation implicitly assumes a constant marginal global warming potential).
impact for each pollutant; that is, 1 kg of DCE will have the Table 3 summarizes the twenty case studies performed for
same effect regardless of the existing extent of DCE pollution. the DCE production system. First, the conventional DCE pro-
While this may not be easily justified, there does not cur- cess was considered with two different separation alterna-
rently appear to be any better way of performing the calcula- tives, distillation or steam stripping, and with two different
tion. In this case of constant marginal impact, the transfor- raw materials, oxygen or air. Three independent criteria were
mation of emissions inventories to impacts is essentially a used for the production of 1200 kg/h ethylene dichloride, the
matrix multiplication procedure. As an example, consider the minimization of total annualized cost, the minimization of
following calculation for determining the impact of a dis- critical air mass (CTAM), and the minimization of global
charge of 1 kg of DCE and 1 kg of methane [limit value � 15 warming impact. The results concerning the annualized cost
mg/m3 air (33); global warming index � 11 (37)]: minimization have already been presented above.

For the conventional DCE production system, the results
of the optimization study for the minimization of critical air
mass, CTAM, and global warming, GWI, respectively (cases

[
2.5 × 105 6.7 × 104

100 11

]
·
[

1 kg DCE
1 kg CH4

]
=

[
3.17 × 105 kg air

111 kg CO2

]

cI, dI, f I in Figs. 13, 14, and 15) verify what is intuitively ex-
pected; that is, environmental impact decreases as the degreeIn this case study, we are assuming a world in which the only
of abatement increases—the case of air feed consistently gaveenvironmental problems are air toxicity and global warming
higher pollution metrics for both separation alternatives. Onregardless of the dimension of the emissions inventory; thus,
the other hand, when the global production system was con-the dimensionality of the problem is considerably reduced.
sidered, the results (see cases cII, dII, f II in Figs. 13, 14, andMoreover, this idea provides a technique for determining the
15) suggest that there is an optimal degree of abatement; thatadditive impact of several processes. To see this, consider the
is, a threshold value of DCE mole fraction in waste waterhydrochloric acid production process and the DCE production
stream, above which the global environmental impact in factprocess. The principle emission from the hydrochloric acid
increases. This is due to the underlying trade-off in wasteproduction process is a vent stream from the tails tower con-
generation between inputs to the system and outputs of thesisting mainly of hydrogen chloride, chlorine, and hydrogen,
system. The existence of such a minimum threshold valuewhile the principle emission from the DCE production process
clearly implies that from a global environmental point ofis DCE. At first glance, it is not obvious how these should be
view, the objective of minimizing ‘‘output’’ emissions of thecombined to arrive at a combined impact, except by adding
system may in fact be suboptimal and illustrates the impossi-the masses discharged, which fails to take account of toxicity.
bility of achieving a zero environmental impact. As far as rawHowever, using impact analysis, we simply calculate an im-
materials are concerned, the results of our analysis indicatepact vector for each process and add them, thus arriving at
that oxygen was consistently proven to be environmentallythe total impact of both processes in terms of air toxicity and
sounder on a global basis despite the cumulative impact gen-global warming. By working with the actual environmental
erated from the air separation plant; the use of air increasesimpacts, rather than the discharges themselves, we are able
substantially the impact of tail-gas burner emissions. For theto value widely varying processes in a common environmental

impact currency. case study considered here, steam stripping was found to be

Table 3. DCE Production System: Case Studies Considered

Objective Minimize Minimize Minimize
COST CTAM GWI

System
Distil- Steam Distil- Steam Distil- Steam

Boundary
lation Stripping lation Stripping lation Stripping

Conventional DCE ao,a
I bo,a

I co,a
I do,a

I eo,a
I f o,a

I

Global DCE co,a
II do,a

II eo,a
II f o,a

II

o � oxygen
a � air feed
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Figure 13. Effect of the degree of abatement on the optimal critical air mass impact of the DCE
system (stripping case).

a cleaner design alternative; the increased steam consump- tions decrease dichloroethane concentration in the waste-
stream; albeit, global environmental impact increases! Suchtion of the distillation column reboiler creates a dominant im-

pact factor (see Fig. 15). Table 4 depicts the optimal operating analytical results may have profound implications to legisla-
tion as guidelines for setting acceptable environmental limits.conditions for cases do

II and f o
II (both involving oxygen and

steam stripping), which correspond to the process alternatives
with the minimum global critical air mass (of 1.44 � 1012 kg
air/h) and minimum global warming impact of (1290 kg LIFE CYCLE OPTIMIZATION IN

BATCH/SEMICONTINUOUS PROCESSESCO2/h), respectively. The advantage of employing formal pro-
cess optimization techniques for global environmental impact

A key characteristic of batch plants is their inherent opera-analysis is shown in Table 5. The optimal value of the process
critical air mass impact for case do

I (conventional process us- tional flexibility in utilizing available resources (equipment,
utilities, production time). This feature introduces an extraing oxygen-steam stripping) is 19 � 1010 (see Fig. 13). Based

on these operating conditions, by expanding the system’s complexity in the design of such plants since design consider-
ations are interlinked with operational/scheduling aspects.boundary (global DCE), a global critical air mass can be ob-

tained at a value of 1.46 � 1012, which is higher than the This, in turn, implies that waste generation in batch plants
depends on both design and scheduling decisions over a timeminimum global critical air mass impact value of 1.44 �

1012. Therefore, for environmental impact analysis to be rigor- horizon, related to product sequencing, task scheduling, the
need for cleaning, as well as type and sizes of equipment. An-ous, process optimization has to be simultaneously carried out

for the global production system. Finally, Fig. 16 summarizes other key issue for consistent environmental impact assess-
ment is the need to translate waste generation over time tothe effect of increasing the environmental legislation limits of

DCE on the global critical air mass impact. Stricter regula- some measure of environmental damage as well as to account
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Figure 14. Effect of the degree of abatement on the optimal global warming impact of the DCE
system (stripping case).

for input wastes (to the process) and their interactions with kg air), water pollution (CTWM, kg water), solid wastes
(SMD, kg solids), global warming (GWI, kg CO2), photo-output waste generation.

Having defined a global system boundary for the batch chemical oxidation (POI, kg ethylene) and stratospheric
ozone depletion (SODI, kg CFC11) are expressed forplant, an assessment of the aggregated site-wide waste vector

must be performed. This involves the following: each waste w emitted at time interval t, as shown in
Fig. 8. Note that these metrics depend on the current
legislation limits and the mass of pollutant disposed re-1. Defining a suitable time period as a basis for a consis-

tent evaluation of the environmental impact. If a cam- leased (expressed as a proportion of the unit batch size).
paign mode of batch operation is assumed, then the cy- 4. Aggregating over time. For example, for cyclic opera-
cle time T is used; otherwise, the horizon time H can be tion, the cycle time T is used as a basis for the quantifi-
used instead. cation of global environmental impact GEI (if the batch

plant does not operate on a cyclic mode then the envi-2. Defining an emissions inventory comprising all wastes
ronmental impact has to be aggregated over the re-generated in any stage of the batch processing network
quired horizon time of production H).within the global boundary of the batch plant of inter-

est.
3. Grouping systematically these wastes in terms of the

environmental damage caused (air pollution, water pol-
lution, global warming, etc.). Ignoring pollution effects
due to fate considerations, an Environmental Impact

GEI =
T∑

t=1

W∑
w=1

EIwt =
T∑

t=1

W∑
w=1

[CTAMwtCTWMwtSMDwtGWIwtPOIwtSODIwt]
T
process

vector EI per time interval is defined to account for the
fact that tasks generating waste do not operate continu- Example 2. Multipurpose batch plants usually involve the

production of several products where common resources areously over time. Therefore, for each unit to task alloca-
tion, the indices which measure air pollution (CTAM, shared. When switching between products, or even after one
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Figure 15. Effect of the degree of abatement on the optimal critical air mass impact of the DCE
system (distillation case).

Table 4. Optimal Operating Conditions of Process
Alternatives with Minimum Global Critical Air
Mass and Minimum Total Global Warming

Operating Conditions Case do
II Case f o

II

Conversion of Hydrogen Chloride 0.943 0.949
Flash Drum Temperature (K) 306 307.4
Flash Drum Pressure (kPa) 250 286.4
Stripping Column Pressure (kPa) 101.3 101.3
Distillation Column II Pressure (kPa) 202.5 204.1
DCE mole fraction in waste water 7 � 10�6 9 � 10�7

stream
CTAM (kg air/h) 1.44 � 1012 1.47 � 1012

GWI (kg CO2/h) 1594.3 1290

Stricker DCE
 Legislator Limit

167.00
166.00
165.00
164.00
163.00
162.00
161.00
160.00
159.00
158.00
157.00
156.00
155.00
154.00
153.00
152.00

1e-09 1e-07 1e-05 1e-03
 DCE mole fraction in waste water stream

Raw material: oxygen
separation alternative: distillation

Figure 16. Effect of DCE legislation limit on the optimal global criti-
cal air mass impact.

Table 5. Comparison of Optimal Critical Air Mass (CTAM)

From Process Global

do
I 19 � 1010 1.46 � 1012

do
II 16.2 � 1010 1.44 � 1012
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or more batches of the same product, the equipment must of- of process equipment from dirty to clean by preparing the de-
tergent solution with desired properties (concentration, con-ten be cleaned for safety, product quality, and hygiene rea-

sons. In many food and pharmaceutical plants, cleaning-in- ductivity, and temperature). Although the cleaning operation
consists of more than one task, like prerinsing, detergentplace (CIP) stations must be included to flush detergents into

many processing vessels. Cleaning cycles can be time consum- cleaning, and final rinsing, in order to simplify the problem,
all of the above can be aggregated in a single task with vari-ing, and cleaning operations may affect the process schedule

considerably. The wastes associated with cleaning constitute able processing time. After cleaning, a large portion of the
used detergent is recycled until the end of the cycle time anda major part of the overall environmental damage of a

multiproduct batch plant and, therefore, the design and oper- the remaining is stored in a disposal tank. The required task,
unit and cost information is listed in Table 6.ation of the main batch process for minimum environmental

impact should simultaneously address the design and opera- In order to explore the implications of changing process
design and sequencing on the environmental damage of thetion problems of the cleaning stations required.

A multipurpose plant for the manufacture of two different overall system, the proposed methodology is applied, and the
main steps are illustrated below.types of cheese curd, namely low fat 0.8% w.t. Solcurd1 and

high fat 1.27% w.t. Solcurd2, is employed to illustrate the po- The expanded boundary in case of multiproduct cheese
curd production is presented in Fig. 18.tential of the methodology in addressing environmental is-

sues involving task cleaning (Fig. 17). During processing, the Apart from the pollutants listed in Table 7, the emissions
inventory now includes aqueous pollutants associated withreaction and draining vessels can become contaminated both

microbiologically and by fouling deposit of proteins and min- cleaning (i.e., protein and other organics).
Cleaning constraints, so as to account for the case that spe-erals of whey by-product fluids. Cleaning with 100 kg of so-

dium hydroxide (NaOH) solution (the most common cleaning cific tasks may change the state of a unit from clean to dirty
and the effect of the cleaning-in-place process on the optimalagent used in the dairy industry) is required after processing

each batch of product. Cleaning experiments conducted for re- sequencing and operation of a multipurpose batch plant, are
moval of whey protein soil deposits indicate that the required included in the optimization formulation. The Mixed Integer
cleaning time CT (min), for 100% waste removal strongly de- Linear Programming problem was solved parametrically for
pends on the temperature and the sodium hydroxide concen- various concentrations of the cleaning detergent. Regarding
tration cN�OH (% w.t.) of the agent used; in particular, at 50 �C the environmental impact, major concern has been given to
there is an optimal concentration of sodium hydroxide of 0.5% water pollution (quantified in terms of CTWM, kg water/cy-
w.t., which results in the shortest cleaning time of 10 min; cle) since all process wastes generated involved aqueous ef-
whereas concentrations of 2% w.t. NaOH increase the re- fluents. The results are summarized as follows:
quired time up to 45 min (40).

The CIP operation, as seen in Fig. 17, does not transform 1. Cleaning considerations have a significant effect on
raw materials into useful products; rather it alters the state both the cost and environmental impact of the process,

since for each detergent concentration used, the re-
quired cleaning processing time is different. As it can
be seen in Fig. 19, increased quantity of sodium hydrox-
ide input to the process results in increase of global
waste generation, since use of more concentrated deter-
gent inherently implies more input waste from the
NaOH production process. However, the trade-off
among detergent concentration and cost is slightly more
complicated; at low concentrations, the cleaning pro-
cessing time (CT) decreases with concentration increase
(40). This results in cost savings, since the probability
of two cleaning tasks to occur simultaneously is smaller,
and the used detergent recycling facility is fully uti-
lized; as a consequence of this, the detergent require-
ments are lower, and the CIP tank volume is smaller.
Figure 19 indicates that there is an optimal NaOH con-
centration of 0.5% w.t. above which the trend is re-
versed.

2. The importance of considering simultaneously the im-
plications of design and scheduling on minimum envi-
ronmental impact is another issue revealed in this ex-
ample. The Pareto curve of solutions presented in Fig.
20 yields the family of schedules and designs that corre-
spond to minimum cost while featuring minimum envi-
ronmental impact in terms of CTWM. The effect of the

��
�
�
�
� �
�
�
�

�

Milk1 silo

Milk2 silo

Whey tank

Vat #1

Drainer

Vat #2

Cleaning-in place process

Culture silo

Sol. curd1 tank

Sol. curd2 tank

Wastewater
tank

CI-water tank 

NaOH tank

Curd manufacture process

CIP tank
Vat#1, Vat#2

drainer

Used det
tank

operating policy on waste generation in multiproduct
batch plants is significant. The optimal operating policyFigure 17. Multipurpose cheese curd production with cleaning-in-

place. that corresponds to minimum annual cost [Fig. 21(a)]
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Table 6. Task Information, Unit Characteristics and State Cost Data for Example 2

Task Duration (min) In-Our State In-Out Time (min) In-Out Fraction

Vat Proc1 240 I Culture 0 0.12
I Milk1 0 0.88
O Whey 240 0.896
O Curd1 240 0.104

Vat Proc2 240 I Culture 0 0.12
I Milk2 0 0.88
O Whey 240 0.885
O Curd2 240 0.115

Drain1 30 I Curd1 0 1.0
O Solcurd1 30 0.9
O Waste water 30 0.1

Drain2 30 I Curd2 0 1.0
O Solcurd2 30 0.9
O Waste water 30 0.1

Cleaning CT(cNaOH) I Det for use 0 1.0
O Det for use CT(cNaOH) 0.99
O Used Det CT(cNaOH) 0.01

CIP Service 30 I ClWater 0 1-cNaOH

I NaOH 0 0.001 � cNaOH � 0.02
O Det for use 30 1

Units Suitability Maximum Fixed Variable
Capacity (kg) Costs (k£) Costs (k£/kg)

Vat 1 Vat proc1, Vat Proc2 1100 75 0.45
Vat 2 Vat Proc1, Vat Proc2 1800 81 0.5
Drainer Drain1, Drain2 300 45 0.3
Milk1,2 Silo State Milk1,2 14100 15 0.1
Culture Silo State Culture 10000 15 0.1
CIP Tank CIP Service 10000 25 0.15
Whey Tank State Whey 10000 15 0.1
Waste Tank State Waste 10000 15 0.1
SolCurd1,2 Tank State SolCurd1,2 10000 15 0.1
ClWater Tank State ClWater 10000 15 0.1
NaOH Tank State NaOH 10000 15 0.1
Used Det Tank State Used Det 10000 15 0.1
State/Util. Milk1,2 SolCurd1,2 ClWater NaOH
Price (£/kg) 0.16 0.655 0.002 0.001

yields a minimum cleaning time of 10 min and avoids at very low frequencies but with serious consequences) and
parallel cleaning. Pollution prevention concerns have routine releases (highly frequent but causing minor environ-
resulted in a minimum 0.04% increase of the annual mental damage), nonroutine releases, placed in between, of-
cost by allowing the parallel cleaning of equipment and ten cause moderately severe adverse effects and may, there-
changing the cleaning time from 15 min to 45 min [Fig. fore, result in considerable risk levels. This necessitates the
21(b)] but at the same time managing to reduce by 61% development of an integrated framework that will properly
the amount of NaOH utilized. account for nonroutine process waste generation due to

unexpected/undesired events while simultaneously assessing
the environmental impact of routine waste releases withinENVIRONMENTAL IMPACT MINIMIZATION AND RISK
the MEIM. Such a development will require quantitativeASSESSMENT OF NONROUTINE RELEASES
means of translating waste emissions attributed to nonrou-
tine releases to environmental impact indices, such as theAs discussed in the previous sections, the quantification of
ones presented earlier (for point source releases and/or longthe environmental load in MEIM has been limited to routine
term effects). Since the environmental impact of a nonroutinerelease scenarios and, therefore, is unable to capture environ-
release depends on its probability of occurrence, the machin-mental degradation caused by unexpected events such as
ery of reliability theory can be employed to provide such aequipment breakdown, measurement errors, etc. A key char-
formal link.acteristic of nonroutine releases is that they are related to

In the context of this work, environmental risk (ER) is theequipment failures and the probabilistic occurrence of exter-
measure of potential threats to the environment taking intonal events, such as unexpected leaks and human errors. As
account that undesired events (scheduled/unscheduled) willdiscussed earlier, in the hypothetical risk frequency graph
lead to environmental degradation. Qualitatively, environ-presented in Fig. 3, nonroutine releases can significantly in-
mental risk represents the probability of environmental dam-fluence the environmental damage related to a process sys-

tem. Unlike extreme cases such as major accidents (occurring age due to undesired events multiplied by the severity of the
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Figure 18. The global cheese curd production system.

Table 7. Emissions Inventory for Example 2

Air Pollutants Water Pollutants Solids

Curd Production BOD, COD, P, N, TSS
Milk Standardization BOD, COD, P, N, TSS, TDS
Energy Generation (incl. air sepa- CO2 , CO, CH4 , RHC, RCHO TDS, TSS, BOD �

ration and coal mining) Org, NOx , NO2 , SO2 , dust COD, RCH, NH3

AAR (incl. energy and ammonia Ar, CO2 , CO, CH4 , RCH, RCHO TDS, TSS, BOD �

synthesis) Org, NOx , NO2 , SO2 , dust COD, RCH, NH3

Electrolysis Process (incl. energy, Cl, Hg, CH4 , RCH, RCHO, Org Hg, TDS, TSS, BOD �

salt mining) CO2 , CO; NOx , NO2 , SO2 , dust COD, RCH, NH3
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pact and cost. Figure 20. Pareto optimal curve for Example 2.
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Figure 21. Optimal schedules for Example 2: (a) Gantt chart for min annual cost, (b) Gantt
chart for min global CTWM.

environmental degradation. In accordance with the principles pressures) and various plant parameters such as feed
variationsof MEIM, the system boundary around the process of interest

is first specified. Concentrating mainly on process waste gen- 4. Episode releases as a result of sudden weather
eration, the following framework for minimizing routine and changes or other occurrences
non-routine releases is proposed (see Fig. 22).

The overall inventory is represented by a waste vector, as
Routine and Nonroutine Emissions Inventory shown in Fig. 22, which consequently needs to be assessed.

The process of interest is examined in detail to determine
Assessment of Environmental Damage

All routine and nonroutine releases are often grouped system-• Wastes that are regularly emitted into the air, aquatic or
atically in terms of the environmental damage caused on asoil environment
short or long term basis. For the fully operable state (routine• Various nonroutine releases such as
process system status), the EI vector shown below represents

1. Accidental releases mainly due to the occurrence of the damage caused to the environment during intended plant
scenarios such as leakage, equipment failure, human operation on a time basis (usually one hour of operation, ig-
error, etc. noring pollutant intermedia partitioning), that is, the envi-

2. Fugitive emissions that involve small leaks or spills ronmental impact of routine releases:
from pumps or flanges and are generally tolerated in
industry

3. Releases from process deviations caused during start-
up, shut-down, maintenance procedures, and also
from changes in operating conditions (temperatures,

EI =
W∑

w=1

EIw =
W∑

w=1

[CTAMw CTWMwSMDw GWIw POIw SODIw]T
process (4)
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When an equipment failure or an event which causes the sys- where Sk(Sk) is the index set for operational (failed) com-
ponents of the equipment in state k, and �, � are thetem to significantly deviate from its normal operating status

occurs, this defines a new operating state for which a corre- scale and shape factor of the Weibull function. (b) De-
termine the probability of each state k, for example, as-sponding environmental impact, similar to (4), can be then

computed. This new operating state will also have an associ- suming statistically independent equipment failures:
ated probability of occurrence which, in general, will be a
function of equipment reliability models and other data
(maintenance, safety events, statistical charts for spills, etc).

Pk(t) =
∏
j∈S j

Rj (t)
∏
j∈S j

Qj (t) k ∈ K (6)

We denote the set of potential discrete operating states in
which a process system can reside over its operating time ho- Step 3: Calculate the Environmental Impact Vector as a
rizon H as state space k with a corresponding probability function of time, EI(t):
Pk(t), k � K, where t denotes time (since the reliability of the
processing system is a function of time). A combined environ-
mental impact vector for routine and nonroutine releases can

EI(t) =
∑
k∈K

Pk(t)EIk (7)

then be introduced, CRNREI, to represent the average envi-
ronmental damage of a given process design during normal Step 4: Determine the combined Environmental Impact of
and unexpected operation within a specified time horizon [0, Routine and Nonroutine releases for a given time hori-
H] as follows. zon H.

Algorithmic Procedure CRNREI = 1
H

∫
H

EI(t) dt = 1
H

∫
H

∑
k∈K

Pk(t)EIk (8)

Step 1: (a) Define all operating states K of a process sys-
Qualitatively, this vector represents the minimum averagetem using fault tree analysis principles; (b) Determine

environmental impact of the process design over all possiblecorresponding environmental impact vector (EIk), k � K
system states within a specified time horizon H. Therefore, itStep 2: (a) Estimate the reliability (unavailability) of each
measures the average system environmental performance un-part of the equipment as a function of time, Rj(t) der both expected and unexpected events. The closer this vec-[Qj(t)]. For example, if Weibull functions are used to de-
tor is to the Environmental Impact vector of the initial statescribe equipment reliability,
(denoted here as fully operable state o), the lower environ-
mental risk the system conveys.

Note that the Environmental Impact vector corresponding
to Nonroutine releases, NREI, over the time horizon can be
easily computed as follows:

NREIk = EIk − EIo k ∈ K (9)

Rj (t) =
∫ ∞

t
weif

(
t
α j

;β j

)
dt, j ∈ Sk Qj (t)

=
∫ t

0
weif

(
t
α j

;β j

)
dt, j ∈ Sk

(5)

Figure 22. Environmental impact assessment
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Water pollution [CTWM]
Solid waste [SMD]

Global warming [GWI]
Photochemical oxidation [POCP]
Stratospheric ozone depletion [SODP]
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of routine/nonroutine releases.
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where EIo is the Environmental Impact metric corresponding Solution Procedure. Based on the following assumptions:
to the fully operable state; that is, it denotes routine waste
releases. • Steady state process and environmental (considering ei-

ther point source or pollutant fate behaviour) models are
used

NREI(t) =
∑
k∈K

Pk(t)NREIk (10)

• Individual components reside in either an operable or
failed stateNREI = 1

H

∫
H

NREI(t) dt = 1
H

∫
H

∑
k∈K

Pk(t)NREIk dt (11)

• All events are statistically independent
• Reliability data are available as functions of time forQualitatively, NREI represents the average environmental

equipment failures and all external eventsimpact due to nonroutine releases. For the fully operable
state, NREI � 0, as expected.

an iterative procedure is proposed, to overcome the above dif-
Design Optimization for Minimum Environmental Impact and ficulty, based on a modified Generalised Benders Decomposi-
Environmental Risk tion (41) scheme as can be seen in Fig. 23.

By fixing the design variables, CRNREI is estimated forThe combined environmental impact vector, as stated above,
the plant’s feasible operating region (all feasible systemprovides an accurate estimate of the average environmental
states) via the solution of an optimisation problem. A masterperformance of the system taking into account both routine
problem is then constructed for updating the design variables,and nonroutine releases. In the analysis presented so far, de-
while trade-off considerations between cost and CRNREI orcisions regarding the process design itself (for example, vol-
NREI are taken into account.umes of equipment) were considered fixed. A subsequent

question is, then, how to obtain a minimum cost design while
ensuring that the system is capable enough of keeping routine Environmental Risk Implications for Maintenance
and non-routine release levels as low as possible. Conceptu-

Having identified the most environmentally benign yet eco-ally, this problem can be posed as the following multiobjective
nomically optimal design with respect to all sorts of releaseoptimization problem. Revisiting Eq. (2),
scenarios, the idea of criticality analysis (42) can then be ap-
plied to identify and rate the most critical events with respectmin

x,y
[cT y + f (x), CRNREI] (12)

to plant performance and the environment. More specifically,
we are interested in the sensitivity of environmental risks.t.
NREI(t) to the probability of an event l, 
l*. Then,

h(x) = 0

g(x) ≤ 0 NREICl∗ (t) = ∂NREI(t)
∂rl∗

=
∑
k∈K

{
NREIk ∂Pk(t)

∂rl∗

}
(14)

A · x = a

since the estimation of NREIk is not influenced by 
l*.B · y + C · x ≤ d
Note that based on the above algorithm, equipment/events

can be ranked according to their corresponding criticality in-CRNREI(x, y) = 1
H

∫
H

∑
k∈K

Pk(t)EIk dt
dex. Exact details of the above analysis and an algorithm to
facilitate its application are described in (42). The results
from such a ranking can be then used as guidelines for main-NREI(x, y) = 1

H

∫
H

∑
k∈K

Pk(t)(EIk − EIo) dt

tenance and environmental optimization given the following:
x ∈ X , y ∈ Y

• Maximum allowable environmental risk target values
Equation (12) can be reformulated using the 	-constraint (NREIT),
method:

• Quantitative information regarding maintenance re-
sources (number of service crews, job durations etc.) andmin

x,y
cT y + f (x) (13)

tasks (equipment maintenance specifications, list of
scheduled preventive maintenance activities).s.t.

h(x) = 0 The designer can explore opportunities for maintenance exe-
cution based on a formal assessment of the deterioration ofg(x) ≤ 0
the operating and, hence, environmental system performance

A · x = a over time and the relative effect of restoring the performance
of critical equipment on the environmental damage caused byB · y + C · x ≤ d
unintended emissions. Although details of the preventive
maintenance algorithm are given elsewhere (43), it should be
pointed out that the environmental risk implications for

NREI(x, y) = 1
H

∫
H

∑
k∈K

Pk(t)(EIk − EIo) dt

maintenance identified in this work rely on the assumptionsCRNREI(x, y) ≤ ε
that (1) unlike reliability, environmental impact measures do

x ∈ X , y ∈ Y not change with respect to time, (2) equipment is either main-
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Figure 23. Algorithm for design optimi-
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zation.

tainable or unmaintainable, (3) after maintenance, each duced according to the following reaction scheme:
equipment is considered ‘‘as good as new,’’ (4) during the
maintenance period there is no significant waste disposal, (5)
continuous plant operation is considered, and (6) ordering of
maintenance tasks is based on the equipment environmental
criticality (that is, the most critical equipment with respect to
NREI is maintained first).

CH4 + Cl2 → CH3Cl + HCl [RXN1]

CH3Cl2 → CH2Cl2 + HCl [RXN2]

CH2Cl2 + Cl2 → CHCl3 + HCl [RXN3]

CHCl3 + Cl2 → CCl4 + HCl [RXN4]

that takes place in the gas phase with chlorine as the limiting
reactant. The design must be such that chlorine is not allowedExample 3. Consider the simplified chloromethane reaction

subsystem (44) shown in Fig. 24. Chloromethanes are pro- to accumulate in large quantities in the reaction system due
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described by a Weibull function and (2) the measuring devices
monitoring the ratio of chlorine to methane fed to the reactor,
the air feed flow, and the reaction temperature. The measure-
ment errors are regarded as discrete events, and as their
probability drifts with respect to time, they are described by
an exponential density function of the following form:

f (t) = λ exp(−λt) (15)

In addition, the exponential distribution model is used to de-
scribe the probability of occurrence of external events such as
gaseous leaks from the recycle piping system that have oc-
curred in the past. Table 8 summarizes the required reliabil-
ity data for each event.

HTR-1
CR-1

R-1

(Only for start up)
Air inlet 

Product

To separations

MIX-1

CH4-feed

MIX-2

CI2-feed

to atmosphere

Vent

The following environmental data (34,21) are also supplied
for the process of interest:Figure 24. Simplified chlorination flowsheet.

to explosion hazards; therefore, it should not exceed a speci-
fied stoichiometric amount with respect to methane reactor
feed. The system is equipped with vents to the atmosphere
and also to the separation system which is not included in
this case for simplicity. There is an air feed line that is open
when the system is not operating. Pressure effects are negligi-
ble, and the reactor operates at 3 atm. A two stage recycle
compressor with intercooler is required which is assumed to
operate adiabatically, followed by a gas fired heater to ensure

Maximum Acceptable Global Warming Potential
Chemical Concentration (kg/tn air) (kg CO2/kg pol.)

Cl2 1.67 10�5 —
CH4 0.0125 11

CH3Cl 8.333 10�6 5
CH2Cl2 8.333 10�6 15
CHCl3 8.333 10�6 25
CCl4 8.333 10�6 1300
HCl 8.333 10�5 —
O2 — —

that the inlet reactor gases are partially preheated by the re-
cycle gases to reach a sufficiently high temperature to mini- System Boundary and Emissions Inventory. The system
mize heat control problems. While the kinetics of the reaction boundary is considered around the methane chlorination pro-
scheme are given in detail elsewhere (34), the following op- cess, and therefore, the emissions inventory consists mainly
erating constraints need to be satisfied for inherently safe op- of chlorinated hydrocarbons, unreacted raw materials, and
eration in order to produce a stream of 50 kgmols/h to be fed byproducts vented to the atmosphere:
directly to the separation block:

Waste Vector = [Cl2CH4CH3ClCH2Cl2CHCl3CCl4HClO2]process

Environmental Impact Assessment of Routine and Nonroutine

400 ≤ Reactor Temperature(◦C) ≤ 457

Air Feed = 0

Chlorine to Methane Molar Feed Ratio ≤ 3 Releases. The waste vector defined above is aggregated into
an environmental impact vector of low dimensionality, re-Temperatures much above 450�C cannot be tolerated since
flecting the actual damage caused to the environment. In thispyrolysis would occur. Pyrolysis is a very exothermic reaction
case, the metrics employed to investigate the routine/non-and once initiated, quickly reaches explosive violence. Pres-
routine environmental behaviour of the process areence of oxygen in the system decreases the rate of the reaction

(1.25% wt oxygen in the reactor feed decreases approximately
two fold the rate of chlorination at the studied temperature EI = [CTAM GWI]T

process (16)

range) as it behaves as an inhibitor. High chlorine to methane
molar feed ratios result in the accumulation of large amounts and depend on the mass of pollutant discharged, the maxi-

mum acceptable concentration limits, and the global warmingof chlorine in the system which may lead to explosion; for
this reason, material input flowrates are adjusted so that the potentials defined by the user (see earlier).

The probability of the system degrading into a nonoperablechlorine to methane molar ratio at the inlet of the reactor has
a value of 1.3. state is negligible, since mixers, inlet valves, and the reactor

are fully reliable. The external events are all assumed toMost of the process equipment is highly reliable apart from
(1) the recycle compressor system which has a performance cause degradation to operable states with decreased reliabil-

Table 8. Reliability Data for Example 3

Horizon, H � 4 yr
CR-1 � � 120000 1/h � � 1 MTTR � 72 h

Event ERRCl2:CH4 � �8% ERRTREA � �5% 1 MM Leak 3 MM Leak FO
2

� 0.1 kgmol/h
�(1/h) 3 10�6 5 10�6 1 10�5 4 10�6 1 10�6
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Table 9. System Degraded States for Example 3

State k ERRCl2:CH4 � 8% ERRTREA � 5% 1 mm Leak 3 mm Leak FO
2
� 0.1 kgmol/h CR-1 fails

1
2 �

3 �

4 �

5 �

6 �

7 �

8 � �

9 � �

10 � �

11 � �

12 � �

13 � �

14 � �

15 � �

16 � �

17 � �

18 � �

19 � �

20 � � �

21 � � �

22 � � �

23 � � �

24 � � �

25 � � �

26 � � �

27 � � �

28 � � �

29 � � � �

30 � � � �

31 � � � �

ity and therefore, according to Table 9, the operable degraded The results summarized in Table 10 reveal some interest-
system states number 31. The state probability estimation in- ing points:
dicates that (1) a 1 mm leak on the recycle is more likely to
occur than any other undesired event, (2) all external events

• Cost optimization yields a smaller reactor (2.44 m3) but
have greater probabilities of occurrence than failure of CR-1, at the same time results in substantially increased global
and (3) simultaneous occurrence of more than two undesired warming impact due to non-routine releases.
events is most rare.

• By minimizing the expected value of critical air mass,
reduction of environmental risk NREICTAM can be

Optimization for Minimum Environmental Risk. The optimiza- achieved in the order of 8%, compared to the correspond-
tion problem is posed as explained earlier; the design variable ing cost optimal value (see Table 10). In addition, envi-
to be optimized is the volume of the reactor VR (1.5 � VR(m3)

ronmental risk related to global warming is reduced by
� 3), and the degrees of freedom for each operable state are

almost 33%. However, one has to pay an economic pen-listed below:
alty for pollution reduction in this case, as optimization
of CRNREICTAM has a negative effect on the economics of
the process (30% increase in cost).

• As can be seen in Table 10, optimization of CRNREIGWI

yields the most interesting results since the contribution

675 ≤ Nominal reactor temperature (K) ≤ 730

0.2 ≤ Recycle to separations molar ratio ≤ 0.971

900 ≤ Heater outlet temperature (K) ≤ 1200

Table 10. Summary of Results for Example 3

min Expected COST min CRNREICTAM
H

min CRNREIGWI
H

Annual cost (M$) 195225 253540 209670
NREICTAM

H
(106 kg air/h) 2622 2414 2630

NREIGWI
H

(kg CO2/h) 12878 8612 2445
VR (m3) 2.44 2.6 2.49
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• Figures 26 and 27 demonstrate the deviation of the envi-
ronmental impact metrics CTAM and GWI, respectively,
from their fully operable state values for each of the 31
degraded states. As can be observed from both graphs,
failure of CR-1 (states 7,12,16,19,23,29,31) results in sig-
nificantly increased damage in every case. The following
trends can also be revealed concerning CTAM (see Fig.
26): (1) the air pollution damage that corresponds to opti-
mization of CRNREICTAMH

is consistently less for each
state apart from state 2 (measurement error in molar
feed ratio of reactants), verifying the fact that total
CTAM is optimal in this case, and (2) minimization of
CRNREIGWIH

results in larger CTAM in states above k �
22; the overall CTAM, though, does not increase signifi-
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cantly because of their low probability of occurrence. Fig-
ure 27 shows that GWI deviation is less in almost everyFigure 25. Environmental risk response with respect to time.
state in case of CRNREIGWIH

minimization but is signifi-
cantly greater when expected CTAM is minimized (see
states 10, 27, 28)! Therefore, global warming optimiza-of nonroutine releases with respect to global warming is
tion seems to be a better compromise solution with re-reduced six fold! At the same time, the annual cost and
spect both to cost and critical air mass.the critical air mass are maintained at low levels, and

the optimal reactor design is quite similar to its cost opti-
mal. Environmentally Critical Equipment and Preventive Mainte-

nance Policy. In order to detect the process bottlenecks with• The dynamic response of environmental risk NREI(t),
respect to environmental risk, a criticality analysis is per-corresponding to the cost optimal case, is presented in
formed with respect to the environmental impact vector ofFig. 25 and shows that both GWI and CTAM risks in-
NREI. The criticality index rNREIC, presented in Table 11,crease with respect to time as the reliability of the sys-
demonstrates that failure of the recycle compressor is thetem decays. Note that both environmental metrics are
main bottleneck of the process, as it has the largest effect onbased on steady state environmental behaviour of pollut-
environmental damage, followed by the leaks on the recycleants and, in the context of this work, the time depen-
and, finally, the measurement errors. The preventive mainte-dence is a result of the reliability analysis. The time av-
nance policy followed to satisfy NRREIGWI(t) � 1000 kg CO2 iseraged integral of the dynamic response results in the

risk values presented in Table 10. presented in Fig. 28. The equipment maintenance policy dic-
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Figure 26. CTAM deviation from fully operable case for each degraded state.
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Figure 27. GWI deviation from fully operable case for each degraded state.

tates that CR-1 must be maintained every 5000 h of oper-
ation.

CONCLUSIONS

This article considers the incorporation of life cycle aspects in
the synthesis and design of process systems. Generic tools for
the quantitative assessment and optimization of the full
range of environmental impacts associated with the manufac-
ture of a given product are proposed.

Table 11. Criticality Index of Equipment
Failures for Example 3

Event rNREICt�0 rNREICt�1yr

CR-1 fails 1 1
3 mm Leak 0.001 0.076
1 mm Leak 0.001 0.072
ERRCl2:CH4 � �8% 0.001 0.001
FO

2
� 0.1 kgmol/h 0.001 0.001

ERRTREA � �5% 0.001 0.001

In particular, a methodology is introduced which involves
the development of formal environmental impact analysis
tools and their systematic integration with mathematical pro-
gramming based process synthesis techniques to address vari-
ous aspects of waste reduction and prevention at source, in-
cluding alteration of process units, operating conditions, and
policies to reduce the generation of undesirable pollutants.
Life cycle analysis principles are used for the assessment of
the macroscopic consequences of pollution prevention, and
formal reliability techniques are employed to tackle environ-
mental problems related to unintentional plant operation.
The basic steps of the integrated framework feature

• Determination of a consistent boundary around the pro-
cess of interest to identify input wastes to the system (for
example, due to energy, raw materials consumption) as
well as output waste generation (such as air emissions,
wastewaters, etc.)

• Quantification of the full range of adverse environmental
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effects of a process, including aspects of point source as
well as post-release pollutant behavior and damage re-Figure 28. NRREIGWI response and maintenance policy for minimum

global warming. lated to both routine releases and unexpected events due
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