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bstract

Waste solvents/valuable products in the effluent stream are one of the major environmental problems in the chemical industry if not properly
ontrolled. Separation processes are vital for the recovery of waste solvent/valuable product from the effluent stream to reduce the pollution
long with improvement in economic performance. Among the various separation processes, distillation is most widely used. A number of
nvironmental indicators, each satisfying researchers own need, and methodologies such as life cycle assessment (LCA), minimum environmental
mpact assessment (MEIM), waste reduction algorithm (WAR) and environmental fate and risk assessment (EFRAT) are available for evaluation
f environmental performance of chemical processes. In this article, a systematic procedure, introducing an environmental performance index
EPI) based on potential environmental impact (computed from waste reduction algorithm (WAR)), energy consumption, resource conservation
nd fugitive emission, for evaluating environmental performance is presented. Analytical hierarchy process (AHP) is used at two levels for the

etermination of weighting of individual categories. The procedure is applied for the study of environmental performance of distillation column
steam stripping column) from a real chemical plant for the recovery of acetone and HC’s from the off gases of the distillation fraction (DF) plant.
lternatives are compared using environmental performance index and best alternative is selected.
2007 Elsevier B.V. All rights reserved.
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. Introduction

The chemical processing industry provides a variety of base
nd intermediate chemicals yielding about 30,000 consumer
roducts [1]. Solvents are widely used in the chemical pro-
essing industry to make these processes economically feasible.
owever, waste solvents from these industries are one of the
ajor environmental problems if not controlled properly [2].
eparation processes are vital for the recovery of waste sol-
ent/valuable product from the effluent stream to reduce the
ollution along with improvement in economic performance.
mong the various separation processes, distillation accounts

or over 95% of the applications in the chemical processing

ndustry [3]. But distillation column unit itself contributes to pro-
ess wastes by: (1) excessive energy used in separation which
eads to direct release of criteria pollutants and global warm-
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ng gases, (2) inadequate condensing of overhead products, (3)
orming waste within the column unit itself (4) by allowing
mpurities to remain in the product. Reflux ratio, reboiler duty,
eed position, feed and liquid distributions, preheating the col-
mn feed, etc. are ways to improve the separation efficiency
nd reduce environmental effects. Among them, optimizing the
eflux ratio and reboiler duty are most common and important.
conomic optimum conditions (e.g. optimum reflux ratio, steam

ate) may be different from the environmental optimum condi-
ions in distillation unit (see Fig. 1) due to soft composition
flexible) constraints.

Several attempts have been made to integrate environmen-
al and health considerations in early design processes [4,5].

variety of environmental indicators have been used in the
nvironmental assessment of chemical processes from simple
ass balance indices to more complicated methods based on

ultiple media, multiple exposure pathways and multiple cat-

gories of impacts. For example, Hoffman et al. [6] have used
aterial intensity per service unit (MIPS) as an environmen-

al proxy measure for the evaluation of alternatives. Heinzle et

mailto:ramzan50@hotmail.com
dx.doi.org/10.1016/j.cej.2007.09.042
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Nomenclature

CI consistency index
CR consistency ratio
EC energy consumption factor
Ef fugitive emission factor
EPI environment performance index
Ṁ mass flow rate
PEI potential environmental impact
Q̇r amount of heat energy supplied for separation
R resource
RI random index
W weighting factors
x mass fraction

Greek letters
ξ average emission factor
ψ normalized impact score

Subscripts
b base stream
c consumption
k chemical
L potential environmental impact category
p product
RM raw material
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vs volatile substance or component

l. [7] have defined three indices i.e. mass loss indices, eco-
ogical indices for by-product formation and economic indices
n the basis of simple mass balances for economic and eco-
ogical assessment during process design. Koller et al. [8] have
iven EHS methodology, a short cut method, combining safety,
ealth and environmental aspects into single index for early

ssessment during process development. Bakshi [9] proposed a
hermodynamic framework for ecology conscious process sys-
em engineering using emergy and energy analysis. A number
f systematic methodologies are available for detail character-

Fig. 1. Conceptual diagram of problem.
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zation of environmental impacts of chemicals, products and
rocesses. However, the most commonly methods used are life
ycle assessment (LCA) [10–12], methodology of environment
mpact minimization (MEIM) [13], waste reduction algorithm
WAR) [14–17] and environmental fate and risk assessment
EFRAT) [18]. Fig. 2 shows the scope of these methodolo-
ies.

The common points in all these methodologies are the evalu-
tion of local (human toxicity potential by ingestion (HTPI),
uman toxicity potential by inhalation or dermal exposure
HTPE), aquatic toxicity potential (ATP), terrestrial toxicity
otential (TTP)), regional (acidification potential (AP), pho-
ochemical oxidation potential (PCOP)) and global (global
arming potential (GWP), ozone depletion potential (ODP))

nvironmental impacts or risks and tools used for environmen-
al conscious design. LCA, by definition, tends to include a much
roader scope of these impacts than is typically considered in
rocess development, which emphasizes the manufacturing of
he product, rather then its use. MEIM embeds LCA in opti-

ization framework for design and operation of the process.
FRAT evaluate environmental performance of a flowsheet.
AR fits only to chemical manufacturing process (see Fig. 2).
he WAR algorithm was established by Hilaly and Sikdar [14].
hey introduced the concept of pollution balance that is the
recursor to potential environment impact (PEI) balance, an
mendment in the WAR, introduced by Cabezas et al. [15,16].
ater Young and Cabezas [17] have modified WAR further to
ccount the PEI of energy consumed within that process. The
AR is simply a tool to be used by design engineers to aid

n evaluating the environmental friendliness of a process and
an be used in either design stage of the future process or
n retrofitting of a current process. It does not represent the
omplete product life cycle but actually aids in the environ-
ental evaluation of chemical manufacturing processes. The
AR algorithm does not include impact categories such as

and use, resource depletion, noise, odor, etc. but does repre-
ent those categories that are considered as the most significant
nvironmental concerns to the chemical manufacturing indus-
ry. These impact categories are human toxicity potential by
ngestion, human toxicity potential by inhalation or dermal
xposure, ozone depletion potential, global warming poten-
ial, acidification potential, photochemical oxidation potential,
quatic toxic potential and terrestrial toxicity potential, which
re combined together using weighting factors. The detailed
heoretical description and application to different chemical

anufacturing processes of WAR can be found elsewhere
14–17,19].

However, in case of existing chemical processes, it is
esirable to consider the environmental ramification of each
nit operation in the process rather than the complete
rocess. Several unit operation design heuristics for pollu-
ion prevention exists [20,21] but in case of existing plant
egree of freedom for environmental ramification is often

ery low. A systematic procedure for the evaluation and
mprovement of environmental performance of existing unit
peration based on WAR is presented. Along with WAR, the
ther factors such as resource depletion, energy consumption
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Fig. 2. Scope of environmenta

nd fugitive emissions are also integrated. In this paper the
valuation and improvement of environmental performance of

distillation column unit (steam stripping column unit) is
escribed. Section 2 describes the systematic procedure and
his procedure is demonstrated with the help of case study of
istillation column unit (steam stripping column) in Section 3.
inally in Section 4, the results obtained with recommendations
re discussed.

. Systematic procedure

The systematic procedure used consists of four steps. It is
ased on environmental performance index calculated by com-
ining total PEI based on WAR, resource depletion, energy

onservation and fugitive emission. The analytic hierarchy pro-
ess (AHP) [22,23] is used as multicriteria decision analysis
ool for combining these different impacts and determination of
eighting factors of individual impact categories in total PEI and

d
i
o

act evaluation methodologies.

ater on in environmental performance index (EPI) calculations.
he steps are:

. Problem definition and data gathering

. Individual impact categories calculation

. Determination of weighting factors (application of AHP)

. Environmental performance index calculation (design eval-
uation stage)

Fig. 3 shows the simplified block diagram of environmental
odule and tasks to be performed.

.1. Problem definition and data gathering
The primary task in step 1 is problem framing and scope
efinition. Information such as material and energy balance
nformation, process conditions, process technology and nature
f used materials/chemicals are gathered. Process flow diagram
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Fig. 3. Syste

s examined for identification of waste and emission streams.
ources of emissions such as fugitive emission sources, venting
f equipment, periodic equipment cleaning, incomplete separa-
ions, etc. are often missing in process flow diagram so process
s analyzed carefully to identify these sources too.

.2. Individual impact categories calculation

.2.1. Potential environmental impact calculations based
n WAR algorithm

The software WAR GUI (waste reduction algorithm graphical
ser interface) from the US Environmental Protection Agency
s used to calculate individual potential environmental impacts.
he generalized formula based on WAR algorithm for calculat-

ng individual PEI is given in Eq. (1).

EIL = Ṁb
∑Comps
k xkbψkL + Q̇rψ

E
L

Ṁp
(impact/kg product) (1)

here PEIL is the potential environmental impact of category L,
˙ b is mass flow rate of base (effluent) stream, xkb is the mass

raction of component k in the base stream, ψkL the normal-
zed impact score of chemical k for category L, Q̇r is amount
f energy per unit time supplied for separation and ψE

L is the
ormalized impact score of category L due to energy. The sensi-

a

R

procedures.

ivity analysis of individual potential environmental impact with
espect to optimization variables should also be performed.

.2.2. Energy consumption factor (EC)
Energy consumption factor refers the total amount of energy

onsumed in the process per unit of product and is calculated as
ollow:

C = Ḣ

Ṁp
(kJ/kg product) (2)

ere, Ḣ = Ṁsteamĥsteam + EE where Ṁsteam is the mass flow
ate of steam (kg/h), ĥsteam is the enthalpy of steam per kg
kJ/kg), EE is electrical energy consumed per unit time (kJ/h)
nd Ṁp is product rate (kg/h).

The sensitivity analysis of this factor with respect to opti-
ization variables should also be performed.

.2.3. Resource conservation factor (RC)
The resource consumption refers all needed raw materials
nd utilities used and given by:

C = Ṁu + ṀRM

Ṁp
(kg/kg product) (3)
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4. Inconsistency calculations: The level of inconsistency in
decision making can be measured and calculated in compar-
ison to random decision making by calculating consistency
ratio. A consistency ratio of less than 0.1 is good and for

Table 1
Numerical comparison scale for construction of pair wise comparison matrix

Comparison scale suggested by AHP method

1 Two criteria’s contribute equally
3 Experience and judgement slightly prefer one criteria over
N. Ramzan et al. / Chemical Eng

here RC is the resource conservation factor, Ṁu is util-
ties consumption rate, ṀRM is raw material consumption
ate.

.2.4. Fugitive emission factor (Ef)
Fugitive emissions are unplanned or unmanaged, contin-

ous or intermittent releases from unsealed sources such as
torage tank vents, valves, pump seals, flanges, compressors,
ampling connections, open ended lines, etc. and any other
on point air emissions. These sources are large in num-
er and difficult to identify. These emission rates depend
n factors such as the age and quality of components, spe-
ific inspection and maintenance procedures, equipment design
nd standards of installation, specific process temperatures
nd pressures, number and type of sources and operational
anagement commitment. However, four basic approaches

or estimating emissions from equipment leaks in a specific
rocessing unit, in order of increasing refinement, in use
re:

average emission factor approach,
screening ranges approach,
EPA correlation approach,
unit-specific correlation approach.

All these approaches require some data collection, data anal-
sis and/or statistical evaluation. On the other hand, using
undamental design/engineering calculations for accurate fugi-
ive emission estimations for each source present in the process
ndustry is difficult due to:

large number and type of fugitive emission sources,
dependence of emission rates on other factors along with
design and operating conditions e.g. installation standards,
inspection and maintenance procedure, etc.

Thus, to integrate fugitive emissions into environmental per-
ormance evaluation, average emission factor approach giving a
it over estimates are used. Average emission factors for estimat-
ng fugitive emissions from fugitive sources found in synthetic
rganic chemical manufacturing industries operations (SOCMI)
btained from the US Environmental Protection Agency L & E
atabases are used. The relation used in this work for calculation
f fugitive emissions is:

f =
∑sources

s (Ṁsξxv,s)

Ṁp
(kg/kg product) (4)
ere Ef is fugitive emission factor per unit of product, Ṁs mass
ow rate through the source ‘s’, ξ is average emission factor
nd xv,s is mass fraction of volatile component through source
s’. It is assumed xv,s for the process fluids through fugitive
ources such as pump seals, valves, flanges and connection
s equal to one i.e. fluids are composed entirely of volatile
ompounds.

5

7

9
2

ng Journal 140 (2008) 201–213 205

.3. Determination of weighting factors (application of
HP)

The integration of these individual impact categories into one
ndex is a hierarchical multicriteria decision analysis problem.
he analytic hierarchy process (AHP) is used for this purpose
nd a computer programme for it is developed in VB 6.0. This
echnique also finds applications in different fields such as plan-
ing, selecting a best alternative, resource allocations resolving
onflict, optimization, etc. [23–25]. It is based on three princi-
les, namely: construction of a hierarchy, priority setting and
ogical consistency [26]. Thus, the AHP methodology can be
ivided into following major stages:

. Hierarchical structuring of the problem, which is structured
hierarchically similar to a flow chart. The overall objective or
focus is placed at the top, the criteria and sub-criteria below,
and the alternatives at the bottom. For example, as shown
in Fig. 4, the overall objective environmental performance
index (EPI) is placed at the top (level 1), then below (level 2)
are criteria as total PEI, Ef, EC and RC and after this (level 3)
sub-criteria as HTPI, HTPE, TTP, ATP, GWP, ODP, PCOP
and AP.

. Assignment of relative importance weights: In this stage the
decision maker determines the relative importance of a set of
criteria and a set(s) of sub-criteria. An independent compar-
ison among every combination of couple of elements from a
certain level with respect to a relevant element from a higher
level in the hierarchy is part of the procedure. This technique
of comparisons of a couple of criteria or a couple of elements
at a time is known as pairwise comparisons. A numerical
rating scale from 1 to 9 (Table 1) is used for pairwise com-
parison. A reciprocal rating (i.e. 1/9, 1/8, etc.) is assigned
when the second criteria is preferred to the first. The value 1
is always assigned when comparing an element with itself.

. Overall priority weight determination: At this stage the pri-
ority weights of each of the criteria are calculated first by
dividing each number in a column of the pairwise compar-
ison matrix by its column sum and then averaging the row
entries of the new matrix.
another
Experience and judgement strongly prefer one criteria over
another
One criteria’s preferred very strongly over another,
dominance demonstrated in practice
Affirmed evidence of preferring one criteria over another

, 4, 6, 8 When compromise between values of 1, 3, 5, 7 and 9 is needed
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Fig. 4. Hierarchical structuring of multicriteria decision an

ratios greater than 0.1, the input to pairwise matrix should be
re-evaluated. Consistency ratio (CR) is calculated by:

CR = CI

RI
(5)

where CI = consistency index and is given by

CI = λmax −m

m− 1
(6)

Here m is the total number of objectives, λmax is calculated
by averaging the values obtained by dividing the weighted
sum (sum of the multiples of the entries of each row of pair-
wise comparison matrix by the priorities of its corresponding
(column) criteria) by the priority of its corresponding (row)
criteria and RI is random index depending upon the number
of objectives. Its value is determined from Table 2.

The ability of AHP method to incorporate interaction among
ultiple attributes and to track consistency in judgment is lead-

ng factor that makes this method popular. A good description
f AHP is available in the work of Traintaphyllou [22].

.4. Environmental performance index calculation (design

valuation stage)

In the final step, first total PEI is determined by multiplying
ach impact category values with it relevant weighting factor

able 2
etermination of random index (RI)

o. of objectives (m) Random index (RI)

3 0.58
4 0.90
5 1.12
6 1.24
7 1.38
8 1.41
9 1.45

10 1.49
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problem for integrating individual environmental impacts.

L as given below:

otal PEI =
∑EnvCat

L
WL · PEIL (7)

After calculating total PEI, environmental performance index
EPI) is determined for each alternative by multiplying the values
f total PEI, Ef, EC and RC with its relevant weighting factor WL
s given below:

PI = 1
∑EnvCat

L WLEL
(8)

here EL = {total PEI, Ec Ef, Rc}

. Case study

A distillation column (steam stripping column) unit from a
eal chemical plant, for the recovery of acetone and HC’s from
he off gases, is taken as case study.

.1. CSI—problem definition and data gathering

Water, acetone, methanol and acetic acid are the main com-
onents of the feed stream. The product stream (acetone rich)
s separated from the effluent by using live steam injection. The
olumn has diameter of 0.728 m and consists of 35 trays. The
ive steam with flow rate of 603 kg/h is entered at stage 35 at
emperature 141 ◦C and 375 kPa pressure. The feed, which is at
ts bubble point, is entered at stage 16 (the stages are numbered
rom top to bottom) with a column head pressure of 100 kPa
nd flow rate of 4000 kg/h. Reflux ratio is 0.7. The composition
onstraints (in mass%) on distillate and base (effluent stream)
tream due to process and environment are:

Distillate: water <10% Base: acetone <2000 ppm ∼0.22%;
ethanol <2%; acidity <2.5% where acidity is the sum of the
ass fraction of the acids i.e. acetic acid, formic acid and
ropionic acid in the base stream. However, typical stream com-
ositions are given in Table 3.

Fig. 5 shows the simplified process diagram of the distillation
nit under study. This process seems to be simple and easy to
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Table 3
Typical stream compositions (mass%)

Component Feed Head Base

Methanol 1.65 4.62 0.55
Acetaldehyde 2.21 8.84 0
Methyl formate 3.77 15.03 0.01
Ethanol 1.06 4.13 0.03
Acetone 13.11 52.36 0.22
Methyl acetate 2.34 9.33 0.01
Methyl ethyl ketone 0.67 2.55 0
Ethyl acetate 0.25 0.98 0
Water 72.68 2.06 96.68
Acetic acid 1.75 0 1.94
F
P

o
o
p
o
t
fl
p
l

Table 4
Operating range of reflux ratio and steam flow rate

Reflux
ratio

Steam flow
rate (kg/h)

Distillate Base

Water
<10%

Acetone
<0.22%

Methanol
<2%

Acidity
<2.5%

0.55 540 2.10 0.23 1.50 2.45
0.60 560 2.10 5.57 × 10−4 1.48 2.46
0.65 580 2.12 1.34 × 10−8 1.43 2.46
0.70 600 2.00 2.64 × 10−9 1.36 2.45
0.75 620 1.90 8.85 × 10−10 1.30 2.45
0.80 640 1.90 3.32 × 10−10 1.20 2.45

i
l
o
o
o
t
o

ormic acid 0.37 0 0.41
ropionic acid 0.14 0 0.15

perate. However, this has several challenging problems. One
f them is the increase of concentration of middle boiling com-
onents at the intermediate trays at first and then accumulation
f mass of middle boiling components or decrease of concen-
ration may affect the performance of the column. Second, the

exible composition constraint on the distillate and base stream
rovides the opportunity to operate on wide range of manipu-
ated variables such as reflux ratio and steam flow rate as shown

w
t
w

Fig. 5. Process flow diagra
n Table 4. This table also shows that, (a) there is no physical
imit for steam flow rate, (b) more steam may results in less
rganic in effluent stream (base stream). Therefore, economic
ptimum conditions may be different from the environmental
ptimum conditions. Third, distillation columns itself contribute
o process waste e.g. energy used for separation or recovery
f HC’s leads to direct release of criteria pollutants and global

arming gases. So, column should be operated on conditions

hat the waste generated due to process itself is minimum along
ith adequate product quality.

m of distillation unit.
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The scope of this study is to evaluate and improve the environ-
ental performance of the process. At the first step, a steady state

imulation model is configured in AspenPlusTM for material
nd energy balance information. A detailed degree of freedom
nalysis is performed for the specification phase of the simula-
ion and to select the variables to be optimized for improving
he environmental performance along with meeting the top and
ottom product compositions. Normally in case of distillation
olumn, unit variables such as pressure at each stage, feed stream
onditions, heat transfer rate for each stage, total number of
tages, feed stage location, mole fraction of one component in
istillate, mole fraction of one component in base and pres-
ure at total condenser outlet or degree of cooling are always
eeded to be specified. So the reflux ratio and steam rate are
elected as the two remaining degrees of freedom (optimiza-
ion variables) to be optimized for improving environmental
erformance.

Two alternatives named base case and modified case (see
ig. 6) are generated for study in this case study. The base
ase (existing unit) is a simple multicomponent distillation
nit. The primary source of inefficiency in multicomponent
imple distillation is due to: (a) backmixing on intermedi-
te trays, (b) maldistribution on trays and (c) concentration
f middle boiling often reaches a maximum on intermedi-
te trays which may result in flooding or oscillation. The use
f complex column configurations can minimize these prob-
ems, as well as reduce energy consumption and decrease
apital costs. Therefore, the main alternative proposed is to
ithdraw a side stream from the bottom section of the col-
mn. Fig. 6 shows the simplified diagram of alternatives
enerated.

The data related to toxicology and physical properties for the

valuation of impact scores is taken from the database based
n the study of Heijungs et al. [27] incorporated in the WAR
UI developed by US Environmental protection agency. The
bjective is to optimize the reflux ratio and steam flow rate for

D
t
s
f

Fig. 6. Alternative
ng Journal 140 (2008) 201–213

mproving environmental performance for each alternative and
elect the best alternative.

.2. CSII—individual impact categories calculation

.2.1. Potential environmental impact calculations based
n WAR algorithm

Two different analyses can be performed using the WAR algo-
ithm, product and non-product analysis, depending on product
tream is included in the analysis or excluded from the analysis.
ere non-product analysis is carried out i.e. the potential envi-

onment impact of product stream (distillate and side stream (in
odified case)) is taken zero. Individual potential environmental

mpact categories such as human toxicity potential by ingestion
HTPI), human toxicity potential by inhalation or dermal expo-
ure (HTPE), ozone depletion potential (ODP), global warming
otential (GWP), acidification potential (AP), photo oxidation
hemical potential (PCOP), aquatic toxicity potential (ATP) and
errestrial toxicity potential (TTP) are calculated using the Eq.
1). Each impact has two contributions. First contribution is due
o the waste stream (base stream) after distillation and second
ue to energy consumption during distillation. The values of
ormalized impact scores of chemicals for different categories
f environmental impact and normalized impact score of coal
nergy (assuming coal is being used as fuel for steam produc-
ion in the plant) used in the calculation of PEI are given in
ables 5 and 6, respectively. The total mass flow rate of each
tream is multiplied by the sum of normalized impact scores
f the chemical in that stream for each category to calculate
otential impact of that category due to first contribution and
eat duty is multiplied with the normalized impact score of
nergy of each category to calculate the second contribution.

etailed sensitivity analysis of these individual environmen-

al impacts with respect to selected optimization variables i.e.
team flow rate and reflux ratio for each alternative is also per-
ormed and shown in Fig. 7. Fig. 7(a–d) shows that ecological

s generated.
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Table 5
Normalized impact scores for different categories of potential environmental impact of chemicals involved in the case study

Chemical Normalized impact score (ψkL)

HTPI HTPE TTP ATP GWP ODP PCOP AP

Methanol 0.0626 0.0011 0.0626 0 0 0 0.2462 0
Acetaldehyde 0.5332 0.0008 0.5332 0.0265 0 0 1.0547 0
Methyl formate 0.1696 0.0012 0.1696 0.0061 0 0 0 0
Ethanol 0.0499 0.0002 0.0499 0.0001 0 0 0.5364 0
Acetone 0.0608 0.0001 0.0608 0.0001 0 0 0.3562 0
Methyl acetate 0.1375 0.0005 0.1375 0.0023 0 0 0.05 0
Methyl ethyl ketone 0.1288 0.0005 0.1288 0.0003 0 0 0.9466 0
Ethyl acetate 0.0627 0.0002 0.0627 0.0039 0 0 0.4363 0
Water 0 0 0 0 0 0 0 0
Acetic acid 0.1065 0.0117 0.1065 0.0107 0 0 0 0
Formic acid 0.3204 0.0326 0.3204 0.022 0 0 0 0
P
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ropoinic acid 0.1007 0.0098 0.1007

oxicity (health related impacts) (HTPI, HTPE) and local envi-
onmental impacts (TTP, ATP) reduces with the increase of
team flow rate. As normalized impact scores of the chemi-
als in the process (see Table 5) shows clearly that chemicals
nvolved in the process have ecological toxicity impacts (HTPI,
TPE), local environmental impacts (TTP, ATP) while global

mpacts (GWP, ODP) are zero and regional impacts (PCOP,
P) are almost negligible. Thus increase in direct steam flow

ate improves the separation and reduces the HC’s in the base
tream (effluent stream) hence results in reduction of ecolog-
cal toxicity (health related impacts) (HTPI, HTPE) and local
nvironmental impacts (TTP, ATP). But on the other hand, more
irect steam flow increases the global and regional environmen-
al impacts (GWP, ODP, PCOP and AP) due to contribution of
nergy consumption term as shown in Fig. 7(e–h). This also
hows the conflicting nature of these individual impact cate-
ories i.e. the improvement of environmental performance in
ne group of impact categories (such as HTPI, HTPE, TTP
nd ATP) results in reduction of environmental performance in
ther group of impact categories (such as GWP, ODP, PCOP
nd AP). As the objective of distillation unit under study is
ecovering HC’s from waste stream which otherwise results
n pollution to the environment and loss of economic perfor-

ance of the process. Thus during the optimization of the
rocess, variables should be selected such as the combined total
otential environmental impact (i.e. potential environmental
mpact of the residual waste stream (base stream) and poten-

ial environmental impact due to the energy consumption in
he process) is less than the impact without distillation col-
mn unit (3.047 × 103 PEI/h) along with satisfaction of process
onstraints.

n
s
I
f

able 6
ormalized impact score of coal energy for different categories of potential environm

ormalized impact score of energy (ΨE
L ∼ Ψ

ep−g
L )

TPI HTPE TTP ATP

.83 × 10−5 1.22 × 10−6 7.83 × 10−5 2.65 × 10−4
0.0141 0 0 0 0

.2.2. Energy consumption EC

Distillation column units are responsible for significant
nergy consumption in the process industry. In the process under
tudy, heat energy is supplied by direct steam input. Electrical
nergy needed to run the feed pump and reflux pump is con-
tant for all alternatives and small as compared to heat energy
rovided for separation so neglected in the energy consumption
alculation. Eq. (2) is used for factor EC calculation. Fig. 8(a)
hows the sensitivity analysis of this factor with respect to opti-
ization variables of distillation column unit under study.

.2.3. Resource conservation RC

The resource conservation factor is calculated using Eq. (3).
he distillation column unit under study is a non-reactive dis-

illation process so this factor considers only water resource,
hich is used as heating utility (steam) and cooling utility

water). Fig. 8(b) gives the sensitivity analysis results of this
actor with respect to optimization variables (reflux ratio and
team flow rate). It is clearly evident that increase in reflux flow
ate increases the steam flow rate, which in terms increases the
ooling water requirement and decreases the head product so
esource consumption per kg of product increases.

.2.4. Fugitive emission (Ef)
Fugitive emissions are releases which include fugitive equip-

ent leaks from valves, pump seals, flanges, compressors,
ampling connections, open ended lines, etc. and any other

on point air emissions. These emissions occur from process
ources that are large in number and difficult to identify. P &
D of the process under study is examined carefully and sources
or fugitive emissions are identified. Average emission factors

ental impact

GWP ODP PCOP AP

2.03 × 10−9 1.93 × 10−4 7.07 × 10−8 5.98 × 10−3
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Fig. 7. Sensitivity analysis of individ

or estimating fugitive emissions from fugitive sources found
n synthetic organic chemical manufacturing industries opera-
ions (SOCMI) obtained from the US Environmental Protection
gency L & E Databases listed in Table 7 are used in Eq. (4)

or calculation of fugitive emissions Ef. For the base case, the
ugitive emissions sources identified includes 53 valves, 4 pump
eals, 17 sampling valves, 17 open ended lines and 211 flanges
nd other connections. The Ef calculated for this alternative per
g of product is 1.26 × 10−3. While for modified case, the fugi-
ive emissions sources identified include 58 valves, 4 pump seals,
8 sampling valves, 18 open ended lines and 238 flanges and
ther connections. So Ef calculated for this alternative per kg
f product is 9.27 × 10−4. The interesting point to be noted is
hat for modified case the total fugitive emission is greater as

ompared to base case but the factor Ef i.e. fugitive emission
er kg of product is less as compared to base case alternative
ecause of considering the side stream also as product stream.
owever, Table 8 gives results of the individual environmen-

i
s
b
i

nvironmental impacts for base case.

al impact categories calculation for environmental optimum
onditions.

.3. CSIII—determination of weighting factors (application
f AHP)

In order to integrate individual environment impact categories
nto one index, weighting factors among these individual envi-
onment impact categories are determined using a multiattribute
ecision analysis method, analytic hierarchy process (AHP) as
xplained in Section 2. A pairwise comparison matrix (Table 9)
s constructed for determination of weights for aggregation of
ndividual potential impact categories into total potential envi-
onmental impact. Numerical comparison scale 1–9 (see Table 1)

s used for pairwise comparison. The numerical comparison
cale is chosen using the guidelines of US EPA science advisory
oard (SAB-EC-90-021). The ecological toxicity (health related
mpacts) (HTPI, HTPE) is slightly preferred over local environ-
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Table 7
Average emission factors for estimating fugitive emissions from sources found
in synthetic organic chemical manufacturing operations from US-EPA

Sources Service Emission
factors
(kg/h/source)

Distillation column vents – 0.70 (kg emit-
ted/1000 kg
throughput)

Valves Hydrocarbon gas 0.00597
Light liquid 0.00403
Heavy liquid 0.00023

Pump seals Light liquid 0.0199
Heavy liquid 0.00862

Compressor seals Hydrocarbon gas 0.104

Pressure relief valves Hydrocarbon gas 0.104
Liquid 0.007

Flanges and other connections All 0.00183

Open ended lines All 0.0017

Sampling connections All 0.015

Table 8
Individual potential environmental impacts for each alternative

Optimum base case Optimum modified case

HTPI 2.21 × 10−2 1.05 × 10−2

HTPE 1.58 × 10−3 9.19 × 10−4

TTP 2.21 × 10−2 1.05 × 10−2

ATP 3.47 × 10−3 2.16 × 10−3

GWP 1.59 × 10−3 1.05 × 10−3

ODP 1.67 × 10−8 1.11 × 10−8

PCOP 4.35 × 10−2 8.76 × 10−3

AP 4.93 × 10−2 3.19 × 10−3

Ef 1.26 × 10−3 9.27 × 10−4

Ec 8.23 5.67
RC 15.49 10.35

Each impact has units of 1/kg product, Ef has units of kg/kg product, EC has
units MJ/kg product and RC has units of kg/kg of product. Reflux ratio and steam
rate for base case is 0.7 and 580 kg/h. Reflux ratio and steam rate for modified
case is 0.7 and 569 kg/h.

Table 9
Pairwise comparison matrix for individual impact categories

Pairwise comparison matrix

HTPI HTPE TTP ATP GWP ODP PCOP AP

HTPI 1 1 3 3 1 1 3 3
HTPE 1 1 3 3 1 1 3 3
TTP 0.333 0.333 1 1 1 1 1 1
ATP 0.333 0.333 1 1 1 1 1 1
GWP 1 1 1 1 1 1 3 3
ODP 1 1 1 1 1 1 3 3
PCOP 0.333 0.333 1 1 0.333 0.333 1 1
AP 0.333 0.333 1 1 0.333 0.333 1 1
WL 0.194 0.194 0.090 0.090 0.152 0.152 0.065 0.065

F
f

m
s
e
g
w
o
e
i
m
c
w
d
m
t
a

T
P

P
R
E
E
W

ig. 8. Sensitivity analysis of energy consumption and resource conservation
or base case.

ental impacts (TTP, ATP) and regional impacts (PCOP, AP)
o a score of three is given in pairwise comparison. The global
nvironment impacts (GWP, ODP) are slightly preferred (score
iven three) over regional impacts (PCOP, AP). Once a pair-
ise comparison matrix is constructed, then priority weights
f each individual impact category is determined by dividing
ach number in a column of the pairwise comparison matrix by
ts column sum and then averaging the row entries of the new

atrix. Priority weights obtained are also given in Table 9. The
onsistency ratio of this pairwise comparison matrix is 0.031,
hich is less than 0.1, showing the good level of consistency in

ecision maker’s preferences. Similarly a pair wise comparison
atrix (Table 10) is constructed to determine the weighting fac-

ors for aggregation of individual categories total PEI, RC, EC
nd Ef according to decision maker’s preferences using AHP

able 10
airwise comparison matrix for individual impact categories at level 2

Pairwise comparison matrix

PEI RC EC Ef

EI 1 1 1 1

C 1 1 1 1

C 1 1 1 1

f 1 1 1 1

L 0.25 0.25 0.25 0.25
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Fig. 9. Sensitivity analysis of total potential environmental impact for base case
alternative.
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Table 11
Economic and environmental optimum conditions for base case alternative

Economic optimum Environmental optimum
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Fig. 10. Effect of side stream on total potential environmental impact.

ethod into environmental performance index. In this study,
qual preference is given to all factors for determination of
verall environmental performance index.

.4. CSIV—environmental performance index calculation

In final step, the total potential environmental impact is
btained by multiplying each impact category value with its
elevant weighting factor using Eq. (7). The total potential envi-
onmental impact (total PEI) for base case and modified case
nder environmental optimum conditions is 1.32 × 10−2 1/kg
nd 4.29 × 10−3 1/kg, respectively. Fig. 9 shows the sensitivity
nalysis of total potential environmental impact with respect to
ptimization variables (reflux ratio, steam flow rate) for base
ase alternative. However, difference in total potential environ-
ental impact between the base case and modified is shown in
ig. 10. After calculating total PEI, environmental performance

ndex (EPI) is determined using Eq. (8). The value of environ-
ental performance index for base case and modified case is 5.93

nd 3.98, respectively. This shows withdrawal of side stream
mproves the environmental performance of the process.
. Summary

Environmental performance evaluation is needed for incor-
oration of pollution prevention in each stage of a chemical
team flow rate (kg/h) 560 580
eflux ratio 0.61 0.7

rocess. This paper illustrates a systematic methodology, which
ntegrates not only local (HTPI, HTPE, ATP, TTP), regional
AP, PCOP) and global (GWP, PCOP) environmental impacts
which are integrated within WAR) but also incorporates other
actors such as resource depletion, energy consumption and fugi-
ive emissions. Instead of using the typical range between 0
nd 10 for value of weighting factors (W), multiobjective deci-
ion analysis technique-analytic hierarchy process (AHP) is used
or determination of weighting between different impact cate-
ories. Data used for impact categories are based on the study
y Heijungs et al. (1992). The hydrocarbon recovery process
distillation unit) from an industrial plant is used to explain the
ifferent steps of the methodology. The following conclusions
re drawn from case study:

For distillation column units designed to separate waste sol-
vent or valuable products from effluent stream, the economic
optimum conditions may be different from the environmen-
tal optimum conditions due to soft composition constraints
of product streams. For example, Table 11 gives the eco-
nomic and environmental optimum conditions for base case
alternative in above case study.
In designing or modifying distillation column units or pro-
cesses, the care should be taken that the total environmental
impact after the separation process or modification is less than
before separation process or modification.
Detailed degree of freedom analysis is or should be performed
to select the optimization variables to optimize the base case
and modified alternative before comparison to select the best
alternative. In the above case study, reflux ratio and steam
flow rate are selected as optimization variables.
The simulation model should, if possible, be validated against
plant conditions before using the results.
The sensitivity analysis of objective function is or should be
performed with respect to optimization variables to see the
effect of optimization variables on the objective function.
The modification to withdrawal of side stream proves to have
considerable affect on the improvement of environmental per-
formance and also carries economic potential if alcohols are
separated from it and used as fuel.

Although this method is illustrated with a distillation column,
t can be used for any unit operation.
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