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a b s t r a c t

Estimation of environmental consequences of hazardous substances in chemical industries is a very dif-
ficult task owing to (i) diversity in the types of hazards and their effects, (ii) location, and (ii) uncertainty
in input information. Several indices have been developed over the years to estimate the environmental
consequences. In this paper, a critical literature review was done on the existing environmental indices to
identify their applications and limitations. The existing indices lack in consideration of all environmental
consequence factors such as material hazard factors, dispersion factors, environmental effects, and their
uncertainty. A new methodology is proposed for the development of environmental consequence index
(ECI), which can overcome the stated limitations. Moreover, the recently developed fuzzy composite pro-
gramming (FCP) is used to take care of the uncertainty in estimation. ECI is applied to benzene extraction
unit (BEU) of a petrochemical industry situated in eastern part of India. The ECI for all the eight sections
of BEU are estimated and ranked. The results are compared with well-established indices such as Dow

fire and explosion index, safety weight hazard index (SWeHI), and environmental accident index (EAI).
The proposed ECI may outperform other indices based on its detailed consideration of the factors and
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. Introduction

The ever increased world population coupled with their grow-
ng societal demands has been triggering rapid expansion of
ndustrialization, resource extraction, and intensive production
1]. Unfortunately, such swift industrialization and urbanization
ave been accompanied by large negative environmental effects,
esulting in damage to the ecosystem. Such a potential to cause
arm to the environment is environmental hazard. Resource deple-
ion, greenhouse effect, global warming, acidification, air pollution,
ater pollution, land pollution, and human health effects are the

mportant consequences of environmental hazards [2]. Broadly
hese impacts may be categorized into two groups as (i) effects
n sensitive environment and (ii) effects on human. In both cases,
mpact is routed through surface and ground waters, air routes, fire
nd explosion, or direct contact.

Industrial releases to the environment can clearly have these

wo types of effects. For example, in 1976 the accident at Seveso,
eleased a cloud of chemicals containing tetrachloro dibenzo para-
ioxin (TCDD) which caused contamination of vegetation, death of
bout 80,000 animals, and exposure of chemical released to nearly

∗ Corresponding author. Tel.: +91 3222 283750; fax: +91 3222 282272/55303.
E-mail address: jmaiti@iem.iitkgp.ernet.in (J. Maiti).
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index, and EAI in most of the cases for the present application.
© 2008 Elsevier B.V. All rights reserved.

7,000 people in the surrounding area [3]. Other major incidents
nclude the disaster at Bhopal in 1984, with methyl isocyanate
eleased, which caused much damage to the environment as well as
eath of more than 3000 people by poisoning and injuring at least
00,000 people [3]. Similarly in 1986, a fire accident in the ware-
ouse of pharmaceutical plant caused huge quantities of pesticides
o be drained into the Rhine river, which killed half a million fish and
endered lifeless for 200 km of the river [4]. These past catastrophic
ccidents have made the public aware of current environmental
ssues. This awareness has brought worldwide concern for the envi-
onmental consequences of industrial releases and development of
ethods for its evaluation. Several methods have been developed

or the assessment of environmental consequences. Among them,
elative assessment and ranking techniques (Dow’s fire and explo-
ion index, Dow’s chemical exposure index, and ICI Mond index) are
ell known. For environmental consequence assessment of chem-

cal substances and processes, different concepts such as design
or environment and Life Cycle Assessment (LCA) are employed
o choose environmentally benign products and processes. Life
ycle Assessment tries to analyze all impacts to the humans and

he environment caused by a system (product or process) during
ts whole life cycle from cradle (raw material or design) to grave
disposal or decommissioning) [2]. In the category of design for
nvironment, inherent safety design and analysis was introduced
s a different concept for risk analysis. A number of index meth-

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:jmaiti@iem.iitkgp.ernet.in
dx.doi.org/10.1016/j.jhazmat.2008.05.067
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ds were developed to apply this concept to process design [5–8].
comprehensive review of these methods will help in comparing

he different methods for their applications and limitations and in
dentifying gray areas for betterment.

In this paper, a comprehensive review on the existing envi-
onmental consequence estimation methods has been done to
dentify pros and cons of the existing methods in assessing haz-
rds due to environmental releases and emissions. A new method,
amely environmental consequence index (ECI) is developed for
elative ranking of industrial installations based on properties of
azardous substances used, produced or stored, inventory of the
ubstances, and environmental conditions of the location. Differ-
nt decision-making criteria are incorporated in the development
f environmental consequence index by employing a hierarchy pro-
ess and fuzzy composite programming.

. Overview of existing methods of environmental
onsequence assessment

In order to assess environmental consequences of chemical
rocesses, various methods have been developed by academicia
e.g. environmental hazard index (EHI) by Cave and Edwards [4];
tmospheric hazard index (AHI) by Gunasekera and Edwards [9];
nherent safety index by Gentile et al. [8]; life cycle index (LInX)
y Khan et al. [2]; substance fire hazard index (SFHI), consequence
ndex (CI) by Paralikas and Lygeros [5]) and industries (e.g. Dow’s
re and explosion index by Dow Chemicals [10] and ICI Mond

ndex [11]). Each method has its limitations, advantages and appli-
ability for different scenarios. Broadly two separate sets of tools
xist—methods for identification and quantification of abnormal
ituations, i.e. environmental hazards (e.g. Dow’s fire and explo-
ion index) and methods for quantification of planned releases or
missions (e.g. AHI by Gunasekera and Edwards [9]). Dow’s fire and
xplosion index, Dow’s Chemical exposure index [12] and ICI Mond
ndex are the most known and widely used techniques for rapid
azard assessment of installations that use hazardous substances.

n the quantification of planned releases, Cave and Edwards [4]
nd Gunasekera and Edwards [9] developed aquatic and terrestrial
ndices, and atmospheric indices, respectively, for impact assess-

ent of chemical routes on environment. Further, Gunasekera and
dwards [13] derived an index called inherent environmental toxi-
ity hazard (IETH) based on a combination of the work of Cave and
dwards [4] and Gunasekera and Edwards [9].

Recent development in this field involves in the development
f indices for inherent environmental safety and chemical process
oute selection based on Boolean mathematics [4,14,15]. The use
f fuzzy logic theory in the development of inherent safety index
nhances the effectiveness of the results [6–8]. Substance fire haz-
rd index (SFHI), consequence index (CI), and global environmental
isk assessment index (GERA) were developed for direct estimation
nd ranking of hazards due to environment [5,16]. Environmen-
al accident index (EAI) was developed for the quantification of
lanned releases and emissions to discharges to ground, water
r ground water [17]. Golonka and Brennan [18] reviewed vari-
us methods available for forming environmental impact indices
hich are of two major types such as the indices based on the

mount of waste produced and the indices based on the relative
nvironmental effects of different key parameters such as pollu-
ant emissions, land usage and energy consumption, as well as

nquantifiable parameters like aesthetic value.

The shift from process or product specific impacts to long-term
ystem-wide subsidiary impacts has created interest in the use of
ife cycle assessment (LCA). Thus, the focuses on LCA lead to the
evelopment of life cycle indices. Khan et al. [2,19] proposed life
ous Materials 162 (2009) 29–43

ycle index (LInX) and GreenPro to facilitate life cycle assessment
nd decision-making in product and process development. In the
bove methods, the environmental consequences include potential
amage to both environment and humans. Khan et al. [6,20,21] cal-
ulated damage to the ecosystem and human health separately and
eveloped relations for calculation of environmental damage.

The methods developed so far can be grouped for the following
pplications [22]:

Inherent safety evaluation during conceptual process design.
Hazards identification and ranking.
Damage assessment.
Automation of hazard evaluation.

.1. Inherent safety evaluation during conceptual process design

At the early process design stage, the available technical details
re very less to decide on the chemical process route selection and
esign. In the past, economics were the most important criterion

n choosing the chemical process route. But consideration of safety
nd environmental criteria lead to the development of inherent
afety indices with limited technical details. Edwards and Lawrence
14] introduced an inherent safety index for chemical process route
election.

Cave and Edwards [4] developed environmental hazard index
EHI) which assesses and ranks environmental hazard of chemical
rocess routes. EHI is based on the predicted environmental impact
s a total loss of containment. EHI is a function of environmen-
al effects of the chemicals and the estimated chemical inventory
hereof in a plant and is defined as below.

HI =
n∑

i=1

Qi × SEHIi (1)

here SEHIi is the specific environmental hazard index of chemical
, Qi is the quantity of chemical i, in tonnes, and n is the number of
hemicals.

The specific environmental hazard index (SEHI) comprises spe-
ific water hazard index and specific terrestrial hazard index (STHI).
herefore,

EHIi = SWHIi + STHIi (2)

WHI and STHI are calculated with the following equations, respec-
ively:

WHIi = PECwi × 106

LC50i

(3)

THIi = d[(TDIwxPECwi
) + (TDIfxPECsi

)]
LD50xi

Wtx
× 109 (4)

here

PECwi
is the predicted environmental concentration of chemical i

in the water compartment per tonnes chemical released (m−3);
LC50i

is the concentration of chemical i in water which kills 50% of
a test population of the most sensitive species over a 96 h period
(mg/dm3);
TDIwx is the daily food intake of species x (m3/day);
TDIfx is the daily fluid intake of species x (m3/day);
PECsi

is the predicted specific environmental concentration of

chemical i in the soil compartment per tonnes of chemical released
(m−3);
LD50xi

is the lethal dose of chemical i that kills 50% of the test
population of species x (mg/kg);
Wtx is the weight of species x (kg).
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Gunasekera and Edwards [9] proposed an atmospheric hazard
ndex (AHI) to estimate the atmospheric impact which was not con-
idered in the EHI by Cave and Edwards [4] for the worst possible
ccident scenario. The atmospheric impact categories considered
re toxicity, photochemical smog, acid deposition, global warm-
ng, and stratospheric ozone depletion. The adverse impacts due to
ach chemical are estimated and are then brought onto a common
cale, and a combined impact for each chemical, called the chem-
cal atmospheric hazard (CAH) is determined. The AHI value for a
oute is the sum of the CAH for the chemicals in the route.

HI =
m∑

i=1

CAHi (5)

here CAHi is the chemical atmospheric hazard for chemical i and
is the number of chemicals involved in the chemical process

oute.
The AHI is limited to atmospheric effects and it does not consider

oil and water effects. Koller et al. [15] presented a flexible structure
ombing best available practices from risk analysis and environ-
ental assessment. The method considers 11 impact categories

f safety, health and environmental (SHE) aspects such as mobil-
ty, fire and explosion, reaction and decomposition, acute toxicity,
rritation, chronic toxicity, air mediated effects, water mediated
ffects, solid waste, degradation, and accumulation. Different mea-
ures or properties can be used to calculate an index value for each
f these categories based on available data and related information.
owever, the aggregation of these indices into a single index was
ot performed.

Gentile et al. [7,8] improved the measurement of inherent safety
sing fuzzy logic. The use of fuzzy logic reduced the uncertainty

nvolved in the selection of hazard values. Shah et al. [23] devel-
ped a hierarchical approach with safety, health, and environment
t different layers. Further, Paralikas and Lygeros [5] proposed a
ethodology based on both hierarchical approach [23] and fuzzy

ogic [7,8] for relative ranking of fire hazard of chemical substances
nd installations. The substance fire hazard index (SFHI) focuses on
he major accident hazards of the substances and the consequences
ndex (CI) assesses the consequence potential of an accident at the
acility. Each index is calculated based on the following formula:

s =
∑

j

WjP
s
j (6)

here Wj is the weight factor of the jth parameter and Ps
j

is the
erformance measure, or penalty factor of the jth parameter for
he sth substance.

Khan et al. [2] proposed a life cycle index (LInX) to facilitate life
ycle assessment of processes and products. The LInX is comprised
f four important sub-indices or attributes, namely environment,
ost (capital cost, operation and maintenance cost, and cost due to
ealth, safety, and environment damage), technical feasibility, and
ocio-political factors. Each attribute contains a number of basic
arameters. An analytic hierarchy process is used to compute the
eights for each basic parameter and sub-indices. The environment

ub-index is represented by pollution, risk, and global warming.
ll the environmental parameters are quantified using the mono-
raphs developed. The cumulative value of the index is used to
stablish the penalty due to the potential threat of damaging eco-
ogical entities. However, the values selected from monographs are

ot accurate to produce better results. To overcome this, Khan et al.
6] presented an integrated inherent safety index (I2SI), which is
guideword based indexing approach to measure inherent safety
sing monographs developed for LInX. I2SI comprises sub-indices
or hazard potential, inherent safety potential, and add-on control

G

w
i

ous Materials 162 (2009) 29–43 31

equirements.

2SI = ISPI
HI

(7)

here HI is hazard index and ISPI is inherent safety potential index.
HI is defined as the measure of damage potential of the process

onsidering both hazards and available control measures. HI values
ange from 1 to 200. ISPI is defined as the measure of applicability
f the inherent safety principles, and its values also range from 1 to
00.

.2. Hazards identification and ranking

Over the years, several indices have been proposed for hazard
dentification and ranking of chemical plant and equipment. Well
nown among them are Dow’s fire and explosion index, Dow’s
hemical exposure index, ICI Mond index, instantaneous fractional
nnual loss (IFAL) index, and mortality index [11]. Other indices
eveloped in this line are safety weighted hazard index (SWeHI)
24], environmental accident index (EAI) [17], and global environ-

ental risk assessment (GERA) [16]. While the former indices are
ery well known, the later were developed recently in the last 10
ears or so. These recently developed indices are described below.

Khan et al. [24] developed SWeHI index which is a measure of
he damage radius of an area under moderate hazard arising from
given chemical unit/plant considering the chemicals, operating

onditions, and environmental setting involved at that instant.

WeHI = B

A
(8)

here B is the quantitative measure of the damage that may be
aused by an unit/plant. ‘A’ represents the credits due to control
easures and safety arrangements made to counter the undesir-

ble situations.
Scott [17] developed a simple model, namely environmental

ccident index (EAI) that is limited to discharges to ground, water or
round water and is not applicable on fires, explosions or accidents
ith release of gases into the air. EAI consists of three parts: (i)

he acute toxicity to water-living organisms (Tox), (ii) the stored or
ransported amount of the chemical (Am), and (iii) factors control-
ing the spreading of a chemical. The spreading part (consistency,
olubility and properties of the surrounding environment) con-
ains chemical–physical properties of the chemical, possibility of
oil penetration and the depth and mobility of groundwater. EAI is
alculated as follows:

AI = Tox × Am × (Con + Sol + Sur) (9)

here Tox is the acute toxicity to water-living organisms; Am is the
tored or transported amount of the chemical; Con is the consis-
ency or viscosity or physical state of the chemical; Sol is the water
olubility of the chemical; Sur is the properties of surrounding envi-
onment.

Achour et al. [16] introduced a global environmental risk assess-
ent (GERA) index for assessing environmental risk of new or

xisting industrial processes. The GERA index is calculated based on
n overall component environmental risk balance (using the inlet
nd outlet streams of a process) and the individual environmental
isk indices of the unit operations constituting the given process.
he equation for GERA index is given below.(

ns
) (

nu
)

ERA = a
∑
k=1

ykˇk + b
∑
m=1

�wm
m (10)

here a and b are the proportional factors (between 0 and 1) reflect-
ng the relative contributions of the overall component risk balance
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nd the unit operations’ risk indices to the GERA index, respectively;
s is the total number of inlet and outlet streams to the process
irectly interacting with the outside environment; yk is the fraction
f the flow rate of stream k compared to the total inlet flow rate; ˇk
s the stream risk index; nu is the total number of unit operations
onstituting the process; �m is the unit operation risk index for unit
; and wm is the weighting factor for unit operation m.

The cumulative risk effect of components existing in a process
nlet or outlet stream is given by the following expression for the
tream environmental risk index, ˇk:

k =
∑nc

i=1
xi,k˛wi

i (11)

here

nc—the number of components in the process stream;
xi—the mole/mass fraction of component i in the flow stream;
˛i—the environmental index for each component i;
wi—the weighting factor for each component.

The environmental risk index for a given unit operation, �m, is
etermined as follows:

m =
{

ykˇk + zm

(∑M
j=1Ij

M

)}
(12)

here

yk—the fraction of the out let stream from the given unit;
ˇk—the environmental risk index for the outlet stream from the
given unit, not directly interacting with the outside environment;
zm—the size factor for unit m, given values between 0 and 1;
M—the total number of indices characterizing the unit operation’s
environmental risk;
Ij—the risk value corresponding to the index j for the given unit
operation.

There is high uncertainty in the selection of hazard values. This
emerit degrades the results.

.3. Damage assessment

The methods for environmental damage assessment are vague
ecause the available information is imprecise. However, efforts
ave been made to assess the damage based on several assump-
ions.

Barlettani et al. [25,26] proposed an energy impact index which
s a measure of the amount of energy lost per year, expressed in
oules. In this method, human life is equivalent to a certain amount
f energy, about 800 billion Joules. The effect on the ecosystem and
uman is calculated as per the following formula:

PPlost = EPP + GPP′T (13)

here GPPlost is the effect on the ecosystem and humans in Joules;
PP is the energy loss of the system; GPP′ is the amount of energy
eeded during period T for recovery of harmed organisms.

NORSOK [25,27] (the competitive standing of the Norwegian off-
hore sector) considered recovery time differently than Barlettani
t al. [25,26]. Instead of considering energy needed to recovery,
ORSOK proposed the probability of exceedance of the time needed

y the ecosystem to recover from the damage as a measure for
nvironmental risk based on the following formula:

− FT(x) = P(T > x) =
∫ ∞

x

fT(x) dx (14)

p
c
e
a
i

ous Materials 162 (2009) 29–43

here FT(x) is probability distribution function of the recovery time
or the ecosystem; and fT(x) is probability density function of the
ecovery time for the ecosystem.

Khan and Haddara [28] used a different concept to estimate
cosystem damage using the following relations:

nvironmental loss = damage area × importance factor
unacceptable damage area

.

mportance factor ranges from 0.1 to 1.0. This factor is quantified
ased on nearby sensitive ecosystem. If the damage radius is higher
han the distance between the accident location and the location of
he sensitive ecosystem, i.e. lake, forest, and bird sanctuary, a value
f 1.0 is taken as importance factor.

In another paper, Khan and Haddara [20] suggested an improved
nd modified form of above method.

nvironmental loss = damage area × importance factor

×environment media

×dollar value of environmental damage

he following values are suggested for the environment media:
.1 for air (coastal zone), 0.5 for water body, and 0.8 for soil. It

s not simple to assign a dollar value for environmental damage.
ssignment of importance factor is also another hindrance for

he damage estimation. Khan and Amyotte [6] proposed a new
pproach for calculating environmental cleanup cost for soil, water
nd air environments without considering human safety aspects.
he environmental cleanup cost for soil, water and air are calculated
ased on the mass or volume contaminated. The mass of contam-

nated soil is calculated by considering a general soil density of
650 kg/m3 and a depth of contamination of 0.5 m. The volume of
ontaminated water is calculated by considering the contaminated
rea multiplied by a 1 m depth of contamination; for contaminated
ir, the area is multiplied by a height of 10 m. Thus, the environ-
ental cleanup cost is:

ECC = Csoil + Cwater + Cair (15)

Csoil = Ms × cleanup cost ($/mass) × NH = DA × depth of contamina-
tion × density of soil × CC × NH;
Cwater = Vw × Cleanup cost ($/volume) × NH = DA × depth of con-
tamination × density of water × CC × NH;
Cair = Va × dilution or cleanup cost ($/volume) × NH = DA × height
of contamination × density of air × CC × NH;
Ms—mass of contaminated soil; Vw—volume of contaminated
water; Va—volume of contaminated air;
DA—damage area; CC–cleanup cost; NH—NFPA rank of the chem-
ical as related to health hazards.

The assumptions made in this method, for example volume of
he environmental compartments such as air, water, and soil, and
ndividual cleanup cost value, introduce a high uncertainty in the
nvironmental cleanup cost value.

.4. Automation of hazard evaluation

The automation of hazard assessment by use of computer
rogram can evaluate the hazards quickly and enhances decision-
aking. Sadiq et al. [29] developed GreenPro-I, a decision-making
ethodology for design problem formulation using LCA, and design
roblem solution using multi-objective optimization and multi-
riteria decision-making (MCDM). But its application restricted to
arly stage design. Palaniappan et al. [30] developed a system-
tic methodology to integrate inherent safety and environmental
mpact assessment. The study provides a unified framework for
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Fig. 1. Factors to be considered in the a

azards and pollution analysis by focusing on process materials and
heir interactions with process units and conditions. A guide word-
ased alternative generation technique, which meshes Palaniappan
t al.’s [30] study with inherent safety and waste minimization
rinciples, was proposed. The automated tool called iBDT, was

mplemented as an expert system and successfully tested on an
crylic acid process.

.5. Critical assessment of the literature

The review of research work identified (i) various methods and
echniques used in environmental consequence assessment, (ii) the
ssumptions made in developing these methods and techniques,
nd (iii) their case study applications. The major hurdle to overcome
hile estimating the environmental consequence is the considera-

ion of different hazard potentials with reasonable estimation of
heir effects, if undesired incidents occur. A central difficulty in

easuring the overall environmental consequence is consideration
f the different hazard potentials and their effects from accidents.
he difficulty arises not only from the stochastic nature of such
vents, but also problems in quantifying the size of releases and
he uncertainty of their effects [31]. The impact of a process that
epends not only on amount of materials released intentionally,
ut also on its location, social acceptance, resource utilization, and
isk of accident. As a result, even though substantial amount of
esearch work has been conducted to assess environmental con-
equences, there still remain some vital points to be incorporated
n the existing methodologies:

i. As diversity of factors with varying hazard potentials affect envi-
ronmental consequences of accidental releases, the method-
ology should consider the important environmental com-
partments such as air, water and soil [e.g. Gunasekera and
Edwards [9] considered only atmospheric environment; Cave
and Edwards [4] considered aquatic and terrestrial environ-
ment; Scott [17] considered only the hazards due to discharges
to ground, water or ground water].

ii. The spreading of chemical substances depends on physical prop-
erties of the chemical substances involved (e.g. vapor pressure
and water solubility) and location factors of the environment
(e.g. wind speed and distance from nearby water bodies). There-

fore, the methodology should consider the location factors of
environment and important dispersion factors of the chemi-
cal substances. For example, Gunasekera and Edwards [9] and
Cave and Edwards [4] have not considered location effects in
dispersion of chemicals.
ment of environmental consequences.

ii. The methodology should be robust enough to reduce the uncer-
tainty involved in the selection of values and decision-making.

v. In case of preliminary design phase, generally there is less or no
information about failures and its consequences. So, thorough
analysis using data cannot be possible for assessing environ-
mental consequences.

he existing environmental indices identified from the literature
ack in consideration of the hazard properties, dispersion fac-
ors, and effects of chemical substances to the environment as
ell as the uncertainty in totality. The present study attempts

o overcome these limitations in identifying all the factors of
nvironmental consequence and developing a methodology for
ggregation.

. Factors to be considered in environmental consequence
ssessment

The inherent safety index of a plant or equipment generally
onsiders fire, explosion, reactivity, and toxicity impacts in its
erivation. But the environmental consequence is also affected by
any other factors. The environmental impact categories usually

onsists of mobility, fire and explosion, reaction and decom-
osition, acute toxicity, irritation, chronic toxicity, air mediated
ffects, water mediated effects, solid waste, degradation, and
ccumulation. Other than these impacts, human perception, time
cale, process effects, and release effects are also important fac-
ors to be considered for environmental consequence assessment.
hese environmental consequence factors are chiefly classified
nto nine categories, namely quantity of chemicals, material prop-
rties, time scale, human perception, process effects, release
auses, release effects, spreading medium, and degradation, and
re presented in Fig. 1 as a cause and effect diagram. How the
ine factors relate to environmental consequences are explained
elow.

(i) Quantity of chemicals: It is assumed that the quantity of chem-
ical released will be the quantity of chemicals present in the
plant at the time of release. The damage due to a mixture of
chemicals is assumed to be the sum of the impacts due to the
individual chemicals involved in the process. According to Cala-

mari and Vighi [32], this assumption is the simplest and that
can be used for assessing the overall damage due to a mix-
ture of chemicals. As mentioned by Koller et al. [22], quantity
of chemicals has been used in two ways for deriving conse-
quence indices: (a) some methods consider sum of the masses
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Fig. 2. Hierarchical structure of consequ

and toxicity or use mass as a penalty (e.g. Dow’s fire and explo-
sion index). These methods are adopted in the case of materials
which cause harm due to body contact or nearby exposure (e.g.
carcinogenic material), and as such the amount of chemical
is not an important factor. (b) Other methods use the prod-
uct of mass and hazard potential for assessment (e.g. SWeHI,
EAI). These methods are adopted for materials which are easily
flammable, volatile, and toxic, where the amount of chemical
directly influences the consequence index.

(ii) The material properties include hazard properties (e.g.
flammability, toxicity, corrosivity, explosiveness, and reactiv-
ity) and physical properties (e.g. vapor pressure, solubility) of
chemical substances.

iii) The time scale includes both short-term (e.g. fire) and long-
term effects (e.g. carcinogenic effects) [31].

(iv) The human perception plays an important role in risk quantifi-
cation. Human perception factors include familiarity, control,
and acceptance of risk.

(v) The process adds to direct (associated with the process itself)
and indirect (associated with other parts of the life cycle of the
product such as raw materials, waste management and end
use) effects [31].

vi) The effects of release comprise local (e.g. fire), regional (e.g.
water contamination), and global (e.g. global warming, ozone
depletion) effects [31].

vii) The causes of release comprise intended or planned (e.g. efflu-

ent disposal) and accidental (e.g. spill) releases.

iii) Traditionally, indices have been developed for one specific
spreading medium such as air, water or land (e.g. EHI by
Cave and Edwards [4]; AHI by Gunasekera and Edwards [9]).
Recently, some tools have been developed to assess the envi-

T
d
c
t
d

parameters for proposed methodology.

ronment as a whole (e.g. IETH by Gunasekera and Edwards
[13]). The location factors are also important in estimating
environmental consequences. Each medium has its own loca-
tion factors. For example, for (a) air—wind speed, humidity, and
cloud covers, (b) water—depth of ground water, distance from
nearby water bodies, and (c) soil—thickness of soil layer, and
type of soil are some of the location factors.

ix) Finally, the degradation of chemical is the persistency of chem-
ical (generally it is measured with half life period of the
chemical) [15].

From above mentioned nine categories of environmental con-
equence factors, eight categories of consequence factors are
onsidered for the development of proposed environmental con-
equence index except human perception factors. The evaluation
f human perception is a difficult task and can be incorporated
f the information is available. Further, in the case of plant or
quipment failure, only the accidental releases can be taken into
onsideration from causes of release. The global effects such as
lobal warming, acid rain, and ozone depletion effects are diffi-
ult to quantify for all the components. So, only local and regional
elease effects are taken into consideration in this study. In the case
f process effects, only direct effects are considered, as the indi-
ect effects are not significant. As per time scale, the effects are
onsidered short-term, because the long-term effects estimation
s not accurate in case of environmental consequence assessment.

he selected categories of consequence factors are acquired for the
evelopment of a hierarchical structure to estimate environmental
onsequence index. The hierarchical structure of consequence fac-
ors as developed is shown in Fig. 2. This hierarchical structure is
eveloped using the cause and effect diagram for factors affecting
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onsequences (Fig. 1). The higher level of the hierarchical struc-
ure represents the environmental consequence index. The higher
evel is broken down into intermediate level contributory factors.
he intermediate level consists of material hazard factor, spreading
actor, degradation of chemical, environmental effect, and quan-
ity of chemical. The intermediate level factors comprise sub-levels
uch that the spreading factor considers dispersion of hazardous
ubstances through soil, water and air. The toxic effect has toxic
ffects on water and air, irritation, and bioaccumulation. Further,
he intermediate sub-levels are partitioned into lower level con-
ributory factors or the simplest possible entities. The material
azard factor includes hazard properties such as flammability, reac-
ivity, and explosiveness. The dispersion through water includes
epth of ground water, distance from nearby water bodies, water
olubility, and mobility of ground water. The dispersion through
oil includes type of soil and viscosity of chemical. The dispersion
hrough air includes lower level contributory factors such as wind
peed, relative humidity, and mobility in air. Finally, the developed
ierarchical structure is used for the estimation of environmen-
al consequence index. The hierarchical structure can be further
nhanced by adding other environmental consequence factors to
mprove on the results desired.

. Proposed methodology for environmental consequence
ssessment

In real life problem solving, the factors of environmental
onsequence are not assessed precisely due to unquantifiable,
mperfect, and non-obtainable information and partial ignorance.
hese limitations lead to the use of fuzzy based approaches in envi-
onmental consequence assessment. The literature review shows
he significant use of multi-criteria decision-making (MCDM) and
uzzy concepts in the environmental and life cycle assessment
5,7,8,28,33]. Gentile et al. [7] developed fuzzy logic based inherent
afety index for evaluating the design alternatives. Paralikas and
ygeros [5] and Khan et al. [33] presented a combined approach
f analytical hierarchy process (AHP) for incorporation of different
actors and fuzzy logic for dealing with both linguistic variables
nd uncertainties. Recently fuzzy composite programming (FCP)
pproach is gaining popularity and many researchers have used FCP
pproach in environmental decision-making problems [28,34–36].
adiq et al. [36] used FCP for the management of drilling waste
isposal in offshore to determine the best discharge scenario con-
idering risk, cost and technical feasibility criteria. The FCP is a
tep-by-step procedure of regrouping of a set of various basic
ndicators to form a single indicator [30]. Generally, the FCP is
dvantageous to the decision-makers in solving problems of mul-
iple attributes and conflicting objectives. In this study, FCP is
herefore used in the development of environmental consequence
ndex to capture the composite structure of environmental conse-
uence factors.

Fig. 3 shows the proposed methodology for the development
f environmental consequence index. The methodology involves in
he following steps:

(i) Identification of relevant factors and development of hierarchi-
cal structure of these factors in groups and subgroups.

ii) Assignment of weights to all parameters that belong to the

groups and subgroups.

ii) Fuzzification of environmental consequence factors.
iv) Aggregation of environmental consequence factors.
v) Development of environmental consequence index by combin-

ing environmental consequence factors using FCP.

o
p
o
m
i

Fig. 3. Framework for estimating environmental consequence index (ECI).

.1. Proposed environmental consequence index (ECI)

The first step in the development of the proposed ECI was the
etermination of the lower level factors (see Fig. 2) that would be
aken into consideration in the development and calculation of the
ndex. For the determination of those factors, data from the follow-
ng sources were taken: Substance fire hazard index [5]; Dow’s fire
nd explosion index hazard classification guide [12]; and Environ-
ental accident index [17] and are presented in Appendix A. The

econd step involves the assignment of weights to the factors. The
eights are assessed to reflect the relative importance of each of

he factors, which can be normalized to a sum of 1. In case of n
actors, a set of weights can be written as [2,29]

= (w1, w2, w3, . . . , wn), where
n∑

i=1

wi = 1 (16)

o calculate the weights, Saaty [37] proposed analytical hierarchy
rocess (AHP) to estimate the relative weight of each factor based
n pair-wise comparisons. Further more, Chen and Lin [38] pro-

osed the use of linguistic variables to assess the fuzzy importance
f the factors as shown in Table 1. Sadiq et al. [29] adopted this
ethod to convert linguistic terms into fuzzy numbers. Consider-

ng Chen and Lin [38] and Sadiq et al. [29], the weight wi for each
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Table 1
Triangular fuzzy number for intensity of importance [37]

Intensity of importance Triangular fuzzy number, si

Very low 0, 0.05, 1
Low 0.1, 0.18, 0.25
Medium low 0.25, 0.33, 0.4
Medium 0.4, 0.5, 0.6
M
H
V

f

w

w
f
f
w
s

u
a
q
a
T
n
p

a
m
a
f

[
o
c
[

m
c

m

a

m

T
B

E

M

S

E

D

edium high 0.6, 0.68, 0.75
igh 0.75, 0.83, 0.9
ery high 0.9, 0.95, 1

actor in each category is calculated by:

i = si∑k
i=1si

(17)

here si is the importance factor for ith factor, which can be selected
rom Table 2 for each factor. In this study, the fuzzy importance
actors from Chen and Lin [38] are adopted for the estimation of
eights of each environmental consequence factor because of its

implicity and inclusion of fuzziness.
In the third step of the methodology, the worst and best val-

es for each of the environmental consequence factors are assessed
nd they are summarized in Table 2. The worst and best value for
uantity of chemical is considered as the maximum and minimum
mount of chemical substance present in the process, respectively.
hese classes can be represented as triangular or trapezoidal fuzzy
umbers. For simplicity, triangular fuzzy numbers are used in the
resent study.
Then membership degree (mij) of the input value to each of
factor (i) for any chemical substance (j) (if the plant or equip-
ent involves more than one chemical substances) is estimated by
normalization process using the best and worst values for that

actor. This has been done for all factors. Bardossy and Duckstein

able 2
est and worst values of environmental consequence factors

nvironmental consequence factors Worst

aterial hazard factor
Flammabilitya 4
Reactivitya 4
Explosivenessb 100

preading factor
Dispersion through waterc

Depth of ground water 1
Distance from nearby waterbodies 0
Water solubility 100
Mobility of ground water 5

Dispersion through soilc

Type of soil 0
Viscosity of chemical 5

Dispersion through aird

Wind speed 21
Relative humidity 100
Mobility in air 200

nvironmental effects
Bioaccumulatione 100
Irritationf 1
Toxic effects on soil and waterf <1
Toxic effects on airf 10

egradation of chemicalf 100

a Dow’s Fire and Explosion Index Hazard Classification Guide [10].
b Edwards and Lawrence [14].
c Scott [17].
d ALOHA manual [42].
e Allen and Shonnard [40].
f Koller et al. [15].
ous Materials 162 (2009) 29–43

39] noted that the maximum and minimum values might be crisp
r fuzzy. In this study, the best and worst values are assumed to be
risp. The normalization is performed using the Eqs. (18) and (19)
34,35] described below.

Let Z(x, y) be the fuzzy number. The membership function,
(Z(x, y)), of the fuzzy number Z(x, y) can be approximately cal-

ulated from the piecewise linear function (Fig. 4):
If Zmaxij is the best value, then

ij =

⎧⎪⎨
⎪⎩

1, when Zij ≤ Zminij(
1 − Zij − Zminij

Zmaxij − Zminij

)
, when Zminij < Zij < Zmaxij

0, when Zij ≥ Zmaxij

⎫⎪⎬
⎪⎭

(18)

nd if Zminij is the best value, then

ij =

⎧⎪⎨
⎪⎩

1, when Zij ≤ Zmaxij(
Zij − Zminij

Zmaxij − Zminij

)
, when Zminij < Zij < Zmaxij

0, when Zij ≥ Zminij

⎫⎪⎬
⎪⎭

(19)

where

i = 1, 2, 3, . . ., n, j = 1, 2, 3, . . ., k;
n is the number of factors;
k is the number of substances;
Zij = value of the ith factor of jth substance;
Zmaxij = maximum of best and worst possible value =

max(best

∀i,j
||Zij||, worst

∀i,j
||Zij||);

Zminij = minimum of best and worst possible value =
min(best

∀i,j
||Zij||, worst

∀i,j
||Zij||);

mij = membership degree; m ∈ (0, 1).

Best Units

0 NFPA value
0 NFPA value
1 Upper explosive level − lower explosive level

1,000 m
2,000 m

0 %
0 Qualitative

9 Substance
1 cP

<1 m/s
0 %
0 Boiling point (◦C)

0 Bioconcentration factor
0 Substance

>1,000 LC50 acute
10,000 EPRG3 value (ppm)

1 Persistency (days)
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Fig. 4. Fuzzy membership function of parameter Z.

The membership function (mij) can be expressed as n × k matrix
hown below:

ij =

⎡
⎢⎢⎢⎢⎢⎣

m11 m12 · · · m1k

m21 m22 · · · m2k
...
...

...

...

· · ·
· · ·

...
mik

mn1 m12 · · · mnk

⎤
⎥⎥⎥⎥⎥⎦

fter the normalization process, the membership values are fuzzi-
ed and the uncertainty in the normalized scale is expressed by
50% [29]. In the fourth step, weighted environmental consequence

actor for each jth substance (ECFj) is obtained by summation of
roduct of the weights (wij) and membership values (mij) for all

actors using the following relation:
CFj =
n∑

i=1

wijmij (20)

here

b
t
v
t
T

ous Materials 162 (2009) 29–43 37

wij—weights for property of substance;
mij—membership value of property of substance.

The level cut concept is used to define the interval of each of the
actor at various levels of confidence. The confidence level can be
etermined by expert opinion. In this study, the base values of the

actors are assumed for the best and worst values.
The final step includes the defuzzification of ECFs for each jth

ubstance which is performed to estimate the crisp values of ECFs
sing any defuzzification method. The averaging method is used

n this study for defuzzification of ECF. Then, the overall environ-
ental consequence index is calculated as the fuzzy sum of the

nvironmental consequence factors of all the chemical substances,
nd is shown below.

CI =
∑

j

DECFj (21)

here DECF—defuzzified environmental consequence factor.

.2. Application of the methodology

The proposed environmental consequence index is calculated
or a benzene extraction unit (BEU) located in the eastern part
f India. The BEU plant essentially comprises of a pre-distillation
nd an extractive distillation unit based on the Lurgi Distapex pro-
ess. The benzene extraction unit is designed to produce 77,050
onnes per annum (TPA) of benzene. The overall process flow sheet
f the BEU plant is shown in Fig. 5. The benzene extraction unit
ncludes rerun column, extractive distillation column, raffinate col-
mn, benzene column, solvent regenerator, storage and slop drums,
acuum system, and process condensate system. In the BEU unit,
here are in total 74 equipment including 17 vessels, 32 pumps, 22
eat exchangers, and 4 distillation columns. The process produces
enzene and n-methyl pyrrolidone (NMP).

.2.1. Determination of weights
As a first step of the methodology, the triangular fuzzy num-

ers for all the linguistic measures of importance are selected from
able 1 for all the factors considered in the hierarchical structure
see Fig. 2). Then the weights are calculated from the triangular
uzzy numbers for each of the factors using Eq. (17) as shown in
able 3.

.2.2. Normalization and fuzzification of environmental
onsequence factors

Based on the degree of severity of consequence, each of the envi-
onmental consequence factors is assigned a numerical score. The
umerical scores of severity for consequence factors are obtained
hrough literature. The severity categorization with the numerical
coring is given in Appendix A. For example, the degree of sever-
ty for the factor flammability of benzene is ‘significant’ and the
orresponding numerical score is 2 (see Appendix A.1).

The procedure discussed in the third step of the proposed
ethodology (see Section 4.1) was used to estimate the fuzzy mem-

ership values for all the environmental consequence factors for all
he sections of BEU. The input data are normalized to bring all the
arameters in the same scale. The worst and best values for envi-
onmental consequence factors are considered for normalization.
he normalized environmental consequence factors are fuzzified

y a factor of ±50%. The maximum (Zmax) and minimum (Zmin) of
he worst and best values are taken from Table 2. If Zmax is the best
alue, then the factor values are fuzzified using Eq. (18). If Zmin is
he best value, then the factor values are fuzzified using Eq. (19).
he normalized fuzzy values of environmental consequence fac-
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Fig. 5. Overall process flow sheet of BEU (C—Cond

ors are shown in Table 4. As the quantity of chemical varies from
quipment to equipment, considering the large number of equip-
ent (74), the estimated normalized fuzzy values for amount of

hemical are not shown in Table 4.

.2.3. Aggregation of environmental consequence factors and
efuzzification of environmental consequence index

The weighted environmental consequence factors (ECF) are
alculated from the fuzzified membership degrees of the factors

Table 4) and fuzzy weights (Table 3) using Eq. (20) for benzene
nd NMP and are shown in Table 5. The estimated ECF for all equip-
ent present in each section of the BEU are defuzzified into crisp

alues using the averaging method. The defuzzified ECF values are
ummed up to yield ECI for each section in the BEU using Eq. (21).

able 3
uzzy weights for environmental consequence factors

nvironmental consequence factors Weights

Minimum Most likely Maximum

aterial hazard factor 0.1231 0.1355 0.1500
Flammability 0.0577 0.0611 0.0659
Reactivity 0.0462 0.0501 0.0549
Explosiveness 0.0192 0.0243 0.0293

preading factors 0.1846 0.1843 0.1875
Dispersion through water 0.0633 0.0536 0.0625
Depth of ground water 0.0158 0.0134 0.0156
Distance from nearby waterbodies 0.0158 0.0134 0.0156
Water solubility 0.0158 0.0134 0.0156
Mobility of ground water 0.0158 0.0134 0.0156
Dispersion through soil 0.0791 0.0654 0.0750
Type of soil 0.0396 0.0327 0.0375
Viscosity of chemical 0.0396 0.0327 0.0375
Dispersion through air 0.0710 0.0654 0.0703
Wind speed 0.0237 0.0218 0.0234
Relative humidity 0.0237 0.0218 0.0234
Mobility in air 0.0237 0.0218 0.0234

nvironmental effects 0.2308 0.2249 0.2250
Bioaccumulation 0.0369 0.0396 0.0429
Irritation 0.0554 0.0539 0.0536
Toxic effects on water 0.0692 0.0657 0.0643
Toxic effects on air 0.0692 0.0657 0.0643

egradation of chemical 0.1846 0.1843 0.1875
mount of chemical 0.2769 0.2710 0.2500
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E—Exchanger; P—Pump; R—Reboiler; V—Vessel).

he estimated defuzzified and normalized ECI values for all sec-
ions in BEU are shown in the last column of Table 6. Columns 2–4
f Table 6 shown the computed normalized values of ‘hazard poten-
ial of SWeHI’, Dow F&E index, and EAI for the sections of BEU which
re used for comparison in Section 6.

. Results and discussions

Some of the important issues that should be considered while
eveloping a method or a methodology are (i) goal or purpose of
his development, (ii) input factors, (iii) application potential, and
v) accuracy of the results obtained. The ECI developed in this study
as to satisfy all these criteria. The following sections describe these

ssues for the developed ECI.
The first and foremost important issue is goal or purpose for

hich the assessment is established. Generally, hazard is the poten-
ial of a substance or a situation to cause harm or to create adverse
mpacts on persons or the environment. However, the magnitude
f the hazard reflects the potential adverse consequences [41].
o, environmental hazard with vulnerability is taken as the con-
equence potential in the assessment of ECI. ECI is particularly
eveloped for the detailed assessment of environmental conse-
uence easily and quickly, so that the user can proceed to utilize
hese results for a part or for overall assessment.

The second important issue in the development of ECI is the con-
ideration of environmental factors that influence the ECI. Based on
iterature, almost all the factors were identified and a cause–effect
iagram was constructed. Moreover, in the development of ECI
xcept human perception, all other factors were considered. For
xample, the proposed ECI considers spreading factors, material
azard properties of chemical substances, and their effects on envi-
onment. The material factors include flammability, reactivity, and
xplosiveness. The spreading factors consider dispersion of haz-
rdous substances through land, water and air which includes
epth of ground water, distance from nearby water bodies, water
olubility, and mobility of ground water, type of soil and viscosity
f chemical, wind speed, relative humidity, and mobility in air. The

oxic effects comprise irritation, emission toxicity, and bioaccumu-
ation. In this context, one of the most important influencing factors
s the way of inclusion of amount of chemical value in the index.
n the development of ECI, the quantity of chemical is considered
s first level factor in the hierarchy. The normalized value of quan-
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Table 4
Fuzzifed values of environmental consequence factors for benzene and NMP in BEU

Environmental consequence factorsa Benzene NMP

Minimum Most likely Maximum Minimum Most likely Maximum

Material hazard factor
Flammability 0.2500 0.5000 0.7500 0.2500 0.5000 0.7500
Reactivity 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Explosiveness 0.0232 0.0465 0.0697 0.0364 0.0727 0.1091

Spreading factor
Dispersion through water

Depth of ground water 0.1695 0.3390 0.5085 0.1695 0.3390 0.5085
Distance from nearby waterbodies 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Water solubility 0.0009 0.0018 0.0027 0.0125 0.0250 0.0375
Mobility of ground water 0.1000 0.2000 0.3000 0.1000 0.2000 0.3000

Dispersion through soil
Type of soil 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Viscosity of chemical 0.4996 0.9992 1.4988 0.4981 0.9962 1.4943

Dispersion through air
Wind speed 0.1000 0.2000 0.3000 0.1000 0.2000 0.3000
Cloud covers 0.1500 0.3000 0.4500 0.1500 0.3000 0.4500
Mobility in air 0.1200 0.2400 0.3600 0.4300 0.8600 1.2900

Environmental effects
Bioaccumulation 0.0044 0.0087 0.0131 0.0016 0.0032 0.0047
Irritation 0.2500 0.5000 0.7500 0.2500 0.5000 0.7500
Toxic effects on water 0.4782 0.9564 1.4346 0.0000 0.0000 0.0000
Toxic effects on air 0.4950 0.9901 1.4851 0.4925 0.9851 1.4776
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egradation of chemical 0.0305 0.0610

a The normalized fuzzy values for quantity of chemical factor were not shown in
ary from equipment to equipment. However, the normalized fuzzy values for quan

ity of chemical is adopted as a membership value, not as a penalty

alue.

The third important issue is the application potential (applica-
ility) of the developed ECI. The developed ECI aims to assess the
ontribution of different sections as well as different consequence
actors to the overall ECI for any plant in a transparent and scien-

o
c
o
a
s

able 5
eighted environmental consequence values of the factors for benzene and NMP in BEU

nvironmental consequence factorsa Benzene

Minimum Most likely

aterial hazard factor
Flammability 0.0144 0.0306
Reactivity 0.0000 0.0000
Explosiveness 0.0004 0.0011

preading factor
Dispersion through water

Depth of ground water 0.0027 0.0045
Distance from nearby waterbodies 0.0000 0.0000
Water solubility 0.0000 0.0000
Mobility of ground water 0.0016 0.0027

Dispersion through soil
Type of soil 0.0000 0.0000
Viscosity of chemical 0.0198 0.0327

Dispersion through air
Wind speed 0.0024 0.0044
Cloud covers 0.0036 0.0065
Mobility in air 0.0028 0.0052

nvironmental effects
Bioaccumulation 0.0002 0.0003
Irritation 0.0138 0.0269
Toxic effects on water 0.0331 0.0629
Toxic effects on air 0.0343 0.0651

egradation of chemical 0.0056 0.0112

a The weighted values for quantity of chemical factor were not shown in the table bec
quipment to equipment. However, the weighted quantity of chemical for each of the 74
0.0915 0.1131 0.2263 0.3394

because a large number of equipment (74) is present in the BEU plant. The values
f chemical for each of the 74 equipment were calculated.

ific manner. The analysis in this methodology is broader because

f its consideration of eight significant environmental consequence
ategories (see Section 3). The analysis is deeper because the devel-
ped ECI is represented by ratio scale as suggested by Koller et
l. [22] which is the highest level of measurement. Unlike ordinal
cale which is used in AHP and NFPA ranking methods, the ratio

NMP

Maximum Minimum Most likely Maximum

0.0494 0.0144 0.0306 0.0494
0.0000 0.0000 0.0000 0.0000
0.0020 0.0007 0.0018 0.0032

0.0079 0.0027 0.0045 0.0079
0.0000 0.0000 0.0000 0.0000
0.0000 0.0002 0.0003 0.0006
0.0047 0.0016 0.0027 0.0047

0.0000 0.0000 0.0000 0.0000
0.0562 0.0197 0.0326 0.0560

0.0070 0.0024 0.0044 0.0070
0.0105 0.0036 0.0065 0.0105
0.0084 0.0102 0.0187 0.0302

0.0006 0.0001 0.0001 0.0002
0.0402 0.0138 0.0269 0.0402
0.0922 0.0000 0.0000 0.0000
0.0955 0.0341 0.0648 0.0950

0.0172 0.0209 0.0417 0.0636

ause a large number of equipment (74) is in the BEU plant. The values vary from
equipment was calculated.
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Table 6
Normalized values of hazard potential of SWeHI, Dow F&E index, EAI, and ECI for the sections of BEU

Sections of BEU Hazard potential of SWeHI index Dow F&E index EAI ECI

Rerun column section 0.1717 0.2933 0.2604 0.2278
Extractive distillation column section 0.0506 0.1551 0.1098 0.1342
Raffinate column section 0.1217 0.2045 0.2059 0.1552
Benzene stripper section 0.1107 0.1703 0.1693 0.1603
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olvent regeneration section 0.0584
torage and slop drums 0.3919
acuum system 0.0731
rocess condensate system 0.0220

etween two values of ECI corresponds to a defined physical value

n addition to its ability in ranking different sections of a plant or
ifferent factors effecting the environment. As a part of this effort,
he developed ECI was applied to a BEU, comprising eight sections.
he ECI for each section was computed and the results were ana-

c
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Fig. 6. Relative percentage contribution of each of the enviro
0.0202 0.0215 0.0625
0.0538 0.1334 0.1254
0.0880 0.0854 0.1065
0.0147 0.0143 0.0283

yzed. The ECI ranks (i) rerun column section, raffinate distillation

olumn section, and benzene stripper section as highly hazardous,
ii) extractive column section, vacuum system, and storage and slop
rums as medium hazardous, and (iii) process condensate system
nd solvent regeneration system as low hazardous. Rerun column is

nmental consequence factors to ECI for the BEU plant.
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Table 7
Ranking of sections of BEU using Hazard potential of SWeHI, Dow F&E index, EAI, and ECI

Sections of BEU Hazard potential of SWeHI index Dow F&E index EAI ECI

Rerun column section 2 1 1 1
Extractive distillation column section 7 4 5 6
Raffinate column section 3 2 2 2
Benzene stripper section 4 3 3 3
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olvent regeneration section 6
torage and slop drums 1
acuum system 5
rocess condensate system 8

nvironmentally highly hazardous amongst all the sections of BEU
ecause it contains a large number of equipment which handle high
mount of benzene. The process condensate system and solvent
egeneration system are less hazardous because of high involve-
ent with steam and water which are environmentally harmless.

he extractive distillation column section, benzene stripper column
ection, and vacuum system are having less equipment and han-
le fewer amounts of chemicals in comparison to highly hazardous
ections.

In addition to ranking the different sections of the BEU, the
elative percentage contribution of each of the environmental con-
equence factors to ECI for the BEU plant were computed which
s shown in Fig. 6. For the BEU studied, toxic effect contribute the

ost (41.17%) followed by spreading factor (21.50%) and quantity
f chemical (16.88%). The relative contribution can be used to pri-
ritize the environmental consequence factors to propose resource
llocation for improvement.

Finally, the accuracy of the ECI was tested through compar-
son with some other well-established methods like Dow’s fire
nd explosion index, safety weighted hazard index (SWeHI) index,
nd environmental accident index. The comparison method was
dopted here because there is no absolute value for overall con-
equence, known so far. This issue is dealt separately in Section 6.
nvironmental standards can be developed with acceptance prob-
bility as a function of the ECI provided it is applied in a large
umber of similar plants. The acceptable level of environmental
onsequence can be chosen by transforming the acceptance prob-
bility into ECI for different consequences.

. Comparison with Dow’s Fire and explosion index, hazard
otential of SWeHI, and EAI ranking

The normalized values of environmental consequence indices
or all sections of BEU are compared with hazard potential of SWeHI,
ow’s fire and explosion index, and environmental accident index.
ow’s fire and explosion index is the most widely used hazard

ndex. SWeHI is developed by Khan et al. [24]. The control mea-
ures value A of SWeHI is not considered, only B value is adopted
n this comparison. EAI is developed by Scott [17]. The normalized
ndex values are listed in Table 6. The ECI index is compared with
ow’s fire and explosion index, environmental accident index, and
azard potential of SWeHI index by ranking the sections of BEU.
he comparative ranking of sections of BEU is shown in Table 7.

Table 7 shows that for five sections (out of eight in total) of
he BEU, ECI ranks exactly as done by Dow’s fire and explosion
ndex and EAI. They are rerun column section (rank 1), raffinate
olumn section (rank 2), benzene stripper section (rank 3), solvent
egeneration section (rank 7), process condensate system (rank 8).
Although, the rerun column section is ranked as the most haz-
rdous by Dow’s fire and explosion index, EAI, and ECI, but SWeHI
anks it as second. The significant variation lies in the ranking of
torage and slop drum section. The storage and slop drum section is
anked as the most hazardous by SWeHI. This is because SWeHI con-

S
M
S
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E

7 7 7
6 4 5
5 6 4
8 8 8

iders the release of energy from steam and hot water, but EAI and
CI did not consider that potential energy release because it does
ot effect the environment. So, EAI and ECI ranks storage and slop
rums as fourth and fifth hazardous section, respectively. In Dow’s
re and explosion index, although the energy release from steam
nd hot water is considered, the amount of chemical involved is
aken as a penalty. So, Dow’s fire and explosion index ranks storage
nd slop drums section as sixth hazardous section. This variation
s mainly due to the way of inclusion of quantity of chemical. The
rocess condensate system is ranked as the less hazardous section
y all indices.

. Conclusions

In this study, the review of various existing hazard indices avail-
ble in literature was conducted. As a result, the methods were
dentified and classified based on their applications and capa-
ilities. The important limitations of the existing methods were
ighlighted. For example, the importance of dispersion factors and
ffects in soil, water and air were recognized and incorporated
ith proposed methodology. Further the proposed methodology
eveloped the ECI using fuzzy composite programming (FCP). The
eveloped ECI was applied to benzene extraction unit (BEU) to esti-
ate the environmental consequence of the sections of BEU. The

stimated results of ECI for sections of benzene extraction units
ere discussed. Finally, ECI ranking was compared with Dow’s fire

nd explosion index, safety weighted hazard index (SWeHI), and
nvironmental accident index (EAI) ranking. The proposed ECI may
utperform other indices based on its detailed consideration of the
actors and performed equally to Dow’s fire and explosion index,
nd EAI in most of the cases for the present application.
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ppendix A. Degree of severity of consequence factors

.1. Flammability [10]

ature of flammability Numerical score
table 0
ild 1

ignificant 2
igorous 3
xplosive 4
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S 4
N 7
G 1

A

R

L
M
H

A

D

A

A

L
Moderate 250–1000
High >1000
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.2. Reactivity [10]

ature of reaction Numerical score

table 0
ild 1

ignificant 2
igorous 3
xplosive 4

.3. Explosiveness [14]

xplosiveness (S) = (upper explosive
evel − lower explosive level)

Numerical score

< S < 10 1
0 < S < 20 2
0 < S < 30 3
0 < S < 40 4
0 < S < 50 5
0 < S < 60 6
0 < S < 70 7
0 < S < 80 8
0 < S < 90 9
0 < S < 100 10

.4. Viscosity of chemical [17]

iscosity (cP) Numerical score

<0.5 5
0.5–4.4 4
4.4–47 3

47–300 2
300 1

.5. Water solubility [17]

ater solubility (wt.%) Numerical score

90% 5
25–90 4

5–25 3
1–5 2

<1 1

.6. Distance to nearest well, lake or watercourse [17]

istance (m) 0–10 10–20 20–35 35–50
umerical score 9 8 7 6
.7. Depth to groundwater surface [17]

epth (m) 0–0.2 0.2–1 1–3 3–5
umerical score 9 8 7 6

.8. Mobility of ground water [17]

obility of ground water The groundwater surface is
leaning towards a well, lake or
watercourse

The gr
horizo

umerical score 5 1
ous Materials 162 (2009) 29–43

.9. Permeability of the soil [17]

ype of soil Numerical score

ravel 9
and 7–9
oraine 6–8

ilt 4–8
lay 0–6

.10. Wind speed [42]

ind speed Numerical score

alm <1
ight air 1–2
ight breeze 2–3
entle breeze 3–5
oderate 5–8

resh 8–1
trong 11–1
ear gale 14–1
ale 17–2

.11. Relative humidity [42]

elative humidity (%) Numerical score

ow 0
edium 50
igh 100

.12. Mobility in air [15]

ifference between boiling point and process temperature (◦C) Numerical score

0–50 0–0.25
50–100 0.25–0.5

100–150 0.5–0.75
150–200 0.75–1

.13. Bioaccumulation [40]

ccumulation level Numerical score

ow <250
5–7 7–12 12–20 20–30 30–60 >60
5 4 3 2 1 0

oundwater surface is
ntal

No well, lake or watercourse is laying within
1 km of the direction of the groundwater flow

0



azard

A

C

N
W
S

A

L

A

E

1

A

P

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

N.S. Arunraj, J. Maiti / Journal of H

.14. Irritation (eye, skin) [15]

orrosiveness Numerical score

o corrosive group 0
eak acids, alkalines 0.5

trong acids, alkalines 1

.15. Toxic effects on water [15]

C50 acute (mg/l) Numerical score

0.1–10 1–0.5
10–1000 0.5–0

.16. Toxic effects on air [15]

RPG3 (emergency response planning guidelines) Numerical score

10–1000 1–0.5
000–100,000 0.5–0

.17. Degradation [15]

ersistence time (days) Numerical score

1–3.2 0–0.25
3.2–10 0.25–0.5
10–32 0.5–0.75
32–100 0.75–1
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