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bstract

In this paper, a fuzzy waste index for evaluating the hazard posed by composite wastes generated from industrial processes is proposed. Within
his methodology, a fuzzy index as a measure of hazardousness of a given composite waste is derived from the crisp inputs of its component’s
ammability, corrosivity, toxicity and reactivity attributes based on the National Fire Protection Association (NFPA) hazard rankings. The novelty
f this work lies in establishing an integrated fuzzy hazardous waste index (FHWI) which provides a single-value representing the hazard ranking
f a composite waste. This is contrary to current techniques which do not provide a final aggregated hazard index. The efficacy of the new proposed

pproach is illustrated through several worked examples. The results demonstrate that the fuzzy algorithm can be useful in aiding policy and
ecision-makers in conducting comprehensive initial evaluation of the status of waste hazardous status without the need for costly laboratory
xperiments. As such, the approach offers a robust and transparent decision-making methodology.

2006 Elsevier B.V. All rights reserved.
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. Introduction

In the 21st century, globalization is viewed as means of meet-
ng the exponentially growing needs of the world population in
erms of improving people’s lifestyles, and as an avenue of ful-
lling growing individual consumption through the provision of
oods and services. Moreover, this phenomenon has triggered
apid expansion of industrialization and urbanization, intensive
griculture and rigorous exploitation of natural resources [1].
nfortunately, such developments have been accompanied by a

arge negative footprint, resulting in damage to the ecosystem,
eneration of large quantities of wastes (ranging from benign to
ighly hazardous), environmental pollution (air, water and land),
xtinction of certain species, global climatic change, energy
rises, loss of agricultural land through deforestation owing to
oil erosion and urbanization, increased mortality and morbidity
2–8].
Undeniably, mankind lifestyle has considerably improved
ince the turn of the 19th century owing to innovative tech-
ological advancements. However, these comforts have been
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ccompanied by an enormous generation of hazardous wastes.
ne of the greatest challenges in dealing with the hazardous
astes is to classify them in terms of their toxicity, flamma-
ility, corrosivity and reactivity. The challenge is aggravated by
he high risks involved, lack of sufficient time and huge financial
osts required to study a large range of different wastes. Like-
ise, there is at present no systematic methodology to integrate

ll attributes of hazardous wastes into a single measure of the
azardousness of a composite waste.

In the past, hazard ranking of a given material has been
xpressed as indexes based on Boolean mathematical method-
logies. The idea has been to provide decision tools to the indus-
rialists, experts, transporters and policy and decision-makers in
rriving at appropriate decisions in the process of dealing with
azardous wastes. These decision models have been designed to
ct as a good guide to personnel involved in a variety of activities
uch as producing, collecting, packaging, storing, transporting,
ecycling, treating, disposing, as well as handling of emergen-
ies and antidotes [9–15]. The basic premise of this classical
pproach is the assumption that, hazardous waste attributes such

s flammability, reactivity, and so forth, can be rated and ranked
n finite classes.

However, in certain cases these classical methods have lead
o inconsistent results, since unavailable data were usually esti-
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ated according to averaged values or using values of similar
lements which may not be a true reflection of the substances
n the composite hazardous wastes. Furthermore, these method-
logies sometimes introduce excessive accuracy in their calcu-
ations, which may be unwarranted by the uncertainty of the
vailable data.

Therefore, there is still a need for a systematic and easy-to-use
ool that can be used to rank the hazardousness of a composite
aste by taking into account all the waste characteristics. The

urrent authors attempt to fill this gap by proposing an aggre-
ated FHWI based on fuzzy logic [16,17]. The merit of this
pproach is that it allows the use of both qualitative and quanti-
ative variables, which do not require high computing power
o establish the relationship between the inputs and outputs.
s a result, the fuzzy logic simplifies decision making in this
omain which is characterised by uncertainty, imprecision and
ubjectivity. The model is based on the idea of simulating the
ay of reasoning of an expert ranking the hazardousness of a
iven composite waste. As a way of illustrating the applicabil-
ty of the proposed methodology, several practical examples,
ncluding two from the literature regarding the evaluation of the
azardousness of composite wastes will be presented and dis-
ussed.

. Background

.1. Definition of hazardous wastes

Hazardous wastes are viewed as wastes that may cause or
ignificantly contribute to extensive damage to both humans
nd the environment when poorly handled. Owing to their abil-
ty to cause widely varying negative impacts, many countries
e.g. South Africa [18], USA [19]) have adopted different reg-
latory frameworks. In this work, the definition by the United
ations Environmental Programme (UNEP) is used. In UNEP
azardous waste are non-radioactive wastes which, by reason of
heir chemical reactivity or toxic, explosive, corrosive or other
haracteristics, cause danger or are likely to cause danger to
uman health or environment, whether alone or when in contact
ith other wastes.
Within the broad framework of the UNEP definition as well

s the Resource Conservation and Recovery Act (RCRA) of the
SA [19], a waste can be considered to be hazardous if it exhibits
ne or more of the following attributes:

Flammability: Refers to wastes capable of creating fires
during routine management. This property depends on the
flash point of the material. Examples include liquids and
ignitable gases that catch fire readily, substances that are fric-
tion sensitive or that can cause fire through adsorption of
moisture.
Reactivity: It is the ability of a material to react both with
itself and other materials under normal conditions. This is

because of the material’s instability and the tendency to react
vigorously with water, or air at ambient conditions, or sensi-
tivity to shock, or heat, resulting to the creation of explosions,
runaway reactions or toxic fumes.

p
r
b
t
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Toxicity: It is a measure of the ability of a material to pose
substantial hazard to human health or the environment. Organ-
isms are exposed to toxic chemicals through inhalation, inges-
tion, or skin absorption pathways. Exposure of living organ-
isms to toxic wastes can cause direct and indirect impacts
which can broadly be categorized as carcinogenic, mutagenic
and teratogenic effects, reproductive system damage, respira-
tory effects and central nervous system effects, among other.
Corrosivity: Refers to the capability of a material to corrode
metals owing to the strength of its acidity or alkalinity. Such
wastes require special handling and containers (e.g. drums,
tankers and barrels) to ensure they do not dissolve toxic con-
taminants.

.2. Hazardous waste generation

Hazardous wastes are generated from wide ranging sources
uch as the process industries, small and medium businesses,
ouseholds, research and testing laboratories, agricultural indus-
ry and, health related services and industries. The process
ndustries are the largest producers of hazardous wastes. The
uantities of hazardous wastes generated vary from one industry
o the other as do their impacts on humans and the environment.

Considerable work has been done to quantify the generation
f hazardous wastes. Some of the global statistics can be found
n references [20–23]. Nevertheless, a peculiar phenomenon
f hazardous wastes inventory worldwide is that databases in
ECD countries are regularly updated, owing to a well devel-
ped and comprehensive legislative framework. On the contrary,
uch statistics are very scarce in non-OECD states, although
arge heavy industrial generators of hazardous wastes are cur-
ently relocating into these countries, owing to their weak or
on-existing regulatory regimes [8,24].

Moreover, the quantification of the hazardous wastes gener-
ted globally has been recognized as a great challenge owing
o non-standardized techniques of data reporting and differ-
nt manner in which they are defined in different countries.
or instance, clear disparities can be noted on the figures pub-

ished by Hsing et al. [23] for global generation and those for
SA [25,26]. The discrepancies of the reported statistics can
e attributed to heterogeneity of influencing variables, such as
ource elimination or reduction, process modification through
aterial substitution, housekeeping principles adopted, degree

f reuse and recycling, production management style, raw mate-
ial alteration and product substitution.

.3. Hazard indices

As a way of dealing with the challenges of safety, chemical
rocess loss prevention and risk management during industrial
rocesses, transportation and handling of hazardous materi-
ls, a wide variety of hazard indices have been proposed and
eveloped. A good summary of these indices has recently been

resented by Khan et al. [27,28], and therefore we will only
eview those of direct relevance to this work. In this section, a
rief review of the hazard indices that bear close relevance to
he present work is presented.
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The first attempt to derive an index (HWI) for a hazardous
aste was proposed and developed by Gupta and Babu [9].

ts purpose was to facilitate decision-making during handling,
ransporting, treating and disposal of or recycling hazardous
astes. However, in the development of this index no attempt
as made to integrate the indices related to flammability, cor-

osivity, toxicity and reactivity into a single-value output repre-
enting the overall hazard ranking of the composite waste.

Taylor et al. [10] introduced a technique to determine the tox-
city hazard potential of a single chemical. As a result the devel-
ped toxicity index is inadequate when one considers the evalu-
tion of toxicity of a composite hazardous waste. This is because
t fails to take into account other hazard causing attributes, such
s corrosivity and so forth. Moreover, a single chemical in all
ikelihood can be a useful raw material in another process.

Recently, Rajeshwar et al. [11] presented a method using
FPA hazard rankings for flammability, corrosivity, reactivity

nd toxicity to calculate risk indices of chemicals they pose
uring the transportation of hazardous wastes. Among the fac-
ors incorporated in this method were the quantity of material

oving, the distance between the point of release and human
opulations in the proximity, rate of dispersion and the prob-
bility of an accident occurring. As the factors considered in
heir study were related to transportation, the derived index has
imited applicability in hazard ranking of chemicals in other
rocesses, such as disposal, production and recycling.

Kraslawski and Nyström [29] proposed and developed a hier-
rchical fuzzy index for the purpose of comparing product and
rocess toxicity related to different design alternatives. There-
ore, introducing a fuzzy-based index made it easy to compare
onclusively the impact of various designs on the levels of toxi-
ity hazard generated using quantitative-based computing tech-
iques. However, the proposed fuzzy index is only applicable at
he process and product design stage and may not be suitable for
ssessing hazard levels of wastes during handling, transportation
nd disposal processes. In that way, the fuzzy index fails to pro-
ide a comprehensive method of assessing all the hazardousness
hat may be present in a given composite waste.

. Fuzzy logic approach

.1. Basics of fuzzy logic

Fuzzy logic is rooted in the concept of fuzzy sets initiated by
adeh in 1965 [16]. It facilitates the simulation of reasoning in
uman expert(s) in a domain characterised by vagueness, uncer-
ainty and subjectivity. Fuzzy set theory, unlike the two-valued
ogic that restricts a member to belong to a mutually exclusive
et, allows an element to reside partially or totally in several sets
t the same time. In a fuzzy system the variables are regarded
s linguistic variables, owing to the fuzzy logic ability to ‘com-
ute with words’. A linguistic variable here refers to a variable
hose value is a fuzzy number or is a variable defined in lin-

uistic terms [30]. Each linguistic value, LV, is represented by a
uzzy set using a membership function µLV (x).

The membership function associates with each crisp input,
ay XA, a number, µLV (xA), in the range [0,1] which represents

T
m
m
t

ig. 1. Membership functions of the set of hazard rankings associated with
azardous composite waste reactivity attribute.

he grade of membership of XA in LV or equivalently, the truth
alue of proposition ‘crisp value A is LV’. The overlapping of
he membership functions allows an element to belong to more
han one set at the same time, and the degree of membership
nto each set is an indication of how much the element belongs
o that particular fuzzy set. For example, if the computed
eactivity index of the composite hazardous waste is 0.7, then
ccording to Fig. 1, the membership functions µR (xi) generated
re µ1 = 0.32 in the fuzzy set labelled stable, µ2 = 0.60 in the
et labelled mild, and in the rest of sets µ3 = µ4 = µ5 = 0 for
he sets significant, vigorous and explosive, respectively. In this
tudy both triangular and trapezoidal functions were used to
epresent variables, while the knowledge was encoded in the
nowledge base using the IF-THEN rules.

.2. Fuzzy inferencing

In order to simplify and minimize computation time, a mod-
lar system development approach was adopted, which resulted
n the construction of several sets of IF-THEN rules. In gen-
ral, a fuzzy logic system is comprised of a fuzzifier, fuzzy rule
ase, fuzzy inference engine and a defuzzifier as presented in
ig. 2. The fuzzifier is responsible for converting the crisp input
ata into a linguistic value acceptable for computing the sys-
em output with the aid of membership functions. The fuzzy
ule base contains a set of IF-THEN rules that defines the rela-
ionship between the assigned or measured input variables to the
nticipated system output (hazardous of the waste under consid-
ration). The rule base is supported by a knowledge base which
efines the membership functions used in the generation of the
F-THEN rules.

The core of the decision-making algorithm in a fuzzy logic
ystem is the inference engine. It is instrumental in the derivation
f an aggregated output from a particular module from the IF-

HEN rules in its rule base. In practice, many fuzzy inferencing
ethods have been developed, with the so-called max-min and
ax-dot or max-prod [30] being the most popular. In this study,

he max-min fuzzy inferencing algorithm proposed by Mamdani
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Fig. 2. The fundamental configur

nd Assilian [31] was used, which involves the clipping of the
ruth value of the fuzzy output variables, such that the area under
he clip line determines the outcome of the rule.

Finally, the defuzzifier converts the fuzzy aggregate member-
hip grades generated from the inference engine into a non-fuzzy
utput value. There are again various approaches to defuzzifica-
ion [32,33]. The most common of these is the centroid method
34], which was also used in this paper, because it is sensitive
o the contribution of each activated rule, as opposed to other

ethods which have a strong bias towards rules with higher truth
alues or firing strengths.

. Methodology for evaluating aggregate FHWI

The proposed methodology follows a step-by-step procedure
nvolving fuzzy concepts and hierarchical analysis to determine
he aggregate FHWI of a composite waste. As described in Sec-
ion 2, hazard ranking of a waste is a function of its flammability,
eactivity, corrosivity and toxicity. Previously, methodologies
ased on Boolean mathematics were developed to compute the
azard ratings of materials for one or more of these attributes
10,13,27–29]. As a result, the indices determined from such
pproaches assumed that each sub-range was bounded by sharp
oundaries and that a specific characteristic could only belong to
ne set at a time. However, in this study the fuzzy methodology

s adopted to aggregate the individual indices into a composite
azardous waste index, taking into account the multiplicity and
mbiguity of the evaluation criteria in the aggregation process
o ensure a more reliable decision.

i
s
a
t

Fig. 3. The hierarchical structure o
of the fuzzy reasoning algorithm.

The assessment framework is comprised of three parts. The
rst part determines the fuzzy index of each attribute. These
alculations were based on the use of crisp or non-fuzzy num-
ers as inputs for each attribute based on the waste’s constituent
omponent values, obtained directly from previous studies or
easurement of the waste pH. For instance, flammability and

eactivity hazard indices were obtained from reference [13],
hile corrosivity is expressed in terms of the pH of the com-
osite waste. Ranking corrosivity on the basis of pH value as
pposed to the composite waste’s capability to corrode steel was
dopted, because the emphasis of this work is biased towards
afeguarding possible damage on humans and ecological sys-
ems. In that regard, pH then served as crisp input into the
orrosivity knowledge rule base to compute the corresponding
inguistic corrosivity value.

The second part of the framework was based on aggre-
ation of first-level fuzzy hazard indices of flammability and
eactivity to generate the flammability–reactivity fuzzy haz-
rd rating, similar to the material factor (MF) [13,35]. The
hird level of the aggregation process focused on combining the
uzzy flammability–reactivity hazard index derived in the sec-
nd level and the first-level fuzzy hazard indexes of corrosivity
nd toxicity. An illustration of hierarchical model structure for
etermining the aggregative FHWI is depicted in Fig. 3.

The fuzzy model reported in this paper uses the crisp

nputs of the hazard rankings reported in literatures [13,35,36]
pecifically for the case of flammability, reactivity and toxicity
ttributes. In addition, the weighted average hazard ranking for
he flammability, reactivity and toxicity of a composite waste

f aggregative FHWI model.
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ere computed following the procedure described by Gupta and
abu [9]. It should be noted that the weighted average hazard

ating method was used in this study, because the overall ranking
or each attribute was expected to be proportional to the numer-
cal value of the individual elements constituting the hazardous
aste.
However, contrary to the procedure used by Gupta and Babu

9] where the overall composite waste hazard ranking calcu-
ated for a specific attribute was rounded to ensure that the final
alue fitted into an exact defined classical set, in this study,
he computed values were used directly as crisp inputs into the
espective fuzzy models to compute the linguistic values of each
ttribute. A stepwise description of the adopted approach is as
ollows:

I. Identifying the composition of the waste, and particularly
analysing the quantities of each constituent component
present.

II. Use of the reactivity, flammability and toxicity hazard
indices for each constituent component in the composite
waste reported in the literature. Toxicity hazard ranking
should be expressed in TLV values.

III. Use of the results derived in steps I and II, to compute
the weighted average flammability, reactivity and toxicity
hazard rankings of the composite hazardous waste.

IV. Measuring of the pH of the composite waste.
V. Using the results of steps III and IV to compute the fuzzy

hazard rankings of flammability, reactivity, toxicity and
corrosivity of the composite waste.

VI. Aggregating the fuzzy outputs for flammability and reac-
tivity obtained in step V, to calculate the flammability–
reactivity aggregate hazard ranking.

VII. Aggregating the fuzzy rankings of toxicity and corrosivity
obtained in step V and the fuzzy model outputs of step
VI to obtain the final hazard ranking of the composite
waste.

III. Matching of the fuzzy hazard waste ranking with an appro-
priate qualitative linguistic hazard ranking level.

. Determination of composite waste hazard rankings

In this section we calculate the cumulative hazard ranking of
he waste as a function of the constituent components ratings.
he idea is to derive the cumulative flammability, toxicity and

eactivity of the composite waste using first-level values based
n constituent components hazard rankings obtained from the
pen literature. All the hazard rankings used in this work were
btained from references [13,35–37].

Many methods can be used to aggregate the hazard rank-
ng for each hazardous waste attribute, such as the arithmetic

ean, median, maximum, minimum, multiplication and mixed
perators. However, in this study the arithmetic mean oper-
tion is used because it is the most popular and realistic.

oreover, it allows the effect of each waste constituent com-

onent to be proportionally reflected in the final composite
aste hazard ranking, and therefore offers a more representative
utcome.

t
l
v
g
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.1. Flammability and reactivity hazard ranking

The NFPA [35] developed hazard ratings for flammability and
eactivity on the basis of the material’s susceptibility to burning
nd ability to release energy in accordance to the set of condi-
ions prevailing, respectively. To represent the hazard rankings
or flammability and reactivity attributes, each attribute was sub-
ectively evaluated and assigned indices ratings ranging from 0
o 4 at interval steps of 1. The higher the score ranking, the higher
he risk a given composite waste poses to both humans and the
nvironment. For instance, a material assigned a flammability
alue of 4 is presumed to be highly flammable, while a material
ith a value of 0 is assumed to be inert.
To define the flammability of the composite waste, an aggre-

ated average value is obtained using an equation of the
orm

Fcw =
n∑

i=1

yiNFi (1)

here yi is the mass fraction of component i in the composite
aste expressed in the range 0–1; n the total number of com-
onents constituting the composite waste; NFi the flammability
ndex of component i and IFcw is the weighted flammability of
he composite waste. Note that the flammability hazard rating
IFcw) owing to the composite waste takes any value between 0
nd 4.

Similarly, the aggregated reactivity value of the composite
aste is defined as:

Rcw =
n∑

i=1

yiNRi (2)

here NRi is the reactivity index of component i and IRcw the
eighted reactivity of the composite waste. The reactivity hazard

ating due to composite waste reactivity (IRcw) takes any value
etween 0 and 4.

.2. Toxicity hazard ranking

As is the case with flammability and reactivity, Dow [13] and
FPA [35] provide the degrees of health hazard ranking for a
iven element according to the probable severity of the effect(s)
t may cause on the personnel exposed to toxic materials in pro-
essing plants during normal working conditions. The health
azard ranking assigned to any given element ranges between
and 4 in steps of 1. However, in this study toxicity value is

xpressed using the threshold limit values (TLVs) system [36].
his is because the TLVs system has relevance to a wide range
f users such as decision and policy makers, personnel deal-
ng with handling and transportation of hazardous wastes, and
he public at large unlike the health hazard rankings which only

arget personnel working in processing plants. In this system,
ower TLVs imply that the element is highly toxic, while higher
alues signify a less toxic hazard ranking. Thus, the aggre-
ated weighted toxicity hazard index T of a composite waste is
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Table 1
Dow and fuzzy logic classification of reactivity and flammability attribute

Hazardous attribute Dows classification Fuzzy classification

Ranking
index

Qualitative value FTDF

Reactivity 0 Stable (0.0, 0.0, 1.0)
1 Mild (0.2, 1.0, 1.8)
2 Significant (1.2, 2.0, 2.8)
3 Vigorous (2.2, 3.0, 3.8)
4 Explosive (3.0, 4.0, 4.0)

Flammability 0 None (0.0, 0.0, 1.0)
1 Mild (0.3, 1.0, 1.7)
2 Significant (1.0, 2.0, 3.0)
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xpressed as:

=
n∑

i=1

(
yi

TLVi

)
× 100 (3)

here TLVi is the threshold limit value for component i.

.3. Corrosivity hazard ranking

The corrosivity hazard ranking index is for the entire com-
osite waste and not a function of the cumulative aggregate
f the constituent components. In practice, corrosivity can be
xpressed in two ways depending on the intended application.
n the one hand, it is expressed in terms of the material’s
otential to cause a hazard impact (erosion) on the construction
aterial of the container holding the waste. Thus, corrosivity is
easured as a function of length per year, and expressed in units

uch as mm/year.
On the other hand, corrosion is considered on the basis of

he waste’s ability to cause harm when in contact with living
issues. In this case, the corrosivity potential indicator is the
H [37] of the hazardous waste. Wastes having very high or
ery low pH values are classified as very corrosive, while those
ith values ranging between 6 and 8 are presumed to be non-

orrosive. This is because wastes with low (pH 2) or high (pH
2) pH values have the potential to react dangerously with other
aterials or tissues resulting to corrosive effects. In this study,

he pH scale is adopted in calculating the corrosivity index of
he hazardous waste. Moreover, the pH of a hazardous waste
an be easily measured, and is well understood by personnel
nd experts from a wide range of backgrounds. The corrosivity
uzzy module input, pH′, is computed using the expression

H′ = abs(pH − 7) (4)

here pH′ is the absolute value of the difference between a given
H and 7.

. Fuzzy quantification of hazard ranking

In this section, the fuzzy mechanism of evaluating the overall
azard rating of a given hazardous waste is described. The model
as developed based on the premise that hazard rankings used by

xperts to denote any hazardous attribute are subjective, contains
on-probabilistic uncertainty and in practice represents a qual-
tative linguistic class. In that sense the crisp numbers assigned
y the experts can be used as fuzzy input numbers to determine
he linguistic class of the ‘hazardousness’ which provides a true
eflection of real operational conditions.

As the hazard rating values associated with a given level of
azardous attribute are qualitative in nature, we propose a more
onsistent framework in the ranking description. The proposed
ethodology is based on fuzzy logic, which has the merit of

llowing the smooth transition of the measure of hazardousness

or a given attribute within a given class, as well as avoiding
nnecessary sensitivity at class boundaries. For example, in the
ase of Dow classification, if after the calculations in determin-
ng a compound’s flammability is found to be 1.45, then it is

7

t

3 High (2.0, 3.0, 4.0)
4 Very high (3.0, 4.0, 4.0)

resumed to belong to the ‘index class 1’. On the other hand, if
he calculated value increases by 0.10 to a value of 1.55, then
he flammability is ranked in ‘index class 2’. This subjective
oolean classification is eliminated by using membership func-

ions that allow an index to belong to more that one class at the
ame time.

By way of example, we compare reactivities based on Dow’s
ndices and the corresponding fuzzy logic methodology in
able 1. Dow’s hazard ranking for reactivity of a hazardous
aterial suggests five levels, where each was assigned a crisp

umerical value and a corresponding qualitative linguistic value.
t is significant to note that the Dow’s qualitative reactivity
caling system contains underlying vagueness and uncertainty,
hich in this study is described and represented by using fuzzy

riangular distribution functions (FTDFs).
Furthermore, in practice, these membership function defini-

ions are dependent upon individual process considerations and
herefore can be easily modified or changed on a case-by-case
asis. For instance, the membership functions ranges for rep-
esenting hazard ranking for hazardous waste, where the focus
s transportation, may be different from a case focussing on the
afety of personnel in a processing plant. In developing the mem-
ership functions, it was ensured that the FTDFs were centred
n 0, 1, 2, 3, 4 values to reflect the Dow classification in a real-
stic manner. The membership functions of reactivity attribute
re shown in Fig. 1.

Similarly, flammability, corrosivity and toxicity attributes
ere defined and represented using fuzzy logic sets within their

espective universes of discourse. For each linguistic variable,
t had an associated specific range of values. To achieve this,
uzzy sets are defined over the universe of discourse for each
nput valuable [38]. Each of the four primary hazard ranking
nput variables (flammability, corrosivity, toxicity and reactiv-
ty) was defined using five linguistic fuzzy sets represented in
he rule base by fuzzy triangular distribution functions.
. Application of the proposed methodology

Extensive simulation studies were carried out in this work
o demonstrate the effectiveness and the validity of the pro-
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functions of each knowledge base and validating the logical rea-
soning of the fuzzy rule-based system discussed in this paper. For
instance, when we used the upper extreme limits of each attribute
the overall hazard posed by the waste was ranked as extremely

Table 2
The IF-THEN rules for evaluating linguistic flammability hazard ranking of a
composite waste

Rule no. IF THEN Rule weight
Flammability Hazard Level

1 None None 1.00
2 Mild Low 1.00
3 Mild Moderate 0.30
4 Significant Moderate 1.00
Fig. 4. Graphical representat

osed fuzzy logic methodology in an attempt to derive a sin-
le aggregated hazard ranking expressing the degree of haz-
rdousness of a composite waste. In real dynamic and uncertain
ecision making environment as mentioned before, a tool that
an facilitate decision making for decision and policy-makers
ealing with hazardous wastes can be considerably useful in
educing the time and resources required in ascertaining a
ertain waste’s hazard overall ranking. As a way of achiev-
ng this objective, the knowledge and data obtained from the
iterature characterized by uncertainty and subjectivity were
xpressed using fuzzy IF-THEN rules. Therefore, in facilitating
ransparent and efficient knowledge representation, a hierarchi-
al structure of an aggregative hazardous waste index model
as developed, thus enhancing simulation of hazard ranking

see Fig. 3).

.1. Linguistic rules

The simulation of the FHWI was done by using different sets
f IF-THEN rules. In each module, the membership functions,
he rules and the rule weights were used to model a continuum
f feasible states of hazard level attributes within a defined uni-
erse of discourse. It should be noted that not all possible rules
ere generated in the first level (see Fig. 3). That is, if there

re m linguistic variables, each having n membership functions,
hen all possible output states should be defined by mn rules.
his would have yielded rule bases of flammability, corrosivity,

eactivity and toxicity each having five rules. Instead, the rules
ere derived such that they reflected a realistic mapping of the

risp inputs into linguistic outputs.
For example, in expressing flammability attribute in the fuzzy

ogic system, eight linguistic IF-THEN rules were generated
nstead of five. The reasoning process is represented graphically
n Fig. 4, while the linguistic expression of the rules and the

orresponding rule weights are presented in Table 2. Similarly,
F-THEN rules were derived for modelling the hazard levels
ssociated with corrosivity, toxicity and reactivity, which yielded
, 10 and 8 rules, respectively.

5
6
7
8

f the flammability rule base.

However, in the evaluation of what is regarded in the liter-
ture as the material factor, MF, and referred to in this paper
s the aggregated fuzzy flammability–reactivity hazard ranking,
he general rule for deriving the IF-THEN rules was applied. This
ielded a knowledge rule base of 25 (52) rules for computing
he aggregated fuzzy flammability–reactivity hazard ranking,
ecause there are two input variables, each having five linguistic
alues. On the other hand, the rule base for evaluating the over-
ll hazard ranking FHWI required 150 (52 × 6) rules because
here were three input variables, two of which had five linguistic
alues, while the third one was described by six linguistic val-
es. Thus, in this instance a total of 209 rules were developed to
acilitate the computation of aggregated fuzzy hazardous waste
ndex.

.2. System testing and validation

The testing procedure begins by checking the response of
ach knowledge base separately; using data sets of known out-
omes. This helped us in regard to fine-tuning the membership
Significant High 0.25
High Moderate 0.50
High High 0.80
Very high High 1.00
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Table 3
The highest and lowest certainty limits of the fuzzy rankings feasible from the developed fuzzy model

Hazard attribute Inputs Output (fuzzy rankings)

Lowest value Highest value Lowest limit Highest limit

Flammability 0 4 0.106 0.862
Reactivity 0 4 0.114 0.886
Toxicity (pmm) Non-toxic (infinity) 0.2 0.0902 0.900
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components, respectively. The results are shown in Table 7. In
orrosivity (pH) 7
lammability–reactivity fuzzy ranking (0.106, 0.114)
verall hazard ranking (0.0902, 0.0902, 0.0672)

evere, with a ranking of 91.4%. In other words, the result of
anking overall hazard when all four contributing attributes were
t their most dangerous levels was 0.914 on a scale of 0–1. This
s the highest likelihood estimate for the overall fuzzy hazardous
aste index with a linguistic value extremely high. Note that this
as a conservative estimate, as the rules based on heuristics do
ot offer 100% certainty during the process of computing with
ords.
On the other hand, the overall fuzzy system evaluation of

benign waste yielded a hazard ranking with a likelihood of
.73%. In other words, the result of ranking overall hazard when
ll four contributing attributes were at their best benign status
as 0.0373 on a scale of 0–1. Again, this value is conservative,

s the heuristics do not accord a 0% certainty. Similar computa-
ions were carried out in each knowledge base using maximum
nd minimum input values, thus yielding the lowest and highest
uzzy rankings as presented in Table 3 on a scale of 0–1.

As a second example illustrating the validity of the pro-
osed approach, we consider the output derived from the fuzzy
ammability–reactivity ranking module (see Fig. 3). In practice,

he reactivity hazard rating Nr and flammability hazard rating Nf
re assigned to crisp numbers in the range 0–4 [13], which in turn
re used to compute the material factor, MF, as shown in Table 4.
oreover, the results obtained from these experiments could be

sed to fine-tune the membership functions of each module and
o validate the logical reasoning of the fuzzy rule-based system.

Since the outputs derived from the fuzzy ruled based flamma-
ility and reactivity modules are in the range of 0–1, the crisp
nput values were fixed at 0, 0.25, 0.50, 0.75 and 1.00 for each
f the linguistic input variables (just as was the case with the
, 1, 2, 3 and 4 values in the Dows index). The results of the

uzzy flammability–reactivity hazard rankings are presented in
able 5. In this table it can be seen that the results closely mirror

hose in Table 4. Clearly this is an indication of the consistency

able 4
valuation of material factor in the Dows system (adopted from reference [13])

f Nr

0 1 2 3 4

1 14 24 29 40
4 14 24 29 40

10 14 24 29 40
16 16 24 29 40
21 21 24 29 40

e
g
c

T
S

H

0
0
0
0
1

H

0 or 14 0.0902 0.900
(0.862, 0.886) 0.0672 0.886
(0.900, 0.900, 0.886) 0.0373 0.914

f the process of generating fuzzy IF-THEN rules in the various
odules.
The proposed fuzzy system was validated by comparing its

esults with the output hazard ratings for each of the four hazard
ttributes on previously studied wastes reported by Gupta and
abu [9]. The hypothetical index inputs reported by Gupta and
abu [9] are summarised in the first two rows of Table 6 and

heir respective results are presented in Table 7 (first two rows)
n the second to fourth columns.

.3. Application to unknown composite wastes

To demonstrate the applicability of the methodology, rigor-
us simulations were carried out for different composite wastes.
o initiate evaluation of the overall hazard ranking, the user is
equired to supply quantitative data in terms of component per-
entages and the hazard rankings for the four hazard attributes
s indicated in Fig. 3. Once the system has been fed with all the
ecessary inputs, the FHWI is computed. As a way of demon-
trating the applicability of the model, 12 worked examples are
resented in Table 6 and their corresponding fuzzy-based hazard
ankings are shown in Table 7. It should be noted that the rank-
ngs of the hazard attributes provided by the user are the most
mportant factor in the final fuzzy hazardous waste index rank-
ng suggested by this model. An explanation of the functioning
f the fuzzy rule-based system reported here is schematically
epicted in Fig. 5.

The fuzzy logic approach (see Fig. 5) described in this paper
as applied to examples 1 and 2 for composite hazardous wastes
btained from literature [9], having four and three constituent
ach simulation run, the system begun by evaluating the aggre-
ated crisp values for the flammability, reactivity, toxicity and
orrosivity using Eqs. (1)–(4), respectively.

able 5
imulated flammability–reactivity hazard ranking using fuzzy logic approach

FF HRF

0.00 0.25 0.50 0.75 1.00

.00 0.067 0.350 0.550 0.700 0.876

.25 0.200 0.350 0.550 0.700 0.876

.50 0.200 0.350 0.550 0.700 0.876

.75 0.350 0.350 0.550 0.700 0.876

.00 0.550 0.550 0.550 0.700 0.876

FF, fuzzy flammability hazard index; HRF, fuzzy reactivity hazard index.
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Table 6
A complete data set for hazard rankings of individual constituent components in a composite waste

C1 C2 C3 C4 C5 NF1 NF2 NF3 NF4 NF5 NR1 NR2 NR3 NR4 NR5 T1 T2 T3 T4 T5 PH

1 0.40 0.20 0.15 0.25 – 3 2 0 0 – 3 1 4 0 – 10 25 200 Inf. – 11.8
2 0.10 0.20 0.70 – – 2 4 0 0 – – 1 0 – – 2 25 Inf. – – 3.6
3 0.15 0.30 0.10 0.25 0.20 0 1 2 0 1 1 1 0 0 1 1000 5000 Inf. 1000 Inf. 7.8
4 0.15 0.30 0.10 0.25 0.20 4 3 2 3 3 1 2 0 0 1 50 25 50 100 100 6.0
5 0.50 0.05 0.15 0.30 – 0 4 3 1 – 1 4 2 3 – 1000 0.2 400 200 Inf. 4.2
6 0.23 0.18 0.30 0.16 0.13 0 1 1 0 3 4 3 3 2 4 1500 1000 5000 400 1000 8.0
7 0.36 0.41 0.23 – – 1 2 0 – – 1 1 0 – – 5000 1000 5000 – – 1.5
8 0.10 0.25 0.20 0.30 0.15 2 3 4 2 3 3 3 2 3 1 50 10 5 100 200 13.4
9 0.10 0.25 0.20 0.30 0.15 2 0 1 0 0 1 1 0 1 0 Inf. Inf. Inf. 2000 5000 5.5

10 0.23 0.31 0.18 0.27 – 0 0 1 0 – 2 0 1 0 – Inf. Inf. 1000 Inf. – 8.3
11 0.23 0.31 0.18 0.27 – 0 0 1 0 – 0 1 0 0 0 Inf. Inf. 1000 Inf. Inf. 8.3
1 0

C amm
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1
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2 0.35 0.45 0.20 – – 0 0 1 – –

’s, NF’s, NR’s and T’s represent constituent components, NFPA rankings for fl

In the case of examples 1 and 2, the results obtained for
ammability, corrosivity and toxicity hazard indices are the
ame as those reported by Gupta and Babu [9] (see respec-
ive values in columns 2–4 in Table 7). In order to compute
n aggregated overall hazarding ranking of a composite waste,
he derived values for each attribute were used as fuzzy numbers
o generate the corresponding fuzzy hazard rankings. In exam-
le 1, the system computed a linguistic output value for each
ttribute whose corresponding defuzzified crisp value is shown
n columns 6–8 in Table 7 (flammability, reactivity, and toxic-
ty, respectively). It should be noted that the computed hazard
ankings were not rounded as was the case in the work of Gupta
nd Babu [9] in order to facilitate the final ranking of the waste.
ather, the fuzzy logic approach offered an alternative, owing

o its ability to deal explicitly with values within intermediate
lasses.

In addition, after the system obtained the hazard ranking asso-
iated with each attribute denoted as H1, H2, H3 and H4 in

able 7, the next step involved approximating a linguistic label
f each output in these columns. In the case of example 1, the
ammability is characterized by the linguistic label moderate,
eactivity as moderate to high, toxicity as toxic, while corrosivity

h
i
f
a

able 7
omplete set of system results based on inputs shown in Table 6

HF HR HT HCF (H1) HFF (H2) HRF (H3

1 1.600 2.000 4.880 0.6744 0.5943 0.6913
2 1.000 0.200 5.800 0.5216 0.4305 0.1199
3 0.700 0.650 0.046 0.0902 0.3449 0.3121
4 3.050 0.950 2.250 0.0902 0.7583 0.4078
5 0.950 1.900 25.238 0.4268 0.4168 0.6868
6 1.170 3.200 0.0923 0.2393 0.4369 0.7516
7 1.180 0.770 0.0302 0.7911 0.4375 0.3496
8 2.800 2.500 7.0750 0.8242 0.7548 0.7331
9 0.800 0.650 0.180 0.2393 0.3754 0.3121
0 0.180 0.890 0.018 0.1917 0.1115 0.3877
1 0.180 0.180 0.018 0.1917 0.1115 0.1193
2 0.200 0.400 0.010 0.2393 0.1122 0.2243

L, very low, L, low, M, moderate, H, high, VH, very high, EVHHR, extremely ve
azard index; HT, aggregated toxicity hazard index; HCF, fuzzy corrosivity hazard ind
TF, fuzzy toxicity hazard index; HFRF, fuzzy flammability–reactivity hazard index
0 1 0 0 Inf. Inf. 2000 – – 8.5

ability, reactivity and toxicity, respectively. Inf. denotes non toxic.

s assigned a moderate to high hazard ranking. These linguistic
alues were then used in the next rule base in the hierarchi-
al structure to compute a fuzzy flammability–reactivity hazard
anking, as well as the overall hazard ranking of the composite
aste.
Using the defuzzified crisp inputs 0.59 and 0.69 computed

rom the flammability and reactivity rule modules yielded a
uzzy flammability–reactivity hazard ranking labelled as high
0.68). Since at this stage the system has completed the evalu-
tion of the required parameters, the final computation stage
f the FHWI commences. Using the linguistic labels of the
uzzy flammability, reactivity, toxicity and corrosivity hazard
ankings previously computed, the FHWI for the composite
aste in example 1 rated as extremely high. Its corresponding

ingle-value output on a scale of zero to one is 0.89. Similar
omputations were carried out in example 2, where the FHWI
as rated as very high and the single-value output as 0.75.
Note that the overall waste hazard ranking in example 1 is
igher than in example 2. This is because the approach proposed
n this study takes into account the contribution of each of the
our attributes. Therefore, while in example 2 both the toxicity
nd corrosivity hazard rankings were high, the flammability and

) HTF (H4) HFRF (H5) OHR Final hazard ranking

0.7043 0.6804 0.8914 EVHHR (1)
0.8930 0.2000 0.7500 VHHR (1)
0.0908 0.3700 0.3000 LHR (1)
0.0902 0.3607 0.5074 MHR (0.426)
0.9005 0.6731 0.8784 EVHHR (1)
0.0914 0.7075 0.6129 HHR (0.874)
0.0906 0.4125 0.6233 HHR (0.767)
0.9005 0.7000 0.9116 EVHHR (1)
0.0908 0.3740 0.3000 LHR (1)
0.0904 0.4521 0.3776 MHR (0.224) LHR (0.276)
0.0904 0.0699 0.1159 VLHR (0.659)
0.0903 0.2912 0.2771 LHR (0.776)

ry high; HF, aggregated flammability hazard index; HR, aggregated reactivity
ex; HFF, fuzzy flammability hazard index; HRF, fuzzy reactivity hazard index;

; OHR, overall hazard ranking.
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Fig. 5. Explanation of the func

eactivity were very low, thus forcing the system to rank the
ggregated FHWI one level of magnitude lower than in exam-
le 1, where all the attributes were rated as relatively moderate
o high. By following the same procedure in each experimental
un, the results in Table 7 show that an aggregated fuzzy haz-
rdous waste index can be computed for any composite waste,
egardless of the number of its constituent components.

. Conclusion

The use of an aggregated single-value index to express the
verall hazard ranking of a waste will be appealing to a wide
ange of experts and industrialists dealing with composite haz-
rdous wastes. Thus, in this work we have proposed a fuzzy
ule-based system for computing a single-value FHWI moti-
ated by the classical methodology introduced by Gupta and
abu [9] for computing hazardous waste index (HWI).

The purpose of this index is to provide the users with a ver-
atile and robust tool suitable for rapidly assessing the status of
he waste’s overall hazard ranking by using the known attributes
f the constituent components. The results show that the appli-
ation of fuzzy logic in analyzing and quantifying the ranking of
azardous wastes eliminates the problem of forcing the ranking
o a particular class, owing to the rigidity of Boolean mathemat-
cal approaches. Thus the tool meets most of the desired features

utlined by Khan et al. [27] to quantify the level of hazardous-
ess of a given composite waste.

The FHWI represents a novel approach to determine the
azard ranking of a composite waste without using weighted
g of fuzzy rule-based system.

veraging techniques to combine the final individual rankings
f flammability, reactivity, toxicity and corrosivity as suggested
y Rajeshwar et al. [11]. However, the fuzzy approach discussed
n this paper offers an alternative with the ability to exploit the
xperience of human experts borne out of many years of expe-
ience and in addition to the IF-THEN rules derived from data.

The decision tool is faced with two challenges. Currently, in
ost practices we acknowledge that individual quantities of con-

tituent components of composite wastes are poorly documented
n operations such as handling, generating, transporting and
ecycling. However, as legislation is becoming more stringent
lobally, the potential benefits of the decision support system
ould be fully exploited. Moreover, the system does not take into
ccount the possibility of new compounds that may be formed,
wing to the reactions of the constituent elements. This may
esult in an overall hazardousness varying considerably, even
rom benign to a highly hazardous status.

Notably, as more data in the field of hazardous waste become
vailable from industry and academia, the tool described in this
aper can be refined further to increase its reliability, validity
nd dependability.
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