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1. Introduction

Resource depletion, global warming, climate change and other
environmental problems increase society’s environmental aware-
ness. As a result, businesses and industries are forced to measure
and reduce their environmental impacts. One of the tools that can
be used is life cycle assessment (LCA). According to ISO standards,
LCA consists of four phases: (1) goal definition and scoping, (2)
inventory analysis, (3) life cycle impact assessment (LCIA) and (4)
interpretation (ISO 14044, 2006). Furthermore, LCIA is composed
by (EPA, 2006): (1) impact categories selection and definition, (2)
classification, (3) characterization, (4) normalization, (5) grouping,
(6) weighting and (7) evaluating and reporting. ISO standards state
that the first three steps are compulsory. Normalization, grouping
and weighting are optional. However, normalization and weighting
can add valuable information to the decision makers because
normalization allows impact to be compared among impact cate-
gories and weighting reflects stakeholders’ goals and values
(Hertwich and Pease, 1998; EPA, 2006).

1.1. Normalization and weighting in LCA

Regarding the reference value of normalization in LCA, Guinée
et al. (2002) states that,
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“The reference information may relate to a given community (e.g.
The Netherlands, Europe or the World), person (e.g. Danish citizen)
or other system, over a given period of time. Other reference in-
formation may also be adopted, of course, such as future target
situation.”

Therefore, it is possible to use targets as the reference value of
LCA normalization process.

In weighting, the use of distance to target method receives
criticisms. In this paper the criticism is explained by using the
mathematical derivation found in Lee (1999). The normalized
impact for impact category type i is given by,

Cl;
NI; = N (M
where NIJ; is the normalized impact on impact category i, Cl; is the
characterized impact and N; is the reference value. The weighted
impact (WI;) is the product of NI; and a weighing factor W;,
Wli = Nll X Wi (2)

According to the distance to target method (Lee, 1999),
W == 3)

T; denotes the target.
Substituting (1) and (3) to (2) results,
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Guinée et al. (2002), Seppéld and Himaldinen (2001), Finnveden
(1999) and Lee (1999) argue that Equation (4) proves that the dis-
tance to target method is not a weighting method, but just another
form of normalization. Moreover, they agree that it fails reflecting
the relative significance among impact categories because it as-
sumes that all targets are equally important. Finnveden (1999)

states that,

“The available distance-to-target methods are all based on the
assumption that all targets are equally important. This is a critical
assumption, which apparently has never been justified.”

By considering this, Lee (1999), Eco-Indicator 99 (Goedkoop and
Spriensma, 2000) and Impact 2002+ (Jolliet et al., 2003) use the
following equation,

of
WL = —if; 5
P = (5)

where the value of f; reflects the relative significance/seriousness of
impact/damage category i, and in some methods Nj is expressed as
impact/damage per year per capita.

It is clear that, in Equation (5), the normalized impact CI;/N; is
not aimed to facilitate the weighting process, and that is why f; is
presented. To determine f;, Lee (1999) uses Analytical Hierarchy
Process (AHP), Eco-Indicator 99 uses panel approach, and Impact
2002+ applies the mixing triangle approach. However, the value of
fi provided by the above approach may not reflect stakeholders’
values and goals of a particular LCA study. That is why Eco-Indicator
99 methodology report (Goedkoop and Spriensma, 2000) states
that “In any case we encourage users to critically analyze the default
weighting factors presented in this project (Eco-Indicator 99) and to
propose other factors”.

Furthermore, problems may also arise with the use of N;. In Eco-
indicator 99, Impact 2002+, and CML 2001 (Guinée et al., 2002),
European data is used and some values of N; contains uncertainty
because of lack of data on emissions for individual substances, lack
of data for most European countries, lack of data for ozone layer
depletion, and lack of data on heavy metals and pesticides emission
to soil and water (Goedkoop and Spriensma, 2000).

1.2. Fuzzy inference system in LCA

Fuzzy inference system was introduced for the first time in 1965
by Zadeh (1965). It is widely used to elicit expert knowledge and
model the human thinking process. Numerous authors also pro-
posed the application of fuzzy inference system in LCA. Liu et al.
(2012) used fuzzy set theory to quantify the probabilities and the
severity of the impacts in a method combining risk assessment, LCA
and multi criteria decision analysis. Benetto et al. (2006) applied
fuzzy set theory to assess the impact of noise to humans due to lack
of data, uncertainties and vagueness in noise impact assessment.
Similarly, fuzzy set theory was also applied by Weckenmann and
Schwan (2001) to handle uncertainty in inventory data. Giiereca
et al. (2007) proposed a two stages method, partial indicator
acquisition and fuzzification, for LCIA valuation step. Seppdld
(2007) improved and compared the fuzzy approach presented in
Gliereca et al. (2007) to the “traditional” valuation technique of
LCA. Gonzalez et al. (2002) simplified LCA process by fuzzifying the
magnitude of the emissions.

It can be seen that the applications of fuzzy set theory in LCA are
to handle uncertainty, to simplify LCA process by fuzzifying the

magnitude of emissions and to value the characterization results in
order to show the significance of impact category. For the latter
application, by continuing fuzzy inference process to fuzzy IF-THEN
rules, rule implication, aggregation and defuzzification, a single
index can be resulted.

1.3. Objective of this paper

This paper attempts to improve the weaknesses found in the
distance to target method and of using N;j as the reference value in
the LCA normalization and weighting processes by proposing an
alternative methodology. For impact assessment, the end-point
approach is used in the proposed methodology. The proposed
methodology allows sub damage categories and damage categories
to be normalized and aggregated in order to produce an index of
total environmental improvement. It is called an index of total
environmental improvement because the proposed normalization
procedure is based on the targets on emission reduction.

In order to quantify the significance among sub damage cate-
gories and damage categories, the dimensionless numbers pro-
duced by the normalization processes are treated as the inputs for
the “weighting” processes. This process is done through fuzzy
membership functions and fuzzy IF-THEN rules. The outputs of the
above process are then aggregated by using fuzzy aggregation and
defuzzification techniques. The result of the defuzzification process
is the basis to compute index of total environmental improvement.
The parameter of fuzzy membership functions and the structure of
fuzzy IF-THEN rules are determined by the values and goals of the
stakeholders.

The structure of the fuzzy inference system presented in this
paper is based on Andriantiatsaholiniaina et al. (2004). The
fundamental difference is that in Andriantiatsaholiniaina et al.
(2004) the inputs for the normalization process are the environ-
mental interventions, such as greenhouse gas emissions, NO;
concentration and SO, concentration (quite similar to Gonzales
et al. (2002)). The issue with their approaches is that it ignores
the characterization step of LCA. Therefore, the magnitude of im-
pacts/damages will never be known. Moreover, it does not seem
appropriate to directly fuzzify the environmental loads because the
relation between the loads and their damage categories is clear. In
the proposed approach, the characterization process is done first
and followed by the normalization process. Damage factors (before
being normalized and weighted) provided by the existing meth-
odologies (Eco-Indicator 99) is used to calculate damage on each
sub damage category.

2. Material and methods

The proposed methodology consists of five steps: (1) normalize
the damage value of each sub damage category, (2) aggregate the
sub damage categories to their damage category using the fuzzy
inference system, (3) normalize the defuzzification outputs of the
fuzzy inference system applied to aggregate sub damage categories
to produce index of environmental improvement for damage
category, (4) aggregate the index of environmental improvement
for damage category using the fuzzy inference system, and (5)
normalize the defuzzification outputs of the fuzzy inference system
applied for the index of environmental improvement for damage
category to produce the index of total environmental improvement.
It is shown by Fig. 1.

2.1. Normalize the damage value of each sub damage category

This normalization process is done for each sub damage cate-
gory and will make fuzzy inference system possible. Outputs of this
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process, the normalized sub damage categories, are in the interval
[0, 1], where zero is the worst and one is the best. The proposed
normalization technique is based on the targeted reduction of
emissions. Before formulating the equations for normalization, let
us definei = 1,2, ---,I be substances in the life cycle inventory (LCI)
table,j = 1,2,---J be sub damage categories and k = 1,2,---,K be
damage categories. Furthermore, let us define the following.

BY = base year.

EY = evaluated year.
]N'\’g = target year.

H; = value of damage on sub damage category j which belongs
damage category k in base year.

H]’F = value of damage on sub damage category j which belongs

damage category k in evaluated year.

H¥ = targeted value of damage on sub damage category j which
belongs damage category k in evaluated year.

}ZZ = amount of substance type i emitted in base year which
belongs to sub damage category j of damage category k.

xfi = amount of substance type i emitted in evaluated year which
belongs to sub damage category j of damage category k.

hg = damage factor of substance type i which belongs to sub
damage category j of damage category k.

aﬁ‘. = emission reduction of substance i to be achieved in target
year which belongs to sub damage category j of damage cate-
gory k, 0 < ag <1

NH]’»‘ = the normalized value of damage on sub damage category
j of damage category k.

The normalized value of damage on a particular sub damage
category is modeled as the following. First, a target year, base year
and how much reduction of emission (usually in percentage)
desired in the target year relative to the emission in the base year
are defined. The percentages of reduction may come from internal,
national or regional target. By using damage factors provided by
Eco-Indicator 99 total damage on a particular sub damage category
in the reference year and evaluated year can be calculated by using
Equations (6)—(8). Furthermore, the target on a particular sub
damage category in the evaluated year can be evaluated by utilizing
the percentage of reduction. If, in the evaluated year, total damage
on a particular sub damage category is less than or equal to the
target then the normalized value of damage on that particular sub
damage category is set to be 1, if total damage on a particular sub
damage category is greater than or equal to the total damage in the
base year then the normalized value of damage on that particular
sub damage category is set to be 0, otherwise, the normalized value
of damage is in the interval (0, 1) meaning that the target cannot be
achieved but total emission is lower than the emission in the base
year. The normalized damage value is calculated by using Equation
(9). If equation (9) is plotted then its shape is trapezoidal as shown
by Fig. 2. The notation for Equation (9) and the formulas used to
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STEP 1: Normalize the damage value of each sub damage category

produce index of environmental improvement for damage category

STEP 2: Aggregate the sub damage categories to their damage category using the fuzzy inference system
STEP3: Normalize the defuzzification outputs of the fuzzy inference system applied to aggregate sub damage categories to

STEP 4: Aggregate the index of environmental improvement for damage category using the fuzzy inference system
STEP 5: Normalize the defuzzification outputs of the fuzzy inference system applied for the index of environmental improvement
for damage category to produce the index of total environmental improvement

Fig. 1. Proposed method.
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express membership functions, discussed in the next sections,
follow the notations found in Mathworks (2013).

I
~ k .
= > ©
i—1
I
B = 3 i @)
i=1
=k EY - B
ksk k
i=
~;'< T
NH]’A< = max{min{l,ﬁ},o} (9)
J 7Hj

2.2. Aggregate the sub damage categories to their damage category
using the fuzzy inference system

After sub damage categories are normalized, now fuzzy infer-
ence system for the normalized damage values can be conducted. In
this methodology Mamdani’s fuzzy inference process is applied
because it is intuitive, mostly used and fits human thinking process
(Sivanandam et al., 2007). The Mamdani’s fuzzy inference process
consists of five steps: (1) define and fuzzify input variables, (2)
define and fuzzify output variables, (3) fuzzy IF-THEN rules, (4) rule
implication, (5) aggregation and defuzzification (Sivanandam et al.,
2007).

2.2.1. Input variables

The normalized value of sub damage category j which belongs to
damage category k, NH¥, is used as input variable. A membership
function is then used to obtain the degree of membership of NH]’-< in
a linguistic variable vp, p = 1,2, -+, P. As an example, the linguistic
variables may be defined as vy = bad, v» = good and v3 = very good.
The membership function of NHk in linguistic variable v, is denoted
as (NH") The formulas for p,, (NH") are given by Equations (10)—
(12), where a,b,c,de[0,1] are the parameters of the membership
functions. If Equations (10)—(12) are plotted then they will follow
trapezoidal shape as shown by Fig. 3. The value of Hhy, (NH") rep-
resents the “grade of truth” of NHJk to be in linguistic varlable Vp.
Note that the membership function can only take value of real
number in the interval [0,1] (Zadeh, 1965). Therefore
p,,p(NHJ’-‘)e [0, 1] for every vp, j, k and for any forms of membership
function.

k
NH
A

1

Fig. 2. The normalization function of sub damage category j of damage category k.

w, (NHY)

{ ) {NH}‘—a
maxs{ min ,

d — NH¥
1, L4 0%, axb#c#d
b—a

d—c
(10)

NH¥ M be=d (11
Mup( j> = maxq ming 2, ,0%,a#b,c = (11)

NHK) = i 1d*Nka 0Y,a =b,cxtd 12
,“yp( j)_max min Td—c [’ ,a = D,C# (12)

2.2.2. Output variables

The fuzzy set of damage categories, denoted as H¥, are defined
to be output variables. In order to formulate the membership
functions of H¥, considerwg,q = 1,2,---,Q, be the linguistic vari-
able for a damage category. As an example, the linguistic variables
may be defined as w; = verylow, wy = low, w3 = medium,
wy = high, ws = very high. The degree of membership of H* in
linguistic variable wg, denoted as u,,, (HY), is quantified by using a
membership function. If the membershlp function of H* follows
the trapezoidal form then the formula for u,, (H*) is similar to the
Equations (10)—(12). If it is triangular then’ Hhy, (H ) is given by
Equat}(on (13). Fig. 4 plots the triangular membershlp function of
Hh, (H).

k_ 0~k
i, (Hk> = max{min{”,ﬂ}ﬂ}.ﬂ#bic (13)

2.2.3. Fuzzy IF-THEN rule

Fuzzy IF-THEN rules are used to link the linguistic variables of
sub damage categories and the linguistic variables of damage cat-
egories. Rule is denoted asr = 1,2, ---,R. The form of IF-THEN rule
is shown by Table 1.

Below is an example of fuzzy IF-THEN rules.

Sub damage categories: Damage on resources caused by
extraction of minerals and damage on resources caused by
extraction of fossil fuels.

Damage category: resources

Rule 1: If (extraction of fossil fuels is “Bad”) and (extraction of
minerals is “Bad”) then (Resources is “Very Low”)

Rule 2: If (extraction of fossil fuels is “Bad”) and (extraction of
minerals is “Good”) then (Resources is “Low”)

2.2.4. Rule implication

Rule implication is the process of combining fuzzy input variable
and fuzzy output variable to a fuzzy set and it is done for each rule.
In this methodology, the Mamdani’s implication rule is used to map
the degree of membership of sub damage categories to the degree
of membership of damage categories.

Before implementing implication procedure, the degree of
membership of damage categories resulted by each IF-THEN rule
have to be determined. For this purpose a AND (MIN) operator is
used. Let u‘*}v‘;'e "(H*) be the degree of membership of damage
category k in linguistic variable wy resulted by rule r and is calcu-
lated by using Equation (14). It is assumed that each rule has the
same weight. After ufi®"(H¥) is obtained then the Mamdani’s
implication rule is implemented by using Equation (15).

Iu&/l;le r (Hk) _ min{/iyp (NHI]C) J (1\11_112<)7 by, (NH}) }
(14)
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Degree of
membership

0 a b c d 1
Normalized impact

(a) uvp(Nhg") whenazbzczd

Degree of
membership

[V
0=a=b ¢ Normalized impact d 1

(€) m, (NH¥)whena=b,c#d

Degree of
membership

0 a Normalized impact b c=d=1

(b) w,, (NHf)whenazb# c=d

Fig. 3. Sub damage category membership function.

drute r (HY) = min{ufe " (HY), uy, (HY) } (15)
Below in an example of how rule implication is done.

Given that py,q (NHRESOUICES ) — 0.5 and py,,q (NHRESOUICEs) — 0.2,
By using rule 1 and Equatign (14), p\l}g‘; }OW(HRESOUl‘feS) — min
{0.5,0.2} = 0.2. Insert this result to Equation (15),
rule 1 (HReSOUrCes) — min{O.Z, Hvery low (HResources) 1

Prute 1 (HRESOUCSS) js a new fuzzy set shown by Fig. 5.

2.2.5. Aggregation

Aggregation is the process combining outputs of rule implica-
tion coming from each fuzzy rule to a fuzzy set. In aggregation
process, fuzzy sets of damage categories produced by each appli-
cable rule are aggregated to a new single fuzzy set. OR (MAX)
operator is used in this methodology. The resultant of aggregation
process for damage category k is denoted as ,U,Aggregated(Hk) and is
given by Equation (16). Fig. 6 illustrates how aggregation is done.

Haggregated (Hk> = max{d)Rule 1 (Hk>’ ] d)Rule R (Hk> } (1 6)

2.2.6. Defuzzification
In order to get a single value of damage on each damage cate-
gory then the aggregated fuzzy set is defuzzied. Defuzzification
method used in this methodology is center of gravity and is given
by Equation (17). Defuzzification processes is illustrated by Fig. 7.
b

§ / Haggregated (Hk)deHk
(Hk) _a (17)

b
/ HMaggregated (H k) dH*

a

2.2.7. How membership function parameters and fuzzy IF-THEN
rule are determined

In order to determine the parameters of the membership
functions and the structure of fuzzy IF-THEN rules, the Delphi
method is proposed to be used. Detail discussion on the Delphi
method can be found in Dalkey (1969), Linstone and Turoff (1975),
Riggs (1983), Ishikawa et al. (1993) and Hsu et al. (2010). In this
paper, the experts are the stakeholders; their goals and values on
sub damage and damage categories are elicited by using the Delphi
method, and the numerical truth values of the linguistic variables

-

Degree of
membership

=

b
Damage category (endpoint)

Fig. 4. Triangular membership function of H*.

are assigned by using the fuzzy inference system. The linguistic
variables and the forms of the membership functions for the sub
damage categories and damage categories can be predetermined or
decided through another Delphi process.

Given that the Delphi method is converged, the following il-
lustrates how responses from the stakeholders are used to find the
membership function parameters (Based on Hsu et al., 2010; Bovea
and Wang, 2003). Assume that traps = {aps, bps, Cps,dps} is the
response from the st stakeholder, s = 1,2, ---,S, for the linguistic
variable v, of NHX. The parameters for the trapezoidal membership
functions of NHlL in linguistic variable v, are given by Equation
(18)(21) and illustrated by Fig. 8.

a, = min{a 18
p = min {aps} (18)
‘l S
by = S > bps (19)
s=1
1 S
s=1
Table 1
IF-THEN rule structure.
Rule (r)  IfNH¥is ~ AND NH is AND NHf is ~ THEN H¥is
1 Vi vq Vi wq
2 Vi Vi V2 w1
R-1 v, " S e
R Vp Vp Vp Wq
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TN N I
Bad Bad Very low
(pRule 1 (HResources )
\
7
Resources Resources Resources
NHFossil fuels NHMinerals H

Fig. 5. Example of implication procedure.

dp = max {dps} (21)

Similarly, consider that trigs = {ags, bgs, Cqs} is the response
from the s stakeholder for the linguistic variable wy of H. The
parameters for the triangular membership functions of H* in lin-
guistic variable wy are given by the following equations and illus-

trated in Fig. 9.

13

bq = S Z bqs (23)
s=1

g = max {cqs} (24)

2.3. Normalize the defuzzification outputs of the fuzzy inference
system applied to aggregate sub damage categories to produce
index of environmental improvement for damage category

The drawback of using center of gravity defuzzification tech-
nique is that the defuzzification outputs may never be equal to zero
or one. This situation is illustrated by Fig. 10. As the consequence,
(H%* may also never be equal to zero or one although all normal-
ized values of sub damage categories are zero or one. It seems more
logical to have (H*)* = 0 when all normalized inputs are zero and
(HY* = 1 when all inputs are equal to one. Therefore another
normalization process is needed.

Before formulating the equation for the normalized value of
damage on each damage category, consider the following
notations.

Very low \

¢Rule 1(HResources )

0.2 IS

R
Resources Haggre gated (Hresourees )
> ,_ h
u - \
Low \
HResources
0.5 ¢Rule ) (HResuurceS )
/
HResourceS

Fig. 6. Example of aggregation procedure.

(H"); = the defuzzification output of damage category k when
all normalized inputs are equal to 0.
(H")l = the defuzzification output of damage category k when
all normalized inputs are equal to 1.
(H");Drmalized = the normalized defuzzification output of dam-
< 1. This is the index of

(#)
Normalized —
environmental improvement for damage category k.

age category k, 0 <

The idea is that we have to transform (Hk);mmanzed to be zero if
(Hk)* = (H") o (HY) Normalized tO e one if (Hk)* = (H")1, other-

wise (H");ormalizede(o,l). For this purpose, simple interpolation
technique is used and the result is given by (25).

C () (),

« = ; 25
< >Normalized (Hk)1 _ (Hk)o ( )

2.4. Aggregate the index of environmental improvement for damage
category using the fuzzy inference system

Fuzzy inference system for the normalized damage values fol-
lows the same procedure as fuzzy inference system applied for the
normalized sub damage categories, but its input variable are the
normalized damages on each damage category, (H*)normalized-
Membership functions and linguistic variables are defined for each
normalized value of damage category. Through these membership
functions, the degree of membership of each normalized damage
category in each linguistic variable is obtained. This process pro-
duces several numbers. IF-THEN rules are applied along with fuzzy
operator to obtain one number for each applicable rule. This single
number is then mapped to the fuzzy sets of index of environmental
improvement and reshapes its fuzzy sets. This is done for each rule
and produces new fuzzy sets. The next process is to aggregate each
fuzzy set produced by rule implication and the procedure is similar
to the steps followed in fuzzy inference system for the normalized
sub damage category. Finally, center of gravity method is applied to
find the center point of the aggregated fuzzy set. This point is
denoted as E".

HRes ources

(HResources )*

Fig. 7. Example of defuzzification procedure.
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» k
VH]

P % d

P

Fig. 8. The determination of trapezoidal membership function parameters.

2.5. Normalize the defuzzification outputs of the fuzzy inference
system applied for the index of environmental improvement for
damage category to produce the index of total environmental
improvement

This normalization process is the consequence of using center of
gravity defuzzification technique in fuzzy inference system applied to
the normalized damage value. E* may never be equal to zero although
(H9" = 0,vk, and may also never be equal to one although
(H)* = 1,V k. Therefore another normalization process is needed.

Itisdefined that E be the defuzzification output of fuzzy inference
system applied for the normalized damage value when (H)* = 0,V k
and E be the defuzzification output of fuzzy inference system applied
for the normalized damage value when (H* =1,V k. Then the index of
total environmental improvement, El, is given by equation (26).

_E-E
E, -,

(26)

However, normalizing the outputs of defuzzification processes
has a drawback. It is seen when EI produced by normalization
processes applied to the defuzzification outputs and EI produced
without normalization processes applied to the defuzzification
outputs are plotted, shown by Fig. 11.

Fig. 11 shows that the normalization processes give higher
values of EI when 0.5 < NHJ’»‘ < 1, lower values of EI when 0 <
NHj’f < 0.5. In other words, the use of normalization processes tend
to give higher index of total environmental improvement if NHJ’A< is
greater than 0.5 and produce lower index of total environmental
improvement if NH}‘ is less than 0.5.

2.6. Sensitivity analysis

The purpose of the sensitivity analysis is to see how the change
in the amount of a particular substance (xg) will affect index of total
environmental improvement (EI). It is known that an increase in xg
will decrease EI but the magnitude needs to be known. In order to
find the magnitude of the effect, the first step is to check whether
Equation (9) is continuous or not.

Equation (9) is not a smooth function, as shown by Fig. 2. It has

~k ~
sharp turning points exactly at (H;,1) and (H]’»<,O). However, as

Hy, (H k) A
1

a, b

Fig. 9. The determination of triangular membership function parameters.

NHResouroas =0

R
Fossil fuels — NHysoumres = 0

Minerals

}Q1
HResoirces 5,

Fig. 10. Defuzzification values when all normalized inputs are zero.

~k
H — H; , from both sides (left and right), NH]’-‘(HJK) = 1. Similarly, as

I-I]’.<—>I:I]’-<, from both sides (left and right), NHJ’-‘(H}‘) = 0. Therefore

NH]l‘(H]’.‘) is continuous everywhere. The second step is to check

whether Equation (9) is differentiable or not. Limit of difference
quotient is applied to check the differentiability of Equation (9) and
given by Equation (27)—(30).

~k
k k k(13
NH! (H;) — NH} (H) P
lim L= (27)
o okt ~k -k =k
Hi—H; HE -H ;i —H,
k(gk (7
K K
NH! (Hf) — NH} (H)
lim 1L =0 (28)
Hf —H; H}‘ - H]
k
NHF (Hk) — NHK (H )
. J J J
llrr~1k+ ok =0 (29)
HE—H; Hf —H;
k
NHE (H. ) — NHK (H )
. T\ i\Mi) 1
T B o0
J j j — HJ *HJ

As the left and right limits are not equal then Equation (9) is not
differentiable. However —1/ ( i A") can still be used to compute
J J

the change on NH"(HI‘) if x§< changes byAx’ﬁ. First, by applying the

chain rule ANH" (Xk)/Axk = u/(ljlk i ) is obtained and al-

lows NHf (xf + Axf) to be determined. However, NH¥ (xf; + Axf)
have to be forced to be zero if it is less than zero and to be one if it is
greater than one. For this purpose, MAX and MIN operators along

with (H — H; >/<H _f ) are utilized, shown by equation (31).

By inputting (NH]- Jnew to the fuzzy inference process, the influence
of xf + Axf toEI will be seen.

~k
H: — Hk — Axkhk
(NH’-‘) = max{mind1,—~—J VUl (31)
7/ new -k =k
Hj — Hj
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Fig. 11. Comparing the shape of index of total environmental improvement.

3. Results and discussion

In this section, the application and computational procedure of
the proposed methodology are illustrated. Each step of the pro-
posed methodology will be explained in detail. At the end of this
section, the effect of change in amount of emissions to the index of
total environmental improvement will also be explored.

In this case study LCIA of processes producing an engine is
assessed. The life cycle stages considered are only material pro-
duction, manufacturing and transportation (from material pro-
duction facilities to manufacturing facilities). Use phase and end of
life treatment are not included due to data limitation.

Method used for LCIA is Eco-Indicator 99 ((E, E) perspective) and
the functional unit of this study is to manufacture one engine.
Emissions data was obtained from emissions data in 2008 and
2012, where 2008 is considered as base year and 2012 as evaluated
year. Sub damage categories and damage categories are defined in
Table 2.

3.1. Normalize the damage value of each sub damage category

Values of damage on each sub damage category are calculated
by using Equations (6)—(8). The damage factors are obtained from
Eco-Indicator 99 ((E, E) perspective). As an example, damage to
resources caused by extraction of fossil fuels is calculated, shown by
Equation (32)—(34). The damage values are given by Table 3. It is
assumed that the percentages of reduction by 2020 for crude oil
and natural gas are 30% in material production, 25% in
manufacturing and 20% in transportation. For coal, it is assumed
that the percentages of reduction by 2020 are 25% in material
production, 30% in manufacturing and 20% in transportation.

HRosoitees  — 2694.310 + 2037.941 + 5.405
= 4737.66 M] energy surplus. (32)
Table 2

Sub damage categories and damage categories.

Sub damage category Damage category

Respiratory effects on humans caused by organic substance Human health
Respiratory effects on humans caused by inorganic
substance
Human health effects caused by ozone layer depletion
Human health effects caused by climate change
Damage on resources caused by extraction of minerals
Damage on resources caused by extraction of fossil fuels
Damage on ecosystem quality caused by the combined
effect of acidification
and eutrophication

Resources

Ecosystem quality

Resources
HFossilf fuels

= 2519.669 + 2018.002 + 5.185
= 4542.86 M] energy surplus. (33)

179.520 x (1 —0.30 x 3312-2008) |
~Resources 20122008
HEossil fuels = | 19.788 x (1 —0.25 x 5535=5005) + -+
0.046 x (1 —0.20 x 2312=2008)
= 4298.02 M] energy surplus (34)

Substituting values resulted by Equations (32)—(34) to Equation
(9) yields the normalized damage value for fossil fuels sub damage
category, shown by Equation (35).

Fossil fuels

Npesourees _ {min { . 4737.66—4542.86}7 0} 0443

'4737.66 —4298.02
(35)
,:k

Values of damage (HJ’Y) and target values of damage (H; ) for each
sub damage category grouped according to product life cycle stage
are presented in Fig. 12. Table 4 summarizes the normalized value
of damage of each sub damage category. Fig. 12 shows that material
transportation from material production facilities to manufacturing
facilities has the least environmental damage. In contrary, material
production and manufacturing processes have major contribution
to the overall damage. Furthermore, Fig. 12 shows that no targets
are achieved and it is confirmed by Table 4. In Table 4 all normalized
values are in the interval (0, 1) which means that the processes
produce less emission in 2012 but this improvement is still low and
insufficient to achieve the targets. Having the results like this we
can expect that the index of total environmental improvement is
going to be low. Next step is to run fuzzy inference system using
these normalized damages as the inputs. The following section il-
lustrates the computational procedure and discusses the applica-
bility of the proposed fuzzy inference system in order to produce
the index of total environmental improvement.

Table 3
Damage values for resource damage category (M] energy surplus).

Resources Life cycle stage

Material production Manufacturing Transportation

Damage Damage Damage Damage Damage Damage
in 2012 in 2008 in 2012 in 2008 in 2012  in 2008
Crude oil 174.198 179.520 18.659 19.788 2.956 2951
Coal 2320.988 2488.800 1974.516 1991.040 2.185 2.407
Natural 24.483 25.990 24.827 27.113 0.043 0.046
gas
Total 2519.669 2694310 2018.002 2037.941 5.185 5.405
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Fig. 12. Damage value on each sub damage category.

3.2. Aggregate the sub damage categories to their damage category
using the fuzzy inference system and normalize the defuzzification
outputs

In order to run fuzzy inference system, sub damage categories
are defined as input variables and damage categories as output
variables. The membership functions of sub damage categories and

damage categories are shown by Fig. 13. The parameters of these
membership functions are adopted from Andriantiatsaholiniaina
et al. (2004). Fig. 13(a) shows that each sub damage category has
three membership functions with “bad”, “good” and “very good”
linguistic variables.

Fig. 13(b) shows that the damage categories have five mem-
bership functions, two trapezoidal membership functions, their
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linguistic variables are “very low” and “very high”, and three
triangular membership functions, their linguistic variables are
“low”, “medium” and “high”. For illustration, damage to resources
is used as an example. From Table 4, it is known that NHEG 9 fos . =
0.443 and NHpgoess = 0.293. Mapping these values to Fig. 13(a)
or by inserting these values to Equations (10)—(12) yields
uBad(0.443) = 0.285, WUgood(0.443) = 1, fivery good(0.443) = 0,
uBad(0.293) = 1 and ©Good(0.293) = Mvery good(0-293) =0

Note that, for resources, two sub damage categories (extraction
of fossil fuels and minerals) have to be mapped to three linguistic
variables (“bad”, “good” and “very good”). Therefore, 32 = 9 rules
are used to map these sub damage categories to their damage
category (resources). Applying these rules together with equation
(14) produces the degree of membership of resources on each lin-
guistic variable of the output (“very low”, “low”, “medium”, “high”
and “very high”). The IF-THEN rules are shown by Table 5.

The next step is to apply Mamdani'’s rule implication procedure.
As shown by Table 5, only rule 1 and 4 that produce non-zero
outputs. Therefore, implication outputs are determined by these
two rules. By using Equation (15) the following results are obtained.

” o«

R 3 Rulel
@ Rulet (H esources) = mm{'u‘vlelri/ low

¢Ru led ( HResources) — min { ’uRule4 ( HResources) MLow ( HResources) }
_ mm{]  MLow (HResources) }
(37)
The fuzzy sets of Pryle1(HRE"®) and Pryjea( HREV" ) are presented
in Fig. 14. After completing rule implication steps, aggregation can be

done by using equation (16). Equation (38) shows the resultant of
damages on resources. Graphically the resultant is presented in Fig. 15.

By inserting the value produced by equation (39) to equation
(25), the normalized defuzzification output for damage to resources
is obtained, as shown by the following.

0.263 — 0.106

Resources ) _
(H ) ~0.894-0.106

Normalized

= 0.199 (40)

where (HResourceS) = 0. 106 (HResourceS) — 0.894.
The same procedure is repeated for other damage categories.

3.3. Aggregate the index of environmental improvement for damage
category using the fuzzy inference system and normalize the
defuzzification outputs

Fuzzy inference system for the normalized damage value fol-
lows the same step as fuzzy inference system applied for the
normalized damage value but the input variables are
(HHuman heanh)Normallzed (HResources)Normallzed and
(HEcosystem qualityy . .4~ Defuzzification outputs of fuzzy infer-
ence system applied to the normalized damage value are then
normalized by using Equation (26). The result is the index of total

(HResources) . MVery low (HResources)} _ min{0.285, IVery low (HResources) } (36)

environmental improvement (EI). Table 6 summarizes index of
environmental improvement for sub damage category, index of
environmental improvement for each damage category and index
of total environmental improvement.

3.4. Sensitivity analysis

Sensitivity analysis is done in two steps. Step 1, the change in
NH}< is calculated if emission of substance xf} changes by Axg. This is

Maggregated (H Resources) = max{¢Rulel (H Resources) s ORules (H Resources) } (38)

The next process is to apply Equation (17) to obtain (HResourees)*
and is given by the following.

done by using Equation (31). Step 2, the new value of NH]’»< is
inputted to the fuzzy inference system. A MATLAB SIMULINK

0.157 0.3
Resources Resources H Resources _ 0.1 Resources jpjResources

0 0.157 ' '
0.5

HResourcesHResources dHResources

. / 05-03
(HResources) _ _\o3 —= — 0263 (39)
0 285dHResources + / HResources — O'ldHResources+
' 03 -0.1
0 0.157
Resources

0.5
05— HResourcesdH
/ 05-03

0.3
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Table 4

Normalized sub damage category.
Sub damage category Normalized

damage

Respiratory effects on humans caused by organic substance 0.240
Respiratory effects on humans caused by inorganic substance 0.386
Human health effects caused by ozone layer depletion 0.355
Human health effects caused by climate change 0.183
Damage on resources caused by extraction of minerals 0.293
Damage on resources caused by extraction of fossil fuels 0.443
Damage on ecosystem quality caused by the combined effect 0.887

of acidification and eutrophication

simulation model was developed to conduct the sensitivity
analysis.

Here, the sensitivity analysis is illustrated by assuming an in-
crease in total consumption of coal by 50 kg while other emis-
sions/consumptions are kept unchanged. The result is the
following.

Resources
AXCoa\l: Fossil fuels

= 50 kg (41)

Table 5
IF-THEN rules for damage category resources and its rule implication outputs.

Rule IF NHFSSOMCSS is  AND NHEESOU(ES is  THEN HResourees js

1 Bad (0.285) Bad (1) Very Low (min{0.285,1} = 0.285)
2 Bad (0.285) Good (0) Low (min{0.285,0} = 0)

3 Bad (0.285) Very Good (0) Medium (min{0.285,0} = 0)

4 Good (1) Bad (1) Low (min{1,1} = 1)

5 Good (1) Good (0) Medium (min{1,0} = 0)

6 Good (1) Very Good (0) High (min{1,0} = 0)

7 Very Good (0) Bad (1) Medium (min{0,1} = 0)

8 Very Good (0) Good (0) High (min{0,0} = 0)

9 Very Good (0) Very Good (0) Very High (min{0,0} = 0)

curve. As an example, according to Fig. 16(f), the decrease in
fossil fuels consumption will have a significant effect on index of
total environmental improvement. The maximum value of
improvement that can be obtained from decreasing fossil fuels
consumption is 0.25. This improvement will be achieved when
the domain of the normalized value of damage is around 0.35—
0.7. Otherwise, no improvement is made. When all the normal-
ized damage are changed simultaneously then the index of total
environmental improvement is given by Fig. 17 confirming Fig. 11.

Fossil fuels

Resources _ .
(NH new = max{mm{l’ 4737.66 — 4298.02

Inputting this new value to the fuzzy inference system yields
new EI = 0.2464. Fig. 16 shows how the index of total environ-
mental improvement change if each normalized sub damage
category is varied according to a linear function. Note that, when
a particular normalized sub damage category is varied the others
are kept unchanged. Fig. 16 also illustrates how improvement
should be made. The horizontal line of the curves in Fig. 16 infers
that although a reduction in emissions results, it still will not
change the index of total environmental improvement. In other
words, the actual values of damage are decreased, but these
improvements are insufficient to increase the index of total
environmental improvement. Improvement on index of total
environmental improvement will be gained when emissions are
decreased along the curves that have a positive slope. Other
valuable information that can be obtained includes the
maximum and minimum values of index of total environmental
improvement that can be achieved from varying a particular sub
damage category. This information is given by the range of the

Bad Good Very Good

4737.66 — 4542.86 — 50 x 2.04}70} _ 0211

py, (NHF) 0.5

0 02 oaNijoe

(a) Membership functions of sub damage categories

08 1

(42)

4. Conclusions

The main contribution of this research to cleaner production
is that it provides a solution for the drawbacks found in distance
to target and panel approach, which have been used in LCA
normalization and weighting processes. As it is known, the dis-
tance to target method fails in reflecting the relative significance
among damage categories. The panel approach has uncertainties
in its reference value because of lack of data. Furthermore, the
weighting factors used in the panel approach, found in Eco-
Indicator 99 and Impact 2002+, may not fit values and goals of
the stakeholders of a particular LCA study. In order to overcome
this problem the proposed method uses target on emission
reduction to normalize the damage values. The normalized
damage values are then utilized as the input for the weighting
process. This is done by eliciting values and goals of the stake-
holders on each damage category by using fuzzy interference
system. Fuzzy set operations are then applied to aggregate the
damage values and produce the index of total environmental
improvement. The proposed methodology simplifies the LCA

Low Medium High  Very High

Very Low

0 02 04 06 08 1
Hk
(b) Membership functions of damage categories

Fig. 13. Membership functions.
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normalization and weighting process and is expected to aid
practitioners in evaluating environmental performance of their
products.

The critical part of the proposed methodology is the deter-
mination of membership function parameters and the structure
of IF-THEN rules. Triangular and trapezoidal functions are uti-
lized in this method. In the case study, their parameters are
taken from literature. In practice, membership function pa-
rameters and the form of IF-THEN rules have to be determined
based on expert knowledge or values and goals of the stake-
holders. A guideline to model expert knowledge and values and
goals of the stakeholders as fuzzy membership function is
provided. Furthermore, IF-THEN rules can also be weighted
based on the expert knowledge or the values and goals of the
stakeholders.

Since the proposed method focuses on the environmental
improvement achieved by the product then it has several im-
plications. Firstly, the proposed normalization technique is
applicable when the goal of the stakeholders of the LCA study is
to see how the environmental performance of a product im-
proves according to a particular target. Secondly, the same
value of index of total environmental improvement may have

Table 6

different absolute value of damage reduction. As an example,

~ ~k R
consider H]’-( = 100,H; = 87.5and ij — 90 for product A. HJI; _

~k
1000,H; = 875 and ij =900 for product B. BY = 2010,
TY = 2020, EY = 2015 and af} = 0.25 for both products.

Applying Equation (9) results NH}< = 0.8 for both products.
Note that the absolute reduction of damage caused by product
A is 100—90 = 10 and the absolute reduction of damage of
product B is 1000—900 = 100, but they have the same
normalized value of damage, 0.8. This happens because the
normalized value of damage is a relative index. Thirdly, it is
strongly suggested to present both, the damage values and the
indexes of total environmental improvement. This suggestion is
made in order to avoid undermining the objectivity and
benchmarkability of the LCA results. This is also supported by
the results of the sensitivity analysis. As it is shown by the
sensitivity analysis, even though a particular emission de-
creases, the index of total environmental improvement may not
change. This is caused by MIN and MAX operator used in fuzzy
inference system.

It is also important to note that the way the proposed index is
interpreted is different from the way the existing indexes are
interpreted. In the existing approaches, such as “point” used in Eco-
Indicator 99, higher index means more damage (the lower the
better). In the proposed method, a higher improvement index
means environmental performance is increasing (the higher the
better).

Furthermore, since the Delphi Method is used to define
fuzzy membership function parameters and the fuzzy IF-THEN
rules then the proposed methodology is only suitable for
specific cases because there is no guarantee that the results of
the Delphi Method can be applied for generic application
(Finnveden, 1999). Therefore, the developed methodology is
only applicable for internal product improvement
applications.

Index of environmental improvement for sub damage category, index of environmental improvement for each damage category and index of total environmental

improvement.

Index of environmental improvement for sub damage category (NHJ")

Index of environmental improvement

Index of total environmental improvement (EI)

for damage category ((H*)yormalized)

Respiratory effects on humans caused by organic substance = 0.240
Respiratory effects on humans caused by inorganic substance = 0.386
Human health effects caused by ozone layer depletion = 0.355
Human health effects caused by climate change = 0.183
Damage on resources caused by extraction of minerals = 0.293
Damage on resources caused by extraction of fossil fuels = 0.443
Damage on ecosystem quality caused by the combined effect of
acidification and eutrophication = 0.887

Human health = 0.127

Index of total environmental improvement = 0.3715

Resources = 0.199

Ecosystem quality = 0.887
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Fig. 16. Change in index of total environmental improvement when the normalized value of damage on each sub damage category is varied.
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References

Andriantiatsaholiniaina, L.A., Kouikoglou, V.S., Phillis, Y.A., 2004. Evaluating stra-
tegies for sustainable development: fuzzy logic reasoning and sensitivity
analysis. Ecol. Econ. 48, 149—-172.

Benetto, E., Dujet, C., Rousseaux, P., 2006. Fuzzy-sets approach to noise impact
assessment. Int. ]. LCA 11 (4), 222—228.

Bovea, M.D., Wang, B., 2003. Identifying improvement options by combining life
cycle assessment and fuzzy set theory. Int. J. Prod. Res. 41, 593—609.

Dalkey, N., 1969. An experimental study of group opinion: the Delphi method.
Futures 1, 408—426.

EPA-U.S, 2006. Environmental Protection Agency, Life Cycle Assessment: Principle
and Practice. National Risk Management Research Laboratory Office of Research
and Development and U.S. Environmental Protection Agency, Cincinntai, OH,
USA.

Finnveden, G., 1999. A Critical Review of Operational Valuation/weighting Methods
for Life Cycle Assessment: Survey. Swedish Environmental Protection Agency,
Stockholm.

Goedkoop, M., Spriensma, R., 2000. The Eco-indicator 99: A Damage Oriented
Method for Life Cycle Impact Assessment (Methodology Report). Pre Consultant
b.v., Amersfoort, The Netherlands.

Gonzalez, B., Adenso-Diaz, B., Gonzalez-Torre, P.L., 2002. A fuzzy approach for the
impact assessment in LCA. Resour. Conserv. Recycl. 37, 61-79.

Giiereca, L.P, Agell, N., Gasso, S., Baldasano, ].M., 2007. Fuzzy approach to life cycle
impact assessment. Int. ]. LCA 12 (7), 488—496.

Guinée, ].B., Gorrée, M., Heijungs, R., Huppes, G., Kleijn, R., Koning, A., de, Oers,
van, L., Sleeswijk, AW., Suh, S., Udo de Haes, H.A.,, Brujin de, H., Duin van, R,
Huijbregts, M.AJ., 2002. Handbook on Life Cycle Assessment. Operational Guide
to the ISO Standards. Kluwer Academic Publishers, Dordrecht.

Hertwich, E.G., Pease, W.S., 1998. ISO 14042 restricts use and development of
impact assessment. Int. J. L C A 3 (4), 180—181.

Hsu, Y.-L., Lee, C.-H., Kreng, V.B., 2010. The application of fuzzy Delphi method and
fuzzy AHP in lubricant regenerative technology selection. Expert Syst. Appl. 37,
419—425.

Ishikawa, A., Amagasa, M., Shiga, T., Tatsuta, R., Mieno, H., 1993. The Max-Min
Delphi method and fuzzy Delphi method via fuzzy integration. Fuzzy Sets
Syst. 55, 241-253.

ISO, 2006. ISO 14044: 2006 Environmental Management — Life Cycle Assessment —
Requirements and Guidelines. International Organization of Standardization,
Switzerland.

Jolliet, O., Margni, M., Charles, R., Humbert, S., Payet, J., Rebitzer, G., Rosenbaum, R.,
2003. IMPACT 2002+: a new life cycle impact assessment methodology. Int J.
LCA 8 (6), 324—-330.

Lee, K.M., 1999. A weighting method for the Korean Eco-Indicator. Int J. LCA 4 (3),
161-165.

Linstone, H.A., Turoff, M., 1975. The Delphi Method: Techniques and Applications.
Addison-Wesley Publishing Company, Inc., MA, USA.

Liu, K.E-R,, Ko, C.-Y,, Fan, C,, Chen, C.-W., 2012. Combining risk assessment, life cycle
assessment, and multi-criteria decision analysis to estimate environmental
aspects in environmental management system. Int. J. LCA 17, 845—862.

Mathworks, 2013. Fuzzy logic Toolbox Documentation — Mathworks. Retrieved
from: http://www.mathworks.com/help/fuzzy/functionlist.html. on February
12, 2013.

Riggs, W.E., 1983. The Delphi technique: an experimental evaluation. Technol.
Forecast. Soc. Change 23, 89—94.

Seppdld, J., 2007. On the meaning of fuzzy approach and normalization in life cycle
impact assessment. Int. ]. LCA 12 (7), 464—469.

Seppdld, J., Himdldinen, R.P, 2001. On the meaning of the distance-to-target
weighting method and normalization in life cycle impact assessment. Int. J.
LCA 6 (4), 211-218.

Sivanandam, S.N., Sumathi, S., Deepa, S.N., 2007. Introduction to Fuzzy Logic Using
MATLAB. Springer-Verlag, Heidelberg, Germany.

Weckenmann, A., Schwan, A., 2001. Environmental life cycle assessment with
fuzzy-sets. Int. J. LCA 6 (1), 13—18.

Zadeh, L.A,, 1965. Fuzzy sets. Inform. Control 8, 338—353.



2/14/2021 Journal of Cleaner Production | Vol 67, Pages 1-292 (15 March 2014) | ScienceDirect.com by Elsevier

ScienceDirect

Journal of Cleaner Production

Supports open access

10.9 7.246

CiteScore Impact Factor

Q. Searchinthisjournal ~ Submit your article 7 = Guide for authors

Volume 67

Pages 1-292 (15 March 2014)

~, Download full issue

< Previous volfissue Next vol/issue >

Receive an update when the latest issues in this journal are published

Full text access

Editorial board
Page IFC

Y, Download PDF

Review article O Abstract only

https://www.sciencedirect.com/journal/journal-of-cleaner-production/vol/67/suppl/C 1/8


Feri Afrinaldi
Pencil

https://www.sciencedirect.com/journal/journal-of-cleaner-production/vol/66/suppl/C
https://www.sciencedirect.com/journal/journal-of-cleaner-production/vol/68/suppl/C
https://www.sciencedirect.com/user/login?returnURL=%2Fjournal%2Fjournal-of-cleaner-production%2Fvol%2F67%2Fsuppl%2FC%3FfollowJournal%3Dtrue
https://www.sciencedirect.com/science/article/pii/S095965261400136X
https://www.sciencedirect.com/science/article/pii/S095965261400136X/pdfft?md5=d532b6f2eb1ab02a4e27c0f3f1d465e9&pid=1-s2.0-S095965261400136X-main.pdf
https://www.sciencedirect.com/
https://www.sciencedirect.com/journal/journal-of-cleaner-production
https://www.elsevier.com/about/open-science/open-access
https://www.editorialmanager.com/JCLEPRO
https://www.elsevier.com/journals/journal-of-cleaner-production/0959-6526/guide-for-authors

2/14/2021 Journal of Cleaner Production | Vol 67, Pages 1-292 (15 March 2014) | ScienceDirect.com by Elsevier
A meta-analysis investigation of the direction of the energy-GDP causal relationship:

implications for the growth-degrowth dialogue
Panos Kalimeris, Clive Richardson, Kostas Bithas
Pages 1-13

¥, Purchase PDF Article preview

Review article O Abstract only
Toward a research agenda for policy intervention and facilitation to enhance industrial

symbiosis based on a comprehensive literature review

Wenting Jiao, Frank Boons
Pages 14-25

¥, Purchase PDF Article preview v

Research article O Abstract only

Communal rainwater tank systems design and economies of scale
Thulo Ram Gurung, Ashok Sharma
Pages 26-36

o, Purchase PDF Article preview v

Research article © Abstract only

Design of water-using networks of multiple contaminants with two internal water mains
Hui-Peng Zhao, Wei-Nan Su, Zhi-Yong Liu
Pages 37-44

¥, Purchase PDF Article preview

Research article O Abstract only
Comparison of black water source-separation and conventional sanitation systems using

life cycle assessment
Charles Thibodeau, Frédéric Monette, Cécile Bulle, Mathias Glaus
Pages 45-57

¥, Purchase PDF Article preview

Research article O Abstract only

https://www.sciencedirect.com/journal/journal-of-cleaner-production/vol/67/suppl/C 2/8


https://www.sciencedirect.com/science/article/pii/S0959652613008949
https://www.sciencedirect.com/science/article/pii/S0959652613008949
https://www.sciencedirect.com/science/article/pii/S0959652613009049
https://www.sciencedirect.com/science/article/pii/S0959652613009049
https://www.sciencedirect.com/science/article/pii/S0959652613008743
https://www.sciencedirect.com/science/article/pii/S0959652613008743
https://www.sciencedirect.com/science/article/pii/S0959652613008755
https://www.sciencedirect.com/science/article/pii/S0959652613008755
https://www.sciencedirect.com/science/article/pii/S0959652613008664
https://www.sciencedirect.com/science/article/pii/S0959652613008664

2/14/2021 Journal of Cleaner Production | Vol 67, Pages 1-292 (15 March 2014) | ScienceDirect.com by Elsevier
Treatment of effluents from palm oil mill process to achieve river water quality for reuse as

recycled water in a zero emission system

Mohd Ridzuan Othman, Mohd Ali Hassan, Yoshihito Shirai, Azhari Samsu Baharuddin, ... Juferi Idris
Pages 58-61

¥, Purchase PDF Article preview

Research article O Abstract only
Solar water disinfection by a Parabolic Trough Concentrator (PTC): flow-cytometric

analysis of bacterial inactivation

Riccardo Bigoni, Stefan Kétzsch, Sabrina Sorlini, Thomas Egli
Pages 62-71

¥, Purchase PDF Article preview v

Research article O Abstract only
Application of treated wastewater and digested sewage sludge to obtain biomass from

Cynara cardunculus L

Pilar Mafias, Elena Castro, Jorge de las Heras
Pages 72-78

¥, Purchase PDF Article preview v

Research article O Abstract only

Life-cycle environmental and economic assessment of sewage sludge treatment in China
Changging Xu, Wei Chen, Jinglan Hong
Pages 79-87

¥, Purchase PDF Article preview

Research article © Abstract only

Environmental performance of waste-handlers
Mahelet G. Fikru
Pages 88-97

¥, Purchase PDF Article preview

Research article O Abstract only

https://www.sciencedirect.com/journal/journal-of-cleaner-production/vol/67/suppl/C 3/8


https://www.sciencedirect.com/science/article/pii/S0959652613008585
https://www.sciencedirect.com/science/article/pii/S0959652613008585
https://www.sciencedirect.com/science/article/pii/S0959652613008688
https://www.sciencedirect.com/science/article/pii/S0959652613008688
https://www.sciencedirect.com/science/article/pii/S0959652613008615
https://www.sciencedirect.com/science/article/pii/S0959652613008615
https://www.sciencedirect.com/science/article/pii/S0959652613008561
https://www.sciencedirect.com/science/article/pii/S0959652613008561
https://www.sciencedirect.com/science/article/pii/S0959652613008962
https://www.sciencedirect.com/science/article/pii/S0959652613008962

2/14/2021 Journal of Cleaner Production | Vol 67, Pages 1-292 (15 March 2014) | ScienceDirect.com by Elsevier
Modeling the leachate flow and aggregated emissions from municipal waste landfills

under life cycle thinking in the Oceanic region of the Iberian Peninsula

Ana Camba, Sara Gonzalez-Garcia, Alba Bala, Pere Fullana-i-Palmer, ... Gumersindo Feijoo
Pages 98-106

¥, Purchase PDF Article preview

Research article O Abstract only

More than financial investment is needed: food waste recycling pilots in Shanghai, China
Wenfang Huang, Jie Wang, Xingyi Dai, Mingran Li, Marie K. Harder
Pages 107-116

¥, Purchase PDF Article preview

Research article O Abstract only

Sewage sludge/biomass ash based products for sustainable construction

Primoz Pavsi¢, Ana Mladenovié, Alenka Mauko, Sabina Kramar, ... Peter Bukovec
Pages 117-124

¥, Purchase PDF Article preview v

Short communication O Abstract only
Sustainable construction with repurposed materials in the context of a civil engineering—

architecture collaboration
Y. Sieffert, J.M. Huygen, D. Daudon
Pages 125-138

¥, Purchase PDF Article preview

Research article O Abstract only
Green Bambusa Arundinacea leaves extract as a sustainable corrosion inhibitor in steel

reinforced concrete

Salawu Abdulrahman Asipita, Mohammad Ismail, Muhd Zaimi Abd Majid, Zaiton Abdul Majid, ... Jahangir
Mirza
Pages 139-146

¥, Purchase PDF Article preview

Research article O Abstract only

https://www.sciencedirect.com/journal/journal-of-cleaner-production/vol/67/suppl/C 4/8


https://www.sciencedirect.com/science/article/pii/S0959652613008676
https://www.sciencedirect.com/science/article/pii/S0959652613008676
https://www.sciencedirect.com/science/article/pii/S0959652613008731
https://www.sciencedirect.com/science/article/pii/S0959652613008731
https://www.sciencedirect.com/science/article/pii/S0959652613008883
https://www.sciencedirect.com/science/article/pii/S0959652613008883
https://www.sciencedirect.com/science/article/pii/S095965261300872X
https://www.sciencedirect.com/science/article/pii/S095965261300872X
https://www.sciencedirect.com/science/article/pii/S0959652613008871
https://www.sciencedirect.com/science/article/pii/S0959652613008871

2/14/2021 Journal of Cleaner Production | Vol 67, Pages 1-292 (15 March 2014) | ScienceDirect.com by Elsevier
Environmental and agronomical assessment of three fertilization treatments applied in

horticultural open field crops

Roberto Quirds, Gara Villalba, Pere Mufioz, Xavier Font, Xavier Gabarrell
Pages 147-158

¥, Purchase PDF Article preview

Research article O Abstract only
N A fuzzy logic based aggregation method for life cycle impact assessment
Feri Afrinaldi, Hong-Chao Zhang
Pages 159-172

¥, Purchase PDF Article preview

Research article O Abstract only
A comprehensive analysis of electric energy consumption of single point incremental

forming processes

Giuseppe Ingarao, Hans Vanhove, Karel Kellens, Joost R. Duflou
Pages 173-186

o, Purchase PDF Article preview v

Research article © Abstract only

Exergoenvironmental analysis of hybrid electric vehicle thermal management systems
H.S. Hamut, I. Dincer, G.F. Naterer
Pages 187-196

¥, Purchase PDF Article preview

Research article O Abstract only
Optimizing the production scheduling ofa single machine to minimize total energy

consumption costs

Fadi Shrouf, Joaquin Ordieres-Meré, Alvaro Garcia-Sanchez, Miguel Ortega-Mier
Pages 197-207

¥, Purchase PDF Article preview

Research article O Abstract only

https://www.sciencedirect.com/journal/journal-of-cleaner-production/vol/67/suppl/C 5/8


asus
Pencil

https://www.sciencedirect.com/science/article/pii/S0959652613008937
https://www.sciencedirect.com/science/article/pii/S0959652613008937
https://www.sciencedirect.com/science/article/pii/S0959652613008640
https://www.sciencedirect.com/science/article/pii/S0959652613008640
https://www.sciencedirect.com/science/article/pii/S0959652613008767
https://www.sciencedirect.com/science/article/pii/S0959652613008767
https://www.sciencedirect.com/science/article/pii/S0959652613008950
https://www.sciencedirect.com/science/article/pii/S0959652613008950
https://www.sciencedirect.com/science/article/pii/S0959652613008780
https://www.sciencedirect.com/science/article/pii/S0959652613008780

2/14/2021 Journal of Cleaner Production | Vol 67, Pages 1-292 (15 March 2014) | ScienceDirect.com by Elsevier
Affordability of energy cost increases for Korean companies due to market-based climate

policies: a survey study by sector
Sunhee Suk, Xianbing Liu, Sang-youp Lee, Seokjin Go, Kinichi Sudo
Pages 208-219

¥, Purchase PDF Article preview

Research article O Abstract only

Co-control of local air pollutants and CO, from the Chinese coal-fired power industry
X.Q. Mao, A. Zeng, T. Hu, Y.K. Xing, ... Z.Y. Liu
Pages 220-227

¥, Purchase PDF Article preview

Research article O Abstract only

A comprehensive eco-efficiency model and dynamics of regional eco-efficiency in China
Jianhuan Huang, Xiaoguang Yang, Gang Cheng, Shouyang Wang
Pages 228-238

¥, Purchase PDF Article preview v

Research article O Abstract only
Collaboration capacity for sustainable supply chain management: small and medium-sized

enterprises in Mexico
Bart van Hoof, Marcus Thiell
Pages 239-248

¥, Purchase PDF Article preview

Research article O Abstract only

Eco-friendly manufacturing strategies for simultaneous consideration between
productivity and environmental performances: a case study on a printed circuit board
manufacturing

Jang-Yeop Kim, Suk-Jae Jeong, Yong-Ju Cho, Kyung-Sup Kim

Pages 249-257

¥, Purchase PDF Article preview

Research article O Abstract only

https://www.sciencedirect.com/journal/journal-of-cleaner-production/vol/67/suppl/C 6/8


https://www.sciencedirect.com/science/article/pii/S0959652613009074
https://www.sciencedirect.com/science/article/pii/S0959652613009074
https://www.sciencedirect.com/science/article/pii/S0959652613008718
https://www.sciencedirect.com/science/article/pii/S0959652613008718
https://www.sciencedirect.com/science/article/pii/S0959652613008573
https://www.sciencedirect.com/science/article/pii/S0959652613008573
https://www.sciencedirect.com/science/article/pii/S0959652613008846
https://www.sciencedirect.com/science/article/pii/S0959652613008846
https://www.sciencedirect.com/science/article/pii/S0959652613008974
https://www.sciencedirect.com/science/article/pii/S0959652613008974

2/14/2021 Journal of Cleaner Production | Vol 67, Pages 1-292 (15 March 2014) | ScienceDirect.com by Elsevier
Study on performance in dry milling aeronautical titanium alloy thin-wall components

with two types of tools

Pan Ling Huang, Jian Feng Li, Jie Sun, Jun Zhou
Pages 258-264

¥, Purchase PDF Article preview

Research article O Abstract only
Novel uses of SiO; nano-lubrication system in hard turning process of hardened steel

AISI4140 for less tool wear, surface roughness and oil consumption
Mohd Sayuti, Ahmed A.D. Sarhan, Faheem Salem
Pages 265-276

¥, Purchase PDF Article preview v

Research article O Abstract only

A cleaner production of rice husk-blended polypropylene eco-composite by gas-assisted
injection moulding

R.C.M. Yam, D.M.T. Mak

Pages 277-284

¥, Purchase PDF Article preview v

Research article O Abstract only
Influence of acidic strength on the catalytic activity of Brgnsted acidic ionic liquids on

synthesizing cyclic carbonate from carbon dioxide and epoxide
Lin-Fei Xiao, Dong-Wei Lv, Dan Su, Wei Wu, Hong-Feng Li
Pages 285-290

¥, Purchase PDF Article preview

Short communication O Abstract only
Conference report 7th International Conference on Environmental Engineering and
Management ICEEMO07

Carmen Teodosiu, Anton Friedl, Krzysztof Urbaniec
Pages 291-292

¥, Purchase PDF Article preview

https://www.sciencedirect.com/journal/journal-of-cleaner-production/vol/67/suppl/C 7/8


https://www.sciencedirect.com/science/article/pii/S0959652613008603
https://www.sciencedirect.com/science/article/pii/S0959652613008603
https://www.sciencedirect.com/science/article/pii/S0959652613009062
https://www.sciencedirect.com/science/article/pii/S0959652613009062
https://www.sciencedirect.com/science/article/pii/S0959652613008925
https://www.sciencedirect.com/science/article/pii/S0959652613008925
https://www.sciencedirect.com/science/article/pii/S0959652613008858
https://www.sciencedirect.com/science/article/pii/S0959652613008858
https://www.sciencedirect.com/science/article/pii/S095965261300869X
https://www.sciencedirect.com/science/article/pii/S095965261300869X

2/14/2021 Journal of Cleaner Production | Vol 67, Pages 1-292 (15 March 2014) | ScienceDirect.com by Elsevier

< Previous vol/issue Next vol/issue >

ISSN: 0959-6526
Copyright © 2021 Elsevier Ltd. All rights reserved

Copyright © 2021 Elsevier B.V. or its licensors or contributors. &RELXTM

ScienceDirect ® is a registered trademark of Elsevier B.V.

ELSEVIER

https://www.sciencedirect.com/journal/journal-of-cleaner-production/vol/67/suppl/C 8/8


https://www.sciencedirect.com/journal/journal-of-cleaner-production/vol/66/suppl/C
https://www.sciencedirect.com/journal/journal-of-cleaner-production/vol/68/suppl/C
https://www.elsevier.com/
https://www.relx.com/

Journal of

Cleaner Production

Editor-in-Chief
Professor Don Huisingh

The Institute for a Secure and Sustainable Environment (ISSE), University of Tennessee, 311 Conference Center Building, Knoxville; TN 37996-4134, USA. E-mail: donaldhuis-
ingh@comcast.net

Subject Editors:

Technology, Policy, and Sustainability:

Professor Philip J. Vergragt, Tellus Institute, 11 Arlington Street, Boston, MA 02116-3411, USA. E-mail: pvergragt@tellus.org

Cleaner Production Tools (e.g. Life Cycle Assessment):

Dr. D. Meyer, U.S. Environmental Protection Agency, National Risk Management Research Laboratory, 26 W. Martin Luther King Drive, Cincinnati,

Ohio 45268, USA. E-mail:meyer.david @epa.gov

Education and organisational change for sustainability:

Dr. Rodrigo Lozano, Utrecht University, Utrecht, Netherlands. E-mail: rodlozano @org-sustainability.com

Industrial Applications: 2

Prof. J. Klemes, Centre for Process Integration and Intensification CPI”, Research Institute for Chemical and Process Industry, Faculty of Information Technology, University of
Pannonia, Egyetem utca 10, H-8200 Veszprém, Hungary. E-mail: klemes @cpi.uni-pannon.hu

Latin American Aspects of Cleaner Production Education and Research:

A. Rodriguez-Abitia, Procuraduria Federal de Proteccion al Ambiente, Carretera Picacho-Ajusco 200, Col. Jardines en la Montafa, Del. Tlalpan, C.P. 14210, México D.F. E-mail:
arodrigueza @profepa.gob.mx

Sustainable Product Design:

Dr. Han Brezet, TU Delft, Faculty of Industrial Design, Landbergstraat 15, 2628 CE Delft, Netherlands. E-mail: J.C.Brezet@tudelft.nl

Corporate Sustainability, CSR and Industrial Ecology:

Prof. R.J. Baumgartner, Institute for Systems Science, Innovation and Sustainability Research University of Graz Merangasse 18/I; 8010 Graz, Austria. E-mail: rupert.baum-
gartner @uni-graz.at

Hydrogen for Sustainability:

Prof. Krzysztof Urbaniec, CERED Centre of Excellence, Warsaw University of Technology Jachowicza 2/4, 09-402 Plock, Poland

E-mail: K.Urbaniec@mbox.pw.edu.pl

Sustainability and Supply Chain Management

Dr. Stefan Seuring, Chair of Supply Chain Management, Faculty of Business and Economics, University of Kassel, Untere Konigsstr. 71 34117 Kassel, Germany, Tel. +49 561 804
7515, Fax +49 561 804 7514, E-mail: mana@uni-kassel.de

Sustainable governance of material and energy flows:

Frank Boons, Erasmus University Rotterdam, Faculteit der Sociale Wetenschappen, Capaciteitsgroep Bestuurskunde, Burgemeester Oudlaan 50, PO Box 1738 3000 DR, Rotterdam,
The Netherlands. E-mail: w.eur.nl

Asian Aspects of Cleaner Production Implementation, Research & Ed

Y.T Wang, Shandong University, Jinan, China.

Cleaner Production in Latin America

C.M.V.B Almeida, Paulista University, Sdo Paulo, Brazil.

Sustainability in the Resources Sector

Dr. C. Moran, University of Queensland, St. Lucia, QLD, Australia. E-mail: chris.moran@ugq.edu.au

International Editorial Board

Y. Al Saleh, Masdar Institute of Science and Technology, P.O. Box 54224, Abu Dhabi, United Arab Emirates

A.V. Arvanitis, Biopolitics International Organisation, Athens, Greece

N.A. Ashford, Centre for Technology, Policy and Industrial Development, Massachusetts Institute of Technology, Room E-40-23, Cambridge, MA 02139, USA
L. Baas, Linkoping Universitet, IEI, Room 3A:904, 581 83 Linkdping, Sweden

H. von Blottnitz, University of Cape Town, Cape Town, South Africa

S.H. Bonilla, Programa de Pés-Graduagdo em Engenharia de Producéo, Universidade Paulista, Rua Dr. Bacelar 1212, CEP 04026-002, Sdo Paulo, Brazil

P. Cerin, Unit of Economics, Royal Institute of Technology, Stockholm, and Unit of Accounting and Finance, Umea School of Business, Umea

N.-B. Chang, Department of Civil and Environmental Engineering, University of Central Florida, 4000 Central Florida Blvd., Orlando, FL 32816, USA

A.S.F. Chiu, Center for Engineering and Sustainable Development Research, De La Salle University, 2401 Taft Avenue, 1006 Manila, Philippines

K. Christiansen, Projektleder (Project Manager), Dansk Standard (Danish Standards), Kollegievej 6, DK-2920 Charlottenlund, Denmark

G.N. Demirer, Middle East Technical University, Ankara, Turkey

P.D. Eagan, University of Wisconsin-Madison, WI, USA

S. El-Haggar, Mechanical Engineering Department, The American University in Cairo, New Cairo, Egypt

D. Ferrer, Universitat Politecnica de Catalunya, Barcelona, Spain

G. Finnveden, Centre for Environmental Strategies Research—fms, Royal Institute of Technology (KTH), Stockholm, Sweden

B.F. Giannetti, Paulista University, Sdo Paulo, Brazil

S. Gold, University of Neuchatel, Faculty of Economics, Enterprise Institute, Rue A.-L. Breguet 1, 2000 Neuchatel, Switzerland

F. Granek, The Bloom Centre for Sustainability (BLOOM), Mississauga, Canada

0.J. Hansson, Stiftelsen Ostfoldforskning, Frederikstad, Norway

J. Haselip, Technical University of Denmark, Risg National Laboratory for Sustainable Energy, Frederiksborgvej 399, P.O. Box 49, Building 142 (Risg DTU),
4000 Roskilde, Denmark

G.M. Hilson, Chair of Sustainability in Business The Surrey Business School Faculty of Business, Economics and Law University of Surrey Guildford
GU2 7XH.

G.J. Hyfantis Jr., Quantum Environmental & Engineering Services, LLC, Knoxville, TN, USA

V. Jegatheesan, School of Engineering, Deakin University, Geelong, VIC 3217, Australia

B. Kothuis, Global Corporate Consultancy, Antea Group, Cape Town, South Africa

C. Luttropp, KTH, Stockholm, Sweden

D. Mebratu, UNEP-ROA Programme Officer, PO Box 47074, Nairobi 00100, Kenya

G. Miller, Waste Management and Research Centre, One East Hazelwood Drive, Chapaign, IL 61820, USA

M. Overcash, Department of Industrial and Manufacturing Engineering Wichita State University, Wichita, KS, USA

B. Ramos, Department of Environmental Sciences and Engineering, Faculty of Sciences and Technology, New University of Lisbon, 2829-516 Caparica, Portugal
D. Reeve, Cleaner Production Australia, Eltham, VA, Australia

H. Schnitzer, University Graz, Austria

L. Stone, The University of Auckland, Private Bag 92019, Auckland 1142, New Zealand

M. Suzuki, International University of Japan, Niigata, Japan

S. Thorneloe, U.S. Environmental Protection Agency (EPA), Research Triangle Park, NC, USA

V.K.K. Upadhyayula, PhD, Sustainable Technologies Division, National Risk Management Research Laboratory, United States Environmental Protection Agency
G. Zilahy, Associate Professor, Corvinus University of Budapest, 8 Fovam ter, 1093 Budapest, Hungary





