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Purpose: This research aims to develop a framework of sustainability performance 

measurement and to propose sustainability impact criteria that can be used to meas-

ure complex sustainability impacts in the manufacturing industry.  

Methodology: Fuzzy-Analytical Hierarchy Process (Fuzzy-AHP) and the Delphi 

method were used to calculate the weights of sustainability impact criteria. Then, 

the impact pathway of a life cycle assessment was constructed to illustrate the inter-

relationship between each impact criterion. A proposed framework of sustainability 

performance measurement is presented along with the suggested sustainability im-

pact criteria. 

Findings: Based on the Delphi method and Fuzzy-AHP, the environmental aspect is 

the area that has received the highest concern (49.4%). The important endpoint im-

pact criteria of the environmental aspect consist of Effect on global climate, Ecosys-

tem quality, Animal biodiversity, and Resource management.  

Originality: The biggest challenge of sustainable development that is yet to be an-

swered is how to measure sustainability performance. The environmental aspect is 

the area that has received the most attention while the economic and social aspects 

are still under-represented. To fill the gap, this research proposes a framework of 

sustainability performance measurement that considers all interrelationships be-

tween each sustainability aspect.  
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1 Introduction 

Sustainability has become an important topic in our society especially in 

the recent time of economic globalization and environmental social move-

ment. It was brought into public focus for the first time in 1987. The United 

Nations described the definition of sustainability as "a development that 

meets the needs of the present without compromising the ability of future 

generations to meet their needs" (United Nations 1987). It became the most 

often quoted and referred to regarding sustainability. In 1998, John Elking-

ton introduced a sustainable development framework called the Triple Bot-

tom Line (TBL) that not only considers traditional monetary factors but also 

integrates environmental and social aspects into sustainability (Elkington 

1998). The increasing awareness of sustainability has driven many organi-

zations and firms to re-evaluate their supply chain management strategies 

and business models.  

In the past, decision-makers often focused and based their decisions solely 

on the economic aspect. This trend has changed over the past decade. 

Nowadays, the focus is projected towards the development of a sustainable 

supply chain that considers the goals of all three sustainability aspects 

namely, economic, environment, and social. Thus, Sustainable Supply 

Chain Management (SSCM) became a crucial element in many organiza-

tions' strategies, especially the manufacturing sector. To be sustainable, all 

players in the supply chain must be committed to the principle of sustaina-

bility (Amindoust et al. 2012).  For this reason, measuring sustainability per-

formance among players in the supply chain remains one of the biggest 

challenges in order to create a sustainable supply chain. 
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Life-Cycle based methods are the most popular tools used for evaluating 

sustainability. In the late '60s, Life Cycle Costing (LCC) was introduced and 

became well-known among economists.  Unlike the traditional cost ac-

counting tools, LCC considers not only certain specific costs such as invest-

ment cost or operating cost,  but rather overall costs associated throughout 

the whole life cycle of a product or service (Gluch and Baumann 2004; 

Woodward 1997). After that, the concern over environmental pollution and 

environmental movement during the 70s' motivated the development of 

another life-cycle based tool called "Life Cycle Assessment (LCA)" 

(Hauschild et al. 2018). It is used to assess and evaluate the environmental 

impacts that are caused by the life cycle of a product or service. It is a well-

constructed tool that integrates environmental international standards 

such as ISO 14040 or 14044 in the analysis (Ness et al. 2007).  

At this point, the focus of sustainability has been mainly on economic ben-

efits and environmental impacts while the social aspect does not appear to 

be considered as often as the other two perspectives. Social Life Cycle As-

sessment (SLCA) was the last life cycle assessment tool that was introduced 

to assess the positive and negative impacts on the social aspect (O'Brien et 

al. 1996). Even though the topic of SLCA is still fairly new to the area of life 

cycle assessment but the topic has gained more attention among research-

ers and scholars during the past decade (Finkbeiner et al. 2010).  

However, most of the life cycle assessment tools are often applied to each 

sustainability aspect separately (Klöpffer 2003). Due to this reason, many 

researchers have proposed a hybrid approach that combines two or more 

approaches together such as a combination between LCC and SLCA, or LCC 

and LCA. It is also suggested that each aspect of sustainability should be 
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equally evaluated to avoid the complication in the process of result inter-

pretation (Neugebauer et al. 2016; Kloepffer 2008). The combination of the 

life cycle assessment tools is believed to be a better approach that can rep-

resent the overall sustainability in the life cycle.   

This research aims to develop sustainability impact criteria and to propose 

a sustainability performance measurement framework for measuring the 

complex sustainability impacts in the manufacturing industry.  
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2 Exploring frameworks of sustainability assess-
ment 

To assess sustainability performance, we need to understand the basic 

characteristic of activities that might affect each sustainability aspect. Fig-

ure 1 displays four fundamental flows as inputs and outputs of a corpora-

tion (Hutchins and Sutherland 2008). A common goal of every organization 

is to convert these fundamental flows into a product or service. In general, 

the focus on financial resource flow is one of the most important aspect in 

conducting business. However, it is inevitable that emissions or any other 

negative substances would also be a part of the output. This requires the 

corporations to balance the focus to all three sustainability aspects equally.  

As mentioned in the first section, LCA is commonly used to evaluate the en-

vironmental effects that are related to all stages of the product life cycle. In 

1997, the International Organization for Standardization (ISO) released a 

set of standards (ISO 14040) to support the principle and framework of LCA. 

It is separated into 4 phrases which are Goalsand scope definition, Inven-

tory analysis, Impact assessment, and Interpretation (Hauschild et al. 

2018). The principle of LCA is to assess the change of physical substances 

chemically and evaluate the effect of the activities on two impact catego-

ries namely midpoint impact criteria, and endpoint impact criteria. For ex-

ample, Human Health is categorized as one of the endpoint impact criteria. 

The impact pathway of Human Health is affected by several midpoint im-

pact criteria such as ozone depletion, acidification, or eutrophication. In-

ventory data such as emissions of carbon dioxide, sulfur dioxide, or me-

thane is required to analyze the impact on both midpoint and endpoint im-

pact criteria. Thus, the input flows can be linked to the assessment as a 
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cause of the impact pathway. To support the interpretation of the result, 

using both midpoint and endpoint impact criteria when conducting LCA is 

recommended. It is proved that the endpoint categories are more relevant 

to decision-makers (Bare et al. 2000). The result from LCA represents mainly 

the aspect of the environment. Hence, the result of LCA cannot be inter-

preted as an overall sustainability performance. To achieve that, LCC and 

SLCA must be performed as well.  

Classical LCC is often conducted only for economical gain for the company. 

In some cases, environmental and social aspects are integrated into the 

evaluation of LCC (Gluch and Baumann 2004). In 2016, Economic Life Cycle 

Assessment (EcLCA) was introduced. The framework of EcLCA suggests that 

midpoint impact categories and endpoint impact categories should be con-

structed to evaluate economic sustainability. It is believed to be a better 

reflection of the economic aspect. (Neugebauer et al. 2016).  

In the context of sustainability, the social context is still underrepresented. 

In general, social assessment is performed only to report and evaluate the 

progress regarding the social context of the organization such as working 

Organization

Physical substances

Human resources

Information

Financial resources

Physical substances

Human  resources

Information

Financial resources

Figure 1: Primary flow of a corporation adopted from (Hutchins and Suth-

erland, 2008) 
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hours, or average wages. In 2006, the first methodological framework of so-

cial life cycle assessment was proposed. It is suggested that an area of pro-

tection such as human well-being should be used in the evaluation. The im-

pact category should consist of stakeholders who are affected by the busi-

ness such as workers, supply chain players, or society (Dreyer et al. 2006). 

In 2008, an analysis of existing approaches of SLCA was conducted. It can 

be concluded that people's perception regarding social impacts is varied, 

subjective, and can be difficult to measure (Jørgensen et al. 2008). Since 

most of the social criteria evaluate the degree of human satisfaction and 

social value, they are not easy to quantify. (Santiteerakul and Sekhari 2011).  

In 2009, the United Nations Environment Programme (UNEP) published the 

first international social life cycle assessment guideline called "Guidelines 

for Social Life Cycle Assessment of Products" (Benoît and Mazijn 2009). The 

framework of SLCA suggested by UNEP can be combined with LCA since 

they share a common framework. There are available sets of social indica-

tors that are published by several international organizations such as 

Global Report Initiative (GRI) or United Nations-indicators of Sustainable 

Development (UN-CSD) (Joung et al. 2013).  

From this literature, the decision makers' perspective on sustainability has 

not been fully integrated into the framework of life cycle assessment tools. 

The method of Multiple Criteria Decision Making can be combined with the 

methodological structure of the life cycle assessment to deal with a com-

plex problem with contradictory goals (Verones et al. 2017).  Each decision-

maker often has different perceptions and perspectives regarding sustain-

ability. One of the advantages of using MCDM is that the decision-makers 
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have control over the sustainability aspects in which they are interested in. 

This approach was first mentioned in 1997, it is suggested that the step  

of goal definition and scope in LCA is subjective and should be guided by 

decision-makers. Thus, it is necessary to use the Analytical Hierarchy Pro-

cess (AHP) to evaluate and select the impact categories (Miettinen and 

Hämälänien 1997). In recent research, a combination approach between 

MCDM and LCA was used to evaluate renewable energy technologies. It 

shows that the hybrid approach, especially the combination of LCA and 

AHP, is a better option to evaluate comprehensive sustainability (Campos-

Guzmán et al. 2019; Santoyo-Castelazo and Azapagic 2014; Ong et al. 2020). 

Base on this literature, we developed a proposed framework of a sustaina-

bility performance measurement (Figure 2). It was constructed base on the 

integration of LCA, SLCA, and EcLCA. During the stage of inventory analysis 

Figure 2: A proposed framework of sustainability performance  

measurement 
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and impact assessment, the impact pathway must be constructed to dis-

play the relationship between the corporation flows and the concept of life 

cycle assessment. The diagram is influenced by both sides, the left side of 

the diagram is affected by the corporation flows. The right side of the dia-

gram consists of midpoint and endpoint impact criteria that are influenced 

by the decision-maker's perspective regarding sustainability. 
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3 Development of the endpoint impact criteria  
using a combination of Fuzzy-AHP and the Del-
phi method 

This section focuses on the development of the endpoint impact criteria by 

using the combination of the Delphi method and Fuzzy-AHP. 

3.1 Delphi method 

The Delphi method is one of the most popular tools for evaluating expert 

opinions. It method can be applied and integrated with many decision-

making tools due to the broad coverage of its principle (Vidal et al. 2011). 

The Delphi method is commonly used to deal with the qualitative data such 

as opinions or judgments in order to obtain a consensus perspective from 

a group of experts (Rahimianzarif and Moradi 2018). In this research, we 

used the Delphi method to qualify results from the experts and reach a con-

sensus of experts' opinions. 

3.2 Triangular fuzzy set theory 

The fuzzy set theory was introduced to objectify human judgment that is 

often uncertain and subjective. It helps decision-makers to evaluate the de-

cisions that involve uncertainty in the assessment process (Govindan et al. 

2013). Triangular fuzzy numbers are commonly used as a fuzzy extension of 

the multiplicative pairwise comparison method (Krejčí 2018). Thus, trian-

gular fuzzy numbers were selected to use in this research. According to the 
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triangular fuzzy set theory, a fuzzy set is a class of objects where member-

ships can vary on a scale of 0 to 1. A membership function can be defined as 

equation 1. 

 ΜW(x) ={

0, x < a, x > c
x – a

b – a
, a ≤ x ≤ b

c – x

c – b
, b ≤ x ≤ c

    (1) 

Where a is the lower boundary value, c is the upper boundary value, and b 

is the middle value of the triangular fuzzy number. Let's consider two trian-

gular fuzzy numbers W1 and W2 where W1 = (a1, b1, c1) and W2 = (a2, b2, c2). 

The main operational laws for two triangular fuzzy numbers are as follows: 

 

  W1+ W2 = (a1+a2, b1+b2, c1+c2), 

W1⊗ W2 ≈ (a1a2, b1b2, c1c2), 

λ ⊗ W1 = (λa1, λb1, λc1), λ > 0, λ ϵ R, 

W1
 -1 ≈ (1/c1,1/b1,1/a1) 

 

(2) 

Figure 3: 9-point scale membership functions adapted from (Saaty, 1977) 

0      ½ 1 2 3 4 5 6 7 8 9

1

0

Equally 
preferred

Weakly 
preferred

Strongly 
preferred

Very strongly 
preferred

Absolutely 
preferred
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In this research, we used a 9-point fuzzy scale of membership function 

which was customized from Saaty's scale (Saaty 1977; Krejčí and Talasová 

2013). The output of the fuzzy sets in terms of linguistic are "equally pre-

ferred", "equally and weakly preferred", "weakly preferred", "weakly and 

strongly preferred", "strongly preferred", "strongly and vary strongly pre-

ferred", "vary strongly preferred", "vary strongly and absolutely preferred", 

and "absolutely preferred". These linguistic terms represent the fuzzy num-

bers scale in numerical scores vary between 0.5 to 9 as seen in Figure 3.  

For example, if the criteria i is strongly preferred than criteria j, according 

to the linguistic terms, the fuzzy number of this comparison will be  

aij = (4,5,6). 

3.3 Multicriteria decision-making approach 

As mentioned in the previous section, the combination of Fuzzy-AHP and 

the Delphi method was used to calculate, rank, and analyzed criteria. There 

are two main groups of criteria, main criteria, and sub-criteria. Main criteria 

consist of three sustainability as aspects namely economic, social, and en-

vironment while sub-criteria refer to a group of endpoint impact criteria. 
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Table 1: Main criteria and sub-criteria 

Economic Social Environment 

Cost reduction and saving Workers well being Green image 

Financial risk Consumer well being Resource management 

Variety of products and 

services 
Cultural diversity Animal biodiversity 

Market share Society responsibility Ecosystem quality 

Financial growth landscape aesthetics Global climate 

Promotion of innovation Regional economy Waste management 

 

3.3.1 Expert survey and initial criteria development 

Before conducting an interview, the initial main criteria and sub-criteria 

must be identified. As mentioned above that the main criteria are repre-

sented using three main sustainability aspects. On the other hand, a of the 

endpoint impact criteria were investigated using a literature review and ex-

pert interview (Bai and Sarkis 2010; Begić and Afgan 2007; Domingues et al. 

2015; Evans et al. 2009; Haddad et al. 2017; Liu 2014; Liu et al. 2013; 

Hirschberg et al. 2008). There were 6 experts in the areas of sustainability 

and manufacturing participated in the interview. The experts were asked to 
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review and give their opinions regarding the list of literature criteria. Apart 

from the literature criteria, two additional criteria were suggested by the 

experts which are "Variety of products and services", and "Green image". 

The summary or the main criteria and sub-criteria is presented in table 1.  

3.3.2 Pairwise comparison and the Delphi method  

Based on the literature criteria, a pairwise comparison was constructed. 

Questionnaires in the form of pairwise comparisons were sent out to the 

experts. Using the 9-point fuzzy scale, the experts had to compare and de-

cide for each pairwise comparison a 1 - 9 scale.  

After the first round of pairwise comparison, the results were sent to each 

expert in which they could see other's evaluations anonymously and recon-

sider their results. The analysis of the second round revealed that only three 

participants had varied their pairwise comparison answers. The result from 

the second round was sent to the expert one more time. At this round, the 

experts did not change their answers in their pairwise comparisons. Thus, 

the result from the experts had reached global consensus in the second 

round. The result of the second round was later used for the final evalua-

tion.  

3.3.3 Consistency test 

Verifying consistency was used to evaluate results from pairwise compari-

sons whether the preference information provided by the experts is incon-

sistent. Based on the Saaty's AHP methodology, consistency index is used 

to evaluate the consistency of the judgment in each comparison matrix 
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(Saaty 1977).  It is suggested that the consistency analysis should be per-

formed based on the typical AHP approach (Liu et al. 2017). 

 

Table 2: The value of RI (Deng 2017) 

n 1 2 3 4 5 6 7 8 9 10 

RI 0 0 0.52 0.89 1.12 1.26 1.36 1.41 1.46 1.49 

 

Thus, comparison matrices must be checked for consistency before fuzzify-

ing. The consistency index (CI) and the consistency ratio (CR) can be calcu-

lated using equations as follows: 

 

 CI = 
λmax − n

n - 1
  

 CR = 
CI

RI
      (3) 

Where 𝜆max is the largest eigenvalue of the comparison matrix, n is the di-

mension of the matrix, and RI is a random consistency index. The dimen-

sion of the matrix determines the RI value (table 2). According to Saaty, the 

comparison matrix is acceptable if CR is less than 10% (Saaty 1977).   

After the process of pairwise comparison, the results from each expert were 

checked individually to determine whether they are consistent using the 

method mentioned above. If the result fails the consistency test, the expert 

must revise the pairwise comparisons. The result will be further processed 

in the next step when they are all consistent and reach consensus.   
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3.3.4 Fuzzy pairwise comparison matrix 

After the pairwise comparisons and consistency check, the given scales 

from each expert were converted into fuzzy numbers. The result is shown 

in table 3. Using the method mentioned in section 3.3.2, an example of a 

fuzzy matrix of the pairwise comparison for three main criteria (economic, 

social, and environment) can be calculated as follows: 
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Table 3: Pairwise comparison of the main criteria 

 Economic (Ec) Social (S) Environment (En) 

Economic (Ec) (1, 1, 1) 

(4, 5, 6)
(1/4, 1/3, 1/2)
(1/4, 1/3, 1/2)

(1/4, 1/3, 1/2)
(1/4, 1/3, 1/2)
(2, 3, 4)

 

(2, 3, 4)
(1, 2, 3)

(1/4, 1/3, 1/2)

(1/4, 1/3, 1/2)
(1/4, 1/3, 1/2)
(1/4, 1/3, 1/2)

 

Social (S) 

(1/6, 1/5, 1/4)
(2, 3, 4)
(2, 3, 4)

(2, 3, 4)
(2, 3, 4)

(1/4, 1/3, 1/2)

 (1, 1, 1) 

(1/4, 1/3, 1/2)
(1/4, 1/3, 1/2)
(1/3, 1/2, 1)

(1/2, 1, 2)
(1/2, 1, 2)
(1/4, 1/3, 1/2)

 

Environment 

(En) 

(1/4, 1/3, 1/2)
(1/3, 1/2, 1)
(2, 3, 4)

(2, 3, 4)
(2, 3, 4)
(2, 3, 4)

 

(2, 3, 4)
(2, 3, 4)
(1, 2, 3)

(1/2, 1, 2)
(1/2, 1, 2)
(2, 3, 4)

 (1, 1, 1) 

 

For example, the fuzzy pairwise comparison between Ec and S can be cal-

culated into fuzzy numbers as follows: 
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(4 x 1/4 x 1/4 x 1/4 x 1/4 x 2)1/6 = 0.561   

 (5 x 1/3 x 1/3 x 1/3 x 1/3 x 3)1/6 = 0.755  

 (6 x 1/2 x 1/2 x 1/2 x 1/2 x 4)1/6 = 1.070  

Therefore, the fuzzy matrix of the main criteria are as follows:  

Fuzzy Matrix = Ec
S

En

Ec                                      S                                   En

[

(1,1,1) (0.561, 0.755, 1.070) (0.445, 0.648, 0.953)
(0.935, 1.325, 1.782) (1,1,1) (0.330, 0.514, 0.891)
(1.049, 1.543, 2.245) (1.122, 1.944, 3.026) (1,1,1)

] 

Using the same method, the fuzzy matrixes of all criteria were calculated. 

3.3.5 Calculation of weight vectors  

To obtain the weight vector, the extent analysis method was applied 

(Chang 1996). The method can be described as follows: 

Assume that X and U are an object set and a goal set respectively where  

X = {x1,x2,…,x3}  and U = {u1,u2,…,u3}. Then we take each object and con-

duct extent analysis for each goal, respectively. Thus, we can obtain m ex-

tent analysis values for each object as follows:  

 Wg
i

 1 , Wg
i

 2 ,…, Wg
i

 m        i = 1,2,…,n  

Where WgI

 j
 (j = 1, 2, …, m) represent triangular fuzzy numbers. Then we cal-

culate the fuzzy synthetic degree value with respect to ith object as follows: 

Si = ∑Wgi
 j
⊗

m

j=1

[∑∑Wgi
 j

m

j=1

n

i=1

]

-1

 

 

(4) 
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According to the fuzzy comparison pairwise matrix in section 3.3.4, the 

fuzzy synthetic degree value of the main criteria (economic) can be calcu-

lated using equation 4.  

 
∑∑Wgi

 j

3

j=1

3

i=1

= (1, 1, 1)+(0.561, 0.755, 1.070)+…+(1, 1, 1) 

= (7.443, 9,729, 12,967) 

∑Wgi
 j

3

j=1

= (1, 1, 1)+(0.561, 0.755, 1.070)+(0.445, 0.648, 0.953) 

= (2.007, 2.403, 3.023) 

Thus, the fuzzy synthetic degree value of the main criteria (economic) is 

equal to  

 SEc = (2.007, 2.403, 3.023) ⊗(
1

12.967
, 

1

9.729
, 

1

7.443
) 

= (0.155, 0.247, 0.406)  

Applying the same calculation, the fuzzy synthetic degree value of the main 

criteria (social, and environment) can be calculated as follows: 

 
SS = (2.265, 2.839, 3.673) ⊗(

1

12.967
, 

1

9.729
, 

1

7.443
) 

= (0.175, 0.292, 0.493) 

SEc = (3.172, 4.487, 6.271) ⊗(
1

12.967
, 

1

9.729
, 

1

7.443
) 

= (0.245, 0.461, 0.843) 

After calculating the fuzzy synthetic degree value of each criterion, the de-

gree of possibility must be calculated by comparing between two triangular 

fuzzy numbers. The degree of possibility between two triangular fuzzy num-

bers, W1 = (a1,b1, c1) ≥ W2 = (a2,b2, c2), can be defined as V(W1 ≥ W2) =

sup
y≥x

[min(μW1
(x),μW1

(y))] which is equivalent to V(W1 ≥ W2) = hgt(W1 ∩

W2). Then  
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µ(d) = { 

1, if b1≥ b2 
a1− c1

(b1−c1)−(b2−a2)
, if a2≥ c1

0, otherwise

         (5) 

Where d is the maximum intersection value between W1 and W2 

Equation 6 defines the degree of possibility for a fuzzy number that is 

greater than k fuzzy numbers Wi (i = 1, 2, …, k). 

   V (W ≥ W1,W2,…,Wk) = min V (W ≥ Wi), i = 1, 2, …, k  (6) 

 Assume that  d′(Ai) = min V (Si ≥ Sk), for k = 1, 2, …, n; k ≠ i. We can obtain 

the weight vector by 

   M' = (d'(A1), d'(A2), …, d'(An))
T
    (7) 

Where Ai (i = 1, 2, …, n) are n elements. After that, the normalized weight 

vectors must be calculated. Finally, final a non-fuzzy number (M) can be de-

fined by 

M = (d(A1),d(A2), …, d(An))
T
    (8) 

Using the same example from previously, the weight vector of the main cri-

teria can be calculated using equation 5 to 8, as follows: 

 

 V (S1≥S2) = 
0.175-0.406

(0.247-0.406)-(0.292-0.175)
= 0.838  

 V (S1≥S3) = 
0.245-0.406

(0.247-0.406)-(0.461-0.245)
= 0.430  

 V (S2≥S1) = 1  

 V (S2≥S3) = 
0.245-0.493

(0.292-0.493)-(0.461-0.245)
= 0.595  

 V (S3≥S1) = 1  

 V (S3≥S2) = 1  

Finally, the weight vector of the main criteria before normalization is  

 d'(A1) = min V (S1≥S2, S3) = min {0.838, 0.430} = 0.430 

 d'(A2) = min V (S2≥S1, S3) = min {1, 0.595} = 0.595  
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 d'(A3 )= min V (S3≥S1, S2) = min {1, 1} = 1  

 M'=(d'(A1), d'(A2), …, d'(An))
T

=(0.430, 0.595, 1)  

Thus, the non-fuzzy weight vectors of the three main criteria after normal-

izing are as shown below. 

 M = (0.212, 0.294, 0.494) 

Using the same calculation, the non-fuzzy weight vectors of all sub-criteria 

were calculated. Overall, the environmental aspect is the most important 

main criterion (0.494), followed by the social (0.294) and economic (0.212) 

aspects respectively. The result shows that the criteria 'Effect on global cli-

mate" is the most concerned criterion (0.215) in the environmental cate-

gory. For the social aspect, "Worker well-being" receives the highest weight 

(0.161), while the most important midpoint criterion in economic aspects is 

"Promotion of innovation" (0.058). The null weight problem occurred to 

two criteria from each category. Therefore, the final selected endpoint im-

pact criteria are highlighted in Figure 4. 

Figure 4: Final weights of main criteria and sub-criteria 

Endpoint impact criteria

Economic (0.212) Social (0.294) Environment (0.494)

Promotional of innovation 0.058

Financial growth 0.069

Financial risk 0.053

Cost reduction and saving 0.031

Market share 0.000

Variety of products and 
services

0.000

Worker well-being 0.161

Consumer well-being 0.091

Society responsibility 0.052

Regional economy 0.021

Cultural diversity 0.000

Landscape aesthetics 0.000

Effect on global climate 0.215

Ecosystem quality 0.102

Resource management 0.066

Biodiversity 0.068

Waste management 0.000

Green image 0.000
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4 Impact pathway development 

Based on the finding of the endpoint impact criteria from section 3, the im-

pact pathway of sustainability assessment was developed.  As we were able 

to identify the endpoint impact criteria using an integration of the Delphi 

method and Fuzzy AHP, the next step is to address the midpoint impact cri-

teria. Literature review and international guidelines such as GRI or UNEP 

were used to identify related midpoint impact criteria and their relation-

ships to the endpoint impact criteria. Relationships between midpoint and 

endpoint impact criteria are displayed using arrows. Direct and common 

relationships are illustrated with solid lines, while indirect relationships are 

shown in dash lines. Figure 5 illustrates the impact pathway of the midpoint 

and endpoint impact criteria and a summary of the proposed framework of 

sustainability performance measurement for the manufacturing industry. 

Revenue and profit

Capital investment

Production process development

Operating and maintenace costs

Fair Salary

Freedom of association

Discrimination and equal opportunity

Health and safety of workers

Child labor and froced labor

Working hour

Workers' training and education

Social benefits and social security

Local employment

Local community acceptability

Contribution to economic development

Public commitment to sustainability issue

Corruption

Health and safety of customers

Pollution production

Environment management system

Eco-design

Resource comsumption

Reverse logistics

Cost reduction and saving

Financial risk

Financial growth

Promotion of innovation

Workers well being

Regional economy

Society responsibilty

Consumer well being

Effect on global climate

Animal biodiversity

Ecosystem qualtiy

Resource management

Inventory data

Information

Human resources

Physical substances

Financial resources

Input Inventory data Midpoint criteria Endpoint criteria

Scope and boundary definition

Result 
interpretation

Figure 5: Impact pathway of midpoint and endpoint impact criteria 
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5 Summary and conclusion 

This research has presented a proposed framework of a sustainability per-

formance measurement which aims to measure the complex sustainability 

impacts in the manufacturing industry. We integrated the principle of LCA 

and MCDM to cover both of the sustainability thinking and the perspectives 

of decision-makers. In this research, Fuzzy AHP and the Delphi method 

were used to identify the endpoint impact criteria. During this phase, six 

experts from the area of sustainability and manufacturing were participat-

ing. The result shows that the most concerning aspect of sustainability is 

the environment. By applying the principle of Pareto, 4 endpoint impact cri-

teria from each sustainability aspect were selected. An impact pathway was 

developed base on the selected endpoint impact criteria to illustrate the 

interrelationship between endpoint impact criteria, midpoint impact crite-

ria, inventory data, and corporate flows.  

This framework adds to the topic that is widely discussed on how to incor-

porate the opinions of decision-makers into the life cycle assessment ap-

proach. By constructing an impact pathway, we can clearly see the complex 

relationships of midpoint and endpoint criteria. The framework is still un-

der development, even though the development of midpoint and endpoint 

criteria was implemented in this research, several issues must be further 

discussed. Firstly, the step of scope and boundary definition was not con-

sidered in this research because there were several experts that came from 

different manufacturing fields. Secondly, the analysis of inventory data and 

how it affects midpoint and endpoint impact criteria has not yet been ac-

complished. As for the environmental and economic aspects, the existed 
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methods might be suitable to map out the effects of inventory data on cer-

tain midpoint and endpoint impact criteria. However, for the social aspect, 

it is still challenging to analyze the inventory data and its impacts because 

it consists of both quantitative and qualitative midpoint and endpoint im-

pact criteria which could be a subject for future research.  

Financial Disclosure 

This research is funded by "Landesgraduierten-Stipendium der Otto-von-

Guericke-Universität Magdeburg". 



Development of a Sustainability Performance Measurement Framework 27 

 

References 

Amindoust, A., Ahmed, S., Saghafinia, A. and Bahreininejad, A., 2012. Sustainable 

supplier selection: A ranking model based on fuzzy inference system. Applied 

Soft Computing, [e-journal] 12(6), pp. 1668–1677. 

http://dx.doi.org/10.1016/j.asoc.2012.01.023. 

Bai, C. and Sarkis, J., 2010. Integrating sustainability into supplier selection with 

grey system and rough set methodologies. International Journal of Production 

Economics, [e-journal] 124(1), pp. 252–264. 

http://dx.doi.org/10.1016/j.ijpe.2009.11.023. 

Bare, J. C., Hofstetter, P., Pennington, D. and Haes, U. de, 2000. Midpoints versus 

endpoints: The sacrifices and benefits. Int J Life Cycle Assessment (The Interna-

tional Journal of Life Cycle Assessment), 5(6), pp. 319–326. 

Begić, F. and Afgan, N. H., 2007. Sustainability assessment tool for the decision 

making in selection of energy system—Bosnian case. Energy, [e-journal] 32(10), 

pp. 1979–1985. http://dx.doi.org/10.1016/j.energy.2007.02.006. 

Benoît, C. and Mazijn, B., 2009. Guidelines for social life cycle assessment of prod-

ucts. Paris, France: United Nations Environment Programme. 

Campos-Guzmán, V., García-Cáscales, M. S., Espinosa, N. and Urbina, A., 2019. Life 

Cycle Analysis with Multi-Criteria Decision Making: A review of approaches for 

the sustainability evaluation of renewable energy technologies. Renewable and 

Sustainable Energy Reviews, [e-journal] 104, pp. 343–366. 

http://dx.doi.org/10.1016/j.rser.2019.01.031. 

Chang, D.-Y., 1996. Applications of the extent analysis method on fuzzy AHP. Euro-

pean Journal of Operational Research, 95, pp. 649–655. 

Deng, Y., 2017. Fuzzy Analytical hierarchy process based on canonical representa-

tion on fuzzy numbers. J. Computational Analysis and Applications *(JoCAAA), 

22(2), pp. 201–228. 

Domingues, A. R., Moreno Pires, S., Caeiro, S. and Ramos, T. B., 2015. Defining crite-

ria and indicators for a sustainability label of local public services. Ecological In-

dicators, [e-journal] 57, pp. 452–464. 

http://dx.doi.org/10.1016/j.ecolind.2015.05.016. 



28 Jettarat Janomtree and Harmut Zadek  

 

Dreyer, L., Hauschild, M. and Schierbeck, J., 2006. A Framework for Social Life Cycle 

Impact Assessment. Int J Life Cycle Assessment (The International Journal of 

Life Cycle Assessment), [e-journal] 11(2), pp. 88–97. 

http://dx.doi.org/10.1065/lca2005.08.223. 

Elkington, J., 1998. Partnerships fromcannibals with forks: The triple bottom line of 

21st-century business. Environmental Quality Management, [e-journal] 8(1), pp. 

37–51. http://dx.doi.org/10.1002/tqem.3310080106. 

Evans, A., Strezov, V. and Evans, T. J., 2009. Assessment of sustainability indicators 

for renewable energy technologies. Renewable and Sustainable Energy Re-

views, 13(5), pp. 1082–1088. 

Finkbeiner, M., Schau, E. M., Lehmann, A. and Traverso, M., 2010. Towards Life Cycle 

Sustainability Assessment. Sustainability, [e-journal] 2(10), pp. 3309–3322. 

http://dx.doi.org/10.3390/su2103309. 

Gluch, P. and Baumann, H., 2004. The life cycle costing (LCC) approach: a concep-

tual discussion of its usefulness for environmental decision-making. Building 

and Environment, [e-journal] 39(5), pp. 571–580. 

http://dx.doi.org/10.1016/j.buildenv.2003.10.008. 

Govindan, K., Khodaverdi, R. and Jafarian, A., 2013. A fuzzy multi criteria approach 

for measuring sustainability performance of a supplier based on triple bottom 

line approach. Journal of Cleaner Production, 47, pp. 345–354. 

Haddad, B., Liazid, A. and Ferreira, P., 2017. A multi-criteria approach to rank re-

newables for the Algerian electricity system. Renewable Energy, [e-journal] 107, 

pp. 462–472. http://dx.doi.org/10.1016/j.renene.2017.01.035. 

Hauschild, M. Z., Rosenbaum, R. K. and Olsen, S. I., 2018. Life Cycle Assessment. 

Cham: Springer International Publishing. 

Hirschberg, S., Bauer, C., Burgherr, P., Dones, R., Simons, A., Schenler, W., Bach-

mann, T. and Carrera, D. G., 2008. Final set of sustainability criteria and indica-

tors for assessment of electricity supply options. Brussels, Belgium. 

Hutchins, M. J. and Sutherland, J. W., 2008. An exploration of measures of social 

sustainability and their application to supply chain decisions. Journal of 

Cleaner Production, [e-journal] 16(15), pp. 1688–1698. 

http://dx.doi.org/10.1016/j.jclepro.2008.06.001. 



Development of a Sustainability Performance Measurement Framework 29 

 

Jørgensen, A., Le Bocq, A., Nazarkina, L. and Hauschild, M., 2008. Methodologies for 

social life cycle assessment. The International Journal of Life Cycle Assessment, 

[e-journal] 13(2), pp. 96–103. http://dx.doi.org/10.1065/lca2007.11.367. 

Joung, C. B., Carrell, J., Sarkar, P. and Feng, S. C., 2013. Categorization of indicators 

for sustainable manufacturing. Ecological Indicators, [e-journal] 24, pp. 148–

157. http://dx.doi.org/10.1016/j.ecolind.2012.05.030. 

Kloepffer, W., 2008. Life cycle sustainability assessment of products. The Interna-

tional Journal of Life Cycle Assessment, [e-journal] 13(2), pp. 89–95. 

http://dx.doi.org/10.1065/lca2008.02.376. 

Klöpffer, W., 2003. Life-Cycle based methods for sustainable product development. 

Int J Life Cycle Assessment (The International Journal of Life Cycle Assessment), 

8(3), pp. 157–159. 

Krejčí, J., 2018. Pairwise Comparison Matrices and their Fuzzy Extension. Cham: 

Springer International Publishing. 

Krejčí, J. and Talasová, J., 2013. A proper fuzzification of Saaty’s scale and an im-

proved method for computing fuzzy weights in fuzzy AHP. 31st International 

Conference on Mathematical Methods in Economics. Jihlava, Czech Republic, 

11 – 13 September 2013. 

Liu, F., Peng, Y., Zhang, W. and Pedrycz, W., 2017. On Consistency in AHP and Fuzzy 

AHP. Journal of Systems Science and Information, [e-journal] 5(2), pp. 128–147. 

http://dx.doi.org/10.21078/JSSI-2017-128-20. 

Liu, G., 2014. Development of a general sustainability indicator for renewable en-

ergy systems: A review. Renewable and Sustainable Energy Reviews, [e-journal] 

31, pp. 611–621. http://dx.doi.org/10.1016/j.rser.2013.12.038. 

Liu, G., Baniyounes, A. M., Rasul, M. G., Amanullah, M.T.O. and Khan, M.M.K., 2013. 

General sustainability indicator of renewable energy system based on grey rela-

tional analysis. International Journal of Energy Research, [e-journal] 37(14), pp. 

1928–1936. http://dx.doi.org/10.1002/er.3016. 

Miettinen, P. and Hämälänien, R. P., 1997. How to benefit from decision analysis in 

environmental life cycle assessment (LCA). European Journal of Operational Re-

search, 102, pp. 279–294. 



30 Jettarat Janomtree and Harmut Zadek  

 

Ness, B., Urbel-Piirsalu, E., Anderberg, S. and Olsson, L., 2007. Categorising tools for 

sustainability assessment. Ecological Economics, [e-journal] 60(3), pp. 498–508. 

http://dx.doi.org/10.1016/j.ecolecon.2006.07.023. 

Neugebauer, S., Forin, S. and Finkbeiner, M., 2016. From Life Cycle Costing to Eco-

nomic Life Cycle Assessment—Introducing an Economic Impact Pathway. Sus-

tainability, [e-journal] 8(5), p. 428–428. http://dx.doi.org/10.3390/su8050428. 

O'Brien, M., Doig, A. and Clift, R., 1996. Social and environmental life cycle assess-

ment (SELCA). Int J Life Cycle Assessment (The International Journal of Life Cy-

cle Assessment), 1(4), pp. 237–240. 

Ong, M. S., Chang, M. Y., Foong, M. J., Chiew, J. J., Teh, K. C., Tan, J., Lim, S. S. and 

Foo, D. C.Y., 2020. An integrated approach for sustainability assessment with hy-

brid AHP-LCA-PI techniques for chitosan-based TiO2 nanotubes production. 

Sustainable Production and Consumption, 21, pp. 170–181. 

Rahimianzarif, E. and Moradi, M., 2018. Designing Integrated Management Criteria 

of Creative Ideation Based on Fuzzy Delphi Analytical Hierarchy Process. Inter-

national Journal of Fuzzy Systems, [e-journal] 20(3), pp. 877–900. 

http://dx.doi.org/10.1007/s40815-017-0370-6. 

Saaty, T. L., 1977. A scaling method for priorities in hierarchical structures. Journal 

of Mathematical Psychology, [e-journal] 15(3), pp. 234–281. 

http://dx.doi.org/10.1016/0022-2496(77)90033-5. 

Santiteerakul, S. and Sekhari, A., 2011. Social Indicators for Sustainable Supply 

Chain Management. International Conference on Software, Knowledge Infor-

mation,Industrial Management and Applications SKIMA’11. Benevento, Italy, 

September. 

Santoyo-Castelazo, E. and Azapagic, A., 2014. Sustainability assessment of energy 

systems: integrating environmental, economic and social aspects. Journal of 

Cleaner Production, [e-journal] 80, pp. 119–138. http://dx.doi.org/10.1016/j.jcle-

pro.2014.05.061. 

United Nations, 1987. Our common future: Report of the World Commission on En-

vironment and Development. Oxford. 



Development of a Sustainability Performance Measurement Framework 31 

 

Verones, F., Bare, J., Bulle, C., Frischknecht, R., Hauschild, M., Hellweg, S., Hender-

son, A., Jolliet, O., Laurent, A., Liao, X., Lindner, J. P., Maia de Souza, D., Michel-

sen, O., Patouillard, L., Pfister, S., Posthuma, L., Prado, V., Ridoutt, B., Rosen-

baum, R. K., Sala, S., Ugaya, C., Vieira, M. and Fantke, P., 2017. LCIA framework 

and cross-cutting issues guidance within the UNEP-SETAC Life Cycle Initiative. 

Journal of Cleaner Production, [e-journal] 161, pp. 957–967. 

http://dx.doi.org/10.1016/j.jclepro.2017.05.206. 

Vidal, L.-A., Marle, F. and Bocquet, J.-C., 2011. Using a Delphi process and the Ana-

lytic Hierarchy Process (AHP) to evaluate the complexity of projects. Expert Sys-

tems with Applications, [e-journal] 38(5), pp. 5388–5405. 

http://dx.doi.org/10.1016/j.eswa.2010.10.016. 

Woodward, D. G., 1997. Life cycle costing - theory, information aquisition and appli-

cation. International Journal of Project Management, 15(6), pp. 335–344. 

 


