
Developing a sustainability-oriented multi-criteria game theoretical decision 

analysis framework: A case study of sludge management 

Abstract 

Decision-making process can be influenced by many factors, including the interests and 

preferences of stakeholders, their interactions, as well as the considered criteria. This 

study constructs a methodology framework based on game theory and multi-criteria 

decision making (MCDM) approach to address the decision-making problem with 

conflicting interests of different parties for sustainable sludge management. The 

proposed framework compares the overall sustainability performances of the 

alternatives for the corresponding stakeholder based on the life cycle sustainability 

impacts and the weight of each criterion. The weights of considered criteria are 

determined by the opinions of different groups of stakeholders. Then, game theory is 

applied to assist the stakeholders share the costs and benefits and guide them to reach a 

consensus on the final selection for the sludge management technology. A case study 

applying the proposed framework to analyze the game between sludge treatment facility 

and the government was carried out. Four different sludge valorization technologies 

were selected as the alternative strategies for both players, including incineration for 

electricity production followed by landfill (S1), incineration for power generation 

followed by cement production (S2), biogas from sludge digestion for electricity 

generation by fuel cells (S3) and biogas from sludge digestion for electricity generation 

by combustion (S4). Results show that both the sludge treatment facility and the 

government may mutually benefit from S3 if the sludge treatment facility pays a tipping 
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fee of $0.19-7.59 per kWh net electricity generation. Sensitivity analysis was also 

carried out to study the influence of weighting variations and parameter uncertainty on 

the final strategy selection and results revealed the stability of the proposed framework. 

The outcome of the framework can contribute to the sustainable decision-making 

process for the involved players and reach an agreement more efficiently. 

Keywords: Sludge-to-energy technology, Game theory, Multi-criteria decision-making, 

Sustainability assessment, Fuzzy best-worst method. 



1. Introduction  1 

The increasing population and urbanization trend are accompanied by a large amount 2 

of sewage production, followed by considerable amount of sludge generation. Sewage 3 

sludge has been regarded as a type of resource which can be used for land application, 4 

energy recycling and renewable energy generation, and construction materials 5 

production (Asian Development Bank, 2012). According to the previous research and 6 

reports (Ding, 2017; Wei et al., 2020; Yang et al., 2015), the total sludge production in 7 

China presented a significant increasing trend from 2007 to 2019, while the total 8 

amount of treatment and the increase of treatment rate cannot keep pace with the sludge 9 

production. It was recorded that over 70% of sludge was released into the environment 10 

without receiving proper treatment and disposal (Ding, 2017). Due to the coexisting of 11 

harmful compositions and valuable matters or recyclables (Rulkens, 2008), effective 12 

treatment measures are necessary for sludge management to reduce or eliminate the 13 

possible negative environmental impact and potential threats toward human health, as 14 

well as conducting energy recovery and resource recycling for better sustainable 15 

development. 16 

During the recent decades, significant development has been made in different sludge 17 

treatment technologies, like sludge incineration with power generation, which 18 

contributes a lot to the thorough treatment of sludge as well as energy recovery form 19 

the waste (Zhao, 2018). Many advanced technologies have also been developed and 20 

gradually caused wide attention in research field to discuss the feasibility and potential 21 



for commercial application of these technologies, such as pyrolysis and gasification 22 

(Syed-Hassan et al., 2017). Since different technologies usually show different merits 23 

and shortcomings on different aspects, conducting reliable evaluation for the 24 

alternatives to promote the sustainable decision-making process of sludge management 25 

is necessary and essential. 26 

Multi-criteria decision-making (MCDM) methods can help to address the decision-27 

making problem with the consideration of multiple criteria. However, solely using 28 

MCDM is questionable when dealing with the problems that consider the interactions 29 

between decision-makers and conflicting interests, which are common in the practice 30 

(Soltani et al., 2016). Therefore, a game theoretical-based MCDM framework is 31 

constructed to address the decision-making problem considering the interactions 32 

between stakeholders and further promote the sustainable decision-making process of 33 

sludge management. 34 

2. Literature review 35 

Currently, the major methods for sludge treatment and disposal include composting, 36 

anaerobic digestion (AD), dewatering, drying, incineration, and landfilling (Wei et al., 37 

2020). There are also some less commonly applied technologies under commercial 38 

scale or emerging sludge treatment technologies that are still in the development stage, 39 

such as anaerobic fermentation, microbial fuel cells for sludge treatment with electricity 40 

generation, pyrolysis and gasification, and supercritical water gasification (SCWG) 41 

(Liu et al., 2020a). Biofuels, waste heat, electricity, and valuable chemicals can be 42 



recycled or regenerated during the process of different sludge treatment technique 43 

routes. Consider the different features of diverse techniques, it is necessary to discuss 44 

the sustainability performance of sludge treatment technique routes in detail for 45 

sustainable sludge management. Life cycle sustainability assessment (LCSA) is a 46 

powerful tool to evaluate sustainability for the investigated system from the perspective 47 

of environment, economy, and society considering entire life cycle stages (Ciroth et al., 48 

2011). It can provide a reliable reference for sustainability evaluation since it considers 49 

the possible influence along all the life stages within the system boundaries, not just the 50 

influence of a single process, which may be ignored by other evaluation methods. 51 

Hence, LCSA consisting of LCA (life cycle assessment), LCC (life cycle costing), and 52 

SLCA (social life cycle assessment), especially LCA and LCC, has been frequently 53 

used for sustainability evaluation and further providing reference information for 54 

decision-makers.  55 

Although the sustainability performance data can on different aspects be obtained 56 

based on the LCSA methods, stakeholders still need to figure out how to integrate the 57 

results together in order to generate an overall ranking. Multi-criteria decision-making 58 

(MCDM) methods advantaging in the performance integration of multi-aspects, rather 59 

than only considering one specific aspect, can quantify the sustainability indicators and 60 

generate a ranking for selection. Therefore, prioritization problem for sludge-to-energy 61 

technologies can be modeled as a sustainability-oriented multi-criteria decision analysis 62 

(MCDA) problem. Plenty of MCDA can be applied to analyze the trade-off and assist 63 



to find out an optimal alternative to realize their targets (Kumar et al., 2017; Soltani et 64 

al., 2016). However, more complex situations may be encountered in the practice 65 

because besides multiple criteria, the conflicting interests of the involved stakeholders 66 

should also be considered. For example, the sludge treatment facilities may focus more 67 

on the treatment charges and economic profits, while the government may emphasize 68 

more on the entire harmless disposal rate and possible environmental impact, and the 69 

residents may consider more about social influence, like odor and job creation (Soltani 70 

et al., 2016). To face with the challenges above, game theory aiming to address the 71 

influence of interactions between stakeholders and conflicting interests is introduced 72 

into the decision-making process to help the decision-makers reach an agreement on 73 

their “sustainable” goals (Aplak and Sogut, 2013).  74 

Many efforts have been conducted on using game theory and MCDM for decision-75 

making problems in different fields. Soltani et al. (2016) constructed a decision-making 76 

framework by using LCA, LCC, AHP (analytic hierarchy process), and game theory to 77 

generate a suitable strategy for municipal solid waste (MSW) treatment in Canada. A 78 

hybrid MCDM method based on SWARA-WASPAS (step-wise weight assessment ratio 79 

analysis, weighted aggregated sum product assessment) and game theory was built up 80 

and applied to explore the optimal mixed strategy for personal selection (Hashemkhani 81 

Zolfani and Banihashemi, 2014). Fuzzy TOPSIS (Technique for Order Preference by 82 

Similarity to an Ideal Solution) and game theory were combined for energy 83 

management to find a best strategy (Aplak and Sogut, 2013). A fuzzy game theory 84 



method was developed to deal with the dwelling selection problem considering the 85 

features of traditional single flat dwelling house and loft flat dwelling house 86 

(Medineckiene et al., 2011). Ding and Liu (2019) combined zero-sum game with best-87 

worst method (BWM) and Pythagorean fuzzy uncertain linguistic variables (PFULVS) 88 

to solve the emergency decision-making problem. 89 

Game theory combined with MCDM methods can also be further improved or 90 

extended and applied in supply chain management, energy policy management, 91 

environmental science, and sustainable development. Some studies have investigated 92 

the model of game theory and MCDM for solid waste management and energy 93 

management. However, most of the research focused more on some specific solid waste 94 

or general municipal solids waste (Aplak and Sogut, 2013; Grimes-Casey et al., 2007; 95 

Soltani et al., 2016), few of them investigated the situation of sludge management. 96 

Meanwhile, the major concern of the previous research was two-player game, such as 97 

industry and environment (Aplak and Sogut, 2013), and the municipality and the 98 

cement industry (Soltani et al., 2016), with the consideration of environmental and 99 

economic outcomes. The interests of the public were rarely discussed. In fact, 100 

sometimes the social impacts are not only concerned by the public or the residues, but 101 

also the government and the industry, although the emphasis may vary. Some social 102 

influence, such as acceptance of the public, is still important for the local sludge 103 

management, leading to the necessity of the consideration of more dimensions in 104 

sustainability in order to promote the sustainable management on sludge-to-energy 105 



technologies.  106 

According to above literature review, the major research gaps for group decision-107 

making analysis on sludge management can be summarized as follows: 108 

⚫ Rare research spent efforts on the group decision-making for sludge-to-energy 109 

technologies selection by game theory. 110 

⚫ Environmental and economic performances are still the focus for sustainability 111 

evaluation for alternative selection. The interests of the public or the social impacts 112 

are rarely discussed. 113 

Aiming to fill the research gaps mentioned above, the research is conducted to build 114 

up a decision analysis framework which combines game theory and MCDA methods 115 

for solving sludge management problem. The major contributions of this work include 116 

the following two aspects: i) the constructed game theoretic-based decision-making 117 

framework is applied for sustainable sludge management problem with the 118 

consideration of the interactions between stakeholders, which can promote the 119 

decision-making process involving different groups of stakeholders; ii) besides 120 

environmental and economic pillars, social impacts and technological performances are 121 

integrated in the sustainability evaluation to generate an overall sustainability index for 122 

the sludge management strategy recommendation. Meanwhile, the proposed framework 123 

can flexibly address the fuzzy preferences of the decision-makers in individual or 124 

groups. In addition, a two-player game is conducted in the case study for sludge 125 

management which can be further extended into multi-player game under more 126 



complicated situation.  127 

3. Methodology  128 

In this section, the constructed framework is introduced in detail,. The methodology 129 

framework is presented in Figure 1 to illustrate the major steps of this model. Step 1 130 

and Step 2 are applied to obtain the performance data on sustainability indicator of the 131 

investigated strategy, which are introduced in the Section 3.1 and Section 3.2, 132 

respectively. Criteria system for the sustainability evaluation is also constructed in 133 

Section 3.2 to prepare for the decision-making analysis. Based on the performance data, 134 

game-theoretic decision-making analysis consisting of three sub-steps can be 135 

conducted to analyze the costs and benefits for the involved stakeholders, which are 136 

described in Section 3.3. Weighting method for the criteria system is introduced in 137 

Section 3.3.2. Then, according to the performance data and weights of criteria, the 138 

integrated sustainability index can be obtained by using MCDM method, which is 139 

described in detail in Section 3.3.2. The integrated sustainability index is the basis of 140 

payoff matrix for the further game theory analysis, which is presented in Section 3.3.3. 141 

Section 3.4 describes the step for mutual agreement which can help the stakeholders 142 

reach a consensus on the ultimate selection. 143 



 144 

 145 

Figure 1 Methodology framework of this research 146 

 147 

3.1. Scope definition 148 

Reliable sustainability assessment is necessary for conducting convincing decision-149 

making analysis in sustainability management field. Life cycle sustainability 150 

assessment is used to evaluate the sustainability performance of alternatives, which can 151 

be expressed as  152 

LCSA=LCA+LCC+SLCA,  

where LCA, LCC and SLCA address the performances on environmental, economic, 153 

and social aspect, respectively. According to the international standard (Ciroth et al., 154 



2011), the three assessment tools all follow the same major steps, as shown in Figure 2. 155 

 156 

Figure 2 The flowchart of the basic steps for LCSA (Ciroth et al., 2011) 157 

 158 

Table 1 Examples of the issues that should be addressed in the stage of scope definition 159 

Addressed items Description  Denotation  

System boundary The investigated life stages, such as 

production, treatment, and disposal. 

- 

Functional unit A measure of the function of the 

target system which can provide a 

reference to the corresponding 

inputs and outputs(Cluzel et al., 

2013; ECOIL, 2006). 

- 

Involved stakeholders The considered stakeholders involve 

in the decision-making process. 
1 2{ , , , }kP P P  , k   is the 

number of stakeholders. 

Strategies/options The investigated alternatives in the 

study. 
1 2{ , , }

i

i i i i

nS s s s=  , 
iS   is 

the strategy set of stakeholder 

i  . in   is the number of 

strategies of stakeholder i . 

…… …… …… 

 160 

 161 

In this stage, the related preliminaries should be clearly identified, such as system 162 

boundaries for LCSA, stakeholders, and alternatives. Table 1 provides some examples 163 

on the issues that should be defined in this stage as well as their description and 164 

denotations. The functional unit is the basis of sustainability assessment. All the 165 

considered impacts are evaluated by the amount of functional unit (Soltani et al., 2016). 166 



All in all, the scope definition should be clarified specifically according to the 167 

investigated system and decision-making problem. 168 

 169 

3.2. Sustainability assessment 170 

Criteria system should be established for sustainability evaluation and decision-171 

making process. The criteria system 1 2{ , , , }mc c c   in sustainability assessment 172 

usually involves with three pillars of sustainability, that is environmental, economic, 173 

and social aspects (Kumar et al., 2017). Some studies may also consider the technical 174 

perspective (Ren et al., 2017). Eleven criteria covering environmental, economic, social, 175 

and technical aspects were covered in this work. Detailed information and description 176 

for each criterion are shown in Table 2. 177 

Table 2 Criteria system for the sustainability assessment 178 

Aspect Criterion  Description  

Environmental 

(AS1)  

Climate change (C1) The impacts caused by greenhouse gases (Clary, 

2013). 

 Acidification (C2) The compounds which are precursors to acid rain 

(Dincer and Abu-Rayash, 2020). 

 Eutrophication (C3) The potential to cause over-fertilization of water 

and soil, which can lead to the increased growth of 

aquatic plant (Čuček et al., 2015). 

Economic 

(AS2)  

Net costs (C4) The net expenses of various costs and benefits in 

the total treatment process. Negative value refers to 

earning. 

Social (AS3) Social acceptance (C5) The extend of acceptance and recognition for the 

technical route. 

 Government support (C6) Government’s tendency and policy support for 

sludge treatment technology. 

 Education significance 

(C7) 

The education implications for similar businesses 

and other institutions (like schools). 

Technical Odors control (C8) The ability of controlling or eliminating odors. 



(AS4) 

 Technical complexity 

(C9) 

The sophistication of the technology route. 

 Maturity (C10) The maturity and application scale of the 

technology. 

 Technical accessibility 

(C11) 

The accessibility to the technology from Domestic 

or overseas companies considering the regulations 

and limitations (Torkayesh et al., 2021). 

The criteria selection should obey some general principles for reliable and scientific 179 

sustainability evaluation and decision-making, which have been introduced in the 180 

overview of Wang et al. (2009). The criteria system provided here is an example for the 181 

framework, which can be further adjusted according to the needs of stakeholders and 182 

actual situation. 183 

Performance data of the criteria for different strategies can be collected either from 184 

literature review, field research, simulation, and experiments for sustainability 185 

assessment. Inventory list provides the necessary data on the energy, resources and 186 

materials inputs and outputs within the system boundary. LCC can also be analyzed in 187 

the similar way based on the costs and benefits in each life stage. Although there is 188 

limited research on SLCA, it still can be analyzed by the similar core thought, especially 189 

for the quantitative indicators (Ciroth et al., 2011). However, there are many indicators 190 

and data collected from the experts which cannot be directly described by qualitative 191 

variables, like acceptance, policy support, and technical maturity. Under such situation, 192 

linguistic terms and fuzzy theory are introduced to address the performance of the 193 

strategies on these indicators. In the research, triangular fuzzy numbers (TFNs) are 194 

applied to describe the performances of the qualitative indicators in social and technical 195 



aspects. Their corresponding relationship with the linguistic term is shown in Table 3. 196 

Table 3 Corresponding triangular fuzzy numbers of linguistic description for the performance on the 197 

social and technical indicators (Chiou et al., 2005) 198 

Linguistic terms Denotation Triangular fuzzy numbers 

Very poor VP/VL (1,1,3) 

Poor P/L (1,3,5) 

Medium/Acceptable M (3,5,7) 

Good G/H (5,7,9) 

Very good VG/VH (7,9,9) 

 199 

When multiple experts provide their opinions on the performances of social and 200 

technical indicators, evaluation results should be integrated together for the further 201 

calculation and data process. The integrated results can be obtained by Eqs. (1) - (3). 202 

1

/
T

t

q q

t

l l T
=

=  (1) 

1

/
T

t

q q
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m m T
=

=  (2) 

1

/
T

t

q q

t

u u T
=

=  (3) 

where ql , qm , and qu  represent the lower bound, the most possible value and the 203 

upper bound of the integrated TFN addressing the performance on the q th criterion, 204 

respectively. T  is the number of involved experts for the evaluation. t

ql , t

qm , and t

qu  205 

refer to the evaluation data expressed by TFN of the t th expert. For example, if there 206 

are three experts participating the evaluation, then 3T = . If the evaluations of the three 207 

experts for a certain technology in terms of technology maturity are VH, M, and H, 208 

respectively, the corresponding triangular fuzzy numbers are (7,9,9), (3,5,7), and (5.7.9) 209 



according to Table 3. Then, based on Eqs. (1) - (3), the integrated evaluation results on 210 

the technological maturity according to the opinions of three experts is (5,7,8.33) 211 

( (7 3 5) / 3 5ql = + + = , (9 5 7) / 3 7qm = + + = , (9 7 9) / 3 8.33qu = + +  ). 212 

Transforming the fuzzy numbers into crisp numbers is a necessary step for the 213 

calculation of overall sustainability index since the performance data for environmental 214 

and economic criteria are all crisp numbers. The defuzzied result can be calculated by 215 

Eq. (4) (Guo and Zhao, 2017).  216 

4

6

q q q

q

l m u
a

+ +
=  (4) 

where qa  is the defuzzied performance data of the q th criterion, which belongs to 217 

social or technical aspect. For instance, if a triangular fuzzy number is (3,5,7), then the 218 

defuzzied result of this TFN is (3+4 5+7) / 6 5 = . 219 

3.3. Decision-making process  220 

Decision making and analysis can be carried based on the performance evaluation 221 

data provided by LCSA. Three major steps are conducted to get the recommended 222 

selection of strategies, including criteria weighting, calculation for the sustainability 223 

index, and two-player or multi-player game, which are introduced in Section 3.3.1, 224 

Section 3.3.2, and Section 3.3.3, respectively.  225 

3.3.1. Criteria weighting 226 

There are many different types of weighting methods, including subjective weighting 227 

methods, objective weighting methods, and the combination of both (Wang et al., 2009). 228 



Equal weighting and AHP method are commonly applied methods for criteria weighting 229 

because of the simple operation and ease of understanding. However, traditional 230 

weighting methods may not process the fuzzy preference provided by the stakeholders. 231 

Hence, fuzzy theory was introduced to combine with weighting approaches and deal 232 

with the uncertain information, such as fuzzy AHP (Sun, 2010), and fuzzy BWM (Guo 233 

and Zhao, 2017; Hafezalkotob and Hafezalkotob, 2017). In this research, a fuzzy BWM 234 

proposed by Hafezalkotob and Hafezalkotob (2017) for individual and group decision-235 

making (GI-fuzzy BWM) is applied to obtain the weight of each criterion according to 236 

the preferences of different groups of stakeholders. More detailed introduction about 237 

the related concepts and analysis for this fuzzy BWM can be found in the research of 238 

Hafezalkotob and Hafezalkotob (2017). A basic description for the calculation steps is 239 

illustrated in Figure 3. This fuzzy weighting method is selected because it can not only 240 

deal with the uncertain preferences, but also can help to solve the problem when there 241 

are many different experts with different levels of expertise. The weighting method can 242 

be applied to obtain the weights considering the preferences of different groups of 243 

stakeholders and final generate a set of fuzzy weights. It can also be used to integrate 244 

different opinions in the same group. In this study, the weighting method GI-FBWM is 245 

applied to integrate the opinions in the same party (i.e., with the same interests), which 246 

belongs to the latter situation.  247 



 248 

Figure 3 Basic step description of the GI-FBWM (Hafezalkotob and Hafezalkotob, 2017) 249 

 250 

3.3.2. Calculation for the sustainability index 251 

In this step, MCDA method is applied to generate an overall index to describe the 252 

entire sustainability performance of the strategy for specific player. Normalization is 253 

necessary for the further calculation because of the differences in the units and 254 



dimensions. Criteria can be classified into beneficial criteria and cost criteria. Beneficial 255 

criterion means the criterion that higher value is preferred, while cost criterion refers to 256 

the indicator that lower value is better. The category of each criterion is shown in Table 257 

4. Normalization step can be conducted by Eq. (5) and Eq. (6) according to the category 258 

of the specific criterion. 259 

Beneficial criterion: 
min

max min

j j

qj

q j j

b b
a

b b

−
=

−
 (5) 

Cost criterion: 
max

max min

' '

' '

j j

qj

q j j

c c
a

c c

−
=

−
 (6) 

where j

qa   is the normalized performance of impact of q  th criterion for the j  th 260 

player. max

jb   and min

jb   are the maximum and minimum values of the beneficial 261 

criterion for the j  th player, respectively. j

qb   refers to the performance data of 262 

investigated strategy on the q th criterion for the j th player. The meanings of other 263 

symbols can be inferred in the similar way. max' jc  and min' jc  define the rang of the 264 

performance data of the cost criterion, and ' j

qc  represents the performance value of 265 

the strategy of the studied cost indicator for the j th player. 266 

Table 4 The illustration of the category of each criterion 267 

Category  Beneficial criteria Cost criteria 

Criteria  C5, C6, C7, C8, C10, C11 C1, C2, C3, C4, C9 

 268 

Afterwards, the normalized performance data should be integrated together. 269 

Weighted sum method is used to directly generate the sustainability index of a strategy, 270 

as is shown in Eq. (7) (Soltani et al., 2016), 271 



1

SI , 1,2, , , 1,2, , .
m

i j

j q q j

q

w a j k i n
=

= = = , (7) 

where qw  is the weight of the q th criterion. SIi

j is sustainability index for strategy i  272 

from the perspective of player j , which is the basis for the generation of payoff matrix. 273 

According to the involved stakeholders, the SIi

j of different stakeholder can form the 274 

array of sustainability index under the corresponding setting of strategies as the element 275 

of payoff matrix. The value of SI can address the overall sustainability performances of 276 

the strategy for the specific player, which can also be regarded as the overall benefits 277 

in terms of sustainability when applying the strategy. 278 

By utilizing Eq. (7), the payoff matrix reflecting the outcomes of different pair of 279 

strategies can be obtained, which can be further applied in game theory in the next step.  280 

 281 

3.3.3. Game theory 282 

This research is conducted based on a two-player game. It can also be extended to 283 

multiple-player game by the same core thought (Soltani et al., 2016). A two-player non-284 

constant sum game is considered in this study. Player ( 1,2)i i =  has in  strategies, 285 

which can be denoted as strategy set iS  with finite in  elements. Payoff generated 286 

from the previous assessment and analysis is denoted as the function 1 1 2( , )u s s  and 287 

2 1 2( , )u s s  of the outcome 1 2 1 2( , )s s S S  . The objective of this step is to find out an 288 

optimal pair of outcomes * *

1 2 1 2( , )s s S S   called a Nash equilibrium, which satisfies 289 

the following conditions: 290 

* * *

1 1 2 1 2 1( , ) ( , ),u s s u s s s S    (8) 



* * *

2 1 2 2 1 2( , ) ( , ),u s s u s s s S    (9) 

Hence, the optimal solution * *

1 2( , )s s  provides a theorical selection for the decision-291 

making problem. However, different choices might occur due to their different 292 

preference and interests in the actual decision-making process, and there is only one 293 

final decision for the adapted sludge treatment technology. In this case, additional 294 

consultations are necessary and the solution is provided in the next step. 295 

3.4. Mutual agreement 296 

Although a pair of best strategies can be found based on game theory, it might be less 297 

attractive under some situations where the industries may not be willing to conduct such 298 

a strategy. Therefore, additional incentives or tipping measures are necessary to make 299 

the pair of strategies more acceptable to all the stakeholders. Usually, the incentives or 300 

tipping fee can be determined by the payoff matrix. According to the outcomes, a range 301 

of tipping fee can be found out to help the stakeholders reach a consensus. It should be 302 

noted that sometimes the tipping fee may not be available directly from the inequations 303 

defined by the payoff matrix. The inequations should satisfy some conditions to make 304 

the range of tipping fee not be an empty set. Under this situation, the weights of tipping 305 

fee for different stakeholders can be adjusted flexibly to make the inequations have 306 

solutions. Hence, the result of game theory suggests the possible direction for the final 307 

decision, and the mutual agreement provides a solving approach for the stakeholders to 308 

finally obtain a decision which is acceptable for both players. 309 

 310 



4. Case study 311 

In this research, the proposed MCDM and game theory framework was applied to 312 

assess and determine the most suitable strategy from four scenarios according to the 313 

needs of two stakeholders. One sludge treatment facility was constructed based on the 314 

final decision for the sludge management. 315 

 316 

Figure 4 The scope of four sludge treatment scenarios considered for LCA in the case study (Lam 317 

et al., 2016) 318 

System boundaries of the investigated four scenarios in this research are shown in 319 



Figure 4. The system boundaries considered in the case study included the major 320 

treatment process, related transportation, post treatment, materials and energy inputs 321 

and outputs, and emissions. Impacts of sludge generation were excluded. The four 322 

sludge-to-energy scenarios can be described as follows: 323 

(1) Scenario 1 – S1: Sludge incineration with power generation followed by landfill 324 

disposal (Lam et al., 2016). 325 

(2) Scenario 2 – S2: Sludge incineration with power generation followed by cement 326 

production with the incinerated ash (Lam et al., 2016). 327 

(3) Scenario 3 – S3: Sludge digestion for electricity production by fuel cells (Liu et 328 

al., 2020b). 329 

(4) Scenario 4 – S4: Sludge digestion for electricity generation by combustion (Liu 330 

et al., 2020b). 331 

These four sludge-to-energy technical routes were selected because the following 332 

reasons: i) all of the scenarios can be used for electricity generation, which is an 333 

indispensable form of energy for the daily life; ii) traditional incineration, i.e. S1, has 334 

been widely applied in many developed countries, but there is an improved technical 335 

route based on S1, that is S2. The performances of these two scenarios should be 336 

discussed according to the preferences and conditions of different regions; iii) biogas 337 

generated from sludge digestion for electricity production by fuel cells has been tested 338 

and supported by some developed countries, but the application cases are limited in 339 

China (Liu et al., 2020b; Su et al., 2009); iv) biogas combustion for electricity 340 



generation is a mature technology and has wide application in rural area. However, 341 

treating sludge in this way alone may be criticized for not treating it completely. Further 342 

discussion is still necessary to analyze the performances of these options especially with 343 

the considerations of different criteria and conflicting interests. 344 

The functional unit was selected to be 1 kWh net electricity generation. The time 345 

horizon of life cycle assessment was defined as 20 years. It is assumed that 1058 t of 346 

dewatered sludge are treated by the STF per day and the operating days are 360 347 

days/year (Drainage Services Department, 2017; Lam et al., 2016). Involved 348 

stakeholders are sludge treatment facility (STF) as the player 1, and the government 349 

(the Gov) as the player 2. These two players were selected because they usually have 350 

different or even conflicting interests on sludge management problem. STF may focus 351 

more on the economic and technical aspects while the government may emphasize the 352 

importance of environmental and social aspects. Meanwhile, these two stakeholders are 353 

obvious parties of interests for sludge management problem. Hence, these two roles 354 

were initially considered in the game. The two players have the same four strategies, 355 

including S1, S2, S3 and S4. 356 

Criteria system has been constructed and shown by Table 2. The performance data 357 

of environmental and economic indicators were collected and estimated based on the 358 

previous papers (Lam et al., 2016; Liu et al., 2020b). The related performance data on 359 

social and technical aspects were evaluated by the experts from sewage sludge 360 

management industries. Questionnaires were used to collect their opinions for the 361 



corresponding performance on each criterion. Four experts with related background on 362 

sewage sludge treatment and environment management were required to use a 5-scale 363 

table to evaluate the performance of each scenario (see Table 3). 364 

Based on the above assumptions and information collected, further calculation can 365 

be conducted and corresponding results can be obtained, which are presented in the 366 

next section. 367 

 368 

5. Results and discussion 369 

5.1. Sustainability assessment results 370 

Environmental and economic impacts were estimated based on the results from 371 

previous studies (Lam et al., 2016; Liu et al., 2020b) and the corresponding impacts 372 

were processed according to the assumptions for the functional unit and system 373 

boundaries. The environmental life cycle impacts of each scenario are shown in Table 374 

S.1 in the Supplementary Information. According to the estimated results in Table S.1 375 

and Eq. (5) and Eq. (6), normalized environmental impacts can be obtained and are 376 

presented in Table S.2. Negative value refers to the positive effect on the specific 377 

environmental impact category. Results showed that S1 and S2 shared the similar 378 

environmental impacts on the three investigated categories while the later performed a 379 

little bit better than the former one. S3 showed impressive performances on all the 380 

environmental indicators. Only in the last indicator was S3 slightly inferior to S4. The 381 

scenarios with process of combustion or incineration, including S1, S2, and S4, had 382 



significant impact on climate change, while the influences on the other two criteria were 383 

not so considerable. 384 

In the case study, environmental, social, and technical impacts are considered to be 385 

shared by both players, and the outcomes of economic indicator can be influenced by 386 

the decision of each other. LCC was applied to analyze the outcomes of different pair 387 

of strategies. Landfill tipping was regarded as a type of expense of STF and a source of 388 

income for the Gov, which was estimated based on the costs for landfill, the total 389 

amount of sludge treatment and the corresponding amount of electricity generation 390 

(Soltani et al., 2016). Energy recovery can provide benefits for both players. In addition 391 

to the energy supply for its own processing system in STF, the generated electricity can 392 

also be sold to the users. Opportunity costs were considered as well. Estimation results 393 

for the net costs of each pair of strategies are shown in Table S.3 and the normalized 394 

results are presented in Table S.4. Negative value refers to the benefits that the player 395 

can obtain from the selection. The calculation results revealed that under above 396 

assumptions, S2 took a dominant position for STF, while S1 and S4 showed advantages 397 

over the other two options for the Government. 398 

Performances on social and technical aspects were evaluated based on the feedbacks 399 

collected from four related practitioners. The linguistic descriptions and the 400 

corresponding TFNs of the performances for the investigated social and technical 401 

indicators of each strategy were shown in Table S.5 and Table S.6 in the Supplementary 402 

information. By Eqs. (1) - (3), the integrated evaluation results can be obtained and are 403 



listed in Table S.7. Afterwards, the TFNs were defuzzied by Eq. (4) to prepare for the 404 

next step and the corresponding results are shown in Table S.8. Normalized results can 405 

be subsequently obtained based on the above calculation (see Table S.9). The results 406 

presented by Table S.9 revealed that S2 performed relatively good in all the investigated 407 

social and technical and no zero value in the performance data of S2, while each of the 408 

other strategies performed poorly on at least one indicator. Scenario 3 showed pretty 409 

extreme performance, where it presented excellent results on C6, C7 and C8 but the 410 

performances data on the other indicators were very unsatisfactory. 411 

 412 

5.2. Criteria weighting: GI-fuzzy BWM 413 

Previous literatures presented the attitudes and preferences of the facility and the 414 

government towards different sustainability dimensions and sub-indicators (Liu et al., 415 

2020b; Ren et al., 2017; Soltani et al., 2016). The preferences were first collected from 416 

literatures and then two experts in sewage sludge treatment plant and department of 417 

environmental protection were interviewed to see whether the preference order 418 

obtained from literatures was too contradictory with the practice context in mainland 419 

China. The preference orders were accordingly adjusted based on the opinions and 420 

explanations of the experts. Then, according to the interviewed results the criteria 421 

weights were determined by GI-fuzzy BWM step by step (Hafezalkotob and 422 

Hafezalkotob, 2017). The detailed calculation steps are presented in the Supplementary 423 

Information. The weighting results from the perspective of STF manager are shown in 424 



Table S.20 and Table S.22. The weighting results from the viewpoint of government 425 

manager are shown in Table S.30 and Table S.32. In the case study, we only consider 426 

the situation of senior decision-maker determining the final weights of all the criteria 427 

and the situation of group decision-making can be similarly calculated according to the 428 

description. Based on the content of these tables, although the specific data were not 429 

exactly the same, both players expressed their emphasis on the environment. The major 430 

difference between the preferences of the two stakeholders lie in the social and technical 431 

aspects. Sludge treatment facility attached more importance to the technical aspect 432 

while the government concerned more about the social indicators. Environmental 433 

aspect was emphasized by the STF due to the requirement and related regulations on 434 

sludge discharge management. According to the experience in the practice, sludge 435 

projects with normal operation are usually profitable. Hence, the preferences of the 436 

involved stakeholders presented the following results. 437 

 438 

5.3. Sustainability index and game theory 439 

According to the assessment results and calculated weights of the criteria, the payoff 440 

matrix addressed by the sustainability index can be obtained, which is shown in Table 441 

5. 442 

Table 5 Payoff matrix of the two-player game for sludge management 443 

Player 1 - STF Player 2 - Government 

Selection S1 S2 S3 S4 

S1 (0.21,0.26) (0.21,0.25) (0.21,0.62) (0.21,0.65) 



S2 (0.28,0.26) (0.28.0.25) (0.28,0.62) (0.28,0.65) 

S3 (0.73,0.26） (0.73,0.25) (0.73,0.62) (0.73,0.65) 

S4 (0.32,0.26) (0.32,0.25) (0.32,0.62) (0.32,0.65) 

 444 

Based on the payoff matrix presented in Table 5, Scenario 4 had obvious advantage 445 

over other scenarios in the sustainability index for the Government in spite of STF 446 

selecting any other alternative. Scenario 3 was also a dominate strategy for STF. 447 

Therefore, results of game theory suggest that S3 and S4 are the best selections for STF 448 

and for the Government, respectively. According to the analysis for the sustainability 449 

assessment results, S3 showed satisfactory performances on environmental and social 450 

aspects. It also performed acceptable on C8. Considering the emphasis on 451 

environmental indicators, S3 can bring more benefits to the STF under this situation. 452 

S4 presented relatively good performances on environmental aspect as well. Meanwhile, 453 

the performance of S4 was mediocre in other criteria, but few were particularly bad. 454 

Due to the preference on environmental and social aspects, S4 is a suitable option for 455 

the government. A tipping fee should be paid to the government by the sludge treatment 456 

facility in order to convince the government to change their strategy.  457 

5.4. Mutual agreement 458 

The tipping fee refers to a suggested amount which can convince the government to 459 

select the same option with STF, that is prefer S3 to S4, and maintaining the STF still 460 

interested in S3 in the situation of case study. According to the above discussion and 461 

analysis results, if a tipping fee of $0.19-7.59 per kWh net electricity generation during 462 



the sludge treatment process can be paid to the government, both stakeholders will be 463 

more preferred to the selection on Scenarios 3. The range of tipping fee is calculated 464 

based on the considered assumptions. 465 

0.73 0.054 0.32 7.59x x−  →   (10) 

0.62 0.16 0.65 0.19x x+  →   (11) 

where x   represents a tipping fee with positive value. In this case, the weights of 466 

tipping fee are consistent with the weights of economic aspect for each player. It can be 467 

adjusted flexibly according to the conditions of reaching a final compromise. 468 

 469 

5.5. Sensitivity analysis 470 

Uncertainty is common in the actual decision-making process. Sensitivity analysis 471 

was conducted to explore the impact of weight changing of different aspect and criteria 472 

of different stakeholder on the final decision-making result. Without changing the 473 

preference of each criterion in each aspect, the local weight of each aspect is changed 474 

in order to study the effect of weight variation. Based on the above assumption, the 475 

local weights of all the sub-indicators were fixed, while the weight of the investigated 476 

perspective of the specific stakeholder is set to be 0.2, 0.4, 0.6, and 0.8, respectively. 477 

Meanwhile, the weights determined by the other stakeholder keep consistent with those 478 

in the original case, leading to the same sustainability index of corresponding selection. 479 

The weighting assignments from the perspective of STF include four different groups 480 

and each contains 4 pieces of data records. The weighting variations of environmental 481 



aspect and the corresponding global weights for the criteria from the perspective of STF 482 

are shown in Table S.33 and Table S.34, respectively. More detailed weighting 483 

assignment for the other three aspects with respect to STF can be similarly obtained 484 

and are presented in Table S.35 - Table S.40. As for the weighting variations of different 485 

aspects for the Government, the assigning approach are the same leading to the same 486 

weighting assignments on the local weights for different aspects. However, the global 487 

weights of the various weighting assignments are different due to the differences of 488 

preferences between STF and the Government. Specific weighting results can be 489 

similarly calculated for the perspective of Government and are shown in Table S.41 – 490 

Table S.44. 491 

Based on the sustainability assessment results and the weighting assignment of each 492 

group, sensitivity analysis results can be obtained and are shown in Figure 5 and Table 493 

S.45 for STF, and Figure 6 and Table S.46 for the Government, respectively. The value 494 

variations of sustainability index from the perspective of STF under different groups of 495 

weighting assignments are presented in Figure 5. Since the weights of all the criteria 496 

for the Government were fixed, the outcome of payoff was consistent with the initial 497 

result in the case study (0.6491 for S4). Nevertheless, the sustainability index of STF 498 

varied with the weights changing. According to the calculation results, when the value 499 

of sustainability index exceeds that of the Government, the control of decision will 500 

belong to STF, and this party should pay a certain amount of tipping fee to convince the 501 

Government to change their selection. Figure 5 also reveals that although the final 502 



decisions frequently changed from the perspective of STF, the ratio of SI’s variation is 503 

around 20% (absolute value), which is not a large amplitude compared with that of the 504 

Government.  505 

From the perspective of STF, the following conclusions can be drawn. 506 

⚫ S3 is more preferred by the STF as the weight of environmental aspect rising. 507 

⚫ S2 shows advantage on the economic aspect over the other aspects and it will take 508 

the first place when the importance of net cost is emphasized. 509 

⚫ S2 also has acceptable performances on the social indicators and can be 510 

recommended as the weight of social dimension rising. 511 

⚫ S1 has the priority when the weight of technical aspect gradually increases. For the 512 

investigation of the fourth aspect, government plays the dominate role and only 513 

when the weight of technical dimension is 0.8 will the sustainability index of STF 514 

surpasses that of the Gov. 515 

⚫ There is an overall upward trend of SI for the STF as the weight of different aspect 516 

rising, especially for the economic and social aspects. The other two aspects 517 

showed a trend of rising volatility, that is first decrease and then goes up. The 518 

occurrence of such kind of change is related to the different growth rate of SI for 519 

the scenarios with the change of weight, which is not a major focus of this study 520 

and could be analyzed in detail in the future work. 521 



 522 

Figure 5 Variation of the sustainability index (SI) of STF under different weighting assignments 523 

from the perspective of STF. SI (AS1) refers to the value of sustainability index of the STF’s choice 524 

when the weight of AS1 is assigned to be the specific value. The meaning of other aspects can be 525 

obtained in the similar way. Variation (AS1) is the variation ratio of the result compared with the 526 

original SI for the STF in the case study. Similar meanings can be obtained for the others. 527 

 528 

For the Government, sustainability index of the choice for STF is a fixed value of 529 

0.7280 for choosing S3 in the weighting variation. The final decisions under different 530 

weighting assignments presented by Table S.46 in the Supplementary Information are 531 

quite stable, although the SI of governmental changed with the variation of weighting. 532 

This is because the value of SI for STF is higher than that of the Gov in most presented 533 

cases. Hence, the former dominated the decision-making process mostly. Only S4 and 534 

S2 showed outstanding attractiveness on economic and social aspect, respectively. 535 
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Meanwhile, the SI’s variation range for the Government is [-6.96%, 39.45%], which 536 

shows a more dramatic change compared with the situation of STF, in spite of the stable 537 

decision-making results. 538 

 539 

 540 

 541 

Figure 6 Variation of the sustainability index (SI) of the Government under different weighting 542 

assignments from the perspective of the Gov 543 

 544 

The influence of weight variation for each criterion was investigated by setting the 545 

weight of focused criterion as 0.25 while the weight of others keeping the same. The 546 

situation when C1 was selected as the major criterion was taken as an example and the 547 

weighting assignment is shown in Table S.47. The weighting assignments for the other 548 

criteria can be similarly obtained. Although the weighting assignments are the same for 549 

the two players, the net costs for them were different leading to the differences in the 550 
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decision results. Meanwhile, the preferences of the player were fixed as the initial case 551 

study when the criterion was investigated from the perspective of the other player. 552 

Sustainability indices for the eleven groups of weighting assignments can be calculated 553 

based on the above assumptions. Variation of the sustainability index of the final 554 

strategy selected by each player under different situation is shown by Figure S.1 in the 555 

Supplementary information. Detailed results can be found in Table S.48 and Table S.49. 556 

The results revealed that the value of SI significantly decreased under the assumed 557 

weighting assignments compared with that of initial case study. Only increasing the 558 

weight of C8 to 0.25 for STF will also increase the SI. In addition, the variation range 559 

of that of SI for the government is obviously wider than that of the STF, but the final 560 

decisions are relatively stable due to the dominate role of the party with a higher SI. 561 

Different development status of the features of sludge may also lead to the 562 

uncertainty of assessment parameters. The influence of parameter uncertainty of 563 

quantitative variables (i.e., C1 – C4) for S3 from the perspective of the STF was explored 564 

by changing the value of investigated indicator within [-5%, 5%]. The variation of SI 565 

of S3 for STF was selected as an example since it is the final choice in the case study 566 

and some general trends can also be reflected from the results, which are shown in 567 

Figure S.2 in the Supplementary Information. Detailed results are provided in Table 568 

S.50. Analysis results indicated that the value of SI under the assumptions were still 569 

relatively stable and did not show dramatically change. Only the situations of C3 and 570 

C4 showed slightly change while the other two criteria kept consistent with the original 571 



results because S3 had excellent performances on these two criteria even under the 572 

assumed parameter variation. On the one hand, the step of normalization largely 573 

stabilized the changes in SI value. On the other hand, since the investigated four criteria 574 

are all cost criteria, the increasing on the performance data would decrease the 575 

sustainability performance evaluation results of S3, leading to the downtrend showed 576 

by SI. When the value of C4 increased by 3% or more, SI of S3 would not change 577 

anymore because the relative performance of S3 in this criterion has fallen to the lowest. 578 

The uncertainty situations of social and technical indicators were not investigated in 579 

detail, which can be a working direction for the future work. 580 

The influence of weighting method selection is also investigated. In this framework, 581 

GI-FBWM is applied to flexibly solve the group and individual decision-making 582 

problem and obtain the fuzzy weights based on the preferences of stakeholders. Two 583 

other fuzzy weighting methods, i.e. fuzzy BWM (Guo and Zhao, 2017) and fuzzy AHP 584 

(Wang et al., 2006) were applied for criteria weighting and further decision-making 585 

analysis to validate the decision-making results under the situation where only the 586 

opinions of senior managers are considered. Detailed results are provided in Table S.55 587 

– Table S.59 in the Supplementary information. The final recommendations can be 588 

obtained based on the weights and performance data in the initial case study (see Table 589 

S.59). Both approaches recommend (S3, S4) for the two players, which is the same as 590 

the results obtained by GI-FBWM, but S4 is more preferred by the two methods. This 591 

difference may result from the variance between the fuzzy weights obtained by GI-592 



FBWM. And the results also show the advantages of the two strategies, that is S3 and 593 

S4. Future research may consider extending the traditional fuzzy MCDM method in the 594 

proposed framework to further explore the influence of weighting methods selection on 595 

the combination with game theory. 596 

According to the above analysis and discussion, it is safe to draw the conclusion that 597 

the proposed methodology framework has feasibility to solve the decision-making 598 

problem with the consideration of conflicting interests of different stakeholders as well 599 

as multiple criteria. Results obtained from the case study under the assumptions and 600 

conditions indicated the rationality and reliability of the methodology. In the case study, 601 

S3 or S4 was suggested by the final decision-making result. Although S3 was the final 602 

choice after the step of mutual agreement, S4 is also can be selected by the two players 603 

through the similar process. In this situation, government should pay a certain amount 604 

of tipping fee to the STF to convince them and reach a consensus. Similar results were 605 

also suggested by previous studies (Liu et al., 2020b; Ren et al., 2017). These two 606 

studies analyzed the sustainability performances of several sludge-to-electricity 607 

technologies and both results indicated the priority of biogas from sludge digestion for 608 

electricity generation, that is S3 and S4 in this research, leading to the belief of the 609 

reliability of the strategy result obtained from the proposed method. Sensitivity analysis 610 

results revealed that the final decision-making result is relatively stable because of the 611 

balance of multiple stakeholders. Hence, the proposed methodology framework can be 612 

regarded to be robust. 613 



5.6. Implications  614 

Based on the discussion for the results, some useful suggestions can be provided for 615 

the stakeholders on the sludge management and the applicability of the constructed 616 

method. Detailed recommendations are listed as follows. 617 

⚫ Biogas from sludge digestion for electricity production by fuel cell (S3) is preferred 618 

when the environmental aspect is emphasized. However, for the technical reasons, 619 

biogas combustion for electricity generation (S4) is more secure under certain 620 

conditions since it has a wider application base. 621 

⚫ Incineration followed by cement production (S2) presented acceptable 622 

performance on all the aspects except for the environmental perspective. Hence, it 623 

shows advantages when these three aspects are stressed. Compared with S2, S1 624 

shows some advantages in terms of technical aspect. Therefore, if it is necessary to 625 

further promote the application of S2, some technical problems should be solved 626 

first. S3 faces the similar situation. Future research may consider improving the 627 

maturity and technical performance as a target to further promote the application 628 

of these technologies. 629 

⚫ “Tipping fee” is actually a mean of persuasion to convince the other stakeholder 630 

choose the same strategy as the choice of dominate stakeholder, since only one 631 

technical route can be selected and conducted in the STF. It can be any helpful 632 

measure which contributes to improve the sustainability index of the other player 633 

and makes the concession acceptable to the dominate side simultaneously, and 634 



finally assists the stakeholders achieve a consensus for the final strategy. 635 

⚫ Based on a two-player game theory and MCDM methods, the methodology 636 

framework can be applied to solve the sludge management problem considering 637 

the interests of two different groups and multiple criteria. Different from the 638 

traditional decision-making process, the proposed framework emphasizes the 639 

interactions and participation of stakeholders in criteria weighting and mutual 640 

agreement. The interplay of economic behaviors of different stakeholders is also 641 

reflected in the analysis, which is usually not included in the traditional decision-642 

making process. More complicated situation, like multiple-player game, may be a 643 

working direction for the future research. 644 

Besides the suggestions for sludge management strategies, some implications 645 

regarding the applicability, advantages and weaknesses of the proposed framework can 646 

also be obtained based on the analysis results, which are summarized in Table 6. 647 

Considering the ability of addressing fuzzy information and flexibility of dealing with 648 

the conflict interests, it is suitable to solve the decision-making problem with uncertain 649 

preferences and multiple stakeholders with different focuses, even conflicting interests. 650 

It can provide insightful reference and advice for the strategy selection and promote the 651 

total decision-making process to reach a consensus. 652 

Table 6 The strengths and the weaknesses of the proposed methodology framework 653 

Strengths  Weaknesses 

⚫ Conflicting criteria and interests of 

different stakeholders can be considered. 

⚫ Impact of the interactions between 

⚫ Social impact is considered as the third 

sustainability pillar not as a stakeholder 

involved in the decision-making process. 



stakeholders can be addressed. 

⚫ Fuzzy information from the experts’ 

judgement can be processed. 

⚫ Performances on the four sustainability 

pillars can be evaluated. 

⚫ Final decision-making result is stable and 

can be accepted by both players. 

⚫ Weighting and the evaluation for social 

and technical indicators rely on the 

preferences, experience and knowledge 

of the stakeholders. 

 654 

6. Conclusions 655 

In this paper, a decision-making framework was constructed based on game theory 656 

and MCDM methods for sludge management. Eleven criteria covered environmental, 657 

economic, social, and technical aspects were considered to address the sustainability 658 

performances for the investigated strategies. An individual and group fuzzy BWM was 659 

applied to integrate the opinions of different experts for criteria weighting. Two-player 660 

game was established to address the decision-making problem and a mutual agreement 661 

step was added to help the stakeholders to finally reach a consensus. A case study was 662 

carried out to demonstrate the proposed framework. Four sludge valorization technical 663 

routes were investigated as the sludge treatment strategies. Sludge treatment facility 664 

and the government were involved as two players in the game for decision-making. 665 

According to the analysis results, the Nash equilibrium was provided by the strategy 666 

pair (S3, S4) for STF and the government with value (0.73, 0.65), respectively. A final 667 

agreement on selecting S3 for both players can be reached by STF paying a tipping fee 668 

within the range of $0.19-7.59 per kWh net electricity generation to the government. 669 

The results indicated that biogas for electricity generation by fuel cells can be 670 



competitive when the environmental aspect was important. Sensitivity analysis was 671 

also conducted to explore the influence of weighting variation on the different aspect 672 

for the two stakeholders and results revealed that the final strategy was usually 673 

determined by the dominant party, that is the stakeholder with higher sustainability 674 

index. S3 and S4 were recommended when the weights of social and technical aspects 675 

increased while S2 was more preferred if the importance of economic indicator was 676 

emphasized. Technical challenges still restrict the further promotion of sludge-to-677 

energy technologies. Hence, improvement on the operating conditions and technical 678 

performance is still necessary for the sustainable management of sewage sludge. 679 

The major contributions of this work are reflected by the following aspects. Firstly, 680 

this work theoretically proposed a decision-analysis framework based on an individual 681 

and group fuzzy BWM and game theory for sustainable sludge management industry 682 

considering social and technical impacts, which is the first attempt to use game theory 683 

together with MCDA methods for sludge-to-energy technologies decision making and 684 

analysis as the authors’ aware. Secondly, a case study was applied to demonstrate the 685 

model. Results verified the applicability of the framework and useful suggestions were 686 

also provided according to the analysis results which can promote the decision-making 687 

process with conflict interests in the practice. Finally, sensitivity analysis results 688 

showed the flexibility for processing the fuzzy preferences of different groups of 689 

stakeholders and the stability of decision-making results with the variations of fuzzy 690 

weights, which may also indicate the possibility of promoting to other fields for 691 



application. 692 

There are some limitations in the current study. Firstly, the framework initially 693 

considered two-player game without the discussion from the perspective of residents. 694 

The influence of social aspect was taken into account by the sustainability assessment, 695 

but the impact could be different with the interactions with residents as the third 696 

stakeholder. Secondly, the performance data on social and technical aspects were 697 

collected based on the experts’ experience and opinions, which could be subjective and 698 

vague. More quantitative data are expected for the objective assessment of the different 699 

strategies. Future research can consider these points to conduct different scale of 700 

experiment for data collection, explore the feasibility and solution for multi-player 701 

game to further improve the completeness of the methodology framework. 702 
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