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Abstract 

Aiming at promoting the sustainable development of sludge-to-energy and 

determining the decision-making process for the most sustainable option among all the 

scenarios, a novel multi-criteria decision-making method based on Dempster-Shafer 

(DS) theory and fuzzy best-worst method (FBWM) was developed. Four sludge-to-

electricity technologies under uncertainty were prioritized, including incineration for 

electricity production, biogas from sludge digestion for electricity generation by fuel 

cells and gas engine, and microbial fuel cells (MFCs) for sludge treatment with 

electricity production. Four aspects and thirteen criteria were considered in the 

assessment and fuzzy BWM was employed to decide the fuzzy weights of these 

indicators. The uncertainty was resulted from different information forms, including 

crisp numbers, interval numbers and linguistic terms. Incomplete information also 

occurred in the data of MFCs. The results showed that incineration had the highest 

priority considering the overall performance on the selected indictors while MFCs had 

the worst performance due to the limited maturity of the technology. Biogas combustion 

for electricity production was also an acceptable option with stable market demand. The 

results also indicated the feasibility of using DS-FBWM for the multi-criteria decision-

making problems of sludge-to-energy technologies with incomplete information and 

multi-data conditions, which can provide decision-making reference for stakeholders 

to make suitable choices according to the actual needs and preferences. 

Keywords: sludge-to-electricity technology; Fuzzy-BWM; DS theory; DS-FBWM; 

sustainable development; MCDM 



1 Introduction 1 

The treatment and disposal of sewage sludge, a byproduct generated from wastewater 2 

treatment plants, has become a major issue in recent years because of the significant 3 

amount generated (Fytili and Zabaniotou, 2008; Yang et al., 2015). Harmful 4 

components such as heavy metals and pathogens contained in sludge make it necessary 5 

to process it appropriately, otherwise it will contaminate the environment and threat 6 

human health. On the other hand, valuable matters like nitrogen- and phosphorus-7 

contained constituents and the rich-carbon content suggests that sewage sludge has high 8 

potential value for reuse and recycling (Rulkens, 2008). In the current context of 9 

sustainable development, sludge-to-energy technologies, such as anaerobic digestion 10 

(AD), composting, anaerobic fermentation, pyrolysis, gasification, incineration, and 11 

supercritical water gasification (SCWG), have been proposed and developed to address 12 

the problems caused by sewage sludge generation (Cies̈lik et al., 2015; Rulkens, 2008; 13 

Syed-Hassan et al., 2017). Various energy forms can be generated during the treatment 14 

process, such as biogas from anaerobic digestion (Mehariya et al., 2018), biohydrogen 15 

from fermentation (Yang and Wang, 2017), and waste heat and electricity from 16 

incineration. Among all these recovered energy forms, electricity is an essential form 17 

of energy which can be widely applied. Hence, sludge-to-electricity technologies are 18 

the major focus of this study. 19 

Sludge incineration and anaerobic digestion with biogas collection are two classic 20 

approaches to produce electricity. There are two different technologies for dealing with 21 



the biogas generated from sludge digestion, i.e., electricity generation by combustion 22 

gas turbine, and biogas fuel cells for electricity generation (Su et al., 2009). Microbial 23 

fuel cells (MFCs) to treat wastewater and sewage sludge have also attracted wide 24 

attention during the decade due to the direct conversion of the biomass energy into 25 

electricity (Gude, 2016; Jiang et al., 2009; Zhang et al., 2012). Previous studies have 26 

analyzed the performances of several sludge-to-energy technologies. Rulkens (2008) 27 

reviewed and discussed the state-of-art of several typical sludge-to-energy technologies. 28 

Su et al. (2009) compared the features of incineration, biogas from sludge digestion to 29 

produce electricity by combustion and fuel cells.  30 

Sludge-to-electricity technologies have different merits, shortcomings, and state-of-31 

art on different aspects, which make it difficult for decision-makers to make the most 32 

suitable choice among all the options, especially when multiple criteria are taken into 33 

consideration. Multi-criteria decision-making (MCDM) methods were established and 34 

developed to help solve the problems. Meanwhile, uncertainty and vagueness are 35 

ubiquitous in the actual decision-making process, which may be the result of the 36 

indeterminate preference and descriptions from the decision-makers. Therefore, fuzzy 37 

MCDM and MCDM with incomplete information were proposed and developed to deal 38 

with this sort of problem. Fuzzy thought was introduced in the analytic hierarchy 39 

process (AHP) method and the best-worst method (BWM) to decide on the weights of 40 

the criteria according to the linguistic descriptions provided by decision-makers (Chang, 41 

1996; Guo and Zhao, 2017). The Technique for Order Preference by Similarity to an 42 



Ideal Solution (TOPSIS) method and the VIKOR (VIseKriterijumska Optimizacija I 43 

Kompromisno Resenje [in Serbian]) method were extended to solve the decision-44 

making problem with interval numbers to describe the information (Sayadi et al., 2009; 45 

Yue, 2011). There are also many works involving the prioritization of sludge-to-energy 46 

technologies by MCDM and fuzzy MCDM approaches. A fuzzy MCDM framework 47 

was built up to evaluate and prioritize the sustainability performances of the composting, 48 

incineration, and resource utilization of urban sludge (An et al., 2018). Fuzzy Decision-49 

Making and Trial Evaluation Laboratory (DEMATEL) method and fuzzy TOPSIS were 50 

applied as the basis for the selection of four wastewater treatment options (Dursun, 51 

2018). Three alternatives of the sludge treatment, including agricultural application of 52 

sludge, incineration in a waste incineration plant and incineration in a thermal power 53 

station, were investigated using the AHP method (Upka et al., 2005). These studies 54 

usually focused on some common sludge treatment technologies, such as landfilling, 55 

composting, and incineration. Few investigations made efforts to discuss and compare 56 

emerging technologies, especially biological sludge treatment techniques. In addition, 57 

the considered criteria in the assessment system mostly concentrated on economic and 58 

environmental aspects. The capital costs and operational investment from the economic 59 

perspective, and some common environmental indicators in life cycle assessment (e.g. 60 

global warming potential, eutrophication potential, and land occupied) were frequently 61 

discussed, while the involving social and technical aspects in MCDM were less focused 62 

on due to being limited by the measurement and data sources (An et al., 2018; Ren et 63 



al., 2017b, 2017a). Therefore, there is still a lot of space for improvement in both the 64 

technologies to be investigated and the indicators to be considered, especially the social 65 

and technical criteria. 66 

On the other hand, however, traditional methods only allow the decision-makers to 67 

make the choice according to the known information without the consideration for 68 

problems with incomplete information. To solve this problem, the Dempster-Shafer (DS) 69 

theory (Dempster, 1968; Shafer, 1976) of evidence was proposed to evaluate the basic 70 

probability assignment (bpa) of a decision option with an incomplete decision matrix. 71 

A Dempster-Shafer Analytic Hierarchy Process (DS-AHP) method was proposed to 72 

solve a decision-making problem directly based on the provided incomplete decision 73 

matrix (Hua et al., 2008). Mathematical analysis of the DS-AHP approach was 74 

conducted in a previous study to investigate the appropriateness of the rating scale 75 

applied (Beynon, 2002). 76 

Although there are many methods for solving the decision-making problems with 77 

incomplete and vague information, limited research applied these approaches to the 78 

sludge management field. A grey MCDM system was built up to help decision-makers 79 

process the decision making problems of sludge-to-electricity technologies with 80 

linguistic descriptions (Ren et al., 2017b). The researchers analyzed and ranked three 81 

sludge-to-electricity technologies and the results showed that biogas from sludge 82 

digestion to produce electricity by a gas engine was the most preferred option and 83 

incineration has the lowest priority. Nevertheless, this study only discussed the problem 84 



with linguistic preferences determined by the stakeholders, and incomplete information 85 

and multi-condition data were not included. The emerging biological technology MFCs 86 

for sewage sludge treatment and electricity production was also rarely analyzed. Hence, 87 

more efforts are still expected to analyze the emerging technology with consideration 88 

of uncertainty and assessment for sustainability performance in regard to the social and 89 

technical aspects.  90 

In order to fill the research gaps mentioned above, this study was conducted to assess 91 

and ranking four sludge-to-electricity technologies with multi-data conditions, 92 

including crisp numbers, interval numbers, linguistic terms and incomplete information. 93 

DS theory was applied as the basis for data process and prioritization and fuzzy BWM 94 

(FBWM) was applied to determine the fuzzy weights of the selected criteria according 95 

to the preferences of decision-makers, both of which were used to construct the 96 

framework of DS-FBWM. DS theory was employed since it has the ability of dealing 97 

with incomplete information and fuzzy BWM was utilized because of the advantages 98 

in processing linguistic terms, simpler calculation process and more reliable 99 

consistency ratio. The DS-FBWM approach and Extended VIKOR method were 100 

utilized to ranking the four scenarios with incomplete information and three options 101 

with full information, respectively. As far as the authors are aware, this is the first study 102 

to apply DS theory for ranking the sludge-to-electricity technologies with multi-data 103 

conditions. 104 

 105 



 106 

2 Methodology 107 

To help with the decision-making process of sludge-to-energy technologies, a criteria 108 

system was first established to assess the sustainability performances of the selected 109 

alternatives given in Section 2.1. The core model for alternative prioritization and 110 

selection was described in Section 2.2. In this study, DS-FBWM was constructed based 111 

on the structure of DS-AHP and the principles of fuzzy BWM to obtain the final ranking 112 

of the assessed alternatives. The main calculation principles regarding DS theory were 113 

following the approach of Hua et al. (2008) to process the initial information and data, 114 

which is briefly introduced in Section 2.2.1. However, the weighting method applied in 115 

this paper is the fuzzy BWM method instead of the AHP approach for deciding on the 116 

weight of each criterion, which is shown in Section 2.2.2. Afterwards, DS theory 117 

utilized the weights obtained from fuzzy BWM to deal with the subsequent calculations 118 

and sorting is presented in Section 2.2.3. The Extended VIKOR method for results 119 

validation is introduced in Section 2.3.  120 

2.1 Criteria system 121 

A criteria system should be built up for the sustainability assessment and selection of 122 

the sludge-to-energy alternatives. Thirteen criteria belonging to four aspects, including 123 

environmental, economic, social, and technical aspects, were considered to assess the 124 

sustainability performance of the investigated alternatives. The explanation and 125 

denotation of the criteria system are listed in Table 1.  126 



Table 1 Criteria for sustainability assessment of sludge-to-electricity technologies 127 

Aspect Criteria Description 

Environmental 

(AS1)1 

Climate change (C1) - 

 Fossil depletion (C2) - 

 Acidification potential (C3) - 

 Eutrophication potential (C4) - 

 Ozone layer depletion (C5) - 

Economic (AS2) Capital cost (C6) - 

 Operation and maintenance 

cost (C7) 

- 

Social (AS3) Policy support (C8) Policy incentives and support, cost subsides. 

 Social acceptability (C9) Public acceptance of the technology. 

Technological 

(AS4) 

Maturity (C10) Technological maturity and application 

scale. 

 Volume reduction (C11) Degree of volume reduction. 

 COD removement rate (C12) Removal capacity of COD. 

 Reliability (C13) The degree of sludge problem solution, and 

the operating and maintenance ability of the 

technology. 

Note: 128 

1 The criteria under environmental aspect are consistent with those of Impact 2002+. 129 

 130 

2.2 Multi-criteria decision-making model 131 

2.2.1 DS theory 132 

The DS theory applied in this work is based on the research of Beynon (2002) and 133 

Hua et al. (2008). Let 1{ ,..., }NS S =  denote the set of decision scenarios which is 134 

also known as the discernment frame. A basic probability assignment is defined as a 135 

mass function :2 [0,1]m  → , which satisfies Eq. (1) 136 

( ) 0m  =  and ( ) 1,
S

m S


=  (1) 

where   represents the empty set. S  is a subset of  , and 2  is the set consisting 137 

of all the subsets of  , which can be expressed as  138 



1 1 2 12 ={ { },...,{ },{ , },...,{ , },..., }.N NS S S S S S  ，  (2) 

Let =[ ( , )]i j N M ijV f S C f =  denote the decision matrix, where ijf  is the evaluation 139 

information of the i  th ( 1,2,..., )i N=   scenario 
iS   under the j  th criterion jC  140 

( 1,2,..., )j M=  . If ij kjf f=   for ,i kS S    and 
i kS S  , then both 

iS   and 
kS  141 

belong to the same focal element (Hua et al., 2008). Here the knowledgeable scale is 142 

introduced to rate the performance of each scenario under different attributes according 143 

to the preferences of decision-makers (Beynon, 2002; Hua et al., 2008). Table 2 lists 144 

the knowledgeable scale applied in this work, which is based on the 5-scale approach 145 

in the research of Beynon (2002). 146 

Table 2 Knowledgeable scale (adapted from (Beynon, 2002)) 147 

Knowledgeable Rating Knowledgeable Rating  

Extremely favorable 6 Moderately to strongly 3 

Strongly to extremely 5 Moderately favorable 2 

Strongly favorable 4 Acceptable to favorable 1 

 148 

After transforming the original evaluation information ijf  into the knowledgeable 149 

numerical scale ijf , the preference of each scenario can be decided by ( )=ij j ijp f w f , 150 

where jw  is the weight of j th criterion. Considering   is the frame of discernment 151 

containing all the scenarios, the preference of   is supposed to be 1 (Hua et al., 2008).  152 

Suppose ( 1,2,..., ; 1,2,..., ; 2 )j N

kA j M k t t= =    is the set composed by all focal 153 

elements under the criterion jC . When different scenarios belong to the same focal 154 

element, they share the same preference. 155 

According to the definition proposed by Hua et al. (2008), the bpa value of each focal 156 



element can be calculated as the standard normalized preference, that is 157 

( )
( ) , , 2 ,

( )

j
j jk

j k i kj

k

k

p A
m A S A

p A

=    


 .j

i kS A  
(3) 

To obtain the bpa of all the focal elements for all the criteria, the Dempster’s rule of 158 

combination is applied (Denœux, 1999; Shafer, 1976; Smets and Kennes, 1994). For 159 

two focal elements 1j

kA   and 2j

lA   under two different criteria 
1j

C   and 
2j

C   (i.e., 160 

1 2j j , 1 2, {1,2,..., }j j M ), the bpa value of 1 2j j

k kE A A=   can be obtained using 161 

Eq. (4) 162 

1 2 1 2

1 2 1 2
1 2 1 2

1 2

1 2 1 2

1 2 1 2
1 2 1 2

0, ,

( ) ( ) ( ) ( )
[ ]( )

, .
( ) ( ) 1 ( ) ( )

j j j j
k l k l

j j j j
k l k l

j j j j

j k j l j k j l

A A E A A Ej j

j j j j

j k j l j k j l

A A A A

E

m A m A m A m A
m m E

E
m A m A m A m A

 =  =

   =

=



 = 
=   −




 

 

 

(4) 

Multi-criteria decision-making problems usually have more than two criteria. Hence, 163 

this step can first be conducted between the intersections of the focal elements under 164 

two criteria, and then repeat the combination for the intersections and the focal elements 165 

of the third criterion. The process is iterated until all the criteria are combined. 166 

The belief measure ( Bel ) and plausibility measure ( Pls ) of the focal element which 167 

have combined all criteria together are defined as follows (Hua et al., 2008): 168 

( ) ( ), 2 ,
B A

Bel A m B A 



=    (5) 

( ) 1 ( ) ( ), 2 ,
B A

Pls A Bel A m B A 

 

= − =    (6) 

where A   and B   are subsets of   . A   is the complement of A   in   . ( )Bel A  169 

and ( )Pls A  represent the exact support and possible support to A , respectively (Hua 170 



et al., 2008). According to Eq. (5) and Eq. (6), the belief interval of A  , i.e. 171 

[ ( ), ( )]Bel A Pls A , denoting the total amount of belief of potentially placing in A , can 172 

be obtained. 173 

In order to get the final ranking of all the alternatives, belief interval numbers should 174 

be compared. Therefore, a comparison rule is proposed to decide on the preference 175 

degree of 
iS  and 

kS  (Hua et al., 2008). 176 

max[0, ( ) ( )] max[0, ( ) ( )]
( ) .

[ ( ) ( )] [ ( ) ( )]

i k i k
i j

i i k k

Pls S Bel S Bel S Pls S
P S S

Pls S Bel S Pls S Bel S

− − −
 =

− + −
 (7) 

Based on the calculation result of Eq. (7), the preference situation of iS  and kS  177 

can be defined as follows: 178 

(1) If ( ) 0.5i kP S S   , then scenario 
iS   is regarded as superior to 

kS  , which is 179 

denoted as i kS S . 180 

(2) If ( ) 0.5i kP S S  , then iS  is regarded as inferior to kS , i.e. i kS S . 181 

(3) If ( ) 0.5i kP S S =  , then iS   and kS   are regarded to have the same priority, 182 

denoted by i kS S . 183 

According to the calculation results of Eq. (7), and the comparison rules above, the 184 

preference ranking of all the scenarios can be finally obtained.  185 

2.2.2 Fuzzy BWM 186 

In the DS theory, the preference of each scenario is decided by the numerical 187 

knowledgeable scale and the weight of the corresponding criterion. Therefore, the 188 

weights of the considered criteria should be determined before conducting the following 189 

procedures. There are various weighting methods for MCDM, such as AHP method, 190 



SWING and SIMOs (Wang et al., 2009). Best-worst method was proposed to deal with 191 

MCDM problems, which requires less comparison data and can obtain more reliable 192 

consistency ratios compared with the existing MCDM approaches (Rezaei, 2015). 193 

Considering the vagueness and uncertainty frequently occurring in decision-making 194 

processes due to the lack of complete information and professional knowledge of the 195 

relevant technologies, fuzzy best-worst method was applied to deal with the linguistic 196 

description of the preference for each criterion provided by the decision-makers (Guo 197 

and Zhao, 2017). Fuzzy BWM possesses the advantages of the best-worst method and 198 

the ability of process vague information. Hence, fuzzy BWM was selected to determine 199 

the weight of each criterion. A detailed description of the calculation principles can be 200 

found in the research of Guo and Zhao (2017). The major steps of fuzzy BWM are 201 

summarized in Figure 1. 202 



 203 

Figure 1 Major steps of fuzzy BWM (summarized from Guo and Zhao (2017)) 204 

 205 

2.2.3 DS-FBWM 206 

Based on the all the preliminaries of DS theory and fuzzy BWM, DS-DBWM can be 207 

constructed to solve the decision-making problems with incomplete information. The 208 



major steps of DS-FBWM are summarized in Figure 2. Fuzzy BWM is applied before 209 

Step 2 to obtain the fuzzy weights of all the criteria. Subsequently, Step 2 can be 210 

conducted as well as the following procedures. 211 

 212 

Figure 2 Major steps of DS-FBWM for incomplete information decision-making (summarized from 213 

Hua et al., (2008)) 214 

2.3 Validation method: Extended VIKOR 215 

The Extended VIKOR method for interval numbers was applied to make comparison 216 



with the ranking result obtained based on DS-FBWM. The calculation principles 217 

applied in this work were complied with the research of Sayadi et al. (2009). Detailed 218 

computation steps can be found in their work. Figure 3 summarizes the major steps of 219 

the Extended VIKOR method for interval numbers. A transformation step was added 220 

before conducting this method to process the data forms since there are three different 221 

data forms in the case study. 222 



 223 



Figure 3 Basic steps of Extended VIKOR method for decision-making problems with interval 224 

numbers (Sayadi et al., 2009) 225 

 226 

3 Case study 227 

In this study, the proposed DS-FBWM approach was applied to evaluate four sludge-228 

to-electricity technologies under uncertainty for decision-making, which are listed as 229 

follows: 230 

(1) Sludge incineration for electricity generation (denoted by S1)  (Xu et al., 2014); 231 

(2) Biogas generated from the anaerobic digestion process of sludge for electricity 232 

production by fuel cells (SOFC, denoted by S2)  (Strazza et al., 2015); 233 

(3) Biogas generated from the anaerobic digestion process of sludge for electricity 234 

generation by combustion gas engine (denoted by S3) (Xu et al., 2014); 235 

(4) Pretreated sludge for electricity generation by MFCs (denoted by S4). 236 

As for S4, there are scarce data on the sustainability performances of MFCs for 237 

sludge treatment and electricity production. Nevertheless, there have been a few studies 238 

regarding MFCs for wastewater treatment with electricity generation. The 239 

characteristics of sewage sludge, a byproduct generated from wastewater treatment 240 

process, have a close relationship with wastewater. Therefore, the data for S4 in this 241 

work were based on the related data of MFCs for wastewater treatment and electricity 242 

generation (Foley et al., 2010; Gude, 2016) in order to roughly estimate the 243 

performance of S4 under the current development status. The flowcharts of the four 244 



scenarios are shown in Figure 4. The reasons for selecting these four technologies are 245 

as follows: i) incineration is widely accepted worldwide and is regarded as one of the 246 

most thorough processes for sludge, but its application is still limited in China and the 247 

high cost and secondary pollution still hinder the generalization of sludge incineration 248 

for electricity production; ii) biogas fuel cells, regarded as a potential sludge-to-energy 249 

method, are actively tested, supported, and promoted for commercial application by 250 

developed countries such as Japan and America, but there are few cases in China (Su et 251 

al., 2009); iii) biogas combustion for electricity is a relatively mature approach 252 

compared with other scenarios and is widely used in rural areas; iv) MFCs for sludge 253 

treatment and electricity production is an emerging technology with many features 254 

which can promote sustainable development in the future (Gude, 2016). These four 255 

technologies have different advantages and shortcomings on different aspects. Some 256 

are rarely discussed regarding the evaluation of sustainability performance and 257 

decision-making. Hence, these four scenarios are investigated in this work to provide 258 

decision-making reference for the sludge-to-electricity technologies especially when 259 

the information is incomplete and vague. 260 

The performance data of the four alternatives were collected through literature 261 

review on the life cycle assessment of the related technologies (Foley et al., 2010; 262 

Strazza et al., 2015; Xu et al., 2014). In this work, the functional unit was 1 kWh of net 263 

electricity generation and the lifespan was supposed to be 30 years. 264 



 265 

(a) S1 266 

 267 

(b) S2 268 

 269 

(c) S3 270 

 271 

(d) S4 272 

Figure 4 Life cycle boundaries of the four scenarios (Foley et al., 2010; Strazza et al., 2015; Xu et 273 

al., 2014) 274 



4 Results 275 

4.1 Criteria weighted by Fuzzy best-worst method 276 

Since there are four aspects and thirteen criteria in the indices system as shown in 277 

Section 2.1, the calculation of fuzzy BWM was conducted hierarchically, i.e. the weight 278 

of each aspect ( 1,2,3,4)
jASw j =  was first computed, then the local fuzzy weight of 279 

each criterion under each aspect ' ( 1,2,...,13)iw i =   was obtained. The global fuzzy 280 

weight of each criterion ( 1,2,...,13)iw i =   was determined by: ' ,
ji AS iw w w=   281 

( 1, 2,3,4j = ; 1,2,...,13i = ). The calculation process can be carried out step by step 282 

according to the principles, as shown in the Supplementary Information. The fuzzy 283 

weight of each aspect and the global weight of all the criteria can be obtained and listed 284 

in Table 3 and Table 4, respectively. 285 

Table 3 Fuzzy weights of the four aspects 286 

 AS1 AS2 AS3 AS4 CR 

Weight 0.3206 0.3601 0.1152 0.2042 0.031 

 287 

Table 4 Global fuzzy weight of the thirteen criteria 288 

Environmental C1 C2 C3 C4 C5 

Weight 0.0922 0.0435 0.0745 0.0767 0.0337 

Economic C6 C7 Social C8 C9 

Weight 0.1824 0.1777  0.0766 0.0386 

Technical C10 C11 C12 C13 Total CR 

Weight 0.0831 0.0261 0.0475 0.0475 0.0245 

 289 

4.2 Ranking result based on DS-FBWM 290 

According to the principle description in the Methodology section, DS-FBWM was 291 



conducted to obtain the priority order of the four alternatives. The detailed process was 292 

presented in the following. 293 

Step 1: In the initial known information for the four scenarios, there are four different 294 

types of data. Crisp numbers mostly occur in the environmental and economic aspects. 295 

Two interval numbers also exist in the description of economic indicators for S2. 296 

Linguistic descriptions were used for social and technical aspects. Incomplete 297 

information appears in the data list of S4 due to the limited data sources (in C3, C4, C5). 298 

The detailed information for the four sludge-to-electricity options is shown in Table 5. 299 

In this step, the focal elements for each criterion were found according to the known 300 

information. The corresponding focal elements, preference and final priority under each 301 

attribute were also obtained, and are shown in Table S.17, and Tables S.18 and S.19, 302 

respectively.  303 

Table 5 Initial known information of the four scenarios (data are presented per functional unit) 304 

  Unit S1 S2 S3 1S4 

AS1 C1 kg CO2 eq 3.60 0.2 9.96 0.195 

 C2 MJ -18.8 0.06 -41.6 -0.876 

 C3 kg SO2 eq -0.0190 5.07E-04 0.0040 NA 

 C4 kg PO4
3- eq -8.4271E-04 6.96E-05 -6.493E-04 NA 

 C5 kg CFC-11 eq 9.91E-08 2.18E-08 -1.059E-10 NA 

AS2 C6 USD/kWh 0.0824 [0.1295, 0.1665] 0.1644 0.0467 

 C7 USD/kWh 0.0045 [0.017, 0.019] 0.0085 3.3592 

AS3 C8 - 
(Poor, good, 

poor) 

(Medium, good, 

medium) 

(Good, 

very good, 

good) 

Poor 

 C9 - 2Medium 3Low 4High Low 

AS4 C10 - 

(Good, 

medium, poor) 

(Very poor, 

poor, very poor) 

(Very 

good, very 

good, very 

good) 

Very Poor 



 C11 - 5High 6Medium 5Medium Low 

 C12 - 5High 3Low 5Low 90% 

 C13 - 5,7High 3Low 5Medium Low 

Note: 305 

Data sources: For the criteria C1 – C7 of S1 and S3: (Xu et al., 2014); for the criteria C1 – C7 of S2: 306 

(Strazza et al., 2015); for the criteria C1, C2 and C12 of S4: (Foley et al., 2010); for the criteria C6 307 

and C7 of S4: estimated from (Gude, 2016); for C8 and C10 of S1 -S3: (Ren et al., 2017b). 308 

1€=1.12USD. 309 
1 The performances of C8 – C11 and C13 of S4 were estimated according to the development status 310 

of MFCs and related literature review. 311 
2 Medium was judged based on the situation of incineration applied in China. It was reported that 312 

incineration occupied 18.3% of the total sludge disposal. Incineration was widely recognized by the 313 

developed countries (western countries), but the application and information transparency in China 314 

is still limited (Asian Development Bank, 2012). 315 
3 Estimated based on the development status of biogas fuel cells. Currently biogas from digested 316 

sludge for electricity generation by fuel cell is still not practiced (Su et al., 2009). 317 
4 High was judged according to the reference (Tarpani and Azapagic, 2018). The electricity 318 

generated from biogas has a prepared market. Biogas combustion for electricity production is widely 319 

applied in rural area. 320 
5 (Asian Development Bank, 2012). 321 
6 The only difference between S2 and S3 is the electricity production way from biogas. The volume 322 

reduction degree should be similar. 323 
7 (Qin et al., 2011). 324 

 325 

Step 2: Based on the result in Step 1, the fuzzy weights determined by fuzzy BWM, 326 

and Eq. (3), the bpa values of each focal element under each criterion was calculated, 327 

as presented in Table 6. Taking the bpa value of the focal element {S1} for criterion C1 328 

as an example, the preference of {S1} in C1 determined by decision-makers was 13w . 329 

The weight of criterion C1 has been decided by fuzzy BWM in the last section as 0.0922. 330 

Hence, the preference of {S1} can be obtained by 1

1({S1} ) 3 0.2766p w= = , where the 331 

superscript 1 refers to the investigated focal element in criterion C1. Similarly, the 332 

preferences of the other four focal elements can be calculated. Then, the bpa value of 333 

the focal element {S1} towards criterion C1 can be determined by 334 



 1 1 1 1 1 1

1({ 1} ) ({ 1} ) / ( ({ 2} ) ({ 3} ) ({ 4} ) ( )) 0.1161m S p S p S p S p S p= + + +  = .  335 

Through similar calculations, the bpa values for all the focal elements can be 336 

correspondingly obtained. 337 

Table 6 The basic probability assignment value of each focal element 338 

C1 Priority C2 Priority C3 Priority C4 Priority C5 Priority 

{S1} 0.1161 {S1} 0.1580 {S1} 0.2134 {S1} 0.2170 {S1} 0.0259 

{S2} 0.1935 {S2} 0.0790 {S2} 0.1280 {S2} 0.0868 {S2} 0.0777 

{S3} 0.0387 {S3} 0.1316 {S3} 0.0854 {S3} 0.1302 {S3} 0.1294 

{S4} 0.2322 {S4} 0.0263   0.5732   0.5660   0.7670 

  0.4196   0.6051       

C6 Priority C7 Priority C8 Priority C9 Priority C10 Priority 

{S1} 0.2053 {S1} 0.2836 {S1, S2} 0.1350 {S1} 0.0836 {S1} 0.1361 

{S2} 0.1540 {S2} 0.1135 {S3} 0.2266 {S3} 0.1393 {S3} 0.2723 

{S3} 
0.1027 

{S3} 
0.2269 

{S4} 
0.0453 

{S2, 

S4} 

0.0557 {S2, S4} 0.0454 

{S4} 0.2566 {S4} 0.0567   0.5921   0.7215   0.5462 

  0.2814   0.3193       

C11 Priority C12 Priority C13 Priority     

{S1} 0.1033 {S1} 0.1664 {S1} 0.1611     

{S2,S3} 0.0620 {S2,S3} 0.0666 {S3} 0.0966     

{S4} 0.0413 {S4} 0.0666 {S2, S4} 0.0644     

  0.7933   0.7005   0.6779     

 339 

Step 3: With Dempster’s rule of combination, the bpa values of all the intersections 340 

under all criteria can be obtained, and are shown in Table 7. 341 

Table 7 The bpa values of all the intersections by using Dempster’s rule of combination 342 

mcombined Value 

S1 0.4794 

S2 0.1666 

S3 0.1913 

S4 0.1062 

S1, S2 0.0037 

S2, S3 0.0029 

S2, S4 0.0044 



  0.0160 

 343 

Step 4: The belief measure and the plausibility measure of each scenario can be 344 

calculated based on the results of Step 3. Subsequently, the belief intervals were 345 

obtained, as listed in Table 8. 346 

Table 8 The belief intervals of evaluated scenarios 347 

Scenario Bel Pls 

S1 0.4794 0.4991 

S2 0.1666 0.1937 

S3 0.1913 0.2102 

S4 0.1062 0.1267 

 348 

Step 5: Determine the final priority order of the four alternatives by applying Eq. (7). 349 

According to the results in Table 8, the belief intervals of S2 and S3 have an intersection. 350 

Hence, S2 and S3 need to be compared. Substituting the corresponding values into Eq. 351 

(7), gave (S3 S2) 0.9487 0.5P  =   , which indicates that S3 is superior to S2. 352 

Therefore, the final preference order of the four scenarios determined by DS-FBWM 353 

is: S1 S3 S2 S4 . 354 

4.3 Ranking result based on the Extended VIKOR method 355 

The ranking for the former three alternatives, i.e. S1, S2, and S3 with full information 356 

was also obtained based on the Extended VIKOR method for interval numbers, aiming 357 

to compare with the ranking results generated from DS-FBWM. The detailed steps are 358 

described as follows:  359 

Step 1: Transform other data forms into interval form. The transferring of crisp 360 



numbers follows this rule: [ , ]a a a→ . The linguistic description is transformed into 361 

interval numbers according to Table 9. 362 

Table 9 The scale of interval number transformed from linguistic description (Ren et al., 2017b) 363 

Description Abbreviation Interval number 

Very Poor VP (1.5, 3.0) 

Poor/Low P/L (3.0, 4.5) 

Medium M (4.5, 6.0) 

Good/High G/H (6.0, 7.5) 

Very Good VG (7.5, 9.0) 

 364 

If the performance evaluation data come from several different experts, then the final 365 

interval number can be obtained by the following equation: 366 

, ,

1 1 1

/ [ / , / ], 1, 2,..., ; 1, 2,..., ,
L L L

k k k

ij ij ij ij

k k k

f f L f L f L i N j M− +

= = =

 =  = = =    (8) 

where ijf  represents the interval number of i th scenario at j th criterion. L  is the 367 

total number of participating experts and k

ijf   is the opinion of the k  th expert. 368 

,k

ijf −  and ,k

ijf +  mean the lower bound and upper bound of k

ijf , respectively. 369 

Afterwards, a decision matrix with interval numbers was obtained according to the 370 

transferring principles and initial information in Table 5, as listed in Table 10. 371 

Table 10 The decision matrix with interval numbers 372 

Aspect Criterion 

S1 S2 S3 

Lower 

bound 

Upper 

bound 

Lower 

bound 

Upper 

bound 

Lower 

bound 

Upper bound 

AS1 C1 3.60 3.60 0.2 0.2 9.96 9.96 

 C2 -18.8 -18.8 0.06 0.06 -41.6 -41.6 

 C3 -0.0190 -0.0190 5.07E-04 5.07E-04 4.0255E-03 4.0255E-03 

 C4 -8.4271E-

04 

-8.4271E-

04 
6.96E-05 6.96E-05 -6.493E-04 -6.493E-04 

 C5 9.91E-08 9.91E-08 2.18E-08 2.18E-08 -1.06E-10 -1.06E-10 



AS2 C6 0.8243 0.8243 0.1295 0.1665 0.16441026 0.1644103 

 C7 0.0045 0.0045 0.017 0.019 0.0085 0.0085 

AS3 C8 4 5.5 5 6.5 6 8 

 C9 4.5 6 4.5 6 6 7.5 

AS4 C10 4.5 6 3 4.5 6 7.5 

 C11 4.5 6 2 3.5 7.5 9 

 C12 4.5 6 1.5 3 7.5 9 

 C13 6 7.5 4.5 6 4.5 6 

 373 

Step 2: Determine the positive ideal solution (PIS) *

jf  and the negative ideal solution 374 

(NIS) jf − , which are given in Table 11. 375 

Table 11 The PIS and NIS of each criterion 376 

 C1 C2 C3 C4 C5 

*

jf  0.20 -41.6 -0.0190 -8.4271E-04 -1.06E-10 

jf −  9.96 0.06 4.0255E-03 6.96E-05 9.91E-08 

 C6 C7 C8 C9 C10 

*

jf  0.1295 0.0045 8 7.5 9 

jf −  0.8243 0.019 4 3 2 

 C11 C12 C13   

*

jf  7.5 7.5 7.5 
  

jf −  4.5 3 3 
  

 377 

Step 3: Compute the intervals [ , ]L U

i iS S  and [ , ]L U

i iR R . The related results are given 378 

in Table 12. 379 

Table 12 The intervals [ , ]L U

i iS S  and [ , ]L U

i iR R  of each scenario 380 

 
L

iS  U

iS  L

iR  U

iR  

S1 3.68E-01 4.72E-01 1.82E-01 1.82E-01 

S2 5.40E-01 6.78E-01 1.53E-01 1.78E-01 



S3 3.01E-01 4.15E-01 9.22E-02 9.22E-02 

 381 

Step 4: Calculate the intervals [ , ], 1,2,3L U

i i iQ Q Q i= =  . The calculation results are 382 

presented in Table 13. According to the core principle of the Extended VIKOR method, 383 

the alternative with minimum interval number 
iQ  is the best choice (Sayadi et al., 384 

2009). Detailed comparison of the interval numbers is conducted in Step 5. 385 

Table 13 The interval 
iQ  of each scenario 386 

Scenarios 
L

iQ  U

iQ  

S1 0.589011719 0.727054018 

S2 0.654517155 0.973863563 

S3 0 0.150733475 

0.5 =  387 

Step 5: Obtain the ranking based on the judging rules. According to the results in Step 388 

4, the interval 1Q  and 2Q  have an intersection. Therefore, these two interval numbers 389 

need to be compared by the judging rule. Considering the length of these two intervals, 390 

   was assumed to be 0.8. Then, the following results were obtained: 391 

2 1( ) 0.0524L LQ Q − = , 2 1(1 )( )=0.0494U UQ Q− − . Since the former one is larger than 392 

the latter one, S1 is considered to be better than S2. Hence, the final ranking of the three 393 

scenarios is: 3 1 2S S S . 394 

 395 



5 Discussion 396 

5.1 Comparison of the ranking results between DS-FBWM method and Extended 397 

VIKOR method 398 

According to the calculation results, the ranking obtained by DS-FBWM and 399 

Extended VIKOR method are 1 3 2 4S S S S   and 3 1 2S S S  , respectively. 400 

Both methods assessed and ranked the former three scenarios, i.e. S1, S2, and S3. 401 

Scenario 2 is in the last place in the ranking results of the two methods. Based on the 402 

performance data and calculation process, this result may be caused by the immaturity 403 

of the biogas fuel cell technology. The application of biogas from digested sludge for 404 

electricity production by fuel cells in China is not widespread with a lack of experience 405 

in this domain (Su et al., 2009). Although some of the environmental aspects of S2 are 406 

acceptable and even impressive, the imbalance in other aspects makes it less prefer than 407 

the other two scenarios. Considering the potential in environmental indicators and 408 

current development tendency, biogas fuel cells for electricity generation still has 409 

potential and would benefit further research (Rillo et al., 2017). Promoting the related 410 

research and practice can be helpful to improve the maturity, reduce the total costs and 411 

make it more acceptable to the public in the future. 412 

On the other hand, there are three major differences in the ranking results of these 413 

two methods. Analysis for the three differences are listed as follows: 414 

⚫ The first difference lying in the number of assessed scenarios. Four scenarios 415 

were evaluated by DS-FBWM method including Scenario 4 with incomplete 416 



information. The Extended VIKOR method only ranked the former three 417 

scenarios with complete information. 418 

⚫ The second difference is the core thought of processing data. Although the DS-419 

FBWM method can deal with the situation when information is missing, it 420 

cannot make the full use of exact information. To process the option with missing 421 

information, knowledgeable scale was applied to transfer the specific values into 422 

preference ranking, which may result in the loss of generality due to subjectivity. 423 

On the contrary, the Extended VIKOR method preserves the accuracy of the 424 

known data and makes use of information as much as possible. It can process 425 

the data and rank the scenarios without the loss of generality. 426 

⚫ The ranking of S1 and S3 is the third difference between the results of the two 427 

methods. Besides the additional S4 in the ranking result of DS-FBWM, the 428 

priority orders of S1 and S3 are also different. In DS-FBWM, S1 is superior to 429 

S3. However, S1 is inferior to S3 in the ranking result obtained by Extended 430 

VIKOR. Except for the difference in the core thought of processing data and 431 

calculation, the preference of the stakeholders, and the selection of indices may 432 

also lead to the occurrence of the difference. Some indices which can reflect the 433 

influence of dust and incinerated ash from incineration were not selected and 434 

investigated because of lack of data. If those indictors are considered, the priority 435 

order of S1 is worth discussion. Nevertheless, incineration in take the first place 436 

still indicates that it can be competitive with biogas from digested sludge for 437 



electricity production by combustion under certain situation, especially when 438 

policy support and ash handling are satisfactory. More efforts are expected to 439 

examine the preference order of S1 and S3 when more complete indicators are 440 

considered. 441 

It should be noted that the ranking result of the Extended VIKOR method is also 442 

influenced by the value assignment of   . According to the calculation results, if 443 

0.78  , then S2 is superior to S1. The interval length of S1 is shorter than that of S2, 444 

leading to the assignment of   as 0.8, which means a higher level of optimism. The 445 

optimism degree cannot be reflected by DS-FBWM. If the variation of   is taken into 446 

consideration, the ranking results of Extended VIKOR may have more differences 447 

compared with those of DS-FBWM, which also indicates stronger subjectivity and 448 

fuzziness in the calculation principles of DS-FBWM. 449 

According to the above analysis, the application of these two methods can be found 450 

and related suggestions can be provided for decision-makers. When the known 451 

information is complete, both methods can be considered to help with the decision-452 

making process. Compared with DS-FBWM, the Extended VIKOR approach can 453 

provide more exact and objective data results because there is less human intervention 454 

in the calculation process than in DS-FBWM. Therefore, it could be more reliable than 455 

DS-FBWM under the situation with complete information. However, DS-FBWM can 456 

is more flexible to deal with different types of situations especially when the 457 

information is incomplete. DS-FBWM is recommended in that case since the Extended 458 



VIKOR method does not possess the ability for processing the missing information. 459 

5.2 Sensitivity analysis 460 

Sensitivity analysis was conducted to investigate the influence of the weight 461 

variations of different aspects and criteria on the decision-making process. To study the 462 

effect of the weight change of each aspect, the local weights of all the indicators were 463 

fixed. Then the weight of the investigated aspect is set to be 0.2, 0.4, 0.6, and 0.8, 464 

respectively. Meanwhile, the weights of the other three aspects were set to be the same. 465 

Hence, four groups of weighting assignments can be obtained and each group contains 466 

4 pieces of data records, which are shown in Figure 5. The ranking “1” represents the 467 

top place and “4” means the last place. The variation of the belief interval is calculated 468 

by 
'( ) ( )

( )

i i

i

Bel S Bel S

Bel S

−
, where ( )iBel S  is the lower bound of the belief interval of i th 469 

scenario in the original calculation results, '( )iBel S  is the value of sensitivity analysis. 470 

The variation of ( )iPls S  can be similarly calculated. 471 

 472 
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 477 

(c) 478 

 479 

(d) 480 

Figure 5 Variations of the belief intervals when the weight of major aspect changes and 481 

corresponding ranking of the four scenarios. Sub-figures (a), (b), (c), and (d) present the situation 482 

of environmental, economic, social and technological aspect, respectively. 483 

 484 

Figure 5 (a) indicates the effect of changing the weight of the environmental aspect. 485 
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According to the figure, the rankings of S1 and S4 remain the same as the original 486 

ranking result. The ranking of S2 increases to second place when the weight of 487 

environmental aspect is or is above 0.6, while the ranking of S3 correspondingly 488 

decreases. The variation bars illustrate that although the rankings of S1 and S4 remain 489 

stable, the belief intervals actually change to different extents. The belief interval of S4 490 

clearly decreases when the weight of the environmental aspect increases, while the 491 

values of S1 are not sensitive to the change. This figure also reveals that biogas from 492 

sludge digestion for fuel cells to produce electricity can be competitive in the 493 

environmental perspective. 494 

The ranking results have a big shift when the weight of the economic aspect increases 495 

from 0.6 to 0.8 (see Figure 5 (b)). Scenario 1 is still in the first place, though the belief 496 

interval keeps reducing as the weight of economic aspect rises. Instead of S3, S4 comes 497 

in second place when the weight of the economic aspect is 0.8, and the rankings of S3 498 

and S2 correspondingly reduce. Considering the efficiency of electricity production, S4 499 

is a promising option and S2 and S3 are not so preferred. However, the ranking result 500 

of the fourth situation may not be so reliable due to the missing information and the 501 

wide range of the belief intervals of the four scenarios. This fact reflects that DS-502 

FBWM may not be suitable to a situation with extreme preferences which may lead to 503 

unreliable ranking results. 504 

If the importance of the social aspect is or higher than 0.6, S3 is more preferrable 505 

than S1, while the rankings of S2 and S4 remain in the initial places (see Figure 5 (c)). 506 



Hence, the obvious increase of belief intervals for S3 occurs with the weight of social 507 

aspect rising. Incineration is investment-intensive which usually requires for complete 508 

policy support and subsidies from the government. It is also less accepted by the public 509 

due to the limited apparent information and potential secondary air pollution. These 510 

barriers may impede the further promotion of wide application of incineration if there 511 

are not effective measures to deal with them. 512 

The weight variation of the technological aspect does not have influence on the 513 

ranking result according to Figure 5 (d), especially the belief interval of S1 which 514 

always remains at a similar value to original result. The value of 
2( )Bel S  continuously 515 

reduces as the weight of technological aspect increases and reaches a peak value at 516 

about 65% when the weight is 0.8. Compared to 2( )Bel S , the reduction of 2( )Pls S  517 

is not so obvious (at most around 40%). The variation of the belief interval of S3 is 518 

relatively stable which remains at approximate 30%. Similar to the belief interval of S2, 519 

the lower and upper bounds of S4 also decrease with the increasing weight of the 520 

technological aspect. According to the data reflected from Figure 5 (d), both biogas fuel 521 

cells and MFCs for electricity production are weak in technological indicators due to 522 

the limited maturity, while incineration and biogas combustion for electricity generation 523 

have a longer development history and higher maturity. 524 

To investigate the influence of the weight variations of each criterion, the weight of 525 

the major criterion is fixed at 0.25 and the weights of the other 12 criteria are assumed 526 

to be equal, i.e. 0.75/12=0.0625. The variations of the belief intervals of the four 527 



scenarios under the 13 weighting assignments are listed in Table 14. 528 

 529 



Table 14 Variations of the belief intervals and corresponding ranking when the weight of major criterion changes 

Denotation 

S1 S2 S3 S4 

Priority order Bel(S1) 

Variation 

Pls(S1) 

Variation 

Bel(S1) 

Variation 

Pls(S2) 

Variation 

Bel(S3) 

Variation 

Pls(S3) 

Variation 

Bel(S4) 

Variation 

Pls(S4) 

Variation 

C1 -7.03% -8.75% 31.12% 20.72% -22.74% -24.48% 18.05% 7.68% S1>S2>S3>S4 

C2 0.79% -1.49% -17.31% -21.93% 49.18% 40.32% -62.03% -60.55% S1>S3>S2>S4 

C3 6.15% 5.00% -4.64% -5.63% 15.71% 13.42% -55.61% -49.22% S1>S3>S2>S4 

C4 5.33% 4.19% -15.74% -15.27% 27.83% 24.39% -55.95% -49.61% S1>S3>S2>S4 

C5 -20.26% -20.03% 5.83% 4.73% 67.92% 61.82% -50.74% -43.65% S1>S3>S2>S4 

C6 3.80% 2.51% -11.83% -12.75% 6.98% 4.86% -18.96% -19.52% S1>S3>S2>S4 

C7 -0.57% -0.09% -12.88% -7.18% 22.55% 23.29% -35.66% -26.40% S1>S3>S2>S4 

C8 -11.26% -10.31% -9.53% -6.23% 50.36% 44.90% -45.27% -40.64% S1>S3>S2>S4 

C9 -9.22% -9.77% -18.55% -14.65% 51.26% 45.77% -40.83% -32.32% S1>S3>S2>S4 

C10 -8.82% -9.37% -29.45% -25.36% 63.97% 57.37% -48.57% -40.86% S1>S3>S2>S4 

C11 0.79% -0.31% -13.88% -10.24% 14.58% 15.63% -38.57% -35.62% S1>S3>S2>S4 

C12 3.74% 2.62% -21.42% -17.48% 7.48% 8.38% -37.81% -34.61% S1>S3>S2>S4 

C13 0.20% -0.89% -23.09% -19.40% 14.97% 12.29% -44.13% -36.09% S1>S3>S2>S4 

 

 

 



In the 13 assigned situations, all the rankings are the same as the original ranking 

result, i.e., 1 3 2 4S S S S  . According to the presented data in Table 14, S1 is 

insensitive to almost all the criteria except for C5, which decreases about 20%. S2 has 

advantages in C1 and C5 and the former one is more obvious. Improving the importance 

on other criteria makes S2 less preferred. As for S3, the only weakness is C1 which can 

cause around 20% reduction of the belief interval of S2. Attaching more importance on 

the other 12 criterion makes S2 have higher priority to different extents, especially on 

C2, C5, C8, C9, and C10 (increase above 40%). Similar to S2, S4 also performs well when 

the weight of C1 is increased but is disadvantaged on the other criteria. However, S4 

has much wider variation than S2. The variation range of S2 is about 5%-30%, while 

that of S4 is 8%-60% (absolute values). Hence, from the perspective of ranking, the 

method is not sensitive to the weight changing of each criterion. Nevertheless, with 

respect to the belief intervals, i.e., the preferred extent, S2, S3 and S4 are all sensitive 

to the weight changing of the criteria, especially for the four criteria in environmental 

aspect (C2-C5), and the criteria in social and technical aspect. 

 

 

6 Conclusions 

This article developed a new method based on DS theory and fuzzy BWM, called 

the DS-FBWM framework, and applied it to assess and rank the sustainability 

performances of four sludge-to-electricity technologies: incineration, biogas from 

digested sludge for electricity production by fuel cells, biogas from digested sludge to 



generate electricity by combustion, and MFCs, where part of the information of MFCs 

is missing. DS-FBWM can deal with the decision-making problem with incomplete 

information. Four aspects and thirteen criteria were selected to form a criteria system 

and fuzzy BWM was used to decide the weight of each criterion. The ranking results of 

DS-FBWM indicated that sewage sludge incineration for electricity production has 

relatively high priority and MFCs is at the inferior place under the current development 

status. The Extended VIKOR method was utilized to rank the former three scenarios 

with complete performance information and compared with the ranking result of DS-

FBWM. Biogas combustion for electricity generation is preferable than incineration in 

the ranking result of the Extended VIKOR method. The difference may be resulted from 

the diversity of the core computing thought. DS-FBWM is a relatively subjective 

method which transfers the exact information into knowledgeable scale according to 

the preferences of the decision-makers, leading to the underutilization of the known 

information. However, it can provide necessary reference for the decision-making 

process with incomplete information. In future work, a new method can be developed 

to solve the decision-making problem with missing information which can make full 

use of the known data. 

Sensitivity analysis revealed that improving the weight of the environmental aspect 

can increase the priority of S2. MFCs (i.e., S4) would become more preferred if the 

economic aspect is attached to higher importance. S3 can be more competitive when 

the weights of the social and technological aspects improve. These results also indicated 

the strengths and weaknesses of these technologies. Incineration performs acceptably 



in the set situation of this work, but it is not widely accepted by the public due to the 

possible secondary pollution which is not fully reflected by the selected indicators, and 

still requires more government support. Considering the social acceptance and 

technological conditions, digested biogas combustion for electricity generation may be 

a more suitable choice with prepared markets and wide demanding. Biogas fuel cells 

and MFCs are both environmental-friendly especially on the climate change and they 

may become cost-effective if they can be fully developed in the future. All in all, related 

research and effective measures are still expected to improve current management for 

sludge-to-energy technologies. More reports and data from practical application are 

needed to study the performance of the technologies so that more reliable ranking 

results can be provided as a decision-making reference. 

 

Acknowledgements 

The work described in this paper was supported by the grant from the Research 

Committee of The Hong Kong Polytechnic University under student account code 

RK2B and was also financially supported by the Hong Kong Research Grants Council 

for Early Career Scheme – the project entitled “Towards sustainable sewage-to-energy: 

a multilayer life cycle decision support framework” (Grand No. 25208118). 

 

 

 



References 

An, D., Xi, B., Ren, J., Ren, X., Zhang, W., Wang, Y., Dong, L., 2018. Multi-criteria 

sustainability assessment of urban sludge treatment technologies: Method and 

case study. Resour. Conserv. Recycl. 128, 546–554. 

https://doi.org/10.1016/j.resconrec.2016.08.018 

Asian Development Bank, 2012. Promoting Beneficial Sewage Sludge Utilization in 

the People’s Republic of China. 

Beynon, M., 2002. DS/AHP method: A mathematical analysis, including an 

understanding of uncertainty. Eur. J. Oper. Res. 140, 148–164. 

https://doi.org/10.1016/S0377-2217(01)00230-2 

Chang, D.Y., 1996. Applications of the extent analysis method on fuzzy AHP. Eur. J. 

Oper. Res. https://doi.org/10.1016/0377-2217(95)00300-2 

Cies̈lik, B.M., Namies̈nik, J., Konieczka, P., 2015. Review of sewage sludge 

management: Standards, regulations and analytical methods. J. Clean. Prod. 90, 

1–15. https://doi.org/10.1016/j.jclepro.2014.11.031 

Dempster, A.P., 1968. A Generalization of Bayesian Inference (with discussion). J. R. 

Stat. Soc. Ser. B 30, 205–247. https://doi.org/https://doi.org/10.1111/j.2517-

6161.1968.tb00722.x 

Denœux, T., 1999. Reasoning with imprecise belief structures. Int. J. Approx. Reason. 

20, 79–111. https://doi.org/10.1016/S0888-613X(00)88944-6 

Dursun, M., 2018. A new integrated fuzzy MCDM approach and its application to 

wastewater management. Int. J. Intell. Syst. Appl. Eng. 1, 19–28. 



https://doi.org/10.18201/ijisae.2018634723 

Foley, J.M., Rozendal, R.A., Hertle, C.K., Lant, P.A., Rabaey, K., 2010. Life cycle 

assessment of high-rate anaerobic treatment, microbial fuel cells, and microbial 

electrolysis cells. Environ. Sci. Technol. 44, 3629–3637. 

https://doi.org/10.1021/es100125h 

Fytili, D., Zabaniotou, A., 2008. Utilization of sewage sludge in EU application of old 

and new methods-A review. Renew. Sustain. Energy Rev. 

https://doi.org/10.1016/j.rser.2006.05.014 

Gude, V.G., 2016. Wastewater treatment in microbial fuel cells - An overview. J. 

Clean. Prod. https://doi.org/10.1016/j.jclepro.2016.02.022 

Guo, S., Zhao, H., 2017. Fuzzy best-worst multi-criteria decision-making method and 

its applications. Knowledge-Based Syst. 121, 23–31. 

https://doi.org/10.1016/j.knosys.2017.01.010 

Hua, Z., Gong, B., Xu, X., 2008. A DS-AHP approach for multi-attribute decision 

making problem with incomplete information. Expert Syst. Appl. 34, 2221–

2227. https://doi.org/10.1016/j.eswa.2007.02.021 

Jiang, J., Zhao, Q., Zhang, J., Zhang, G., Lee, D.J., 2009. Electricity generation from 

bio-treatment of sewage sludge with microbial fuel cell. Bioresour. Technol. 

https://doi.org/10.1016/j.biortech.2009.06.076 

Mehariya, S., Patel, A.K., Obulisamy, P.K., Punniyakotti, E., Wong, J.W.C., 2018. 

Co-digestion of food waste and sewage sludge for methane production: Current 

status and perspective. Bioresour. Technol. 265, 519–531. 



https://doi.org/10.1016/j.biortech.2018.04.030 

Qin, C., Li, H., Zhong, X., 2011. Comparison and analysis of domestic sludge 

incineration technology (in Chinese). Energy Environ. 52-56,3. 

https://doi.org/10.16189/j.cnki.nygc.2011.01.005 

Ren, J., Liang, H., Chan, F.T.S., 2017a. Urban sewage sludge, sustainability, and 

transition for Eco-City: Multi-criteria sustainability assessment of technologies 

based on best-worst method. Technol. Forecast. Soc. Change 116, 29–39. 

https://doi.org/10.1016/j.techfore.2016.10.070 

Ren, J., Liang, H., Dong, L., Gao, Z., He, C., Pan, M., Sun, L., 2017b. Sustainable 

development of sewage sludge-to-energy in China: Barriers identification and 

technologies prioritization. Renew. Sustain. Energy Rev. 

https://doi.org/10.1016/j.rser.2016.09.024 

Rezaei, J., 2015. Best-worst multi-criteria decision-making method. Omega (United 

Kingdom) 53, 49–57. https://doi.org/10.1016/j.omega.2014.11.009 

Rillo, E., Gandiglio, M., Lanzini, A., Bobba, S., Santarelli, M., Blengini, G., 2017. 

Life Cycle Assessment (LCA) of biogas-fed Solid Oxide Fuel Cell (SOFC) plant. 

Energy. https://doi.org/10.1016/j.energy.2017.03.041 

Rulkens, W., 2008. Sewage sludge as a biomass resource for the production of 

energy: Overview and assessment of the various options. Energy and Fuels 22, 

9–15. https://doi.org/10.1021/ef700267m 

Sayadi, M.K., Heydari, M., Shahanaghi, K., 2009. Extension of VIKOR method for 

decision making problem with interval numbers. Appl. Math. Model. 33, 2257–



2262. https://doi.org/10.1016/j.apm.2008.06.002 

Shafer, G., 1976. A mathematical theory of evidence. Princeton: Princeton University 

Press. 

Smets, P., Kennes, R., 1994. The transferable belief model. Artif. Intell. 66, 191–234. 

https://doi.org/10.1016/0004-3702(94)90026-4 

Strazza, C., Del Borghi, A., Costamagna, P., Gallo, M., Brignole, E., Girdinio, P., 

2015. Life Cycle Assessment and Life Cycle Costing of a SOFC system for 

distributed power generation. Energy Convers. Manag. 100, 64–77. 

https://doi.org/10.1016/j.enconman.2015.04.068 

Su, D., Wang, X., Liu, Y., 2009. Three Typical Processes of Electricity Generation by 

Sewage Sludge. Environ. Prot. Sci. 35, 54–57. 

Syed-Hassan, S.S.A., Wang, Y., Hu, S., Su, S., Xiang, J., 2017. Thermochemical 

processing of sewage sludge to energy and fuel: Fundamentals, challenges and 

considerations. Renew. Sustain. Energy Rev. 

https://doi.org/10.1016/j.rser.2017.05.262 

Tarpani, R.R.Z., Azapagic, A., 2018. Life cycle costs of advanced treatment 

techniques for wastewater reuse and resource recovery from sewage sludge. J. 

Clean. Prod. 204, 832–847. https://doi.org/10.1016/j.jclepro.2018.08.300 

Upka, J., Olej, V., Obršálová, I., 2005. Comparison of MCDM Methods for 

Assessment of Proposed Investment Alternatives in an Environmental System 

2005, 187–192. 

Wang, J.J., Jing, Y.Y., Zhang, C.F., Zhao, J.H., 2009. Review on multi-criteria 



decision analysis aid in sustainable energy decision-making. Renew. Sustain. 

Energy Rev. https://doi.org/10.1016/j.rser.2009.06.021 

Xu, C., Chen, W., Hong, J., 2014. Life-cycle environmental and economic assessment 

of sewage sludge treatment in China. J. Clean. Prod. 67, 79–87. 

https://doi.org/10.1016/j.jclepro.2013.12.002 

Yang, G., Wang, J., 2017. Co-fermentation of sewage sludge with ryegrass for 

enhancing hydrogen production: Performance evaluation and kinetic analysis. 

Bioresour. Technol. 243, 1027–1036. 

https://doi.org/10.1016/j.biortech.2017.07.087 

Yang, G., Zhang, G., Wang, H., 2015. Current state of sludge production, 

management, treatment and disposal in China. Water Res. 

https://doi.org/10.1177/0954406216646137 

Yue, Z., 2011. An extended TOPSIS for determining weights of decision makers with 

interval numbers. Knowledge-Based Syst. 24, 146–153. 

https://doi.org/10.1016/j.knosys.2010.07.014 

Zhang, G., Zhao, Q., Jiao, Y., Wang, K., Lee, D.J., Ren, N., 2012. Efficient electricity 

generation from sewage sludge usingbiocathode microbial fuel cell. Water Res. 

46, 43–52. https://doi.org/10.1016/j.watres.2011.10.036 

 




