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 2 

Abstract 13 

Sludge-to-energy technologies can achieve sewage sludge treatment and energy 14 

recovery simultaneously. Having a comprehensive assessment for the related 15 

technologies can contribute to the decision-making process and sustainable 16 

development of sludge management industry. In this paper, a life cycle composite 17 

footprint index was proposed, including energy recovery, carbon emissions, water 18 

consumptions, nitrogen and sulfur flows. Related methodology framework was 19 

constructed to evaluate the sustainability performance of sludge-to-energy alternatives 20 

on the composite footprint index. Fuzzy Best-Worst Method (BWM) and fuzzy AHP 21 

method were applied to obtain the weights and the overall scores. A case study was 22 

carried out applying the established framework to assess six sludge-to-energy scenarios, 23 

covering dewatering, composting, drying, incineration, incinerated ash melting, and 24 

dewatered sludge melting by the life cycle composite energy-carbon-water index. 25 

Results showed that dewatered sludge melting was the most preferred option owing to 26 

the considerable quantity of energy production, while drying process was the undesired 27 

one because of the unsatisfactory performance on energy recovery and carbon 28 

emissions. Sensitivity analysis and uncertainty analysis were carried out to study the 29 

impacts of changing weights on different aspects and the influence of changing energy 30 

recovery amount from anaerobic digestion, lower heating value and carbon content in 31 

sewage sludge toward the sustainability assessment of the sludge-to-energy 32 

technologies. 33 
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Abbreviations Table 38 

Abbreviation  Full title Abbreviation  Full title 

AD anaerobic digestion LHV lower heating value 

AHP analytic hierarchy process N nitrogen 

BWM best-worst method P phosphorus 

C carbon S sulfur 

DS dry sludge SCWG supercritical water gasification 

LCA life cycle assessment SCWO supercritical water oxidation  

 39 

1 Introduction 40 

Sewage sludge generated from wastewater treatment plants can lead to various 41 

environmental and social problems if it cannot be treated appropriately (Yang et al., 42 

2015). Typical compositions of sludge consist of nontoxic organic carbon substances, 43 

the organics with nitrogen (N) and phosphorus (P), toxic chemical matters, 44 

microbiological pollutants, inorganic components, and water (generally ≥ 55)) 45 

(Rulkens, 2008). Considering the harmful components in sludge, proper treatment is 46 

required to reduce or eliminate the negative effects on the environment. Conventional 47 

disposal methods majorly include landfilling, agricultural usage, and incineration 48 

(Fytili and Zabaniotou, 2008). However, the conventional management methods may 49 

not be suitable for current situation due to the increasing production of sewage sludge 50 
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and improving requirement on sludge discharge standards (Fytili and Zabaniotou, 2008; 51 

Yang et al., 2015). Meanwhile, various valuable matters which are worthy to recycle 52 

also exist in sludge. Accordingly, sludge treatment technologies for simultaneous waste 53 

reduction and energy recovery were proposed and developed (Grosser and Neczaj, 2018; 54 

Syed-Hassan et al., 2017). These technologies include anaerobic digestion (AD), 55 

incineration, pyrolysis, gasification, supercritical water oxidation (SCWO) and co-56 

treatment with other wastes. Bio-fuels and electricity can be generated directly or 57 

indirectly during the treatment process (Rulkens, 2008; Syed-Hassan et al., 2017). 58 

The development of sewage sludge treatment technologies has been reviewed by 59 

plenty of previous studies. AD for biogas production and further electricity generation 60 

from sludge has been developed maturely and applied at different scales in the 61 

worldwide (Liu et al., 2015). Sludge incineration has been studied and utilized as an 62 

important sludge treatment technique in many developed countries (Li et al., 2013; 63 

Zhou et al., 2008). Pyrolysis and gasification are relatively new methods for hydrogen 64 

production from sewage sludge (Gai et al., 2016; Xiong et al., 2005). Supercritical 65 

water gasification (SCWG) for sludge treatment and hydrogen production is an 66 

emerging technology which shares the similar principles with those of SCWO, while 67 

the latter owns longer development history (He et al., 2014). The potential of energy 68 

and resources recovery from sewage sludge has gradually recognized by more and more 69 

researchers (Fytili and Zabaniotou, 2008). It is important to investigate the energy 70 

recovery efficiency because it is one of the major concerns of the feasibility and 71 
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potential of sludge-to-energy technologies. High organic matters content in sludge can 72 

result in high emissions of carbon dioxide during sludge treatment process. Meanwhile, 73 

high moisture content leads to the necessity of water recycling from sludge treatment 74 

process, otherwise a vast amount of water would be wasted. It is also necessary to 75 

analyze the behaviors of some elements which may pollute the environment or be 76 

recovered, such as nitrogen, sulfur (S) and phosphorus, for better treatment or recovery. 77 

Thus, energy and matters flow analysis, especially energy recovery, water 78 

consumptions and carbon emissions, are important to consider when studying the 79 

performance of various sludge treatment technologies. Nevertheless, different 80 

technologies have different advantages and drawbacks due to the various features, 81 

which make it difficult to make a suitable choice among the diverse options. Hence, 82 

sustainability assessment to evaluate the performances in different aspect is highly 83 

necessary. Assessment focused on the production processes may be questionable since 84 

it would ignore the environmental and economic influence of energy and materials 85 

input to the sludge treatment system. Reversely, life cycle assessment (LCA) 86 

considering the full life stages of a product or a process makes the objective comparison 87 

between different technologies be possible. 88 

LCA is a powerful tool for environmental and economic influence evaluation (ISO 89 

14040, 2006). The application on sustainability assessment for targeted systems, 90 

including sewage sludge management, has been gradually recognized during the past 91 

decades (Yoshida et al., 2013). Current assessment work focused more on the 92 
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environmental and economic performances of several common sludge treatment 93 

technologies, majorly including anaerobic digestion, incineration (Hong et al., 2005; 94 

Xu et al., 2014), pyrolysis (Kim and Parker, 2008; Li and Feng, 2018), and wet air 95 

oxidation (Svanström et al., 2004; Tarpani and Azapagic, 2018). According to the 96 

specific hypotheses in each paper, assessment results can be different from each other. 97 

The quantity of energy recovery from AD was 12500 MJ/t dry sludge (DS) according 98 

to the report of Xu et al. (2014) while the data from the study of Hong et al. (2005) was 99 

much lower than the former with only 261.72MJ/t-DS. However, both studies 100 

confirmed the benign effect on the environment and economic of digested sludge 101 

incineration. Pyrolysis combined with anaerobic digestion was found to have 102 

acceptable environmental impacts and energy efficiency under certain conditions (Li 103 

and Feng, 2018). Economic estimations recognized the profits created by pyrolysis and 104 

AD (Tarpani and Azapagic, 2018). Evaluation work for gasification and SCWG are 105 

scarce which means that more efforts are still needed in this field. An environmental 106 

assessment for SCWO suggested that it is environmental benign from the life cycle 107 

perspective (Svanström et al., 2004) and more suitable for large scale of sludge 108 

treatment compared with incineration (Xu et al., 2012). Although there are plenty of 109 

evaluation work for sludge treatment technologies, few studies investigated the aspects 110 

beyond environment and economy, such as technical maturity, social acceptability, and 111 

some important footprints analysis. 112 

To fill the above-mentioned research gaps, this study built up a methodology 113 
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framework to discuss and analyze a composite footprint index for sludge-to-energy 114 

technologies by life cycle thinking. The footprints described in this paper included 115 

energy, water, carbon (C), nitrogen, and sulfur, while the similar core thought can also 116 

be promoted to other matters and elements footprints analysis. Fuzzy Best-Worst 117 

Method (BWM) and Fuzzy Analytic Hierarchy Process (AHP) method were applied to 118 

integrate the considered footprints together and obtain an overall evaluation result for 119 

the investigated scenario. A case study was conducted by applying the proposed 120 

framework to evaluate six selected sludge treatment technologies by life cycle 121 

composite energy-carbon-water footprint index. The entire framework of this paper is 122 

illustrated in Figure 1. 123 
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 124 

Figure 1 The framework of life cycle assessment for the selected technologies in this study 125 

 126 
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2 Methodology 127 

In this section, a methodology framework with life cycle thinking was established to 128 

investigate the different footprints of sludge management technologies aiming to 129 

provide decision-making reference for stakeholders. The footprints of energy, carbon 130 

and water were introduced in detailed in Sections 2.1.1 – 2.1.3 and the similar 131 

calculation approach for other types of footprints were presented in Section 2.1.4. The 132 

investigated footprints were then integrated together to generate an overall assessment 133 

score for each scenario by weighting method. The weighting methods applied in this 134 

work were fuzzy BWM and fuzzy AHP, which were introduced in Section 2.2. The 135 

integration method for life cycle composite footprint index was included in Section 2.3. 136 

 137 

2.1 Methods for footprint family 138 

There are different methods for estimating different types of footprints in an 139 

investigated system, such as LCA-based approaches and simple spread sheet-based 140 

models. CML 2000 and Eco-Indicator 55 assessment tool are frequently used in LCA-141 

based models (Singh et al., 2016). Emission factors and the corresponding embodied 142 

factor of the examined energy or element can also be applied to calculate the emissions 143 

in each stage accordingly (Moussavi Nadoushani and Akbarnezhad, 2015; Zhuang et 144 

al., 2020). In this study, emission factors and data collected from literature review were 145 

employed to estimate the energy and materials flows in different alternatives. 146 
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2.1.1 Energy footprint 147 

Energy consumption was calculated based on the energy and materials input within 148 

the entire process provided from the life cycle inventory list and the corresponding 149 

lower heating values or energy equivalent of the materials, which are shown in Eq. (1). 150 

1 1

i

i

kn
k j

j

i j

E m e
= =

=   (1) 

where i  refers to the i th process in the entire technology route; n  represents the 151 

total amount of processes in the technical route; j   is the j  th material in the i  th 152 

process and there are ik   types of input materials in the i  th process. Hence, ik

jm  153 

means the amount of j th material in the i th process. je  is the energy equivalent or 154 

lower heating value (LHV) of the j th input material. E  refers to the total amount of 155 

input energy in the investigated technical route. 156 

 157 

2.1.2 Carbon footprint 158 

Carbon emissions usually includes direct carbon emissions and indirect carbon 159 

emissions. Direct carbon emissions refer to the emissions from full combustion of 160 

different materials, including dried sewage sludge, natural gas, and coal. Indirect carbon 161 

emissions majorly refer to the emissions during the generation process of input energy, 162 

i.e., the process of coal-combustion for electricity production, acquisition of natural gas, 163 

and coal mining (Man et al., 2018; Man et al., 2015). The calculation for carbon 164 

emissions was based on the energy consumptions and corresponding life cycle CO2 eq 165 

emissions from literature review, which is described by Eq. (2). 166 
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1 1

=
i

i

kn
k j

j

i j

C E c
= =

  
(2) 

where C  refers to carbon emissions in the analyzed scenario; ik

jE  is the equivalent 167 

energy consumptions during the process i  from the j th input material; jc  is the 168 

carbon emissions (kg CO2 eq) for the j  th material per gigajoule. Indirect carbon 169 

emissions can be calculated in the same way. In this work, the conversion rate of coal 170 

combustion to steam for incineration is considered. Hence, the values obtained from 171 

Eq. (2) need to be divided by the efficiency 50) as the final results for the part of heat 172 

supply in incineration. 173 

 174 

2.1.3 Water footprint 175 

Similar to carbon emissions, water consumptions also cover direct water 176 

consumptions and indirect water consumptions. The generation of direct water 177 

consumptions and indirect water consumptions can similarly refer to the source of 178 

direct and indirect carbon emissions. Direct water consumptions are the water originally 179 

contained in the materials or generated from the materials during the treatment process, 180 

like combustion. The water consumptions during the generation process of input energy 181 

contribute to the indirect water consumptions. The water consumptions can be 182 

calculated by the life cycle water consumptions from literature review, as shown in Eq. 183 

(3). 184 

1 1

i

i

kn
k j

j

i j

W E w
= =

=   
(3) 
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where W  represents water consumptions in the analyzed scenario; jw  refers to the 185 

water consumptions (kg) from the process of j th material per gigajoule. Indirect water 186 

consumptions can be obtained by the same equation. Similar to the calculation of 187 

carbon emissions, the values obtained from Eq. (3) should be divided by the conversion 188 

efficiency. In this research, it is assumed that the water can be completely recycled 189 

during the process of machine thickening and dewatering. 190 

2.1.4 Other footprints 191 

Considering the complex compositions of sewage sludge, there are still many types 192 

of components or material flows which are worthy to investigate, such as the heavy 193 

metals (Cr, Pb, Hg, Zn, etc.), N- and S- contained chemical matters (Hong et al., 2005; 194 

Liu et al., 2015). N- and S- contained components can be converted into poisonous and 195 

harmful gases, like N2O, NOx, and SOx (Hong et al., 2005). Heavy metals can be 196 

discharged into the air as the dust is produced from incineration process or into the soil 197 

along with the final landfilling, which can put negative impact to the environment. 198 

Therefore, it is necessary to discuss these types of footprints to provide a clearer 199 

recognition of the material flows in different processes. In this section, the analysis for 200 

the footprints of N and S is briefly introduced to provide a basic thought for the related 201 

calculation. The analysis for heavy metals and other elements may also use the similar 202 

methods and refer to the ecological risks analysis for sewage sludge agricultural 203 

application to cropland (Seleiman et al., 2020). 204 

To analyze the footprints of N and S, it is essential to know about the corresponding 205 
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content in each kind of material, such as sewage sludge and the input fuels for energy 206 

supply. Indirect N and S input should also be noticed since the input electricity may be 207 

generated accompanied with considerable amount of N and S contained gases. The 208 

related data can be obtained through detection and records in the literature review. 209 

Considering the waste combustion is a complex physical and chemical process, it can 210 

be assumed that the N- and S- containing chemicals have been sufficiently reacted 211 

during the combustion to simplify the analysis. Once the N and S input from different 212 

raw materials and energy in each process are clearly analyzed, the footprints of N and 213 

S can be correspondingly calculated by the similar approach with carbon and water, as 214 

shown in Eq. (4) and Eq. (5). 215 

1 1

i

i

kn
k j

j

i j

N E n
= =

=   (4) 

1 1

i

i

kn
k j

j

i j

S E s
= =

=   (5) 

where N  and S  represent the amount of nitrogen and sulfur contained matters in the 216 

examined scenario, respectively; jn   and js   refer to the amount of generation of 217 

nitrogen and sulfur contained chemical matters from the process of the j th material 218 

per gigajoule. 219 

 220 

2.2 Weighting methods 221 

Considering the vagueness resulted from the uncertainty in data and linguistic 222 

description from the stakeholders, it may be difficult to obtain the exact weight of each 223 
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aspect directly from the preferences of decision-makers. Therefore, fuzzy theory was 224 

introduced to solve this problem. In the paper, two weighting methods, fuzzy BWM 225 

and fuzzy AHP, were selected and applied to decide the weight of each index. These 226 

two methods were selected since they are commonly used pairwise comparison 227 

approaches. Best-worst method was chosen because it can significantly reduce the 228 

times of comparison and has a better performance on consistency ratio compared with 229 

traditional AHP method (Rezaei, 2015). Fuzzy BWM possesses the advantages of 230 

BWM and the ability of processing vagueness. AHP method was employed since it is a 231 

classical pairwise comparison method for weighting and decision-making. The 232 

operation is simple and easy to understand even for the decision-makers without related 233 

professional knowledge. Fuzzy theory combined with AHP method also allows it to 234 

process the vague information generated from the subjective recognition of the 235 

stakeholders. Section 2.2.1 and 2.2.2 provide a brief introduction of the calculation 236 

principles of fuzzy BWM and fuzzy AHP applied in this work. 237 

2.2.1 Fuzzy BWM 238 

The calculation principles of fuzzy BWM in this work complied with the method 239 

provided in the study of Guo and Zhao (2017). The general calculation steps of fuzzy 240 

BWM to determine the fuzzy weights were shown in Figure 2 (Guo and Zhao, 2017). 241 
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 242 

Figure 2 The calculation steps for fuzzy BWM (modified from Guo and Zhao (2017)) 243 

 244 
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2.2.2 Fuzzy AHP 245 

Fuzzy AHP applied in this paper complied with the method provided in the previous 246 

studies (Hsieh et al., 2004; Sun, 2010). The general calculation steps of fuzzy AHP to 247 

determine the fuzzy weights were shown in Figure 3 (Hsieh et al., 2004; Sun, 2010).  248 
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 249 

Figure 3 The calculation steps for fuzzy AHP (modified from Hsieh at al. (2004) and Sun (2010)) 250 
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2.3 Life cycle composite footprint index 251 

Based on the analysis of different types of footprints and the corresponding weights, 252 

a composite footprint index can be generated. A normalization step is first conducted to 253 

process the calculated results. The different types of footprints can be regarded as 254 

assessed criteria, which can be classified into beneficial criteria and cost criteria. 255 

Beneficial criterion means that higher value of the criterion is preferred, like energy 256 

recovery. On the contrary, cost criterion refers to the indicator that lower value is 257 

preferred. In this context, cost criteria include carbon emissions, water consumptions, 258 

and the emissions of oxynitride and oxysulfide. The score on beneficial criterion and 259 

cost criterion can be calculated by Eq. (6) and Eq. (7), respectively. 260 

min

max min

i i
benefit benefit

b b
s

b b


−
= 

−
 (6) 

max
' '

max min

' '

' '

i i
c c

c c
s

c c


−
= 

−
 (7) 

where 
i

benefits   refers to the score of the i  th assessed alternative on the beneficial 261 

criterion, that is energy recovery in this work. '

i

cs  means the score of the i th assessed 262 

alternative on the cost criterion, which can be carbon emissions, water consumptions, 263 

oxynitride emissions and oxysulfide emissions. Accordingly, benefit   and 'c  264 

represent the weight of beneficial criterion and cost indicator, respectively. Weights 265 

assignment can be adjusted according to the preference of stakeholders and practical 266 

situation. maxb   and minb  mean the maximum and minimum value of the beneficial 267 

criterion. ib  is the performance value of the i th alternative on the beneficial criterion. 268 
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Similarly, max'c  and min'c refer to the extremum in the cost criterion, while 'ic  is the 269 

performance value of the i th scenario on the corresponding cost indicator. Then, the 270 

score of composite footprint index for alternative i can be expressed as Eq. (8). 271 

'

i i

i benefit cs s s= +   (8) 

where 
is  is the overall score of i th alternative. 272 

3 Case Study: Life Cycle Composite Energy-Carbon-Water Index of Six Sludge-273 

to-Energy Alternatives 274 

Life cycle composite energy-carbon-water index was applied to analyze and evaluate 275 

the performances of six sewage sludge treatment scenarios aiming to guide the future 276 

development of research and management on sludge treatment. The process of each 277 

selected treatment is shown in Figure 4. In the basic scenario (T), there are three 278 

treatment steps including thickening, anaerobic digestion, and dewatering. A 279 

composting step is added after the dewatering as the Scenario TC. Drying the dewatered 280 

sludge is the last step of Scenario TD. Scenario TI is the Scenario T with incineration 281 

as the final stage. Melting is added after the incineration as the Scenario TIM. Scenario 282 

T added by a single melting process is marked as Scenario TM. 283 
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 284 

Figure 4 System boundary and procedures for each option in this work (adapted from (Hong et al., 285 

2005)) 286 

The analysis is conducted for the main-treatment considering the production process 287 

of energy and materials input, while the post-treatment, and transportation for post-288 

treatment is excluded, that is a gate-to-gate research. Energy and materials inputs, CO2 289 

emissions, energy recovery, and the equivalent consumption and flows of water were 290 

included in this work. Indirect CO2 emissions and water consumptions, majorly 291 

referring to the emissions and consumptions from electricity and natural gas production, 292 

were considered in this study. According to the statistics data (Agency, 2005; BP, 2018), 293 

although the ratio of electricity generation from renewable resources has gradually 294 

increased, coal is still the dominate material for electricity production. Hence, 295 

electricity was assumed to be generated from coal combustion (Jaramillo et al., 2007) 296 

and steam was regarded as the heating medium in incineration with a high conversion 297 
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rate of 50) from coal combustion. The major features of different kinds of treated 298 

sludge applied in this study were collected in Table S.1 in the Supplementary 299 

information (Hong et al., 2005). Life time of building, electric facility and equipment 300 

were supposed to be 30, 15, 7 years, respectively. The functional unit was selected to 301 

be the treatment of one ton of dry sludge (DS) of sludge. All the energy and materials 302 

input, CO2 emissions and water consumptions were calculated based on this functional 303 

unit. Life cycle inventory list includes all the factors which can be used to analyze the 304 

energy, carbon, and water flows. Inventory indicators considered in this study consist 305 

of all the materials and energy consumed in the sludge treatment process, covering the 306 

consumption of electricity, heat, and natural gas. Relevant data were listed in Table S.2. 307 

3.1 Energy recovery analysis 308 

Energy consumptions were calculated based on the energy and materials input within 309 

the entire process provided in the reference (Hong et al., 2005) and their corresponding 310 

lower heating values. Detailed data sources of calculation for energy flows were listed 311 

in the Supplementary information. 312 

Based on the inventory list and collected data, corresponding energy flows for each 313 

scenario were calculated, which were shown in Figure 5. Major data regarding different 314 

forms of energy input, energy recovery and loss were listed in Table 1. The energy from 315 

sludge takes the overwhelming majority of the total energy input, but the energy 316 

recovery from the treatment process is unsatisfactory with the highest amount of 317 

electricity generation from Scenario TM of 4541.72 MJ/t-DS. The amount of energy 318 
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recovered from Scenario TI and Scenario TIM are perfectly equivalent because there is 319 

no energy recovery from the melting process after incineration. This also reveals that 320 

energy recovery can be mainly conducted through AD, incineration, and fluidized-bed 321 

gasification and melting, where the latter two methods contribute the main part of the 322 

total quantity of energy recovery. Other treatment methods such as drying and 323 

composting mainly aim to reduce the volume of sludge and apply it as a fertilizer, but 324 

the benefits from them are insignificant due to the increasing total energy input and less 325 

energy recovery. 326 

 327 

Table 1 Main results of energy flow for each scenario 328 

 T TC TD TI TIM TM 

Energy input       

Electricity  1655.2 1551.2 2124.00 2756.48 3135.2 3041.64 

Heat    5760    

Gas consumption    1652.80 1652.80  

Sewage sludgea 15115 15115 15115 15115 15115 15115 

Total input 16818.20 17070.20 23003.00 15568.28 15511 18160.64 

Energy recovery       

Electricity 

generation 
261.72 261.72 261.72 3604.32 3604.32 4541.72 

Energy loss       

Energy carried 

by CO2 
1425.44 1425.44 1425.44 2604.75 2604.75 1425.44 

Total energy loss 16556.48 16808.48 22741.28 15563.56 16303.68 13218.52 

Unit: MJ/t-DS 329 

1 kWh=3600 kJ 330 

a: LHV of sewage sludge was estimated as 6500 Btu/lb (Cooper et al., 1555). 331 

1 Btu/lb=2326 J/kg 332 

 333 
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 334 

(a) Scenario T 335 

 336 

(b) Scenario TC 337 

 338 

(c) Scenario TD 339 

 340 

(d) Scenario TI 341 

 342 

(e) Scenario TIM 343 
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 344 

(f) Scenario TM 345 

Figure 5 Energy flows for the six alternatives. Data were presented by MJ per functional unit. 346 

 347 

Energy contribution of each procedure for the selected technologies was shown in 348 

Table 2. Except the energy from sludge, electricity and heat consumption in drying are 349 

also considerable with over 25) contribution. Energy consumed in incineration for 350 

Scenario TI and TIM share the similar proportion for around 14). Energy recovery 351 

from the former three alternatives is almost negligible (less than 2)) compared with 352 

the total energy consumed. Although energy recovery from Scenario T and TIM are the 353 

same value, total energy loss in the latter one is a bit higher than that of the former one 354 

due to the adding process of melting. Melting process does not increase the energy 355 

recovery amount but may improve the extent of sludge treatment. Compared with 356 

Scenario TI and TIM, the total amount of energy recovery from Scenario TM increases 357 

with a certain degree, which can cancel the entire energy consumed for over 25). It 358 

indicates the obvious advantages of energy recovery of the gasification and melting 359 

technology. 360 

 361 

 362 
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Table 2 Contribution ratio of energy inputs from each process 363 

 T ()) TC ()) TD ()) TI ()) TIM ()) TM ()) 

Energy input       

Machine thickening 3.83 3.77 2.80 3.25 3.24 3.55 

AD 4.77 4.70 3.45 4.10 4.03 4.42 

Dewatering 1.50 1.48 1.10 1.25 1.27 1.35 

Composting  1.48     

Drying   26.85    

Incineration    14.05 13.81  

Melting     1.72  

Gasification and melting      7.35 

Sewage sludge 85.50 88.57 66.73 77.26 75.53 83.25 

Energy recovery 1.56 1.53 1.14 18.42 18.10 27.21 

 364 

3.2 Carbon emissions analysis 365 

Major data about carbon flows analysis were listed in Table 3 and corresponding 366 

carbon flows for each scenario are described in Figure 6. The highest total amount of 367 

carbon emissions belongs to Scenario TD with 3138.53 kg/t-DS, closely followed by 368 

TIM and TI, then the Scenario TM. Scenario TM and TIM own the same amount of 369 

direct CO2 emissions because of the shared processes of AD and incineration, but the 370 

total input of Scenario TIM is higher than that of TI, which means that the left amount 371 

of carbon is discharged in other forms. Scenario T and TC own relatively less amount 372 

of CO2 input, but the entire treatment for sewage sludge is inadequate because not only 373 

the valuable matters are not recycled but also the harmful substances are not completely 374 

disposed during the process. Although drying may promote the complete treatment of 375 

sewage sludge, energy recovery is not included throughout the whole process leading 376 

to the lack of commercial competitiveness. 377 
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Table 3 Data of carbon flows analysis for each alternative 378 

 T TC TD TI TIM TM 

Carbon input       

Electricity (indirect) 430.54 454.85 538.67 705.22 756.14 771.35 

Heat (indirect)   575.52    

Natural gas (indirect/direct)    2.15/150.74 2.15/150.74  

Sewage sludgea 2020.33 2020.33 2020.33 2020.33 2020.33 2020.33 

Total CO2 input 2451.27 2515.18 3138.53 2882.44 2565.36 2751.73 

Direct CO2 emission 450 450 450 820 820 450 

Unit: kg/t-DS 379 

a: The amount of carbon dioxide carried by sewage sludge was estimated according to the C content 380 

of 55.1 wt.) (Cooper et al., 1555) based on the assumption of full combustion. 381 

 382 

 383 

(a) Scenario T 384 

 385 

(b) Scenario TC 386 

 387 

(c) Scenario TD 388 
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 389 

(d) Scenario TI 390 

 391 

(e) Scenario TIM 392 

 393 

(f) Scenario TM 394 

Figure 6 Carbon flows for the selected alternatives. Data were presented by kg per functional unit. 395 

 396 

Contribution of each life stage for CO2 emissions of the selected options is shown in 397 

Table 4. Sludge is still the major source of carbon emissions. The carbon input for 398 

drying from heating and electricity is also significant which contributes about 20) of 399 

the total emission in Scenario TD. Direct CO2 emissions from Scenario TI and Scenario 400 

TIM are obvious, both occupying around 30). Similar to the situation of energy flows, 401 

the carbon emission contribution of Scenario TI and TIM are almost the same, except 402 

the part of input electricity for melting. Carbon emissions from both AD and machine 403 
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thickening are in charge of about 7) for the first two alternatives while the percentages 404 

of these two processes are a bit less than 7) for other four options. In addition, the part 405 

of gasification and melting contributes over 10) for Scenario TM. Direct carbon 406 

emissions majorly come from AD and the incineration of sludge, which take up ranging 407 

from about 15) to 30), where the highest ratios belong to the Scenario TI and TIM. 408 

Results also show that the process with energy recovery usually accompanied by a 409 

certain amount of carbon input. 410 

 411 

Table 4 Contribution ratio of carbon inputs from each process 412 

 T ()) TC ()) TD ()) TI ()) TIM ()) TM ()) 

Carbon input       

Machine thickening 6.67 6.50 5.16 5.62 5.45 5.80 

AD 8.31 8.05 7.28 7.53 7.70 8.18 

Dewatering 2.61 2.54 2.02 2.20 2.13 2.27 

Composting  2.54     

Drying   21.71    

Incineration    14.82 14.35  

Melting     2.50  

Gasification and melting      12.08 

Sewage sludge 82.42 80.33 63.82 65.44 67.43 71.68 

Direct CO2 emissions 18.36 17.85 14.22 28.18 27.37 15.56 

 413 

3.3 Water consumption analysis 414 

Major results for water flows analysis of each scenario were collected in Table 5 and 415 

the corresponding diagrams of water flow for the analyzed options were shown in 416 

Figure 7. Moisture content in sewage sludge is still the most important source of water 417 

input for the entire system. Although the data of total water loss listed in Table 5 are not 418 
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as considerable comparing with the amount of total water input, it is still worthy to 419 

discuss due to the daily large amount of sewage sludge treatment and the unsatisfactory 420 

water recycled in the practice. 421 

All the alternatives share the same quantity of recycled water because all the 422 

treatment process have the common steps for water recycling, that is machine 423 

thickening and dewatering. Meanwhile, the water content in injected sludge is also the 424 

same for all the options. Hence, the slight differences in total water loss were resulted 425 

from the different method applied for sludge treatment and energy recovery. The least 426 

water loss belongs to Scenario T with the least number of disposal steps. As the amount 427 

of thermochemical treatment steps increases, the total water loss also rises, where the 428 

Scenario TIM owns the highest value, closely followed by Scenario TM, then the 429 

Scenario TI. Apart from the input from sludge, water indirectly coming from electricity 430 

generation is also significant while the part of natural gas is negligible. 431 

Table 5 Data of water flows analysis for each alternative 432 

 T TC TD TI TIM TM 

Water input       

Electricity (indirect) 1104.48 1268.28 1380.60 1817.712 2040.48 1577.07 

Heat (indirect)   177.74    

Natural gas (indirect/direct)    14.88/25.67 14.88/25.67  

Sewage sludge (direct)a 55000 55000 55000 55000 55000 55000 

Total water input 100104.48 100268.28 100558.34 100862.26 101085.03 100577.07 

Water recycled from thickening 

and dewatering 
57000 57000 57000 57000 57000 57000 

Total water loss 3104.48 3268.28 3558.34 3862.26 4085.03 3577.07 

Unit: kg/t-DS 433 

a: Water brought by sewage sludge was calculated by the data in Table S.1 (in Supplementary 434 

Information). Since the water content is 55 wt), to obtain 1 t of dry solids needs to treat 100 t 435 

sewage sludge. 436 
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 437 

 438 

(a) Scenario T 439 

 440 

(b) Scenario TC 441 

 442 

(c) Scenario TD 443 

 444 

(d) Scenario TI 445 

 446 

(e) Scenario TIM 447 
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 448 

(f) Scenario TM 449 

Figure 7 Water flows for the selected alternatives. Data were presented by kg per functional unit. 450 

 451 

Detailed data of the contribution ratio of each process was provided in Table 6. For 452 

all the alternatives, the sum of water input proportion from the operation processes 453 

(excluding the part from sludge) is less than 3). Meanwhile, the contribution rates from 454 

the operation process almost remain the same among all the alternatives. The ratios 455 

actually change, but the variations are too tiny relative to the whole system which 456 

causes them can be ignored. The percentages of total water loss for each alternative 457 

keep the same ranking with that of water loss because of the nearly same amount of 458 

total water consumption. The amount of water loss in the Scenario TI, TIM and TM, 459 

are similar and much higher than that of Scenario TD considering the quantity. There 460 

also exists more water loss in Scenario TD compared with T and TC due to the process 461 

of drying. 462 

 463 

 464 

 465 
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Table 6 Contribution ratio of water inputs from each process 466 

 T ()) TC ()) TD ()) TI ()) TIM ()) TM ()) 

Water input       

Machine thickening 0.42 0.42 0.42 0.42 0.41 0.41 

AD 0.52 0.52 0.52 0.52 0.52 0.52 

Dewatering 0.16 0.16 0.16 0.16 0.16 0.16 

Composting  0.16     

Drying   0.45    

Incineration    0.75 0.75  

Melting     0.22  

Gasification and melting      0.86 

Sewage sludge 58.50 58.74 58.45 58.15 57.54 58.04 

Total water loss 3.10 3.26 3.54 3.83 4.04 3.54 

Total water recycled 56.50 56.74 56.46 56.17 55.56 56.06 

 467 

3.4 Aggregated energy-carbon-water index for sustainability evaluation 468 

A combined evaluation can be obtained by scoring the option from 1 to 6 and 6 is the 469 

optimal case among all the options based on the above analysis, which were shown in 470 

Table 7. 471 

Table 7 Performances on energy recovery, carbon emissions, and water loss and combined ranking 472 

of the selected scenarios 473 

 Unit T TC TD TI TIM TM 

Energy        

Energy recovery rate ) 1.56 1.53 1.14 18.42 18.10 27.21 

Ranking - 3 2 1 5 4 6 

Carbon emissions        

Total carbon emissions kg-CO2 eq 2451.27 2515.18 3165.52 2505.44 2556.36 2818.73 

Ranking  - 6 5 1 3 2 4 

Water consumption        

Water loss rate ) 3.10 3.26 3.54 3.83 4.04 3.54 

Ranking  - 6 5 4 3 1 2 
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 474 

Figure 8 Radar map for the performances of the six scenarios on three dimensions 475 

 476 

Data in Table 7 reflected that the former three scenarios show more advantages on 477 

carbon emissions and water consumptions and the latter three options perform well in 478 

energy recovery, which can be directly described by a radar map (Figure 8). The values 479 

in Figure 8 correspond to the ranking results in Table 7. The features of different 480 

technologies are more intuitive in Figure 8. Scenario T and TC perform more 481 

prominently on the carbon emissions and water consumption aspects, while alternative 482 

TI, TIM and TM show more superiority on energy recovery and lack of competitiveness 483 

on the other two perspectives. As for Scenario TD, it performs badly especially on the 484 

energy recycling and carbon emissions. Figure 8 also clearly indicates the future 485 

improvement direction for the sludge treatment technologies combined with energy 486 

recovery, which was discussed in detail in Section 4. 487 

Fuzzy BWM and fuzzy AHP were applied to obtain the overall scores for the 488 
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performance evaluation of these six alternatives. Table 8 collected the normalization 489 

results based on the above analysis. It provides more precise information on the merits 490 

and shortcomings of each energy recovery technology. According to Eq. (6) and Eq. (7), 491 

the alternative shows more superiority on the specific aspect if the value is closer to 1. 492 

Thus, Scenario T has the best performance on carbon emissions and water 493 

consumptions, although the energy recovery is poor. Scenario TC has similar 494 

performances with Scenario T on the three aspects. Alternative TD performs badly on 495 

both energy recovery and carbon emissions. Scenario TI, TIM and TM have remarkable 496 

outcomes on energy recovery, but all of them present disadvantage on carbon emissions 497 

and water consumptions, especially the Scenario TIM with the worst case on water 498 

consumptions.  499 

Table 8 The scenarios’ performances on the three aspects 500 

 T TC TD TI TIM TM 

min

max min

ie e

e e

−

−  
0.0161 0.0150 0 0.6628 0.6506 1 

max

max min

ic c

c c

−

−  
1 0.5105 0 0.3585 0.2368 0.4855 

max

max min

iw w

w w

−

−  
1 0.8330 0.5371 0.2272 0 0.1101 

 501 

3.4.1 Aggregated results by fuzzy BWM 502 

According to the fuzzy BWM (Guo and Zhao, 2017), the weights of energy recovery, 503 

carbon emissions and water consumptions were calculated to assess the combined 504 

performances of the six scenarios (Step 1 in Figure 2). In this study, energy recovery is 505 

the major focus. Therefore, the criterion energy recovery is selected to be the best 506 
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criterion. Since the total amount of recycled water are the same for the six scenarios, 507 

water consumption is chosen to be the worst criterion (Step 2). The fuzzy reference 508 

comparison of the best criterion to the other criteria and the other criteria to the worst 509 

criterion were listed in Table S.3 and Table S.4. Then the corresponding fuzzy best-to-510 

others vector and others-to-worst vector can be expressed as Eq. (5) (Step 3) and Eq. 511 

(10) (Step 4). 512 

~

[(1,1,1), (3 / 2,2,5 / 2), (5 / 2,3,7 / 2)]BA =
 

(5) 

~

[(5 / 2,3,7 / 2), (2 / 3,1,3 / 2), (1,1,1)]T

WA =  (10) 

The nonlinearly constrained optimization problem can be built according to the 513 

method (Guo and Zhao, 2017) and above analysis, which was shown by Eq. (11). 514 
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The optimization problem can be rewritten as Eq. (12) by substituting the concrete 515 

numbers. 516 

*

1 2 2 1 2 2

1 2 2 1 2 2

1 2 2 1 2 2
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. . ;
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(12) 

The label j (j=1,2,3) represents the criteria energy recovery, carbon emissions, and 517 

water consumptions, respectively. The fuzzy weight for each criterion can be obtained 518 

by solving the optimization problem (12). The solutions were listed in Table 5. 519 

 520 

Table 9 The optimal fuzzy weights for the three criteria 521 

Variable  Value  

~


 

(0.4168,0.4168,0.4168) 

~

e a (0.4420,0.5573,0.6726) 

~

c b (0.2306,0.2306,0.2306) 
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~

w c (0.2122,0.2122,0.2122) 

a: fuzzy weights of energy recovery; 522 

b: fuzzy weights of carbon emissions; 523 

c: fuzzy weights of water consumptions. 524 

 525 

Then the crisp weight of each aspect can be corresponding calculated which were 526 

shown as 527 

0.5573, 0.2306, 0.2122.e c w  = = =
  

The value of objective function k is 0.4168. The consistency index for this situation 528 

is 6.64. Hence the consistency ratio is 0.4168/6.64=0.0628, which is close to zero 529 

leading to the high reliability of this result. By using the obtained weights, the total 530 

scores for each scenario were obtained, which were listed in Table 10. 531 

 532 

Table 10 Combined scores of the six scenarios obtained by fuzzy BWM 533 

Scenario T TC TD TI TIM TM 

Combined 

score 
0.4517 0.3550 0.1140 0.5002 0.4171 0.6526 

 534 

3.4.2 Aggregated results by fuzzy AHP 535 

Fuzzy AHP (Hsieh et al., 2004; Sun, 2010) was also applied to calculate the weights 536 

of three footprint indices (Step 1 in Figure 3). The fuzzy pairwise comparisons between 537 

the three criteria were conducted according to the opinions collected from stakeholders, 538 

which are shown in Table 11 (Step 2). Then, according to the calculation principles in 539 

the research of Hsieh et al. (2004) and Sun (2010), the fuzzy value of 
ir  and 

i  for 540 
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each indicator can be obtained as follows: 541 

1

2

3

(1.5536,1.8171,2.0606),

(0.6437,0.7937,1),

(0.5754,0.6934,0.8434),

r

r

r

=

=

=

  

1

2

3

(0.3979,0.5499,0.7432),

(0.1649,0.2402,0.3607),

(0.1474,0.2098,0.3042).







=

=

=

 

 

According to the calculation results above and the defuzzification step, corresponding 542 

weight of each index can be computed. 543 

' 0.5637, ' 0.2552, ' 0.2205e c w  = = =   

By normalization, the final weights for the performance criteria can be calculated, 544 

which are shown as follows 545 

0.5423, 0.2456, 0.2121.e c w  = = =   

 546 

Table 11 The fuzzy pairwise comparison matrix of the selected criteria 547 

 C1 C2 C3 

C1 (1,1,1) (3/2,2,5/2) (5/2,3,7/2) 

C2 (2/5,1/2,2/3) (1,1,1) (2/3,1,3/2) 

C3 (2/7,1/3,2/5) (2/3,1,3/2) (1,1,1) 

 548 

By using the obtained weights, the total scores for each scenario were calculated, 549 

which were listed in Table 12. 550 

Table 12 Combined scores of the six scenarios obtained by fuzzy AHP 551 

Scenario T TC TD TI TIM TM 

Combined 

score 
0.4664 0.4084 0.1135 0.4557 0.4110 0.6845 
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 552 

3.4.2 Aggregated results analysis 553 

According to the aggregated results obtained from fuzzy BWM and fuzzy AHP, both 554 

methods indicated the same ranking order of the six scenarios: 555 

TM>TI>T>TIM>TC>TD. Scenario TM performs the best which is credited by the large 556 

amount of energy generation from gasification and melting process. Scenario TI also 557 

has impressive performance with a total score around 0.5. Although Scenario TI and 558 

TIM share the same amount of energy recovery, the aggregated performance of 559 

Scenario TIM is inferior to that of Scenario TI because of the extra energy 560 

consumptions, more carbon emissions and worse water consumptions. On the contrary, 561 

Scenario T is not remarkable on the energy recovery, but the advantages on the other 562 

two aspects leading to a better score than Scenario TIM. Scenario TD has the lowest 563 

score which is resulted from the unsatisfactory performances on all of the aspects, 564 

especially the former two. From the analysis above, it is found that scenarios with large 565 

amount of energy recovery are usually accompanied by considerable quantity of carbon 566 

emissions and water consumptions. These two drawbacks may influence the further 567 

promotion of sludge-to-energy technologies if there is no effective measure to ease or 568 

solve the problems. 569 

In actual production practice, different weights may be assigned to the three aspects 570 

due to the different preference of stakeholders, which can directly influence the 571 

decision-making results. Therefore, different groups of weights were set to find out the 572 
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specific impact on the assessment results. 573 

 574 

3.5 Sensitivity analysis 575 

Three groups of weights distribution were designed to investigate the changes in 576 

assessment results, called Group A, B, and C. Each group has eight weighting 577 

assignment alternatives. The detailed values were provided in Table S.5 – Table S.7 (in 578 

Supplementary information). For each group of weights assignment, the weight for the 579 

specific aspect gradually increases, while the weights for the other two aspects were set 580 

to be equal to see the influence of weights changing on the specific aspect. 581 

3.5.1 Weight variation analysis for energy recovery 582 

According to the results in Table 8 and Eq. (8), combined assessment scores for each 583 

scenario with the assigned weights distribution in Table S.5 were obtained and 584 

described by Figure 5. The scores of Scenario TI, TIM and TM present an increasing 585 

trend as the weight of energy recovery rises. On the whole, the performance of Scenario 586 

TM is better than TI and TIM because the entire line of TM is above the other two lines. 587 

On the other hand, the grades of Scenario T, TC and TD tend to decrease as the emphasis 588 

on energy recovery rises, while the former two have remarkable reduction and the latter 589 

one has a slight decline. The score of Scenario T and TM are close to each other. When 590 

the weight on energy recovery is larger than 0.4, Scenario TM shows more superiority 591 

on the assessment. Alternative TI and TIM also exhibit advantages over Scenario T 592 

when the weight of energy recovery is larger than 0.6. Scenario TD is the least preferred 593 
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one almost all the time because of the bad performance on the three aspects. 594 

 595 

 596 

Figure 9 Combined scores for the six alternatives with the increasing weights of energy recovery  597 

 598 

3.5.2 Weight variation analysis for carbon emissions 599 

Combined scores for the six alternatives with the assigned weights distribution in 600 

Table S.6 can be calculated and the results are plotted in Figure 10. When the weights 601 

of carbon emissions are emphasized, the scores of Scenario T and TC have obvious 602 

increase while the grades of the other four options all decrease. Among the cases with 603 

declining scores, Scenario TD shows a more obvious downward trend and the scores of 604 

the other three alternatives keep relatively flat decline, with the scenario TM at around 605 

0.5, TI at around 0.4, and TIM at about 0.3. It indicates that the weights on carbon 606 

emissions cannot put much influence on the scores of the scenarios with large amount 607 

of energy recovery due to their relatively average performances on carbon emissions 608 

compared with the other two aspects (see Table 8). As for the Scenario T and TC, 609 
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increasing weights of carbon emissions can make these two scenarios more preferred. 610 

When the weight is set to be 0.8, the score of Scenario T is even over 0.5 which occupies 611 

the absolute advantage among the six options, closely followed by the Scenario TC with 612 

the highest score of about 0.8. Still, Scenario TD is the worst method with the lowest 613 

score of 0.05 when the weight of carbon emissions is set to be 0.8. 614 

 615 

 616 

Figure 10 Combined scores for the six alternatives with the increasing weights of carbon emissions  617 

 618 

3.5.3 Weight variation analysis for water consumptions 619 

Using the similar calculation method, the assessment results with the assigned 620 

weights distribution in Table S.7 can be obtained and illustrated in Figure 11. According 621 

to Figure 11, the grades of Scenario T, TC and TD tend to increase, especially that of 622 

Scenario TD which significantly increases from 0.05 to above 0.4 as the weight of water 623 

consumptions rises. On the contrary, dramatical decline happens to the scores of 624 

Scenario TM, TI and TIM, where the most significant change occurs in the line of 625 
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Scenario TM decreasing from about 0.7 to 0.2. When the weight of water consumptions 626 

is larger than 0.7, alternative TI would have a better performance than alternative TM. 627 

Although Scenario TD performs badly under the weight assignment of Group A and 628 

Group B, the performance of Scenario TD is better than that of Scenario TIM when the 629 

weight of water consumptions is larger than 0.5 and can further exceeds Scenario TI 630 

and TM if the weight is or above 0.7. Considering the results in Table 8, the score of 631 

Scenario TD on water consumption is the only non-zero value among the three aspects 632 

for TD. As for the Scenario T and TC, their advantages are obvious in terms of carbon 633 

emissions and water consumptions based on above discussion. Thus, emphasizing the 634 

importance of saving water can improve the preference of Scenario T, TC, and TD. 635 

 636 

 637 

Figure 11 Combined scores for the six alternatives with the increasing weights of water 638 

consumptions 639 
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3.6 Uncertainty analysis 641 

Several assumptions were specifically made in the case study to analyze the energy 642 

and materials flows, including the energy recovery among from different technologies 643 

(mainly refer to anaerobic digestion and incineration or melting in this study), the LHV 644 

of sewage sludge, and the carbon content in sewage sludge. These parameters may have 645 

significant influence on the evaluation results of the sludge-to-energy alternatives. 646 

Therefore, uncertainty analysis was conducted to analyze the influence of the variation 647 

of the parameters from the perspective of energy recovery amount in AD, LHV of 648 

sewage sludge, and the C content in sewage sludge. 649 

3.6.1 Analysis of the variation on the energy regeneration from anaerobic digestion 650 

The energy regeneration amount from AD usually varies with plenty of indicators, 651 

such as the investigated regions, the treated sewage sludge, and operating conditions, 652 

which leads to a wide variation of energy recovery amount from anaerobic digestion. 653 

In the case study, the electricity recovery from AD was only 261.72MJ/t-DS (Hong et 654 

al., 2005), while the value in another research was recorded as 2215.37MJ/t-DS (Xu et 655 

al., 2014), which indicates the large distinction between the related data in different 656 

research. Therefore, the energy recovery amount from AD was set to belong to the 657 

interval [156.25, 2155.15] to investigate the influence of the variation of this parameter, 658 

where 156.25 is the three quarters of the data applied in original case study (261.72), 659 

and 2145.15 is 4.5 times of the same data. Corresponding result was calculated and 660 

analyzed every 0.25 increase of the coefficient, that is, the situation when energy 661 
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recovery amount was 0.75, 1, 1.25, …, .4, 4.25, 4.5 times of the original data, 662 

respectively. The energy recovery efficiency of each situation was shown in Table S.8 663 

in Supplementary Information. 664 

According to the data in Table S.8, the energy recovery efficiency of all the scenarios 665 

increased with the rise of coefficient, while the influence on the efficiency of difference 666 

alternatives were different. The increase of energy recovery efficiency on Scenario T, 667 

TC, TD kept consistent with the rise of coefficient. When the coefficient was set to be 668 

0.75 of the initial data, the energy recovery efficiency of T, TC, and TD decreased by 669 

one quarter. When the coefficient was set to be 4.5, the energy recovery rate of these 670 

three alternatives increased by 3.5 times of the original data. This is because anaerobic 671 

digestion is the only process for energy recovery in the three alternatives. Therefore, 672 

the variation of energy recovery amount in AD was fully reflected in the final energy 673 

recovery efficiency of the three options. On the other hand, energy recovery efficiency 674 

of Scenario TI, TIM and TM was insensitive to the variation of energy recovery amount 675 

from AD. The changing of energy recovery efficiency on Scenario TI and TIM kept the 676 

same, both within the range of [-1.82), 25.41)] since the energy recovery sources of 677 

these two alternatives were the same. The energy recovery rate of Scenario TM was 678 

even more insensitive than TI and TIM, whose changing was only within the range of 679 

[-1.32), 18.54)]. This is because the energy recovered from AD was only a small part 680 

in the entire treatment process of Scenario TI, TIM and TM, but the improvement on 681 

energy recovery amount in AD can still contribute to the total recycling process. 682 
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The variation of the score on energy recovery for the six alternatives was also 683 

analyzed, which was shown in Table S.5. According to the analysis results, the changing 684 

on energy recovery among from AD put no influence on the final score on energy 685 

recovery aspect for Scenario TD and TM, both still in the last and first place, 686 

respectively. The scores of Scenario T and TC showed an increase trend with the rise 687 

of coefficient, while the scores of TI and TIM presented a slight downward trend. 688 

Similar with the variation trends presented by energy recovery efficiency of the 689 

alternatives, the changing of coefficient had considerable impact on the final energy 690 

recovery scores of Scenario T and TC, which kept the same variation percentage within 691 

the range of [-24.18), 332.35)]. On the contrary, the scores of TI and TIM almost 692 

unaffected by the changing of coefficient, especially for Scenario TI, which at most 693 

decreased by 0.03). The score variation range of TIM was a bit wider than that of TI 694 

within the interval of [-0.41), 0.03)]. 695 

 696 

3.6.2 Analysis of the variation on the LHV of sewage sludge toward the assessment  697 

The LHV of sewage sludge is influenced by many factors, such as the type, source, 698 

and treatment state of sewage sludge. According to the literature review (Fytili and 699 

Zabaniotou, 2008; Manara and Zabaniotou, 2012), the LHV of different types of 700 

sewage sludge can vary from 12000 MJ/t-DS to 25000 MJ/t-DS. Therefore, the 701 

uncertainty analysis for the variation of LHV of sewage sludge was conducted through 702 

setting the LHV within the range of [12055.2, 18142.8] (MJ/t-DS), which was 0.8 and 703 
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1.2 times of original data as the lower and upper bound, respectively. Corresponding 704 

result was calculated and analyzed every 0.05 increase of the coefficient, that is, the 705 

situation when energy recovery amount was 0.80, 0.85, 0.5, …, .1.1, 1.15, 1.2 times of 706 

the original data, respectively. The energy recovery efficiency of each situation and 707 

relevant variation between the initial results were shown in Table S.10. 708 

According to the analysis results in Table S.10, the energy efficiencies of all the 709 

alternatives decreased as the LHV of sewage sludge increased. The energy recovery 710 

efficiency variation of T and TC were similar, both within the range around [-15), 22)] 711 

as the LHV decreased. The changing trends of TI, TIM and TM were similar, which all 712 

increased by around 18) when LHV was four fifths and declined by about 13) when 713 

LHV was 1.2 times of initial data. The influence of changing LHV of sewage sludge 714 

was not as significant as that of changing energy recovery amount from AD on the final 715 

energy efficiency for the assessed alternatives. However, all the options were influenced 716 

by the LHV variation obviously, the variation of energy recovery efficiency ranging 717 

from approximately 10) to 20) in absolute value. The influence on the score of energy 718 

recovery under different assumption for LHV of sludge was also investigated and were 719 

shown in Table S.11. 720 

The energy recovery performances of TD and TM always remained in the same 721 

ranking as where they were in the case study. Although the energy recovery efficiency 722 

showed a decrease trend with the rise of LHV in all the alternatives, the scores of 723 

different scenarios presented different variation trends. The energy recovery scores of 724 
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Scenario T and TC gradually fallen down by about 12) if the LHV of sludge was set 725 

to be 1.2 times of initial data. On the contrary, the scores of TI and TIM showed a slight 726 

upward trend. This may be resulted from the difference in energy recovery source. Since 727 

anaerobic digestion is the only source of energy recovery in Scenario T, TC, and TD, 728 

they were significantly influenced by the energy input to the total system and the output 729 

from anaerobic digestion. On the other hand, the energy efficiencies of Scenario TI, 730 

TIM and TM remain relatively stable under different situation because the energy 731 

recovery from thermochemical process (e.g. incineration and melting) contributed a 732 

main part in the total process. 733 

 734 

3.6.3 Analysis of the variation on the carbon content in sewage sludge 735 

Carbon content is also an important property of sewage sludge, which is associated 736 

with many factors. In the case study, the carbon content was assumed to be 55.1 wt) 737 

(Cooper et al., 1555). While the carbon content was measured within the range of [23.52, 738 

46.48] (wt)) in another report (Phyllis2Database, 2020). In this section, the carbon 739 

content in sewage sludge was assumed to be within the range of [20), 55)] and 740 

corresponding result was calculated and analyzed every 2.5 wt) increase of the C 741 

content. The total carbon emissions under each situation and the comparison with 742 

original results were collected in Table S.12. 743 

Based on the data results in Table S.12, the total carbon emissions in all the 744 

alternatives decreased as the C content in sewage sludge decreases. The difference 745 
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between investigated point and the initial result in the case study was only associated 746 

with the difference between C content. Therefore, the variation in value under the same 747 

C content situation of all the alternatives was the same. Scenarios T and TC presented 748 

similar variation trends within the range around [-52), -0.15)] as the C content 749 

increased. The later three options showed alike tendency within the variation range 750 

about [-44), -0.13)]. Scenario TD was less influenced by the changing of C content 751 

in sewage sludge compared to other alternatives, but still decreased by [-40.66), -752 

0.12)]. The score of carbon emissions under different C content situation was also 753 

analyzed and results revealed that the scores kept consistent with those in case study. 754 

This is because the normalization step canceled the influence caused by changing C 755 

content. Direct carbon emission rate under each situation was calculated and the 756 

corresponding difference with initial result in the case study was also obtained, which 757 

were shown in Table S.13. 758 

The direction carbon emissions rate performed a significant decline trend as the C 759 

content in sewage sludge increased. Since the total amount of direct carbon emissions 760 

from the treatment process was assumed to be fixed, the improvement on C content of 761 

sewage sludge only contributed to the indirect forms of carbon emissions and the total 762 

amount of possible carbon emissions. This situation was particularly evident in the first 763 

two alternatives (T, TC) whose direct carbon emission rates could be around double 764 

when the C content was 20 wt). The direct carbon emission rates of TI, TIM and TM 765 

could increase by about 75-85) at most. The rate of TD was relatively stable, and the 766 
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increase was less than 70) when the C content was 20 wt). 767 

 768 

4 Discussion 769 

4.1 Sensitivity analysis 770 

The features of the six alternatives can be figured out according to the above analysis. 771 

Improving the weight of energy recovery efficiency can make the Scenario TI and TIM 772 

more preferred, closely followed by Scenario TIM. Variation on carbon emissions’ 773 

weight has insignificant influence on the assessment results of Scenario TI, TIM and 774 

TM, which means that these scenarios show less competitiveness compared with 775 

Scenario T and TC when the importance of carbon emissions is emphasized. However, 776 

the weight of water consumptions has remarkable impact on the assessment results. 777 

Due to the extra input of energy and materials for sludge thermochemical process, water 778 

consumptions in the process of TI, TIM and TM are much more than that those of the 779 

other alternatives. Hence, these three scenarios present obvious interiority on the aspect 780 

of water loss. When stakeholders put emphasis on water consumptions, Scenario T and 781 

TC are more suitable for the sludge treatment; when the weight for energy recovery is 782 

higher, Scenario TI, TIM and TM are more in line with the decision-makers’ 783 

expectations. 784 

4.2 Uncertainty analysis 785 

Based on the above analysis under different assumptions for energy recovery amount 786 

from AD, LHV, and C content in the sludge, more characteristics of the six investigated 787 
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alternatives can be obtained. The major pointed can be summarized as follows. 788 

Scenarios T, TC, and TD were easily influenced by the variation of the three 789 

parameters, especially the former two options. It can be evidently reflected by the 790 

results in Section 3.6.1 and Section 3.6.3. Scenario TD was also sensitive to the 791 

changing of energy recovery amount from AD, but it kept relatively stable in the 792 

analysis for the other two assumptions. This is because T and TC shared quite similar 793 

treatment route and the only difference was the added composting in TC, with relatively 794 

low additional energy and materials input. Drying in Scenario TD required plenty of 795 

extra energy and materials supply, which was regarded as the major energy 796 

consumption step in the technique route. Meanwhile, anaerobic digestion was the only 797 

source for energy recovery in the three alternatives, leading to the high sensitivity of T 798 

and TC on the energy recovery amount from AD and LHV of sewage sludge. 799 

The variation trends of Scenarios TI, TIM and TM were similar, especially the first 800 

two alternatives, due to the alike treatment route and considerable amount of energy 801 

recovery from thermochemical process, i.e. incineration and melting. In total, the 802 

energy efficiencies and corresponding scores of these three alternatives were less 803 

influenced by the changing of energy recovery amount from AD and LHV of sewage 804 

sludge compared to the other three options, which is resulted from the considerable 805 

amount of energy regeneration from incineration or melting. 806 

 807 
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4.3 Implications 808 

Corresponding suggestions can be put forward based on the features of these 809 

scenarios.  810 

On the one hand, further developing current sludge treatment technologies in order 811 

to improve the energy recovery efficiency and reduce the investment is recommended. 812 

Since extra energy input is necessary and unavoidable for energy recovery process, 813 

which means that reducing the carbon emissions and water consumptions may not be 814 

feasible, it is essential to optimize the technology itself and make the sludge-to-energy 815 

technologies more attractive and competitive. Process design, facility design, and 816 

operating conditions improvement may all be the entry points for future optimization 817 

research aiming at improving energy recovery rates to balance the corresponding input. 818 

In addition, recycling and reusing the free water in sewage sludge is also important to 819 

reduce the water loss. On the other hand, it is suggested to detect the specific contents 820 

of the treated sludge to know the features before determining the treatment route as well 821 

as considering the local development status of different treatment technologies. 822 

According to the discussion on sensitivity analysis and uncertainty analysis, some 823 

important properties and parameters of treated sludge may have great influence on the 824 

treatment effectiveness. Hence, conducting an additional step for detection on the 825 

treated sludge in the region is suggested if it is possible. The determination of treatment 826 

technologies should also consider the diverse development status of sludge-to-energy 827 

technologies and features of different sources of sludge in different regions. The sludge 828 
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in some regions may be more suitable for anaerobic digestion with a relatively mature 829 

technology to realize effective utilization. Some regions may be suitable to conduct 830 

incineration for more thorough treatment. It is acknowledged that incineration is the 831 

most thorough method for sludge treatment with considerable potential for energy 832 

recovery. Improving the energy recovery rates from incineration and anaerobic 833 

digestion as well as the energy exchange efficiency for utilization is also one of the 834 

directions for future research. 835 

Apart from the efforts of research and industry, the government is also expected to 836 

make reasonable charge standards and provide incentive policy and sufficient financial 837 

support to guarantee the basic development of relevant research and encourage the 838 

industries to conduct sludge treatment with energy and resource recovery as thorough 839 

and complete as possible. A previous report recorded current situation on the related 840 

policy and measures on sludge manage in different cities in China (Asian Development 841 

Bank, 2012).  842 

Therefore, it should be acknowledged that some energy recovery technologies are 843 

still not competitive enough compared with some basic treatment, especially when the 844 

advanced methods are limited by the technical maturity. Meanwhile, the advantages of 845 

applying sludge incineration mainly reflected by the contribution of reducing the 846 

environmental burden on some specific indicators, such as human and ecosystem 847 

toxicity, acidification and eutrophication, but the unsatisfactory energy recovery, 848 

possible air pollution, and external resource depletion may limit the wide application 849 
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of incineration in developing countries (Lombardi et al., 2017). More efforts are still 850 

needed to figure out the potential of recycling energy and resources from digested 851 

sludge to decide whether it is necessary to conduct further treatment. This study also 852 

indicates that the assessment for sewage sludge treatment methods with energy 853 

recovery should be conducted in detail based on the specific conditions of the 854 

development of local technologies and legislation.  855 

 856 

5 Conclusions 857 

In this study, a life cycle composite footprints index was proposed and relevant 858 

assessment methodology framework was developed for sludge-to-energy technologies 859 

evaluation. Fuzzy BWM and fuzzy AHP were applied to obtain the weights of 860 

concerned aspects and overall scores of the composite footprint index. Life cycle 861 

composite energy-carbon-water index was applied to assess six scenarios for sewage 862 

sludge treatment combined with energy recovery, including dewatering, composting, 863 

drying, incineration, incinerated ash melting, gasification and melting. A gate-to-gate 864 

analysis was conducted to study the energy, carbon, and water flows for each alternative. 865 

Results showed that Scenario TM had a better performance, followed by Scenario TI 866 

and T, then the Scenario TIM and TC. Alternative TD took the last place with a total 867 

score of 0.1140. To analyze the influence of different weighting assignment on each 868 

aspect, sensitivity analysis was conducted which included three groups of weight 869 

distribution. Results showed that Scenario TM, TI and TIM were favored by the 870 
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increasing weight of energy recovery. The weight of carbon emissions had no 871 

significant effect on the combined assessment of these three options while the scores of 872 

the other scenarios had obvious changes as the weight of carbon emissions rises. The 873 

scores of scenarios with large amount of energy exhibit a downward trend due to the 874 

undesirable performances on water consumptions. On the contrary, Scenario T, TC and 875 

TD all showed an increasing trend when the importance of water consumptions was 876 

emphasized. Uncertainty analysis was also carried out to examine the influence of 877 

assumptions on energy recovery amount from AD, LHV and C content in sewage sludge. 878 

Results revealed that the variation of the former two parameters have significant 879 

influence on Scenario T and TC. Other options were less affected than the first two 880 

alternatives, especially Scenario TD. Future research may also consider analyzing the 881 

compound effect of different parameter on the evaluation. 882 

The study also found that the major barrier of current energy recovery technologies 883 

from sewage sludge is the low energy recovery rate, leading to the less advantage in 884 

balancing energy and materials input. The focus of future work should be improving 885 

the entire performance of sludge treatment technologies, especially the energy 886 

production yields. Water recycling during the process of mechanical dewatering is also 887 

critical because of the existence of large amount of free water in sewage sludge. 888 

Considering the carbon tax, sludge treatment plants may need to add extra disposal for 889 

carbon capture, which also contributes to a higher investment for the entire system. 890 

Hence, local government should provide suitable financial support as incentives to 891 
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maintain the operations and promote the development of waste management plants. 892 

Life cycle assessment is a powerful tool to evaluate the performances of selected 893 

alternative. Nevertheless, the assessment work should be conducted according to the 894 

specific situation of the specific region because the evaluation results are deeply 895 

influenced by the assumptions on the features of sewage sludge and technologies. 896 
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