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ABSTRACT 21 

The compositions of food wastes and their co-gasification producer gas were compared 22 

with the existing data of sewage sludge. Results showed that food wastes are more 23 

favorable than sewage sludge for co-gasification based on residue generation and energy 24 

output. Two decentralized gasification-based schemes were proposed to dispose of the 25 

sewage sludge and food wastes in Singapore. Monte Carlo simulation-based cost-benefit 26 

analysis was conducted to compare the proposed schemes with the existing incineration-27 

based scheme. It was found that the gasification-based schemes are financially superior to 28 

the incineration-based scheme based on the data of net present value (NPV), benefit-cost 29 

ratio (BCR), and internal rate of return (IRR). Sensitivity analysis was conducted to suggest 30 

effective measures to improve the economics of the schemes.  31 

 32 

KEYWORDS 33 

Cost-benefit analysis; Gasification; Food waste; Sewage sludge; Incineration; Monte Carlo 34 

simulation. 35 

 36 

1. INTRODUCTION 37 

Management of solid wastes has been one of the greatest challenges for megacities. 38 

Landfill remains as one of the predominant methods of waste disposal worldwide. However, 39 

even modern engineered landfill suffers from a variety of problems such as noxious gas 40 

emission, dust, and leachate production, rodent infestation, etc. (Hamer, 2003). 41 

Furthermore, the land space requirement of landfill makes it an unfavorable choice for 42 

countries that have limited land space, such as Singapore. Alternative waste treatment 43 

technologies such as incineration and gasification have gained increasing attention due to 44 
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their great potential for energy- and resource-harvesting. Incineration could effectively 45 

reduce the volume of solid waste by 90 – 95%, but the corresponding waste burning 46 

process produces a cocktail of toxic by-products that are harmful to the environment and 47 

general public health (Tian et al., 2012). Compared to incineration, gasification is generally 48 

not only more efficient but also bears much less environmental concerns because the 49 

oxygen-deficient environment in a gasifier does not favor the formation of those 50 

environmental pollutants produced in an incinerator. Moreover, the gasification technology 51 

is well suitable for the decentralized application (Buragohain et al., 2010), which offers 52 

significant flexibility to waste treatment and could potentially reduce the contamination 53 

incurred during waste transportation.  54 

In Singapore, two solid wastes, i.e. food waste and sewage sludge, among various types 55 

of wastes, are being paid special attention. Food waste (788,600 tons in 2014) is one of the 56 

major solid wastes generated in Singapore, but its recycling rate is only 13% and is among 57 

one of the lowest (NEA, 2016b). Sewage sludge is an unavoidable product from water 58 

reclamation plants (WRP) during the treatment of municipal and industrial wastewaters. 59 

There are four WRPs in Singapore and their capacity information is listed in Table 1. 60 

148,500 tons of ash and sewage sludge were produced in 2014, with 21,700 recycled for a 61 

recycling rate of 15% (NEA, 2016b). In view of the annual ash production of around 62 

50,000 tons (MEWR, 2016), the amount of sewage sludge produced per year is estimated to 63 

around 98,500 tons. The disposal of sewage sludge is challenging due to the fact that it 64 

comprises of a variety of harmful substances such as heavy metals, bacteria, viruses, poorly 65 

biodegradable organic compounds, dioxins etc. Currently in Singapore, the disposal of 66 

sewage sludge mainly relies on incineration. However, the high moisture content in sewage 67 
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sludge makes it not an ideal fuel for incineration. Alternatively, the gasification technology 68 

serves as a potential candidate for tackling the disposal dilemma.  69 

A great number of studies have been conducted to explore the gasification of food waste 70 

and sewage sludge. Sewage sludge has been co-gasified with biomass to effectively 71 

mitigate the adverse effects of various characteristics (e.g., high moisture content and toxic 72 

compounds) of sewage sludge on the process and enhance the gasification efficiency 73 

(Manara and Zabaniotou, 2012). However, the existing gasification experiments of food 74 

wastes and sewage sludge were conducted by different studies which generally have 75 

different operating conditions, equipment design, and experimental procedures. As a result, 76 

the comparison between the existing co-gasification experimental data of food wastes and 77 

sewage sludge is difficult, while such comparison provides information about the relative 78 

pros and cons of food wastes and sewage sludge for co-gasification which is important for 79 

the practical designing (e.g., electricity generator capacity planning based on the amount of 80 

food wastes and sewage sludge handled) and management (e.g., selection of food wastes or 81 

sewage sludge for gasification by decision makers) of gasification-based waste disposal. 82 

For example, the studies of Ong et al. (2015) and Yang et al. (2016) conducted the co-83 

gasification experiments of sewage sludge and food waste, respectively, based on the same 84 

fixed-bed downdraft gasifier. However, the experimental conditions such as pretreatment of 85 

wastes in the two studies differed, making the experimental results less comparable. 86 

Cost-benefit analysis (CBA) has been widely employed to evaluate the economic 87 

feasibility of various waste- and energy-related projects or programs (Koupaie et al., 2014; 88 

Ruffino et al., 2015). Through the systematic and analytical comparison of benefits and 89 

costs, CBA not only answers such questions as whether a proposed project or program is 90 

worthwhile, but also could serve as an effective tool for making reasonable decisions on the 91 
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utilization and distribution of society’s resources. However, there is still lacking relevant 92 

cost-benefit analysis about the deployment of decentralized gasification systems in 93 

megacities for waste disposal, especially for food wastes and sewage sludge, while such 94 

analysis would be critical to the decision-making process for policy-makers and investors.  95 

In this work, we would conduct a series of co-gasification experiments of food wastes 96 

with woodchips. The experimental conditions are similar to the ones of sewage sludge 97 

reported by the study of Ong et al., (2015) to achieve better comparison. The respective 98 

pros and cons of food wastes and sewage sludge would be discussed in terms of the 99 

compositions of wastes and producer gas. Based on the experimental data, two 100 

decentralized gasification-based waste disposal schemes would be proposed to handle the 101 

sewage sludge and food wastes of Singapore. A CBA would be conducted to compare the 102 

proposed schemes with the existing incineration-based scheme considering both private and 103 

environmental costs, which sheds light on the practical application and arrangement of 104 

waste disposal systems.  105 

 106 

2. MATERIALS AND METHODS 107 

2.1 Feedstock Materials and Characterization 108 

The co-gasification feedstock consists of a mixture of food wastes and woodchips. Food 109 

wastes were collected from the Techo Edge Canteen of the National University of 110 

Singapore (NUS). The collected food waste is divided into four categories mainly based on 111 

their nutrient composition, i.e. carbohydrate, protein, fats and bones, which account for 65 112 

wt.%, 15 wt. %, 5 wt. %, and 15 wt.%, respectively. The carbohydrate category mainly 113 

contains rice, potato, noodle, pasta, vegetables, etc. The protein category mainly contains 114 

chicken, pork, fish, egg, etc. The fats category mainly contains pork fats and chicken skin. 115 
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The nutrient-based categorization improves the differentiation among different types of 116 

food wastes and enhances the reproducibility of experiments. In contrast, the study of Yang 117 

et al. (2016) does not clarify the criteria for categorizing food wastes, which may limit their 118 

experimental data to the types of food wastes considered in their study only. Since it is 119 

difficult to grind and make bones into small balls that fit into the gasifier, they are excluded 120 

in the subsequent experiments. The moisture content of food wastes was determined by the 121 

freeze-drying method (Baysal et al., 2015). Mesquite woodchips (Kingsford, The Clorox 122 

Company, USA) were used as the co-gasification agent, similar to the study of Ong et al., 123 

(2015). Proximate, ultimate, and inductively coupled plasma (ICP) analysis were conducted 124 

to characterize the compositions of the feedstocks. The details of the analysis could be 125 

found in the previous studies (Ong et al., 2015; Yang et al., 2016) and are not repeated in 126 

this work. The higher heating value (HHV) of feedstocks was calculated using the unified 127 

correlation for fuels developed by (Channiwala and Parikh, 2002) 128 

                                                  

                       
(1) 

where C, H, S, O, N and ASH are the mass percentage fractions of the respective 129 

components in the feedstocks as obtained from the proximate and ultimate analysis. 130 

 131 

2.2 Co-gasification Experiments 132 

2.2.1 Feedstock pretreatment 133 

The pre-treatment of food wastes was conducted to control its size and moisture content 134 

for a smooth running of gasification experiments. For a fixed-bed downdraft gasifier, the 135 

moisture content of feedstock was suggested to be lower than 25 wt.% (Puig-Arnavat et al., 136 

2010). Hence, similar to the sewage study of Ong et al., (2015), the wet food waste was 137 
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rolled into balls and solar-dried to reduce the moisture content to below 25 wt.%, which 138 

ensures that the dried balls could mix well with the woodchips and subsequently be fed 139 

smoothly into the reactor. The original food waste balls were around 2.5 cm in diameter 140 

and shrunk to about 2 cm after drying. After the drying, the moisture content of food waste 141 

balls was reduced to around 10 wt.%. The woodchips have an initial moisture content of 142 

approximately 8 wt.% and no further pre-treatment was needed before gasification. The 143 

woodchips were sorted and handpicked to ensure their length and width between 1 to 4 cm, 144 

so that they could be fed smoothly into the reactor via the screw feeder. 145 

 146 

2.2.2 Experimental design 147 

The air flow rate of 7×10
-3

 m
3
/s was used. The study of Ong et al., (2015) suggested an 148 

optimal sludge-woodchips ratio of 1:4 for the co-gasification experiments. For the food 149 

waste, the carbohydrate balls were firstly mixed with the protein balls in a ratio of 4:1. The 150 

content of protein balls would increase the HHV of feedstock and serve as a source of 151 

nitrogen. The nitrogen content in the protein food wastes suggests a potential 152 

environmental concern of the emission of nitrogen oxides or ammonia during the 153 

gasification process. Note that the ratio of the carbohydrate and protein food wastes in the 154 

overall food wastes collected from the canteen is nearly 4:1 (65% wt. vs. 15% wt.), 155 

therefore, a mixture ratio of 4:1 also allows the full utilization of carbohydrate and protein 156 

food wastes in the study. Then, the carbohydrate-protein complex was further mixed with 157 

woodchips in a ratio of 1:4 for the co-gasification experiments. The fat food wastes were 158 

not used because of its high oil content which may cause potential technical problems (e.g., 159 

blockage) for gasification (Abe et al., 2007). The co-gasification experiments were 160 

conducted in the fixed-bed downdraft gasifier (All Power Labs) with a capacity of 10kg/hr. 161 
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A schematic diagram of the gasifier is shown by Figure 1. The experimental procedure is 162 

the same as that in the study of Ong et al., (2015). During the experiments, a mixture of 163 

waste and wood chips were firstly poured into the hopper (1). The hopper was then gas-164 

tight sealed and a cold run was performed to ensure there is no gas leakage. The feedstock 165 

entered a heat exchanger drying bucket (2) where it was pre-heated by hot producer gas. 166 

The feedstock was then fed into the pyro-coil (4) via a motorized screw feeder (3). When 167 

the pyro-coil and reactor (5) were completely filled, a level switch incorporated onto the 168 

pyro-coil lid switched off the screw feeder. Pyrolysis, combustion, and gasification 169 

reactions are taking place in the reactor (1). As the pressure in the reactor was below the 170 

atmospheric pressure, ambient air was sucked into a heat exchanger jacket where it was 171 

pre-heated by hot producer gases before entering the combustion zone of the reactor. The 172 

hot producer gas that left the reactor went through the drying bucket, heating up the 173 

feedstock. Subsequently, the producer gas left the cyclone (6) and drying bucket (2) in 174 

sequence and passed through the gas filter (10) before entering the flare (12). The 175 

experiments were initiated by switching on the vacuum pump and igniting an auxiliary fuel 176 

(kerosene) through an ignition port located on the side-wall of the reactor. After ignition, 177 

the reactor is left to reach temperatures of 800 – 1000 ˚C at the combustion and gasification 178 

zones, followed by the ignition of the flare (12). The feedstock feeding rate was around 10 179 

kg/hr. The producer gas was sampled continuously using a non-dispersive infrared thermal 180 

conductivity detector (NDIR – TCD) via a Gasboard 3100P gas analyzer (8) (Wuhan Cubic 181 

Optoelectronics Co. Ltd.). The contents of CO, H2, CO2, CH4, O2, and CnHm in the 182 

producer gas and the corresponding lower heating values (LHV) were recorded. Prior to 183 

analysis, the producer gas was passed through a simple gas conditioning system (7) to 184 
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remove water vapor, dust and tar. All the recorded data were sent to a Process Control Unit 185 

(PCU) and logged every second. 186 

 187 

2.3 Cost-benefit Analysis 188 

2.3.1 Scheme Proposal and Parameter Selection 189 

Two gasification-based waste disposal schemes are proposed: (1) N (N=100, 500, and 190 

1000) decentralized gasification stations are deployed with respect to population without 191 

differentiating the gasification of food wastes and sewage sludge; (2) each WRP has its 192 

own gasification station catering for the demand of its sewage sludge disposal while food 193 

wastes are gasified by other (N-4) gasification stations. The information about the sewage 194 

sludge production of each WRP is not available and is calculated by multiplying the annual 195 

sewage sludge production (98,500 tons) by its capacity fraction with respect to the total 196 

capacity of all four WRPs as shown in Table 1. A third scheme is based on incineration 197 

which is the primary waste treatment and disposal method in Singapore with four 198 

incineration plants. The diagrams of the three schemes are shown in e-supplement Figure 1. 199 

Cost-benefit analysis is conducted to compare the proposed gasification-based waste 200 

disposal schemes with the existing incineration-based one. In the cost-benefit analysis, the 201 

private cost involves the initial investment such as the construction of facilities and land 202 

cost, and operating and maintenance (O&M) cost (e.g., staff salary, training program, etc.). 203 

The transport cost is not considered in this work due to the lacking of precise information. 204 

Actually, existing studies (Bernstad and la Cour Jansen, 2011; Sundqvist et al., 2002) have 205 

suggested that transportation would generally have limited effect on the results of strategy 206 

studies comparing different waste treatment options. External costs are considered based on 207 

the monetary valuation of damages caused by the pollutants emitted during a process. 208 
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Uncertainties always exist in the cost-benefit analysis due to the variability and availability 209 

of considered factors (Graham, 1981). The data of some factors are from existing studies. 210 

The potential uncertainties of the data were generally not quantified by the original studies, 211 

but they still serve as important references for estimating the potential range of the factors. 212 

To further account for the uncertainties, triangular distributions would be assumed for the 213 

potentially variable parameters and modeled by Monte Carlo simulation with a total of 104 214 

iterations. Triangular distributions are widely assumed in decision-making related 215 

researches and have been employed in existing cost-benefit analysis of emission related 216 

projects (Barrett et al., 2012; Withers et al., 2014).  217 

The cost of a gasification system generating electricity was suggested to be 1500 218 

US$/kW in 2007 (Abe et al., 2007). Recently, Suramaythangkoor and Gheewala (2010) 219 

summarized the investment of gasification system to be 45-56 MBaht/MW (or 1592 220 

US$/kW for an exchange rate of 0.028 US$/Baht). In this work, we applied a triangular 221 

distribution with a lower limit, mode, and upper limit of 1000, 1500 and 2000 US$/kW, 222 

respectively, for the construction cost of each gasification station in 2007. The cost was 223 

further updated to the current year (2016) using Chemical Engineering Plant Cost Index 224 

(CEPCI) as  225 

                           (2) 

where   and   denote the current year (2016) and base year (2007), respectively. However, 226 

considering that the annual value of CEPCI for 2016 was not available, the annual value for 227 

2015, 556.8, was used to represent the current year . The annual value of CEPCI for 2007 228 

was 525.4 . In view of the scale dependence of facility cost, further scaling is done by Eq. 229 

(3) (Holmgren et al., 2015)  230 

                  
  (3) 
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where    and    denote the designed facility capacity and base facility capacity, 231 

respectively. The base facility capacity was set to be 1 MW according to the study of 232 

(Suramaythangkoor and Gheewala, 2010).   is the scaling factor typically ranging from 0.6 233 

to 0.8 and       was applied in this work. For the land cost, a triangular distribution with 234 

a lower limit, mode, and upper limit of 500. 1500, 2500 US$/m
2
, respectively, is assumed 235 

based on the price range data of Singapore’s public housing (HDB, 2016). The pilot-scale 236 

gasification system in our experiments has a consumption rate of 0.12 ton/day for daily 237 

operation duration of 12 hours and occupies an area of around 4 m
2
. It is assumed that the 238 

occupied area of each gasification station will be linearly proportional to 4 m
2
 in terms of 239 

the consumption rate. The ratio between the monthly O&M cost and the capital cost 240 

(construction cost + land cost) was about 0.01 for a system applying the integrated 241 

gasification combined cycle (IGCC) technology (Christou et al., 2008). In this work, the 242 

ratio between the monthly O&M cost and capital cost is assumed to be a triangular 243 

distribution with a lower limit, mode, and upper limit of 0.008, 0.014, and 0.02, 244 

respectively. The efficiency of the IGCC technology was identified to range from 40% to 245 

55% by the study of Christou et al. (2008). In the study of Münster and Lund (2010), an 246 

efficiency of 47% was recognized for the case of electricity production from syngas. 247 

However, these efficiencies correspond to large plants of capacities over hundreds of 248 

megawatt. For decentralized gasification stations with much smaller capacities, the 249 

efficiency would be significantly smaller. Unfortunately, there is no definite relationship 250 

between the efficiency and scale of gasification systems, and a triangular distribution with a 251 

lower limit, mode, and upper limit of 20%, 30%, and 40%, respectively, is assumed in the 252 

cost-benefit analysis. The cost of incineration plants ranges from 3500 to 8200 US$/kW 253 

calculated based on the investment and capacity information of the four incineration plants 254 
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in Singapore (NEA, 2016a). A triangular distribution with a lower limit, mode, and upper 255 

limit of 3000, 6000, and 9000 US$/kW is assumed for the capital cost of incineration plants. 256 

Similar to the gasification-based schemes, cost updates in terms of year and facility 257 

capacity were conducted based on Eq. (1) and Eq. (2), respectively. The base year in Eq. (1) 258 

was set to be 2007, which corresponds to the period when the newest incineration plant in 259 

Singapore was developed. The base facility capacity was set to be 40 MW corresponding to 260 

the average capacity of the four incineration plants in Singapore. The ratio between the 261 

monthly O&M cost and capital cost is set to be triangularly distributed with a lower limit, 262 

mode and upper limit of 0.01, 0.03, and 0.05 based on the study by Kannan et al. (2007) 263 

where a ratio of 0.025 was used. An electricity efficiency of 19.5% was used previously for 264 

the incineration technology (Münster and Lund, 2010). Correspondingly, a triangular 265 

distribution with a lower limit, mode, and upper limit of 15%, 20%, and 25%, respectively, 266 

is used. 267 

Two pollutants, dioxins, and CO2, are considered for the external cost. Dioxins are one 268 

type of the major by-products of waste incineration and pose a great threat to human health. 269 

For example, it has been recognized by World Health Organization (WHO) as one of the 270 

potential causes for human reproductive and developmental problems, damage to the 271 

immune system, and even cancer (Ahlborg et al., 1994). CO2 is widely considered in the 272 

environmental cost of cost-benefit analysis in view of its global warming potentials. Based 273 

on the study by Rabl et al. (2008), a triangular distribution with the lower limit, mode, and 274 

upper limit of 1.13×10
7
, 1.47×10

8
, and 2.82×10

8 
US$/kg, respectively, is assumed for 275 

Dioxins cost; a triangular distribution with the lower limit, mode, and upper limit of 276 

6.4×10
-4

, 1.18×10
-2 

and 2.3×10
-2 

US$/kg, respectively, is assumed for the CO2 cost. The 277 

CO2 emissions from the gasification of food waste and sewage sludge are obtained by our 278 
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experiments and reported below (see section 3.2). The Dioxins emission from the 279 

gasification is zero, as the oxygen-deficient environment in gasifier suppresses the 280 

formation of Dioxins. The CO2 and dioxins emissions from the incineration of solid waste 281 

are set to be 861800 and 5.15 ×10
-7

 g per tons of waste (Rabl et al., 2008), respectively.  282 

Both wood and horticulture materials have been found to be suitable as co-gasification 283 

agents. A great amount of wood (367900 tons) and horticultural (362000 tons) wastes is 284 

produced per year in Singapore (NEA, 2016b). These wastes could be used as co-285 

gasification agents to benefit both waste disposal management and the profitability of the 286 

gasification-based schemes. The total amount of wood and horticultural wastes could 287 

satisfy the co-gasification demand of food waste and sewage sludge, considering that 288 

around 70 wt.% of moisture content in the food waste and sewage sludge is removed before 289 

co-gasification. Hence, in the gasification-based schemes, wood and horticultural wastes 290 

are used as co-gasification agent to save cost and increase the waste income by refuse 291 

disposal fee. Another cost would be incurred by the disposal of waste treatment residues, i.e. 292 

ash for incineration and biochar for gasification. The residues are disposed of by landfilling 293 

and are subject to refuse disposal fee. The refuse disposal fee is now 56.5 US$/ton (NEA, 294 

2016a). Considering the potential fluctuation, a triangular distribution with a lower limit, 295 

mode, and upper limit of 50, 60, and 70 US$/ton, respectively, is assumed for the refuse 296 

disposal fee. For incineration, the mass of ash is calculated based on the ash content data 297 

from the approximate analysis (see Table 3). In our gasification experiments, the weight of 298 

residues was measured to be around 10% of consumed feedstocks which is applied in the 299 

cost-benefit analysis for gasification. It should be noted that the cost of energy required to 300 

drying the co-gasification feedstocks is neglected, because we presume solar drying is 301 
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employed for the pretreatment process and relevant operating costs are considered in the 302 

overall O&M cost.  303 

The direct profits from the waste treatment schemes include selling electricity (energy 304 

income) and refuse disposal fees (waste income). The tariff of electricity for low tension 305 

supplied varied from 0.14 to 0.19 US$/kWh from January 2013 to January 2016 (SP, 2016). 306 

A triangular distribution with a lower limit, mode, and upper limit of 0.1, 0.2, and 0.3 307 

US$/kWh, respectively, is assumed for the tariff of electricity. The waste income is 308 

estimated by the product of net waste handled by incineration or gasification (i.e. excluding 309 

the mass of residue to be landfilled) and the refuse disposal fee.  310 

Three indicators (net present value (NPV), benefit-cost ratio (BCR), and internal rate of 311 

return (IRR)) are calculated in the cost-benefit analysis.  NPV is calculated as 312 

     
   

      

  

 

    (4) 

where    is the net cash inflow during a year t;    is the total initial investment including 313 

the construction and land costs; LT=20 years denotes the life time of facilities;   is the 314 

discount rate. A near-zero discount rate means that the cost of borrowing from the future is 315 

low, and future benefits and costs are worth about the same as today (Quah and Toh, 2011). 316 

The potential discount rate has been suggested to be in a range of 5% to 10% (Ertürk, 2012), 317 

while another study (Manioğlu and Yılmaz, 2006) used 15% for economic analysis. To 318 

examine the potential impact of the discount rate on the cost benefit analysis, the discount 319 

rate is assumed to have a triangular distribution with a lower limit, mode, and upper limit of 320 

1%, 8%, and 15%, respectively.  BCR is calculated as  321 

          
   

      

  

 

     (5) 
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where     is the expenditure cost (O&M and emission costs) during a year t. IRR 322 

corresponds to a discount rate that leads to a zero NPV. IRR could not be calculated 323 

analytically as shown by Eq. (4) and is calculated using an algorithm provided by Matlab 324 

(Matlab R2014a). A summary of considered factors is listed in Table 2. 325 

 326 

3. RESULTS AND DISCUSSION 327 

3.1 Comparison between Food Wastes and Sewage Sludge 328 

The moisture of raw materials, proximate and ultimate compositions, and HHVs of 329 

feedstocks are listed in Table 3. The received basis moisture of food wastes is about 20% 330 

lower than that of sewage sludge, both of which are significantly higher than the suggested 331 

limit of 25 wt.% for gasification (Puig-Arnavat et al., 2010). The moisture content of food 332 

wastes and sewage sludge dropped to around 10 wt.% after drying. The fixed carbon 333 

contents for carbohydrate and protein food waste are around 15% and comparable to that 334 

for sewage sludge and woodchips. The ash contents of food wastes are much lower than 335 

that of sewage sludge and comparable to woodchips, with the carbohydrate food waste of 336 

the lowest ash content of 2.7 wt.%. High ash contents in sewage sludge may pose problems 337 

such as slagging and clinker formation in the reactor, making the gasification process 338 

unstable (Ong et al., 2015). This suggests that food waste is more favorable than sewage 339 

sludge for co-gasifying with woodchips, in terms of the amount of ash residue. Based on 340 

the mass fractions of carbon, hydrogen, oxygen, and nitrogen, the equivalence ratios for the 341 

co-gasification of food wastes and sewage sludge were calculated to be 0.31 and 0.32, 342 

respectively. The HHV of sewage sludge is smaller than both the carbohydrate and protein 343 

food wastes. This could be explained by the unified correlation, Eq. (1) together with the 344 

fact that the sewage sludge has lower carbon content while a higher ash content than the 345 
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food wastes. The HHV of protein food waste is the highest, suggesting that it is a favorable 346 

feedstock for gasification in terms of energy content. However, the nitrogen content is 347 

significantly richer in the protein food wastes than in the carbohydrate food wastes, 348 

consistent with their respective nutrient compositions. As mentioned in section 2.2.2, the 349 

high nitrogen content in the protein food wastes suggests a potential environmental concern 350 

of the emission of nitrogen oxides or ammonia. On the whole, in view of the potential 351 

energy output and gas pollutant emission, a mixture of carbohydrate and protein food 352 

wastes is a good choice for gasification. The metallic element contents in the feedstocks are 353 

listed in Table 4. It is shown that the carbohydrate food waste has the highest Ca content, 354 

which is almost double of sewage sludge and triple of woodchips. The calcium content in 355 

the wastes may be transformed to quicklime (CaO) during the calcination of biochar, which 356 

could be used as catalysts in various processes. Compared to the food wastes, the sewage 357 

sludge has a significant more amount of Cu and Fe, which may have come from pipeline 358 

corrosion during the transport process of wastewater. Recently, the gasification bottom ash 359 

(or biochar) of various types of wastes have been converted to fertilizers or soil 360 

conditioners for agricultural application (Yang et al. 2016). However, the significant Cu 361 

and Fe contents in the sewage sludge would limit its application as fertilizers. Additional 362 

measures (e.g., leaching) need to be taken to remove the metallic contents before practical 363 

agricultural applications.  364 

 365 

3.2 Gas Composition and LHV 366 

The producer gas compositions and LHVs for the cases of food waste and sewage sludge 367 

co-gasification are given by Table 5 where the data for the case of pure woodchips 368 

gasification from the study of Ong et al., (2015) is also added. The co-gasification of food 369 
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wastes produced a higher volume fraction of CO than sewage sludge, but a lower volume 370 

fraction than pure woodchips. On the other hand, the volume fraction of H2 for the case of 371 

food waste co-gasification is the lowest. The volume fraction of syngas (CO+H2) generated 372 

during the co-gasification of food wastes is higher than that of sewage sludge (32.9 vol.% 373 

vs. 32.4 vol.%). Both the food waste and sewage sludge co-gasification generated a smaller 374 

amount of CO and H2, and thus a lower volume fraction of syngas than the gasification of 375 

pure woodchips. The volume fraction of CO2 in the producer gas from the co-gasification 376 

of food wastes is much higher than that of sewage sludge and the gasification of pure 377 

woodchips. The food waste co-gasification produced a higher volume fraction of CH4 than 378 

sewage sludge and pure woodchips. The production of CH4 would increase the energy 379 

content of producer gas. Despite the amount of CH4 is only one sixth of that of CO2 in the 380 

producer gas, CH4 serves as a potential source of greenhouse gas (GHG) in terms of itself 381 

or its combustion product CO2. The LHV of the producer gas from the food waste co-382 

gasification is similar to that from pure woodchip gasification, both of which are slightly 383 

higher than that from the sewage sludge co-gasification. The syngas (CO+H2) yield rate for 384 

the food waste co-gasification is smaller than that for the pure woodchip gasification 385 

(2.303×10
-3

 m
3
/s vs. 2.408×10

-3
 m

3
/s based on the flow rate of 7×10

-3
 m

3
/s), meaning a 386 

smaller LHV accounted for by the syngas for food wastes than pure woodchips. However, 387 

the higher CH4 yield rate (0.175×10
-3

 m
3
/s vs. 0.119×10

-3
 m

3
/s based on the flow rate of 388 

7×10
-3

 m
3
/s) for the food waste co-gasification than the woodchip gasification make up the 389 

lower LHV accounted for by CO and H2, because CH4 has a much higher LHV in the unit 390 

of MJ/Nm
3 

than syngas (Ghenai, 2010). The higher LHV suggests higher energy output 391 

estimation for the case of food wastes than that of sewage sludge, consistent with the HHV 392 

results (the feedstock HHVs for the cases of food wastes and sewage sludge are 18.16 and 393 
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17.50 MJ/kg, respectively based on Table 3). On the whole, the mixture of carbohydrate 394 

and protein food wastes potentially serves as a better co-gasification agent, compared to 395 

sewage sludge in terms of energy output. The energy output of the mixture of food waste 396 

and pure woodchips is similar to that of the gasification of pure woodchips in view of the 397 

similar LHV and HHV data, feedstock feeding rate (10 kg/hr), and gas yield rate (7×10
-3

 398 

m
3
/s).  399 

To achieve fair comparison, it is important to have a common basis such as the similar 400 

operational conditions used in this work. However, it should be noted that another common 401 

basis could be optimum operational conditions which are not necessarily similar to each 402 

other for different wastes. Hence, comparing the effectiveness of the co-gasification of food 403 

waste and sewage sludge could be based on their respective optimum operational 404 

conditions, and much more research is needed to find the optimum conditions in the future. 405 

Once the co-gasification data under the optimum operational conditions are available, they 406 

could also be incorporated into such a cost-benefit analysis as proposed by this work to 407 

evaluate relevant economics. 408 

 409 

3.3 Cost-benefit Analysis 410 

3.3.1 Cost and benefit components 411 

The mass fraction, moisture content, HHV, and CO2 data from experiments is used for 412 

the cost-benefit analysis. There is a distribution for each component corresponding to the 413 

Monte Carlo simulation. The mean and standard deviation of each distribution are 414 

calculated and listed in Table 6. It is shown that the construction and O&M costs of scheme 415 

1 and 2 are increased by about 50% and 20% as the number of gasification stations increase 416 

from 100 to 500 and from 500 to 1000, respectively. Other cost and benefit components 417 
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(land cost, energy income, waste income, and CO2 emission cost) are merely affected by 418 

the number of stations in the gasification-based scheme 1 and 2. This is because these 419 

components are generally dependent on the total amount of wastes disposed of which is not 420 

affected by the number of gasification stations. Similarly, there is a limited difference of 421 

these components between scheme 1 and 2. For the same number of stations, the 422 

construction and O&M costs in scheme 2 are 2% - 5% lower than those in scheme 1, 423 

suggesting that handling food waste and sewage sludge separately is more economic. The 424 

difference between the gasification-based scheme 1 and 2, and incineration-based scheme 3, 425 

is significant. Specifically, the capital cost of scheme 3 is about 130%, 85%, and 70% of 426 

that of scheme 1 with 100, 500, and 1000 stations, respectively. Note that around 2 times 427 

larger amount of wastes (wood and horticultural wastes were added as co-gasification 428 

agents in scheme 1 and 2) are disposed of by scheme 1 and 2 increasing the overall capacity 429 

of gasification stations. The O&M cost of scheme 3 is about 150% - 290% of that of 430 

scheme 1 and 2. The energy income, however, of scheme 3 is about one order of magnitude 431 

less than that of scheme 1 and 2, due to (1) the lower efficiency of the incineration-based 432 

scheme compared to the gasification-based schemes and (2) the added mass of feedstocks 433 

by co-gasification agents (i.e. wood and horticulture wastes). The much higher O&M cost 434 

and lower energy incomes make the incineration-based scheme 3 less profitable compared 435 

to the gasification-based scheme 1 and 2. The CO2 emission costs of scheme 1 and 2 are 436 

about double of scheme 3 and more than half of the costs are corresponding to the added 437 

co-gasification agents in scheme 1 and 2. The co-gasification agents are not needed to be 438 

considered in the incineration scheme, because of the specific focus on disposing of food 439 

waste and sewage sludge. However, if they are also included in the incineration, the CO2 440 

emission from scheme 3 would be around one order of magnitude higher than that of 441 
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scheme 1 and 2 due to the higher CO2 emission per unit feedstocks for incineration (Table 2 442 

and Table 6). From a point of view of CO2 emission per unit mass of feedstocks, the 443 

gasification-based scheme could be more environmentally friendly.  444 

For the gasification-based schemes, the O&M costs are the highest among the cost 445 

components and around double of the capital costs. The energy income is about 370% of 446 

the waste income and overtakes the O&M costs for the cases of 100 and 500 stations. The 447 

environmental externality, i.e. CO2 emission cost, is generally two orders of magnitude 448 

lower than the other cost and benefit components and thus is negligible. This may justify 449 

the negligence of other potential pollutants from co-gasification whose volume fraction is 450 

significantly less than CO2. For the incineration-based schemes, the O&M cost is the 451 

highest among all the components and is about 6 times the summation of energy and waste 452 

incomes. The environmental externalities are negligible compared to the other cost and 453 

benefit components for the incineration-based scheme as well, with the Dioxins emission 454 

cost two orders of magnitude lower than the CO2 one.  455 

 456 

3.3.2 Net present value (NPV) 457 

The distributions of NPVs of different schemes are shown in Figure 2 ((a), (b), and (c) 458 

for scheme 1, 2, and 3, respectively) with the means and standard deviations shown as 459 

insets. Only the cases of 100 stations are shown for scheme 1 and 2 because the shape of 460 

the distributions for the cases of 500 and 1000 stations are similar to that of 100 stations but 461 

with the means shift to the left. Consistent with Table 6, the NPV distribution of scheme 1 462 

is similar to that of scheme 2 in shape but has a smaller mean. The positive values of NPV 463 

mean that the gasification-based schemes could potentially be economically efficient and 464 

viable for disposing of food waste and sewage sludge. Statistically, the fraction of positive 465 
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NPV is more than 80%, which means that there is more than 80% of chance for the 466 

gasification-based schemes to be profitable. On the other hand, the values of the NPV 467 

distribution for the incineration-based scheme 3 are all negative with a mean of -4.48 468 

billion over a life-time of 20 years, suggesting that the incineration-based scheme 3 is not 469 

financially viable. In the calculation of NPV for scheme 3, the construction cost has been 470 

included as well. In view of the fact that Singapore already has four incineration plants, we 471 

recalculate the NPV of scheme 3 by disregarding the construction cost. However, in this 472 

case the NPV distribution only shifts to the right to a limited extent and the values of NPV 473 

distribution are still all negative, because the limited magnitude of initial construction cost 474 

compared to the overwhelming O&M cost over a course of 20 years as shown by Table 6 475 

(1.06×10
9
 vs. 3.90×10

9
 US$). Hence, the gasification-based schemes are more viable than 476 

the incineration-based one, no matter existing or new incineration plants are considered.  477 

 478 

3.3.3 Benefit-cost ratio (BCR) 479 

The distributions of BCRs of different schemes are shown in Figure 3 ((a), (b), and c) 480 

for scheme 1, 2, and 3, respectively) with the means and standard deviations shown as 481 

insets. Only the cases of 100 stations are shown for scheme 1 and 2. Similar to the case of 482 

NPV, the distribution of scheme 1 is similar to that of scheme 2 in shape but has a smaller 483 

mean. The mean BCRs of 0.35 and 0.37 suggest that the mean net profit would be around 484 

35% and 37% of the overall expenditure for scheme 1 and 2, respectively. The BCR 485 

distribution of scheme 3 has a mean of -0.87, meaning that the income from incineration 486 

could only cover about 13% of the overall expenditure, re-emphasizing the need to reduce 487 

the construction and O&M costs and increase the efficiency of the incineration-based 488 

scheme.   489 
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 490 

3.3.4 Internal rate of return (IRR) 491 

The distributions of IRRs of different schemes are shown in Figure 4 with the means and 492 

standard deviations shown as insets. Only the cases of 100 stations are shown for scheme 1 493 

and 2. The IRRs of scheme 1 and 2 are similar to each other and the fraction of positive 494 

IRRs is more than 95%, which suggests the potential for the gasification-based schemes to 495 

be profitable. In contrast, the values of IRR for the incineration-based scheme 3 are all 496 

negative with a mean of -1.63, meaning the benefits from scheme 3 could not repay the 497 

investment cost during the designated life-cycle. The IRR results show that the gasification-498 

based schemes are better candidates than the incineration-based scheme for the disposal of 499 

food wastes and sewage sludge, consistent with the results based on the data of NPV and 500 

BCR shown above.  501 

Note that a service time of 20 years is adopted in the above analysis. Longer service 502 

time would increase the NPV and BCR of schemes and favor the deployment. For example, 503 

increasing the service time from 20 to 25 years increases the mean NPV, BCR, and IRR 504 

from 7.95×10
8
 US$, 0.35, and 0.19 to 9.63×10

8
 US$, 0.39, and 0.194, respectively, for 505 

scheme 1 (100 stations). Based on Table 6, the average CO2 emission cost per unit food 506 

wastes is calculated to be 0.0043 US$/kg, which is larger than that per unit sewage sludge, 507 

0.0038 US$/kg. However, the average energy income per unit food wastes is 0.30 US$/kg, 508 

which is larger than that per unit sewage sludge, 0.25 US$/kg. As a result, food wastes 509 

would be generally more financially viable than sewage sludge for the co-gasification-510 

based disposal management. The dispersion of NPV and BCR distributions is closely 511 

associated with the dispersion of triangular distributions employed. In this work, triangular 512 

distributions are assumed to consider the variation of potentially variable parameters, and 513 
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the parameter selection is generally based on the existing data. The calculated distributions 514 

of NPV, BCR, and IRR should be indicative of their potential ranges for practical 515 

deployment of relevant waste disposal schemes. This method could be directly applied to 516 

provide more accurate predictions, whenever more accurate distributions of parameters are 517 

available. The analysis is specifically for the food wastes and sewage sludge in Singapore. 518 

However, the method could be easily extended to the cases of other megacities and types of 519 

wastes in the future, if relevant input parameters are accumulated. Gasification residues 520 

have the potential to be turned into various high-value commercial products such as soil 521 

conditioners and fertilizers, which may add extra cost and benefit components to the whole 522 

analysis. Due to limited data, this part of cost and benefit is not included in the current 523 

analysis and should be explored in the future. Finally, the feasibility comparison among the 524 

different waste disposal schemes is conducted from an economical point of view in this 525 

work. The conclusions may be changed when the comparison is subjected to other points of 526 

view (e.g., urban planning) or analysis methods (e.g., life cycle analysis).  527 

 528 

3.4 Sensitivity Analysis 529 

The design-of-experiments (DOE) method (Montgomery, 2008) is used to analyze the 530 

sensitivity of cost-benefit parameters (represented by NPV) to various input factors. Six 531 

input factors (i.e. a 2
6
 factorial design) were analyzed, including (A) construction cost, (B) 532 

the ratio between O&M cost and capital cost, (C) electricity efficiency, (D) electricity tariff, 533 

(E) refuse disposal fee, and (F) discount rate. In the factorial design, the low and high levels 534 

of the input factors are ±20% of the nominal values that correspond to the modes of the 535 

factor’s triangular distributions listed in Table 2. The factors related to emission costs are 536 

not analyzed because the emission costs have limited contribution to the overall NPVs as 537 
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shown above. The modes of the triangular distributions of emission costs are used in the 538 

sensitivity analysis. For scheme 1 and 2, the sensitivity analysis is based on their cases of 539 

100 stations. The main effects and interactions of the factors are calculated by 540 

     
 

  
        

  

   

 (6) 

where   corresponds to the (+/-) signs of each main effect and interaction for each NPV.  541 

Normal probability plots of the main effects and interactions are used to display the 542 

significance of the factors and their interactions on the NPVs of the three schemes (Figure 543 

5). In a normal probability plot, the factors or interactions that have insignificant effects on 544 

the response behave like a small, normally distributed random errors and follow the straight 545 

dash lines, whereas the factors or interactions that deviate away from the line would have 546 

significant effects on the response (Montgomery, 2008). Generally, the further away from 547 

the straight line, the more significant effect a factor or an interaction has on the response.  548 

Figure 5 shows that eight interactions EF, BEF, CEF, DEF, BCEF, BDEF, CDEF, 549 

BCDEF have the most significant effect in all the three schemes, suggesting the effects of 550 

(B) the ratio between O&M cost and capital cost, (C) electricity efficiency, (D) electricity 551 

tariff, and (E) refuse disposal fee depend on the level of (F) discount rate. This is because 552 

the discount rate serves as an overall adjustment factor in the calculation of NPVs as shown 553 

in Eq. (4). In scheme 1 and 2, the significant interactions have a positive relationship with 554 

the NPV, compared to the inverse relationship in scheme 3. In terms of the absolute value, 555 

the effects of the significant interactions are the highest in scheme 3 (-8.78×10
9
 US$), 556 

followed by scheme 2 (1.58×109 US$) and scheme 1 (1.51×109 US$), respectively. The 557 

NPV is also moderately sensitive to the main effects (A) construction cost, (B) the ratio 558 

between O&M cost and capital cost, (C) electricity efficiency, and (D) electricity tariff for 559 
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both scheme 1 and 2, whereas it is only moderately sensitive to the main effects (A) 560 

construction cost and (B) the ratio between O&M cost and capital cost in scheme 3. This is 561 

consistent with the data in Table 6 which shows that the construction cost, O&M cost, and 562 

energy income constitute the major part of the overall cost and benefit for scheme 1 and 2, 563 

while only the construction and O&M costs constitute a major part of the overall cost and 564 

benefit. On the whole, in view of the fact that the discount rate and electricity tariff is 565 

generally less controllable, it would be more favorable to reduce the construction and O&M 566 

costs, and increase the electricity efficiency in order to improve the economics of the 567 

gasification-based schemes. The methods of lowering the construction and O&M costs 568 

should be paid special attention for the incineration-based scheme.  569 

  570 

4. CONCLUSIONS 571 

Food wastes are more favorable than sewage sludge for co-gasification in terms of 572 

residue generation and energy output. Two decentralized gasification-based waste disposal 573 

schemes were proposed towards the management of the sewage sludge and food wastes in 574 

Singapore. Using the Monte Carlo simulation-based cost-benefit analysis, it was found that 575 

the gasification-based schemes are financially superior to the incineration-based scheme. 576 

Sensitivity analysis shows that reducing the construction and O&M costs (for both 577 

gasification- and incineration-based schemes), and increasing the electricity efficiency (for 578 

gasification-based schemes) would be effective to improve the economics of the schemes. 579 
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Captions for Figures 682 

Figure 1. A schematic diagram of downdraft gasifier. 1 Hopper, 2 Heat exchanger drying 683 

bucket, 3 Motorized screw feeder, 4 Pyro-coil heat exchanger, 5 Rector, 6 Cyclone, 7 Gas 684 

conditioning system, 8 Gas analyzer, 9 Gas analysis system, 10 Filter, 11 Air blower, 12 685 

Flare.  686 

Figure 2. The distributions of NPV for (a) scheme 1, (b) scheme 2 of 100 stations, and (c) 687 

scheme 3, respectively. The means and standard deviations of the distributions are shown 688 

by the insets.  689 

Figure 3. The distributions of BCR for (a) scheme 1, (b) scheme 2 of 100 stations, and (c) 690 

scheme 3, respectively. The means and standard deviations of the distributions are shown 691 

by the insets.  692 

Figure 4. The distributions of IRR for scheme 1 (a), scheme 2 (b) of 100 stations, and 693 

scheme 3 (c), respectively. The means and standard deviations of the distributions are 694 

shown by the insets.  695 

Figure 5. Normal probability plots of the effects for the 2
6
 factorial design for scheme 1 (a), 696 

scheme 2 (b) of 100 stations, and scheme 3 (c), respectively. (A) Construction cost, (B) 697 

Ratio between O&M cost and capital cost, (C) Electricity efficiency, (D) Electricity tariff, 698 

(E) Refuse disposal fee, (F) Discount rate. 699 
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Figure 1. A schematic diagram of downdraft gasifier. 1 Hopper, 2 Heat exchanger drying 

bucket, 3 Motorized screw feeder, 4 Pyro-coil heat exchanger, 5 Rector, 6 Cyclone, 7 Gas 

conditioning system, 8 Gas analyzer, 9 Gas analysis system, 10 Filter, 11 Air blower, 12 

Flare.  
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Figure 2. The distributions of NPV for (a) scheme 1, (b) scheme 2 of 100 stations, and (c) 

scheme 3, respectively. The means and standard deviations of the distributions are shown 

by the insets.  

(a) 
Mean=7.95×108 US$ 

Std=5.90×108 US$ 

(b) 
Mean=8.27×108 US$ 

Std=5.91×108 US$ 

(c) 
Mean=-4.48×109 US$ 
Std=1.33×109 US$ 



 

 

  

  
Figure 3. The distributions of BCR for (a) scheme 1, (b) scheme 2 of 100 stations, and (c) 

scheme 3, respectively. The means and standard deviations of the distributions are shown 

by the insets.  

 

(a) 
Mean=0.35 

Std=0.26 
 

(b) 
Mean=0.37 

Std=0.26 
 

(c) 
Mean=-0.87 

Std=0.031 
 



 

  

 

  
Figure 4. The distributions of IRR for scheme 1 (a), scheme 2 (b) of 100 stations, and 

scheme 3 (c), respectively. The means and standard deviations of the distributions are 

shown by the insets.  

  

(a) 
Mean=0.19 
Std=0.071 

(b) 
Mean=0.20 
Std=0.072 

(c) 
Mean=-1.63 

Std=0.17 



 

  

  

  

Figure 5. Normal probability plots of the effects for the 2
6
 factorial design for scheme 1 (a), 

scheme 2 (b) of 100 stations, and scheme 3 (c), respectively. (A) Construction cost, (B) 

Ratio between O&M cost and capital cost, (C) Electricity efficiency, (D) Electricity tariff, 

(E) Refuse disposal fee, (F) Discount rate. 

(a) 

(b) 

(c) 



 
 

Tables 

Table 1. Information of existing WRPs in Singapore (PUB, 2015).  

WRP Capacity (million gallons per day) Sewage sludge production (tons/day) 

Jurong WRP 45 30.9* 

Kranji WRP 34 23.4 

Ulu Pandan WRP 79 54.3 

Changi WRP 176 120.9 

* The sewage sludge production is assumed to be proportional to the capacity.  

 

  

Table



 
 

Table 2. List of factors considered during the cost-benefit analysis 

 Distribution Parameters Scheme 1§ Scheme 2§ Scheme 3¶ 

Construction cost 

(US$/kW) 

Triangular 

Lower 1000 1000 3000 

Mode 1500 1500 6000 

Upper 2000 2000 9000 

Land cost (US$/m
2
) Triangular 

Lower 500 500 

-# Mode 1500 1500 

Upper 2500 2500 

O & M cost/capital 

cost* 

Triangular 

Lower 0.008 0.008 0.01 

Mode 0.014 0.014 0.03 

Upper 0.02 0.02 0.05 

Electricity efficiency Triangular 

Lower 20% 20% 15% 

Mode 30% 30% 20% 

Upper 40% 40% 25% 

CO2 emission cost 

(US$/kg) 

Triangular 

Lower 6.4×10
-4

 6.4×10
-4

 6.4×10
-4

 

Mode 1.18×10
-2

 1.18×10
-2

 1.18×10
-2

 

Upper 2.3×10
-2

 2.3×10
-2

 2.3×10
-2

 

Dioxins emission 

cost (US$/kg) 

Triangular 

Lower 1.13×10
7
 1.13×10

7
 1.13×10

7
 

Mode 1.47×10
8
 1.47×10

8
 1.47×10

8
 

Upper 2.82×10
8
 2.82×10

8
 2.82×10

8
 

CO2 emission (g/ton) - - -& -& 861800 

Dioxin emission 

(g/ton) 

- - 0 0 5.15 ×10
-7

 

Electricity tariff 

(US$/kWh) 

Triangular 

Lower 0.1 0.1 0.1 

Mode 0.2 0.2 0.2 

Upper 0.3 0.3 0.3 

Refuse disposal fee Triangular Lower 50 50 50 



 
 

(US$/ton) Mode 60 60 60 

Upper 70 70 70 

Facility life-time 

(years) 

- - 20 20 20 

Discount rate Triangular 

Lower 1% 1% 1% 

Mode 8% 8% 8% 

Upper 15% 15% 15% 

§ For the gasification-based schemes, the reference data are 1500 and 1592 US$/kW, 2200-3400 US$/m
2
, 0.01, 

40%-55%, 7.21×10
-4

 – 2.59×10
-2

 US$/kg, 0.14 to 0.19 US$/kWh, 56.5 US$/ton, and 5%-15% for the constructions 

cost, land cost, ratio between O & M cost and capital cost, electricity efficiency, CO2 emission cost, electricity tariff, 

refuse disposal fee, and discount rate, respectively.  

¶ For the incineration-based schemes, the reference data are 3500 and 8200 US$/kW, 0.025, 19.5%, 7.21×10
-4

 – 

2.59×10
-2

 US$/kg, 1.13×10
7 
– 2.82×10

8
 US$/kg, 0.14 to 0.19 US$/kWh, 56.5 US$/ton, and 5%-15% for the 

constructions cost, ratio between O & M cost and capital cost, electricity efficiency, CO2 emission cost, electricity 

tariff, refuse disposal fee, and discount rate, respectively.  

* Capital cost consists of construction cost and land cost in this work.  

& The CO2 emission will be estimated using the volume fraction data of CO2 in the producer gas, flow rate, and the 

consumption rate of feedstocks from the co-gasification experiments of this work.  

# For the incineration-based scheme, the construction cost considered included the land cost.  

 

  



 
 

Table 3. The proximate and ultimate compositions and HHVs of feedstocks 

  

Carbohydrate food 

waste 

Protein food 

waste 

Sewage sludge* Woodchips 

Freeze-

drying 

(received 

basis wt.%) 

Moisture 66.8 53.8 80
&
 8.2 

Proximate 

analysis 

(wt.%) 

Moisture 10.8 12.2 7.6 8.2
#
 

Volatiles 70.7 67.6 50.8 69.2 

Fixed carbon 15.8 13.9 15.1 16.2 

Ash 2.7 6.3 26.5 6.4 

Ultimate 

analysis (dry 

basis wt.%) 

Carbon 41.8 48.2 35.0 44.2 

Hydrogen 6.2 7.1 4.8 6.0 

Oxygen 46.9 29.0 27.8 41.6 

Nitrogen 2.0 8.9 5.2 0.9 

Sulfur <0.50 <0.50 1.7 1.0 

HHV (MJ/kg) 17.01 21.99 14.7 18.2 

* The average data of Ong et al. (2015) is used. 

# No drying pretreatment for woodchips 

& Using the same freeze-drying method, the moisture content of the sewage sludge that was used in the study of 

Ong et al. (2015) was also measured in this work  



 
 

Table 4. Metallic element contents (ppm) in carbohydrate and protein food wastes, sewage 

sludge, and woodchips. 

 Cd Co Cr Cu Fe Mn Ca Pb Hg 

Carbohydrate 

food waste 

<0.1* <0.1 <0.1 <0.1 <0.1 <0.1 12.5 <0.1 <0.1 

Protein food 

waste 

<0.1 <0.1 <0.1 <0.1 <0.1 <0.1 9.9 <0.1 <0.1 

Sewage sludge
&

 - <0.1 <0.1 1.9 8.5 <0.1 6.0 <0.1 - 

Woodchips
&

 - - - <0.1 0.2 <0.1 3.7 <0.1 <0.1 

* denotes non-detectable, as the ICP analysis could not detect the content less than 0.1 ppm.  

& The average data of Ong et al. (2015) is used.  

 

  



 
 

Table 5. Comparison of producer gas composition and LHV among different feedstocks. 

Feedstock 

Food waste + 

Woodchips 

Sewage sludge + 

Woodchips* 

Pure woodchips* 

Gas composition 

(vol.%) 

CO 16.4 15.6 17.1 

CO2 14.5 12.7 11.9 

CH4 2.5 2.1 1.7 

H2 16.5 16.8 17.3 

O2 0.82 1.0 1.3 

Total 50.6 48.2 49.1 

LHV (MJ/Nm
3
) -  4.8 4.5 4.7 

* The data of Ong et al. (2015) is used. 

 

  



 
 

Table 6. Summary of cost and benefit components.  

Components 

(US$) 

Scheme 1 Scheme 2 Scheme 3 

Number of 

stations 

100 500 1000 100 500 1000 - 

Construction 

cost 

7.31×10
8
 

(9.97×10
7
)& 

1.18×10
9
 

(1.61×10
8
) 

1.46×10
9
 

(1.99×10
8
) 

7.18×10
8
 

(9.76×10
7
) 

1.13×10
9
 

(1.55×10
8
) 

1.38×10
9
 

(1.88×10
8
) 

1.09×10
9
 

(2.23×10
8
) 

Land cost 

1.09×10
8
 

(2.97×10
7
) 

1.09×10
8
 

(2.97×10
7
) 

1.09×10
8
 

(2.98×10
7
) 

1.09×10
8
 

(2.97×10
7
) 

1.09×10
8
 

(2.97×10
7
) 

1.09×10
8
 

(2.97×10
7
) 

-* 

O&M cost 

1.44×10
9
 

(4.49×10
8
) 

2.21×10
9
 

(6.91×10
8
) 

2.69×10
9
 

(8.46×10
8
) 

1.41×10
9
 

(4.43×10
8
) 

2.13×10
9
 

(6.69×10
8
) 

2.54×10
9
 

(7.98×10
8
) 

4.02×10
9
 

(1.67×10
9
) 

Energy 

income
#
 

2.44×10
9
 

(6.52×10
8
) 

2.44×10
9
 

(6.49×10
8
) 

2.44×10
9
 

(6.55×10
8
) 

2.44×10
9
 

(6.51×10
8
) 

2.44×10
9
 

(6.52×10
8
) 

2.44×10
9
 

(6.52×10
8
) 

3.16×10
8
 

(7.89×10
7
) 

Waste 

income§ 

6.64×10
8
 

(1.48×10
8
) 

6.64×10
8
 

(1.47×10
8
) 

6.65×10
8
 

(1.48×10
8
) 

6.64×10
8
 

(1.48×10
8
) 

6.64×10
8
 

(1.48×10
8
) 

6.65×10
8
 

(1.48×10
8
) 

3.18×10
8
 

(7.06×10
7
) 

Carbon 

dioxide 

emission cost 

3.42×10
7
 

(1.55×10
7
) 

3.43×10
7
 

(1.55×10
7
) 

3.44×10
7
 

(1.56×10
7
) 

3.43×10
7
 

(1.56×10
7
) 

3.43×10
7
 

(1.55×10
7
) 

3.43×10
7
 

(1.56×10
7
) 

1.65×10
7
 

(7.49×10
6
) 

Dioxins 

emission cost 

0 0 0 0 0 0 

1.22×10
5
 

(5.46×10
4
) 

* Land cost is incorporated in the construction cost.  

& Data in the brackets are standard deviations. 

# Energy income refers to the one from electricity selling. 

§ Waste income refers to the one from refuse disposal fee.  
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