
Elsevier required licence: © <2021>. This manuscript version is made 
available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/
licenses/by-nc-nd/4.0/. The definitive publisher version is available online 
at [insert DOI]

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


1 | P a g e

1 A review on integrated approaches for municipal solid waste for environmental and 

2 economical relevance: Monitoring tools, technologies, and strategic innovations

3

4 Nidhi Kundaria1,2, Swayansu Sabyasachi Mohanty1,3, Sunita Varjani1,*, Huu Hao Ngo4, 

5 Jonathan W. C. Wong5, Mohammad J. Taherzadeh6, Jo-Shu Chang7,8,9, How Yong Ng10, 

6 Sang-Hyoun Kim11, Xuan-Thanh Bui12,13

7 1Gujarat Pollution Control Board, Gandhinagar-382 010, Gujarat, India

8 2Kadi Sarva Vishwavidyalaya, Gandhinagar, Gujarat - 382015, India

9 3Central University of Gujarat, Gandhinagar- 382030, Gujarat, India

10 4Centre for Technology in Water and Wastewater, School of Civil and Environmental Engineering, 

11 University of Technology Sydney, Sydney, NSW - 2007, Australia

12 5Institute of Bioresource and Agriculture, Hong Kong Baptist University, Hong Kong

13 6Swedish Centre for Resource Recovery, University of Borås, 50190 Borås, Sweden

14 7Department of Chemical Engineering and Materials Science, College of Engineering, Tunghai 

15 University, Taichung, Taiwan

16 8Research Center for Smart Sustainable Circular Economy, Tunghai University, Taichung, Taiwan

17 9Department of Chemical Engineering, National Cheng Kung University, Tainan, Taiwan

18 10National University of Singapore, Environmental Research Institute, 5A Engineering Drive 1, 

19 Singapore 117411, Singapore

20 11School of Civil and Environmental Engineering, Yonsei University, Seoul, 03722, Republic of 

21 Korea

22 12Faculty of Environment and Natural Resources, Ho Chi Minh City University of Technology 

23 (HCMUT), Ho Chi Minh City 700000, Vietnam

24 13Key Laboratory of Advanced Waste Treatment Technology, Vietnam National University Ho Chi 

25 Minh (VNU-HCM), Linh Trung ward, Thu Duc district, Ho Chi Minh City 700000, Vietnam

26 *Corresponding author:  drsvs18@gmail.com; ORCID ID: 0000-0001-6966-7768

27

28

mailto:drsvs18@gmail.com


2 | P a g e

29 Abstract:

30 Rapid population growth, combined with increased industrialization, has exacerbated the 

31 issue of solid waste management. Poor management of municipal solid waste (MSW) not 

32 only has detrimental environmental consequences but also puts public health at risk and 

33 introduces several other socioeconomic problems. Many developing countries are grappling 

34 with the problem of disposing of large amounts of produced municipal solid waste, as well as 

35 the need for a credible renewable energy source. Unmanaged municipal solid waste pollutes 

36 the environment, so its use as a potential renewable energy source would aid in meeting both 

37 increased energy needs and waste management. This review investigates emerging strategies 

38 and monitoring tools for municipal solid waste management. Waste monitoring using high-

39 end technologies and energy recovery from MSW has been discussed. It comprehensively 

40 covers environmental and economic relevance of waste management technologies based on 

41 innovations achieved through the integration of approaches.

42 Keywords: Waste management; Municipal Solid Waste; GSM/GPRS; Innovations; Hazard 

43 Monitoring tools

44

45 1. Introduction

46

47 One of the most pressing issues today is the safeguarding of human civilization against 

48 the perilous effects of man-made waste (Banerjee et al., 2019). Municipal Solid Waste 

49 Management (MSWM) is one of these issues that need to be addressed right away. MSW 

50 mainly comprises of residential waste, yard waste, and Construction and Demolition (C&D) 

51 waste collected from houses, schools, hospitals, and business locations. Types of solid wastes 

52 and their effects on environmental and human health are shown in Figure 1.

53

54 **********Insert Figure 1**********

55
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56 The management of Municipal Solid Waste is one of the biggest challenges to both 

57 developing and developed countries. In Sri Lanka, solid waste piling has increased 

58 dramatically in most urban areas, particularly in larger cities. Open dumping was reported to 

59 be the most commonly used MSW management strategy, accounting for approximately 85 % 

60 of the total waste collected (Saja et al., 2021). The improper disposal of MSW pollutes 

61 streets, water bodies, and other areas, worsening the current situation. Similarly, India, which 

62 ranks second among the world's most populous nations, produces around 0.15 million tonnes 

63 of MSW/day, of which approximately 90 % is collected (Malav et al., 2020). However, the 

64 lack of segregation of MSW and the use of open dumping for MSW management has 

65 exacerbated the problem in dealing with it.

66 The generation of MSW is a result of unsustainable use of natural resources that leads 

67 to source diminution and environmental degeneration (Mohammadi et al., 2019). It includes 

68 (a) non-degradable wastes like plastic, metals, rubber, e-waste, and (b) degradable wastes like 

69 paper, food, vegetables, and textile waste (Bhat et al., 2014; Mishra et al., 2021). The 

70 complexity and quantity of municipal solid waste generated are generally influenced by 

71 economic growth, urbanization (Mamun et al., 2016), and high living standards (Bhat et al., 

72 2018). Furthermore, due to the absence of a proper solid waste management system, most of 

73 the waste is improperly segregated, collected, and transported (Abdel-shafy and Mansour, 

74 2018). Other factors that influence solid waste management system include (a) local people's 

75 attitude toward waste (Agyeiwaah, 2020), (b) relationship between governance, (c) political 

76 stability, and (d) lack of informational communication between the people and the committee 

77 of the solid waste management system. Waste management is a critical concern these days, so 

78 there is a need to develop a system that is both sustainable and economical (Varjani and 

79 Upasani, 2016; Pujara et al.,2018; Harris-Lovett et al., 2019; Yaashikaa et al., 2020). The 

80 goals of solid waste management are to improve the environmental quality of urban 

81 areas,raise economical evolution, promote awareness regarding health and hygiene issues 

82 caused by improper waste management (Abdel-shafy and Javadian,2018). Inadequate 
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83 municipal solid waste segregation and removal result in all types of pollution, including soil, 

84 water, and air. Furthermore, improper dumping of MSW pollutes surface and groundwater, 

85 whilst unscientific removal of MSW has a detrimental environmental effect (Varjani, 2017; 

86 Istrate et al., 2020).

87 The majority of urban solid wastes are discharged into bodies of water and soil without 

88 or improper treatment, which is the primary cause of much environmental pollution (Varjani 

89 et al., 2021a). Indian government has devised numerous programs to combat this type of 

90 pollution. For example, in 2014, the Government of India launched the Swachh Bharat 

91 Mission, which aims to strengthen the capacity of ULBs to design, implement, and execute 

92 all systems related to service requirements to guarantee cleanliness with respect to scientific 

93 MSWM. Other government policies, such as the Solid Waste Management Rules, 2016, offer 

94 additional specific guidance on different aspects of MSWM and designate the Central and 

95 State Pollution Control Boards as nodal agencies to supervise its implementation.

96 In such circumstances, WtE technology would be the best alternative for accessing 

97 alternative fuels. These technologies can generate a significant amount of heat and energy 

98 from waste, thereby reducing a lot of critical environmental issues associated with MSWM. 

99 Energy recovery from MSW may be achieved using thermochemical and biochemical 

100 processes (Fernández-Gonzalez et al., 2017). Waste-to-energy (WTE) approaches would be 

101 the right alternative for acquiring renewable sources of energy (Moya et al., 2017; Rene et al., 

102 2020). In recent times, waste management investigators have studied various types of 

103 technology to improve waste management efficiency and automate bin collection. There have 

104 been attempts by researchers to investigate the possibility of introducing advanced systems 

105 for SWM based on identification technologies to solve the problems with manual data 

106 collection. Waste monitoring is crucial for the growth of the urban economy in the present 

107 world, mainly in developing nations. The abundance of sensing technologies like 

108 GSM/GPRS, sensors, and RFID has given MSW systems a new lease on life.
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109 This paper discusses various aspects of MSW generation and management globally, 

110 with a focus on India. Furthermore, it highlights creative waste management solutions that 

111 have been established in many countries for achieving smart and effective waste management 

112 plans while addressing the various difficulties and shortcomings in these programs including 

113 if the waste is managed properly, how it results in economic and environmental benefits. 

114 Furthermore, the paper discusses use of high-end waste monitoring technologies such as 

115 sensors, RFID (radio frequency identification), geographic information systems, and an 

116 international structure for GSM/GPRS (Mobile/general radio packet service).

117

118 2. Municipal solid waste generation and management:

119

120 The quality and quantity of municipal solid waste depend on the factors such as 

121 pollution compactness, life anticipation, earning per head education, and human development 

122 (Azam et al., 2020). The volume, weight, and density of solid waste vary from place to place 

123 (Cheng et al., 2020; Alidoust et al., 2021). Geographical factors like location of the country, 

124 climate and weather conditions, socio-economic conditions including income, living 

125 conditions, and lifestyle also play a significant role in it (Scarlat et al., 2019; Sharma and 

126 Jain, 2019).

127 2.1. Global and national scenario:

128 The urban population of the world is growing at a faster rate (1.5 percent) than the global 

129 population (Das et al., 2019). Since cities now house over half of the global population, 

130 urbanization, population growth, and economic development are all contributing to the global 

131 increase in MSW generation. Global MSW production is more disastrous and is estimated to 

132 exceed 2,200 million tonnes/year by 2025 (Tyagi et al., 2018).The world generated 

133 approximately 2.01 billion tonnes of waste in 2016. According to projections, it will rise even 

134 further. Based on the current World Bank report, it will be around 2.59 billion tonnes by 2030 

135 and 3.40 billion tonnes by 2050 (ADB, 2020). Table 1 shows the major contributory 
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136 countries in terms of solid waste production and disposal on a global scale (Pujara et al., 

137 2019).

138

139 **************Insert Table1************

140

141 With a 5% annual growth rate, India's 1.36 billion people are estimated to produce over 

142 56 million tonnes of Municipal Solid Waste per year (Pujara et al., 2019). India has produced 

143 a large amount of waste in recent years. The country produced approximately greater than 

144 52000000 MT of MSW in 2017-18, which increased to 53175755 MT in 2018-19. However 

145 it showed a significant decrease in MSW generation in 2019-20, which was nearly 32773470 

146 MT of MSW (Tabular Data, 2021). The reduction in MSW generation may be primarily due 

147 to the closure of industries, institutions, businesses, and restaurants as a result of the 

148 countrywide lockdown during the pandemic. 

149 Organic constituents (70-80 percent) dominate the mixture of commercial and domestic 

150 waste(s) in Indian Municipal Solid Waste, with inorganic compounds accounting for the 

151 remainder (Ramachandra et al., 2018). As a result, direct landfill dumping of MSW (without 

152 pre-treatment) causes several environmental problems, including the release of Green House 

153 Gases (GHGs) and toxic Volatile Organic Compounds (VOCs), as well as groundwater 

154 pollution from leaching and sludge (Ramachandra et al., 2018; Patil et al., 2017; Hameed et 

155 al., 2021). Except for a few Indian metropolises, direct combustion (Mittal et al., 2017) and 

156 disposal at landfills without pre-treatment are widely used in India (Rathore et al., 2020; Rana 

157 et al., 2019). The United States ranks first in the world in terms of per capita/per day/MSW 

158 generation, at a rate of 2.58 kg (Wong, 2020). This generation drops to around 0.73 kg in 

159 China (Zhu et al., 2020). Whereas, in a single day, the metropolis towns and cities of various 

160 Indian states generate 0.5 kg Municipal Solid waste per person.

161

162



7 | P a g e

163 3. Environmental and economical relevance

164

165 Management of solid waste is a critical component of environmental impacts and 

166 related economic consequences (Varjani and Upasani, 2021). Along with the monetary value 

167 which is levied on the remediation technology, mismanagement of MSW greatly hampers the 

168 aesthetics of the natural surroundings (Adesra et al., 2021; Zorpas, 2020). Environmental and 

169 public health consequences can occur at the regional and local levels as a consequence of 

170 poor waste collection, substandard waste handling and a lack of infrastructure (Gallardo et 

171 al., 2015; Gupta et al., 2015; Varjani et al., 2021a). In many low- and middle-income 

172 countries, improper waste collection, as well as unregulated dumping or burning of solid 

173 waste, is still an ugly fact that pollutes the air, water, and soil.

174 Open burning and landfill disposal are still the most common MSW management 

175 practises in many Indian cities (Rana et al., 2019). Both of these strategies contribute 

176 significantly to air pollution. For example, open burning of 1 tonne of MSW produces around 

177 1090 kg of CO2 equivalent (Pujara et al., 2019). Similarly, for every tonne of MSW disposed 

178 of in a landfill, nearly 70 kilogrammes of CH4 (equivalent to 1610 kg of Carbon dioxide) 

179 could be emitted (IEA Position Paper MSW, 2019). The emission of such vast quantities of 

180 dangerous gases not only impacts health of public but also contributes to global warming. 

181 Furthermore, such management practices are damaging to water and soil. The leachate 

182 created by MSW landfilling, for example, not only pollutes surface and ground water but also 

183 has significant health effects on humans.

184 Additionally, mismanagement of MSW leads to enormous economic costs since the 

185 recalcitrant nature of some contaminants present in MSW makes remediation more difficult 

186 and inefficient (Pasalari et al., 2018; Pandey et al., 2021). As a result, the outcome of 

187 remediation becomes unpredictable, and the cost of remediation technology increases. (Shah 

188 et al., 2021; Sharma et al., 2018). However, if managed properly, it can be cost-effective, 

189 especially in terms of the environment, because it reduces expense of remediation of 
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190 numerous environmental constituents that might become polluted if adequate waste 

191 management procedures are not used. Furthermore, as a result of recent technological 

192 improvements, management strategies are becoming more cost-effective and environmentally 

193 friendly. However, stringent legislation and enforcement are required to improve MSW 

194 management.

195

196 4. Valorization technologies of MSW

197 Valorization technology is divided into two parts one is biochemical conversion and 

198 another one is thermal conversion. It entails thermal treating the organic matter in Municipal 

199 Solid Waste to generate thermal energy (Kumar and Samadder, 2017). This technology is 

200 typically beneficial for dry waste containing high concentrations of non-biodegradable 

201 organic matter (Yogalakshmi et al., 2022). Biochemical conversion technology relies on the 

202 microbial breakdown of MSW's organic content (Yaashika et al., 2020; Pandey et al., 2021). 

203 Organic Fraction of MSW includes food waste, kitchen waste, leaves, grass cuttings, flowers, 

204 and yard waste. This fraction of MSW is a prospective source for recovery of a variety of 

205 resources, including the generation of compost, as well as the production of biogas (Mohanty 

206 et al., 2021; Paritosh et al., 2018). Dealing with enlisted wastes using these methods not only 

207 helps to reduce the effect of MSW on the environment and economy but also paves the way 

208 for resource recovery, thus assisting in achievement of a circular economy (Venkata Mohan 

209 et al., 2020).

210

211 4.1. Biochemical conversion

212

213 4.1.1. Composting approach:

214              Waste management and control are a hallmark of an emerging and modern society 

215 (Varjani et al., 2017; Rajmohan et al., 2019). Solid waste generally contains degradable, non-

216 degradable, and partially degradable materials. In developing countries, degradable waste 
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217 makes up the larger part of solid waste which is generally characterized by high moisture 

218 content and needs proper management (Xue et al., 2019). Thus, composting is used as a 

219 biological treatment for solid waste management (Varjani et al., 2021b). Composting is 

220 defined as an microbial biochemical process under controlled conditions that increase the 

221 decomposition rate of organic matter (Vigneswaran et al., 2016; Thomas and Soren, 2020). 

222 Composting can convert solid waste into sanitary, stable, and non-polluting materials (Aziz et 

223 al., 2018; Pergola et al., 2018). Composting includes a serial microbial community that carry 

224 out decomposition of solid organic fraction into the water, carbon, minerals, and nutrient-rich 

225 stabilized compost (Rastogi et al., 2016; Manu et al., 2021). Major steps of composting are 

226 (a) An initial mesophilic phase, in which mesophilic bacteria and fungi quickly raise the 

227 temperature and carry out mineralization of simple compounds such as amino acids and 

228 sugars (carbohydrates) producing heat, CO2, and water. This leads to partially stabilized 

229 organic waste, (b) The second is the thermophilic phase, in which thermophilic bacteria and 

230 fungi carry out the degradation of complex organic materials like cellulose, hemicellulose, 

231 lignin, and fats. Microbial reaction increases the temperature of the compost heap (Głąb et al., 

232 2020). Heat amplest the rate of decomposition and inactivates the pathogenic 

233 microorganisms. Generally, bacteria of the genus Thermus are commonly noticed at the 

234 maximum compost temperatures.The cooling phase of composting is again colonized by 

235 mesophilic microorganisms that degrade remaining carbohydrate, hemicellulose, cellulose, 

236 and other humic substance (Albrecht et al., 2010). It is then followed by a reduction in the 

237 breakdown of organic material and a rise in the rate of humification and polymerization (Jain 

238 et al., 2020). Microbes are active agents during composting. Compost maturity and the rate of 

239 biodegradation are influence by the presence of certain microorganisms. Composting reduces 

240 the load on landfills and acts as a conditioner. Transportation cost is the major drawback of 

241 composting.

242

243 4.1.2. Vermicomposting:
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244 Vermicomposting of municipal solid waste is gaining popularity these days because it 

245 adds value to the waste while also reducing volume, making it easier to use. 

246 Vermicomposting is the process of stabilizing organic solid waste by converting it to 

247 earthworm castings through consumption of waste by earthworms (Soobhany et al., 2017). 

248 Vermicomposting occurs when organic waste is degraded by gut microbes of earthworms, 

249 resulting in stable and mature vermicompost (Mengistu et al., 2018).Selection of appropriate 

250 earthworm species for vermicomposting is the most important step because it affects rate of 

251 waste stabilization. There are a variety of earthworm species that can be used in waste 

252 management (Balachandar et al., 2021).Table 2 shows the variety of earthworm species and 

253 their application in waste management.

254 *********Insert Table 2*********

255

256 The earthworm(s) can colonize organic waste naturally, have high rates of organic 

257 matter intake, absorption, and assimilation, and can withstand a wide range of environmental 

258 tension. In the waste mixture, earthworms maintain aerobic conditions, consume solids, and 

259 convert a portion of the organic matter into respiration products and biomass (Yuvaraj et al., 

260 2021).Stable vermicompost improves microbial and physicochemical properties of soil and 

261 plant growth. One of the most effective methods for restoring soil productivity and managing 

262 organic waste is to use organic waste manure obtained by vermicomposting (Srivastava et al., 

263 2020). 

264 4.1.3. Anaerobic digestion:

265 Anaerobic digestion (AD) is used to recover energy from biodegradable and moist 

266 waste such as food waste(Liang et al., 2021)and livestock sludge (Malav et al., 2020; Luo et 

267 al., 2021). Anaerobic digestion is regarded as a credible process because of its economic and 

268 technical viability in comparison with other available techniques like pyrolysis, incineration, 

269 gasification, and composting (Kiyasudeen et al., 2016; Zamri et al., 2021; Prajapati et al., 

270 2021). Also, anaerobic digestion has less impact on air quality and contributes to minimizing 
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271 carbon dioxide emissions by producing energy to replace fossil fuels (Ong et al., 2019;Fan et 

272 al., 2018). AD utilizes microorganisms to convert biomass into biogas whose main 

273 constituent is methane and carbon dioxide (Scherzinger and Kaltschmitt, 2021).

274  Anaerobic digestion is carried out by hydrolysis, acidogenesis, acetogenesis, and 

275 methanogenesis processes/steps (Mahmudul et al., 2021). These steps are performed by 

276 hydrogenotrophic bacteria, acidogenic bacteria, along with acetogenic and methanogenic 

277 bacteria. The AD process begins with hydrolysis. It is a considerably slower step which can 

278 limit the overall digestion rate. Table 3 shows various reactions related to a different stage of 

279 anaerobic digestion.

280 *******Insert Table 3******* 

281

282  The AD process employs a variety of substrates which are classified into industrial, 

283 agriculture, and community waste (Sharma and Chandel, 2017). Agricultural waste is the 

284 most widely used substrate for AD applications. In India, experience in treating solid organic 

285 waste by anaerobic digestion is limited, except manure and sewage sludge (Yap and Nixon, 

286 2015). Municipal solid waste in India is rich in moisture and organic matter, it is well adapted 

287 for the anaerobic digestion (Banerjee et al., 2019).  Anaerobic digestion can be classified into 

288 either dry or wet, depending on the amount of water in the slurry (Karthikeyan et al., 2018). 

289 Dry AD contains a low amount of liquid digestate than wet AD. Nutrients present in liquid 

290 digestate may be recovered through a variety of bio-refinery technologies(Somers et al., 

291 2018). Solid digestate can also be used as compost and has the same benefits as an organic 

292 conditioner in soil application (Pappalardo et al., 2018; Logan and Visvanathan, 2019). 

293

294 4.2. Thermochemical conversion

295

296 4.2.1. Incineration:
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297 At first, incinerators were used to reduce waste’s volume and protect humans & environment 

298 against hazardous pollutants (Makarichi et al., 2018), but not to recover energy (Brunner and 

299 Rechberger, 2015). Due to strict landfill disposal regulations, incineration is a prevalent 

300 method of disposal in developed countries (Scarlat et al., 2015; Kumar and Samadder, 2017). 

301 Incineration has other advantages than reducing the total output volume of waste and 

302 generating electricity while treating the waste, such as the use of ash from incineration plants 

303 in the building of highways and the manufacturing of cement (Wang et al., 2018). 

304 Incineration is most credible as well as cost-effective when used for mass combustion 

305 without pre-treatment for the generation of energy (Joseph and Prasad, 2020). The most 

306 significant advantage of incineration is the total elimination of organisms as well as  

307 mineralization of hazardous substances (Brunner and Rechberger, 2015). According to the 

308 World Bank, the average calorific value for successful incineration with energy production is 

309 estimated to be at least 1700kcal/kg (Das et al., 2019).

310 Incineration not only reduces volume of solid waste but also produces energy from 

311 burning waste (Materazzi and Foscolo, 2019). This technique does not require pre-treatment 

312 as it is an unprocessed method. Emissions from incineration plants contain several pollutants 

313 (SOx, NOx, CO2, etc.) which require a highly expensive air control system. For example, 

314 particulate removal is commonly accomplished using fabric filters or electrostatic 

315 precipitators. Additionally, flue-gas control systems are primarily used to monitor NOx 

316 emissions. Selective noncatalytic reduction (SNCR), selective catalytic reduction (SCR), and 

317 wet flue-gas denitrification are examples of these techniques. All the above-mentioned 

318 techniques are very effective at removing concerned gases; however, the major drawback is 

319 that the combustion gas must be frequently reheated to the necessary range of temperatures to 

320 remove particulate matter (Waste incineration and public health, 2000).

321

322 4.2.2. Gasification:
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323 Gasification is a thermochemical process that uses heat and a poor oxygen environment to 

324 convert carbonaceous material like biomass (Vaish et al., 2019; Fang et al., 2021). 

325 Gasification breaks down the MSW into a mixture of hydrogen, carbon monoxide, carbon 

326 dioxide, and small amounts of methane, generally known as synthetic gas (syngas) that has an 

327 energy content, and upon cleaning, it could be used to produce electricity in fuel cells or as 

328 fuel in engines and turbines (Ibrahimoglu et al., 2017; Vaish et al., 2019; Mukherjee et al., 

329 2020). The H2 and CO content of gasification reactions can be altered based on the reaction 

330 conditions. Syngas is also used in catalytic conversion for production of (a) chemical 

331 intermediates, (b) variety of liquid fuels, and (c) end products (Guran, 2018). The primary by-

332 product of gasification is syngas, but other gases such as CO2, CH4, H2O, and by-products 

333 such as char, tar, and ash particles are also formed (Ramos et al., 2020).

334 Most of the gasification studies deal with homogeneous solid fuel flow and the MSW 

335 (Putro et al., 2020). Gasification is widely used in Japan, while in other countries such as the 

336 United States, the United Kingdom, Germany and Norway, gasification is often used to treat 

337 MSW on a lower scale (Kumar and Samadder, 2017). The benefit of gasification technology 

338 is that it can minimize waste volume by up to 95 percent while requiring less intimate 

339 cleaning of combustion gases as compared to incineration (Usmani et al., 2020). The need for 

340 qualified labour and professional personnel is a major drawback of gasification. Another 

341 drawback is waste with too much moisture, which makes total energy recovery difficult.

342

343 4.2.3. Pyrolysis:

344 Pyrolysis is a method of heat-treating waste in an oxygen-free system for the generation of 

345 liquid, solid, and gaseous waste (Sipra et al., 2018). It is the high-temperature decomposition 

346 of organic waste (300ºCto 800ºC) without oxygen. The temperature variations depend upon 

347 the material present in the process (Sekar et al., 2021). For the removal of metal, glass, and 

348 inert materials pre-treatment is necessary for pyrolysis. It is a thermal process that degrades 

349 plastics and polymers containing major chain hydrocarbons without the use of oxygen. 
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350 Specific types of waste like tires, plastic, electronic materials, wood waste, and electric waste 

351 increase the quality of pyrolysis (Uzoejinwa et al., 2018).

352 Thermal decomposition of pre-treated waste at 300℃, without oxygen, is the first step 

353 of this process. Then in a non-reactive atmosphere temperature is increased up to 800℃. 

354 Pyrolysis is split into fast pyrolysis and slow pyrolysis based upon heat transfer (Malav et al., 

355 2020).The primary outputs of these systems are energy, heat, bio-oil, and char. The char of 

356 pyrolysis is a source of solid fuel because it has a high calorific value (Mukherjee et al., 

357 2020).The primary benefit of pyrolysis is that it requires a lower temperature than 

358 incineration and takes up less room. This strategy has a significant drawback in terms of 

359 money.

360 Velge et al. (2011) conducted slow and fast pyrolysis experiments with municipal solid 

361 waste as the feedstock to investigate the production of useful products. The experiment was 

362 carried out in a home-built semi-continuous lab-scale reactor. After completing the analysis, 

363 they discovered no waxy material in the slow pyrolysis liquid fractions, but a large fraction of 

364 waxy material and oil in the fast pyrolysis liquid fractions. As a valuable commodity, it can 

365 be used to make paraffin wax or, in the future, upgraded to lighter fuel fractions. 

366 Furthermore, qualitative analysis of the syngas generated during fast pyrolysis revealed that it 

367 has an average lower heating value. As a result, it demonstrated great potential for use as a 

368 fuel.

369

370 5. Innovations through the integration of approaches

371

372 Advancements in technology have led to new alternatives for an efficient use of MSW. There 

373 is a revolutionary method for making a form of "foam" from ceramic wastes which are both 

374 thermally and acoustically efficient. It's porous foam made of alginate that has been frozen 

375 dried at 80℃, primarily when Ca2+ ions are present. The use of rubber granulates which are 

376 obtained as a component to make new polymer composites are considered as environmentally 
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377 sustainable and is one of the main methods for sustainable management of used tires. By 

378 recycling them this way, the quantity of tires after consumption is reduced. The rubber 

379 composites are primarily prepared by waste-free technology and have excellent mechanical 

380 and electrical capabilities with reasonable material economy construction (Sienkiewicz et al., 

381 2017). A modern microbe-assisted electro-synthetic method for the effective retrieval of 

382 solvents such as alcohol sugar-rich waste has also been reported.

383 New technologies have also been developed to recycle upto half of the rubber waste, 

384 with techniques such as devulcanization serving as examples (Markl and Lackner, 2020).  

385 Rubber particles are mixed into crumbs using ultrasonic waves, making them easy to separate 

386 from bulk waste mixtures. Steel slag, bauxite red mud, and sludges are examples of industrial 

387 wastes that could be used to make paints, blocks, tiles, and sulfated cement. Das et al., (2019) 

388 emphasized on MSW-based filtration device capable of absorbing MX-3R, a yellow procion 

389 reactive dye. Hietala et al., (2018) described a technological innovation that creates fabric and 

390 yarn from plastic waste. This fiber is 10 times stronger than regular polyester fabric. The use 

391 of bottom ash in construction materials is a simple route for waste valorization (Elavarasan et 

392 al., 2020).

393 Flesoura et al. (2021), highlighted the use of bottom ash in concrete as an aggregate, 

394 landfill framework, embankment filler, and road-sub base product (Blasenbauer et al., 2020). 

395 Ho et al. (2019), examined use of alkaline hydrogen peroxide (AHP) in the pre-

396 treatment of lignocellulosic biomass for biomass production. AHP pre-treatment can be used 

397 in a variety of lignocellulosic materials followed by enzymatic hydrolysis. The combined 

398 effect of hydrothermal and biological techniques can be convincing for biomass recovery by 

399 combining the advantages of both treatments to overcome the diversified and recalcitrant 

400 nature of biomass for a specific biochemical/biofuel platform(Song et al., 2021).

401

402 6. Municipal solid waste monitoring tools and technologies: Strategic innovations 

403
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404 6.1. Monitoring tools:

405 Monitoring waste generation is an essential phase in any region's or nation's waste 

406 management plan. Ultrasonic sensors, metal detectors, and aroma receptors are examples of 

407 technical interventions in the waste sector that allow safe and low-cost waste monitoring. 

408 After different waste fractions have been identified and separated, they can be easily sorted 

409 into stacks in a waste storage unit using mechanically operated sorting machines (Hannan et 

410 al., 2020). High-tech waste monitoring systems, such as sensors, RFID (radio frequency 

411 identification), geographic information systems, GSM/GPRS (Mobile/General Radio Packet 

412 Service) have been reported globally as efficient monitoring tools. 

413

414 6.1.1 Radiofrequency identification:

415 RFID is an advanced information gathering technology that utilizes radio wave signals 

416 to transmit information between the transceiver and the transponder through inductive and 

417 back-broadcast correlation to identify a particular entity. This technology is centered on radio 

418 waves and has been used to monitor artifacts and individuals. One of the most popular 

419 methods of identification is to store a serial number as well as other details for a particular 

420 item on an RFID tag. The identification information can be obtained by scanning and reading 

421 the tag with an RFID reader. The RFID tag and reader communicate through radio waves, 

422 with the reader converting the reflected waves into digital data that is then sent to computers 

423 for processing. An RFID system is made up of three main parts: (a) a transponder, also 

424 known as an RFID tag, (b) an interrogator, also known as an RFID reader and (c) a host, 

425 which is an information gathering framework in a device. Hannan et al. (2011), suggested a 

426 waste bin and truck tracking system that used RFID. The RFID system has been used in 

427 European countries to determine the weight of the bin. Furthermore, the hardware and 

428 software used in this process are low-cost and require little effort to install and maintain 

429 (Catarinucci et al., 2019). Thus, RFID technology plays an important role in improving waste 

430 management efficiency (Abdullah et al., 2019). However, to use the bin, the individual must 
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431 always have his or her identity card on hand. This is one of the limitations of this process 

432 (Mdukaza et al., 2018).

433

434 6.1.2 Global System for Mobile Communication/ General Packet Radio Service 

435 (GSM/GPRS):

436 The GSM/GPRS is known worldwide for digital cellular communication primarily used to 

437 transmit mobile use(Ali et al., 2020). Furthermore, GSM (Global System for Mobile 

438 Communication) provides data transmission facilities, with rates of data transmission limited 

439 to 9.6 Kbps and connection setup taking several seconds. GPRS (General Packet Radio 

440 Service) is considered as a type 2.5G network that is a GSM carrier service that greatly 

441 enhances and wireless access to the packet data network. GPRS utilizes the principle of 

442 packet switching, which can trace packets immediately from GPRS mobile workstation to 

443 packet switching network. The Internet Protocol (IP) and X.25 networks are both supported 

444 by GPRS. In India, this technique is used to monitor/manage municipal solid waste. 

445 However, in many other developing countries this technique has not yet been used to manage 

446 various types of wastes (Tsukiji et al., 2021).

447

448 6.1.3 Sensors:

449 A sensor is a tool that senses and tests actual characteristics of material such as physical 

450 quantities and chemical properties before converting them into signals which can then be 

451 directly seen or adopted by some other device. Solid waste management systems use a variety 

452 of sensors for data capture, rapid detection, and ambient surveillance (Hannan et al., 2015). A 

453 sensor is made up of two main components: (a) sensing element and (b) transducer element 

454 (Kumar et al., 2018). A measured amount is actively perceived or passively responded to by 

455 the sensing element. Even though popular sensors now transform calculated quantities into 

456 electrical signals, the part of transduction converts the determined number of physical 

457 processes into an appropriate analog signal for study (e.g., mechanic, electric, and optical). 
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458 The transduction element requires power to function. Furthermore, a signal binding and 

459 transformation element is required when dealing with a poor signal. There would be no 

460 automation without use of sensors.

461 Sensors are widely used in municipal solid waste applications(Singh, 2019). Vicentini 

462 et al. (2009), used sensorized refuse collection bins to optimize collection and estimate 

463 content. For solid waste collection, the bin tracking system employs weight, temperature, 

464 capacity, pressure, and humidity sensors. During various times of the year, the system has 

465 used measures to correlate municipal solid waste capacity with residential population and 

466 consumer index. MSW systems use a variety of sensors (volumetric, infrared, ultrasonic, 

467 capacitive and proximity) for measuring bin fill volumes to optimize routing and scheduling 

468 along with collection tracking (Bogomolov et al., 2015; Isgor et al., 2015; Sakurama et al., 

469 2018; Wu et al., 2019). A load cell sensor (Mamun et al., 2016) and a strain gauge sensor 

470 were used to determine weight of waste inside the trash can. Resistive (Tripathi et al., 2018) 

471 and capacitive sensors (Isgor et al., 2015), as well as a tin oxide sensor (Ghosh et al., 2014), 

472 have been used to measure moisture and odor, respectively, for ambient condition 

473 monitoring. Optical sensors and infrared sensors are being used to separate glass waste and a 

474 variety of other municipal solid wastes. Furthermore, calorific value sensors have been used 

475 in incineration plants to track combustion (Yan et al., 2018). Various types of sensors are 

476 shown in Table 4. 

477

478 ******* InsertTable 4******

479

480 6.1.4 Geographical information system (GIS):

481 GIS is an advanced spatial system. It's a computer-based data collection, storage, 

482 management, integration, manipulation, analysis, and a system for displaying geospatial or 

483 geographically referenced data. The strength of GIS systems lies in their ability to organize 

484 these data into grid cells by creating digital maps. Visually analyzing data aids in the 
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485 identification of trends, patterns, and relationships that may not be apparent in tabular or 

486 written form. A GIS typically has 4 types of components: (a) spatial data production, (b) data 

487 analytics, (c) geomorphology, and (d) display (Lu et al., 2013). GIS, when combined with 

488 other spatial and communication systems, aids in the capture, communication, and analysis of 

489 spatial data for designing and planning different applications (Jung et al., 2019).

490 It has been successfully used in the municipal solid waste management system. This 

491 technique has been used successfully in countries such as Australia and the Philippines. This 

492 technique was used to find an appropriate location for the application of animal waste, as well 

493 as to find suitable locations for the dumping of solid waste (Singh, 2019). Zsigraiova et al., 

494 (2013), introduced a new dynamic scheduling and navigation model integrating GIS to 

495 reduce MSW collection operation costs and pollutant emissions. GIS is an innovative 

496 approach for lowering operational costs and pollutant emissions associated with waste 

497 collection and transportation (Colvero et al., 2018).

498

499 6.2 Hazard monitoring:

500

501 Manual handling of solid waste materials has been linked to high levels of bacteria and 

502 endotoxins in the air, which can cause health problems (Grytnes, 2018). Risks arise at every 

503 stage of the process, from the point where workers collect or recycle waste in their 

504 workplaces to the point of final disposal. Diseases caused by dust and their symptoms are 

505 common, and they can last for decades. Ammonia, alkalinity, and Chemical Oxygen Demand 

506 are the most correlated parameters with toxicity in landfill leachates (Costa et al., 2018).Due 

507 to the complex composition of pollutants in leachate, traditional chemical monitoring 

508 becomes prohibitively expensive. Furthermore, after using solid-phase extraction (SPE) 

509 methods the isolated organic fractions of the leachate revealed toxicity associated with 

510 organic contaminants. Landfills(Zhang et al., 2019). Three-dimensional excitation-emission 

511 fluorescence (3D-EEMF) is a very sensitive and affordable option for monitoring organic 
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512 matter as a quick, non-destructive chemical assessment tool (Pan et al., 2017). It has a lower 

513 operating cost than many other advanced technologies and can be used in developing as well 

514 as developed countries. UV-VIS spectrophotometric analyses may be more suitable in 

515 developing economies (Michalec and Tymecki, 2018).

516

517 7 Research needs and Future directions

518

519 The current energy output in many developing countries is considerably less than the real 

520 energy needed for consumption. Since fossil fuels are rapidly depleting, the world requires 

521 alternative energy sources, like WtE, to avoid future energy shortages (Moustakas et al., 

522 2020; Jahnavi et al., 2020). Many developing countries face the issue of disposing of large 

523 amounts of produced MSW. There is a need for a credible renewable energy source. MSW 

524 pollutes the ecosystem when it is not handled properly, so using it as an alternative energy 

525 source would aid in meeting both increased energy needs and waste management. The main 

526 concerns in every country regarding health and sustainable development are adequate and 

527 effective waste management and disposal. Problems arising from existence of MSW can be 

528 significantly mitigated by adoption of environmentally friendly technologies. These 

529 technologies allow for the effective treatment of municipal solid waste before final disposal. 

530 Waste to energy technologies are the means of energy recovery from waste and are currently 

531 used in the market to produce fuel or electricity (Kumar and Samadder, 2017; Vrancken et 

532 al., 2017). Future studies should focus on eliminating the limitations/challenges of waste to 

533 energy technologies which are in practice nowadays. Many political, financial, and technical 

534 obstacles to Waste to Energy sector growth have been established, including a lack of funds, 

535 contradictory national policies and regulations, and poor data gathering & analysis. These 

536 disadvantages should be explored and debated to find their proper solution (Chand Malav et 

537 al., 2020). The public need to raise knowledge of appropriate prospects, such as the 
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538 organization of a seminar(s)/events on the management of solid waste, understanding of the 

539 benefits of proper solid waste, and conduct surveys to understand the general population.

540 In today's world, waste monitoring is critical for urban development. Proper collection 

541 and sorting are vital for any municipal solid waste operation. Although informal rag-picking 

542 has been the most prevalent waste collection method, it has been linked to serious human 

543 health problems. Despite the rapid increase in research publications in this field many of the 

544 publications demonstrate that technological advancements in solid waste management are 

545 still in progress, with a critical need for future growth. Finding and analyzing advantages and 

546 disadvantages of various technologies for waste management will aid in the investigation of 

547 the best solution boundaries for an effective municipal solid waste management system, 

548 which is critical for future planning. Some of the challenges are:

549  Insufficient data: The primary impediment to effective MSW system planning and 

550 design is a lack of sufficient information. Bin-filled level detail is unclear, although, for 

551 certain devices, trash weight is determined at the dumpsites via weight measuring 

552 instruments, however measurements at the source are unconfirmed. Designing and creating 

553 smart waste bins which can obtain physical status details like bin fill level volume, weight, 

554 and ambient condition for each bin on a regular basis are the challenges in resolving this 

555 issue. It usually necessitates the use of data acquisition systems such as a volumetric sensor, a 

556 humidity sensor, a load cell temperature sensor, and an ultrasonic sensor.

557  A lack of details on the status of bins in real-time: Current MSW systems, in most 

558 cases, don't provide any operators with details on the status of bins in real-time. It is 

559 necessary to find a solution to this problem to properly plan the waste collection route. This 

560 situation calls for the installation of appropriate sensors to obtain real-time bin status data, 

561 and even a secure transmission network to transmit the information to a control station 

562 (Hannan et al., 2015).
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563  A lack of coordination between the states and the federal government: In this issue, 

564 there is a lack of cooperation between the national government and the states. States send 

565 necessary data late to the federal government, causing delays in implementing adequate 

566 ground-level actions. The lack of coordination with municipalities for the specific action 

567 plan, as well as poor strategic plans, is regarded as significant roadblocks.

568  Lack of awareness in public about waste segregation process: It's indeed important 

569 that everyone is environmentally conscious and participates in waste separation. This is very 

570 important in managing municipal solid waste, and this would eventually lead to the best 

571 results. There seems to be an immediate need to educate the public about detrimental effects 

572 of improper segregation (a) by conducting events on municipal solid waste, (b) advertising 

573 about a strong awareness of the strengths of proper solid waste management, and (c) 

574 increasing interest from key stakeholders (Malav et al., 2020).

575

576 8 Conclusions

577 An effective solid waste management plan must include awareness, environmental 

578 friendliness, cost efficiency, and community satisfaction. The bounteous disposal of non-

579 recyclable waste causes contamination of soil and water. This study addressed Waste to 

580 Energy alternatives for potential future applications. WtE option is acceptable as it provides 

581 environmentally sustainable alternatives while reducing reliance on conventional fuels. The 

582 advantages of proper waste management involve less greenhouse gas emissions, eliminating 

583 waste, earning money from energy sales, and reuse of waste. This paper highlights a variety 

584 of innovative strategies that have been identified in many countries for achieving smart and 

585 efficient waste management plans.
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1182

Country Solid waste 

generation 

(MT/D)

Treatment process Capacity of 

electricity 

generation (MW)

USA 6,24,700 Landfilling, Recycling, 

Resource Recovery, WtE, 

Composting, MBT, AD

2254

China 5,20,548 Incineration, Pyrolysis, 

Conventional gasification, 

Plasma Arc Gasification, 

Composting

-

Brazil 1,49,096 Recycling, Resource recovery, 

Sanitary Landfilling, 

Composting, Incineration

-

Japan 1,44,466 WtE, Recycling, Resource 

Recovery, Recover electricity 

and fuel from biomass, 

Landfilling

1501

India 1,09,589 Composting, 

Vermicomposting, WtE, 

Landfilling, Biogas, 

RDF/Pelletization, Bioreactor 

Landfilling 

274

Germany 1,27,816 WtE, Recycling, Composting 1888

Table 1: Municipal solid waste generation and management at global scale  
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Russia 1,00,027 Recycling, AD, Composting, 

Resource recovery, MBT, 

Incineration, Landfilling, WtE

-

Sweden 12,329 WtE, Recycling, Landfilling, 

Composting

459

Spain 72,137 Landfilling, Recycling, 

Composting 

251

South Korea 48,397 Recycling 184

Thailand 39,452 Recycling 75

Singapore 7205 WtE, Recycling 128

UK 97,342 Recycling, Resource recovery, 

AD, MBT, Composting, 

Incineration, Landfilling 

781

South Africa 53,425 Recycling, Disposal, 

Incineration

-

Switzerland 14,329 Landfilling, WtE, Composting, 

Recycling

398

Denmark 10,959 Composting, Landfilling, WtE, 

Recycling

325

Source: (Pujara et al., 2019); AD: Anaerobic digestion; MBT: Mechanical biological 

treatment; WtE: waste to energy;  -: not reported    

1183

1184

1185
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1186

1187

1188

1189

Table 2: Types of earthworms and their applications

Type                           Name Applications

Epigeic  

Eisenia fetida, 

Eisenia Andrei,

Eiseniella tetraedra, 

Dendrobaena veneta,

Dendrobaena 

hortensis,

Dendrobaena 

octaedra,

Allolobophoridella 

eiseni

 These earthworms either live near or on 

the soil surface or in the organic horizon.

 They mainly feed on the decaying 

organic matter and show high rates of 

consumption, digestion and finally 

assimilation of the organic matter they 

feed on.

 They play a crucial role as the 

transformers in the process of 

vermicomposting.

 Endogeic 

Aporrectodea 

caliginosa,

Aporrectodea rosea,

Octolasion lacteum

 These earthworms thrive in deeper soils 

and primarily feed on soil and its 

associated organic matter. 

 They are more resistant to the 

unfavourable environmental conditions 

like those of drought and scarcity of 

food.

Anecic 

Lumbricus terrestris

 These earthworms thrive up to several 

meters in the soil profile. 

 They primarily feed on faeces, litter and 

decomposing matter and deposit their 

excreta on the surface. 
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1190

1191 Table 3: Reactions involved in various stages of anaerobic digestion 

Sr. 

No.

Various Stages of 

Anaerobic Digestion

Reactions

1 Hydrolysis (C6H10O5)n + nH2O → nC6H12O6 + nH2

2 Acidogenesis C6H12O6 ↔ 2CH3CH2OH + 2 CO2

C6H12O6 + 2 H2 ↔ 2CH3CH2COOH + 2H2O

C6H12O6 → 3CH3COOH

3 Acetogenesis CH3CH2COO− + 3H2O ↔ CH3COO− + H+HCO3
− + 3H

C6H12O6 + 2H2O ↔ 2CH3COOH + 2CO2 + 4H2

CH3CH2OH + 2H2O ↔ CH3COO− + 3H2 + H+

4 Methanogenesis CH3COOH → CH4 + CO2

CO2 + 4H2 → CH4 + 2H2O

2CH3CH2OH + CO2 → CH4 + 2CH3COOH

1192

1193

1194

1195

1196

1197

1198

1199
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1200

1201

1202

Sensors  Target application Domain of 

functionality

References

Photovoltaic sensor,

Optical sensor 

Sorting of glass 

containers

Sorting system for 

recyclable glass 

containers 

(Nivetha et al., 

2019)

Load cell sensor Monitoring of bin 

status 

Automatically 

capturing the weight 

and identity of trash 

bins, as well as 

assisting in the 

identification of 

stolen bins

(Mamun et al., 

2016)

Capacitive sensor For energy recovery For moisture content 

of MSW 

(Vrancken et al., 

2017)

Calorific value 

sensor

Incineration 

optimization

MSW combustion 

process optimization

Hydraulic pressure 

sensor

Collection plans Enhancement of 

collection plans by 

bin tracking 

(Huang et al., 2019)

Tin oxide sensor Measurement of 

landfill odor 

Landfill gas odor 

measurement

(Ghosh et al., 2014)

Optical sensor Measurement of 

container filling 

To measure fill 

status of recycling 

point trash cans

(Yan et al., 2018)

Proximity and 

weight sensors 

Monitoring bin 

status 

Allows collection of 

waste more 

efficiently

(Sakurama et al., 

2018)

Table 4: Types of sensors, target application and domain of functionality in 

municipal solid waste management/monitoring
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1203

1204

1205

1206 Highlights:

1207

1208  Waste monitoring using high-end technologies has been discussed.

Linear displacement 

transducer

Speedy and efficient 

waste collection

MSW collection 

with high efficiency, 

accuracy, and 

flexibility

(Rajput et al., 2009)

Volumetric sensor Optimization of 

collection 

Framework for 

improving solid 

waste collection

(Wu et al., 2019)

Resistive sensor Measurement of 

moisture content

To measure 

moisture content of 

MSW in situ

(Tripathi et al., 

2018)

Mid-infrared sensor Sorting system for 

ceramic and glass 

waste

Detection of toxins 

present in waste 

glass recycling 

streams

(Bogomolov et al., 

2015)

Capacitive sensor Analyzing the status 

of the container's 

filling

Measurement of the 

wastebasket's fill 

level

(Kubra Isgor et al., 

2015)

Infrared light-

emitting diode  

Routing and 

scheduling in real-

time

Provides status of 

container filling 

every hour to aid in 

the implementation 

of dynamic 

scheduling and 

routing

(McLeod et al., 

2013)
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1209  Integration of technological approaches is needed for efficient waste management.

1210  Compiled environmental and economical relevance of waste management technologies.

1211  Strategic innovations in municipal solid waste management have been focused.

1212  Tools for hazard monitoring have been included.

1213

1214




