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Municipal Solid Waste Management: A Review of Waste
to Energy (WtE) Approaches
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Global municipal solid waste (MSW) generation will increase to 2.2 billion
tons per year by 2025 as per the World Bank projection. Improper waste
management often leads to environmental degradation (i.e. water, air and
soil pollution), transmission of diseases, and the release of greenhouse
gases emissions, which contributes to climate change. To combat these
problems, several countries are following the waste to energy (WtE)
approach, which significantly reduces the volume of waste and generates
renewable energy. Thus, the present study focuses on the municipal solid
waste generation, composition, and waste to energy conversion
technologies. Thermal conversion processes including incineration,
pyrolysis, and gasification for heat, bio-oil, and syngas generation are
already well established and are being employed in several countries.
Currently, researchers are trying to improve the efficiency of biochemical
methods such as anaerobic digestion, microbial fermentation, and
microbial fuel cells for biogas, biohydrogen, and bioelectricity generation
from MSW. This review explains the recent focus on microbial
fermentation and microbial fuel cells for biofuels and bioelectricity
production. Development of these technologies can lead to suitable eco-
friendly approaches for the future. WtE technologies are important
components of circular economy that will assist to achieve the demand of
clean energy in future.
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INTRODUCTION

The world is experiencing a rapidly growing population and rising public living
standard, which leads to increases in the generation of municipal solid waste (MSW) and
consumption of energy and goods. These activities result in changes in land use,
deforestation, intensified agricultural practices, industrialization, and energy use from
fossil fuels. All of these practices along with the MSW generation lead to ever-growing
concentrations of greenhouse gases (GHG) in the environment and higher risk to public
health by unscientific disposal (Palacio 2019). MSW can be defined as non-hazardous,
biodegradable/non-biodegradable, carbonaceous/non-carbonaceous, and reusable or
unusable solid waste that is generated from households, offices, trade, garden, yard, and
street (Ngusale et al. 2017; Abbasi 2018). MSW in the developing world is facing
significant management and disposal problems. MSW management problems are more
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prominent in the middle- and low- income countries due to the fast growing population and
urbanization (Alam and Ahmade 2013; Damtew and Desta 2015).

Previous work correlates the increase in solid waste generation rate with the
increase in population, technological development, and changes in the public lifestyle (Ali
2009; Monavari et al. 2012; Leone et al. 2013). The solid waste management problems are
more acute in developing countries than the developed countries (Zerbock 2003; World
Bank 2012). Currently, the global population is reaching around 7.1 billion, and it generates
around 1300 million tonnes of solid waste per year. For instance, the MSW is estimated to
be around 1.2 kg per capita per day, which is mostly generated from the urban parts of the
major cities. The waste amount is expected to reach up to 2200 million tonnes per year by
the year 2025 (World Bank 2012). Hence, proper characterization and management of
MSW are the need of the hour. Improper and inefficient solid waste management lead to
GHGs emission, odors problems, and high risk to public health. It has been predicted that
emission of GHGs from waste management in developing countries will increase
exponentially (Friedrich and Trois 2011). Further, researchers (Memon 2010; Rotich et al.
2006) investigated that only 20 to 50% of municipalities in developing countries provide
funds for solid waste management, which covers less than 50% of the total population.
Therefore, solid waste management has become a hot issue due to environmental risks and
challenges, which further has prompted researchers to consider MSW as a resource to be
managed in a sustainable manner. Therefore, around the world to ensure sustainable MSW
management, options such as mainly recycling, landfill with gas recovery, thermal, and
biochemical conversion methods are being considered (Shekdar 2009). Recently, waste
treatment processes generating energy from MSW in the form of heat, electricity, or
transport fuels have received special attention and considered as waste to energy (WtE)
options. WtE technology includes mainly pyrolysis, gasification, combustion, anaerobic
digestion, biohydrogen production, and landfill gas recovery (Fig. 1). Among these,
thermochemical conversion, anaerobic digestion, and landfilling with energy recovery
options are based upon the theme of the energy recovery option in the MSW management
hierarchy (Lu et al. 2006).

Previous estimation related to WtE showed that by 2025, 2.3 billion tons of solid
waste will be generated annually, which will have huge potential effects on power
generation (Islam 2016). Thus, the waste to energy approach is a promising energy
alternative option for the future because of having potential to fulfill 10% of total global
electricity demand (World Energy Council 2013). Another report suggests the utilization
of WLE technology for the treatment of approximately 261 million tons per year of MSW
by 2022, which has potential to generate around 283 terawatt (TWh) hours of heat and
electricity (World Energy Council 2013). The two most common strategies of WtE
techniques are solid waste incineration and landfill gas recovery (LFG) systems (Tan et al.
2014), but the most suitable option from a financial perspective in the future energy system
is mixed MSW incineration (Marie and Peter 2011). Some countries such as Denmark and
Sweden already have had well-established energy generation systems based on incineration
for more than a century. The data showed that waste incineration system produce 4.8% of
the total electricity consumption and 13.7% of the total domestic heat consumption in
Denmark (Kleis and Dalagar 2007). WtE technologies have received much attention due
to significant waste volume reduction along with the renewable energy production to meet
the present as well as the future energy demands. Therefore, the authors have planned a
systematic and in depth study for solid waste generation, composition and sustainable
MSW management using biochemical and thermal energy conversions approaches.
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Further, the present study can be helpful in the conservation and preservation of natural
resources, environment, and public health, which further contribute to the general goals of
sustainability.

Municipal Solid Waste
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Fig. 1. Waste to energy technologies

MSW Generation: Current Status and Future Prediction

Municipal solid waste generation in term of quantity and future forecast is of utmost
importance for the planning of waste management systems. Various reports have shown
that increases in the quantity of waste generation worldwide have resulted due to the rise
in population, urbanization, living standard, and industrialization in and around the town.
Rapid industrialization is also responsible for people’s migration from rural to urban areas
for livelihood (Karak et al. 2012; Dev and Siddharth 2020). Thus, every individual is
affected by the solid waste generation directly or indirectly. However, few authors have
suggested any optimistic perspective regarding the increasing volumes of solid waste as
being anything other than a problem. Further, a higher amount of MSW provides free
resources and employment opportunities, especially for the poor and the marginalized
people (Singh et al. 2011; Angelo 2014).

According to the United Nations’ recent report (2019), the global population will
continue to grow from an estimated 7.7 billion by year 2019 to around 8.5 billion in 2030
and 9.7 billion in 2050 (United Nations 2019). Thus, the increasing population will also
increase the municipal solid waste generation worldwide in the future. A previous study in
the United States by the Environmental Protection Agency showed the MSW generation
from 1960 to 2012. It was found that total MSW generation increased from 88,120 tons to
250,890 tons from 1960 to 2012 (USEPA 2014). Table 1 presents an estimation of the
municipal solid waste generated by various countries in 2017. In a similar manner, in
another study, the author worked out the global population and MSW generation share by
the major waste producing countries (Wang 2019). As of this time, the United States
accounted for 4.4% of the global population but produced 11.65% of the global MSW.
Thus, Table 2 provides a clear indication of global population and MSW share by the
different countries.
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Table 1. MSW Generation in Different Countries (adapted from United Nations
2019)

S. No. Waste generation ( million
Country metric tons per year)

1. Unites States 258

2. | China 220.4
3. | India 168.4
4. | Brazil 79.89
3. Indonesia 65.2
6. Russia 60

7. | Mexico 53.1
8. Germany 51.05
9. | Japan 43.98
10. | France 33.4
11. | United Kingdom 31.57
12. | Turkey 31.28
13. | pakistan 30.76
14. | Nigeria 27.61
15. | canada 25.1
16. | south Africa 18.46
17. | Korea 18.22
18. | Argentina 17.91
19. | saudi Arabia 16.13
20. | Australia 13.35

Research from China reflects that the total amount of solid waste generation has
risen for almost all 651 cities from 2007 to 2016. China shows an annual per capita
municipal solid waste generation (MSWG) that is greatly varying, which indicates that the
rising trend of MSWG s full of diversity (Pan et al. 2019). The developed countries and
developing countries have differences in their lifestyle and development scenarios, which
ultimately are responsible for the quantity of solid waste generation and its characteristics.
The developed countries typically generate an average of 522.0 to 759.2 kg per capita per
year (kcy), which is generally higher than the 109.5 to 525.6 kcy typically by developing
countries (Karak et al. 2012).

A study from 15 countries of the European Union (EU-15) indicated that the
average MSW generation increased in the EU-15 by 4.6% from 540 to 565 kcy from 1998
to 2008. Among theEU-15 in 2008, a considerably higher amount of solid waste
generation, i.e. 802 kcy, was observed (Eurostat 2009). However, Greece was observed to
generate the lowest rate of MSW, i.e. 453 kcy, among the EU-15 countries in the year 2008
(Erkut et al. 2008; Eurostat 2009). China, the world’s most populated country, delivered a
total MSW of approximately 203.62 million tonnes in 2016, an increase of 33.83%
compared to 10 years ago (Yearbook 2017).
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Table 2. Global Populations and MSW Generation in Various Countries (adapted
from Wang 2019)

S. No. | Country Share of global Share of global MSW
population (%) (%)
1. | China 18.75 15.55
2. India 18.05 11.95
3. Unites States 4.4 11.65
4. Indonesia 3.55 3.30
5. Brazil 2.8 3.85
6. Russia 1.95 2.4
7. Japan 1.70 2.15
8. Germany 115 1.95
9. United Kingdom 0.90 1.50
10. | South Africa 0.75 0.70
11. | canada 0.45 1.40
12. | saudi Arabia 0.45 0.75
13. | Australia 0.35 0.75

The status of worldwide solid waste generation is around 2.01 billion tonnes as of
2016 and amounting to a footprint of 0.74 kg per capita per day. Furthermore, with fast
growing populations and the urbanization sector, the annual solid waste generation rate is
expected to increase to about 3.40 billion tonnes in 2050 which is 70% higher compared to
2016 levels (World Bank 2019). The World Bank’s initiative is ambitious to combat the
waste management problems in all the six regions since 2000. For this purpose, the World
Bank spent over $4.7 billion for more than the 340 solid waste management programs.
MSW generation is predicted to exceed the rate of urbanization in 2025, and in the coming
decades the total MSW generation rate in developing countries will also increase rapidly
(Fazeli et al. 2016). Thus, it is of utmost importance to be able to predict the generation of
solid waste in order to select appropriate waste treatment technology and to plan for the
needed waste distribution disposal facilities. A recent study from China established the
usefulness of a hybrid model to forecast MSW generation. This approach involves
multivariate factors such as total urban population, retail sales aspect of social consumer
goods, tourism, per capita consumption expenditure of urban areas, and college graduation.
The developed hybrid model has a mean absolute percentage error of only 2.59% and yields
higher accuracy (Zhang et al. 2019). In another study, researchers developed four models
to forecast the amount of MSWG for cities overall, small cities (SC), medium cities (MC),
and large cities (LC). Thus, the overall models have a descriptive capacity of 96%, while
three other models have better descriptive capacity with 84.2%, 92.6%, and 95.4% for SC,
MC, and LC, respectively. Thus, these kinds of studies are useful for urban planners and
environmentalists to improve SW generation and management through the different socio-
economic characteristics with a specific model for various cities based on their size (Pan
etal. 2019). The findings discussed in this brief overview support a general view that MSW
management is a key area for environmental preservation in the present and future scenario.
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Characteristics and MSW Management Strategies

The main components of MSW generated around the world are paper and
paperboard, kitchen waste, yard waste, metals and ceramics, glass, plastic, wood, textiles,
rubber, leather, batteries, and paint containers (Nanda and Berruti 2020; Cudjoe et al.
2021). This review has focused on energy generation from MSW using different WtE
technologies. The utilization and valorization of wastewater ‘sludge’ has not been
considered for this review. Information on the types and amounts of waste is important in
assessing the waste composition in the landfills. The prior information can help to properly
monitor the effectiveness of the program and to divert the recyclable and compostable
materials from landfills. MSW characterization studies are used to assist in the planning,
policy development, and infrastructure sizing decisions for various facets of an integrated
and sustainable waste management program. For many municipalities and geographical
locations, the waste characterization goals are influenced by multiple factors, e.g. program
objectives and available funds. Hence, the design and implementation of a sound
characterization methodology for solid waste management (SWM) will ultimately dictate
the resulting accuracy and details (Staley and Barlaz 2009). Sometimes making
comparisons between various reports becomes challenging due to the methodology
available, which can lead to inconsistencies in solid waste composition and waste
quantities. There are basically two most widely used methods for the waste
characterization. These are the material flow method and site-sampling via sorting and
weighing refuse by category (Martin et al. 1995). The sampling and sorting method is the
more prevalent of the two. A standard method for determining waste composition by
sorting has been published and is used widely ASTM D 5231-92 (ASTM 1999). The
American Society for Testing and Materials (ASTM) method notes that:

(1) The number of samples is to be based upon statistical criteria.
(2) The sampling site should be randomized and performed over a 5 to 7-day period.

(3) After sample collection to get proper weight, four times weighing is required for
subsamples after sorting. Hence, the techniques provide an abbreviated list of waste
constituents categories and their definitions.

Thus, with this brief background, Table 3 represents the details of physical
composition of MSW generated in different countries and cities. It indicates that MSW
composition differs with the topographical site, standard of living, life advancement, and
the population of the city, etc. (Zuberi and Ali 2015). Low and medium-income countries
mostly generate higher proportions of organics or biodegradable MSW, which could be
used for the composting, gasification, or landfilling for final disposal. However, the MSW
composition such as density, size, and moisture content play a crucial role. Hence, lesser
size organic waste tends to decompose at a faster rate (Beyene et al. 2018). Waste having
higher density is considered as eco-friendly waste and will undertake a faster rate of
decomposition as compared to lesser density waste, and it constitutes the more combustible
waste materials (paper, cardboard, plastics). Moisture content of waste is an important
parameter; generally, a higher moisture content of waste is more suitable for anaerobic
treatment, landfill gas, and bio-digester gas (Zuberi and Ali 2015). It can be seen as an
example of organic fraction of MSW due to mainly large content of food waste, kitchen
waste, and leftovers from residences, restaurants, cafeterias, factory lunch-rooms, and
markets, etc., and have high moisture content and high biodegradability proportion (Beylot
et al. 2013; Alibardi and Cossu 2015)
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One study showed a correlation between the quality of waste generated depending
upon the climatic conditions, food patterns, etc., in various locations (Singh and Leena
2020). It is very important to find the suitable waste characteristics in order to find suitable
and feasible waste to energy conversion technology. Table 4 gives the details about the
various chemical composition of MSW generated and checked by various researchers in
different countries.

A current issue is how to deal with the increasing quantity of SW and further
associated challenges for effective and sustainable waste management. The open dumping
of SW causes serious environmental issues, including the uncontrolled release of
greenhouse gases, which can render a waste management system un-sustainable (Matsakas
et al. 2017). For effective waste management, most of the municipal corporation services
require an integrated system that is efficient, sustainable, and socially supported. However,
an effective waste management system requires appropriate financial resources,
infrastructure, and technology (Kazuva and Zhang 2019).

There are several methods and techniques available to manage the solid waste
generated from society. Policy makers are also thinking to promote the recycling of MSW
and the conversion of waste to energy and valuable chemicals in various countries. These
conversions can be performed using either biological or thermochemical processes
(Matsakas et al. 2017). In addition, energy can be recovered from the waste in the form of
refuse-derived fuel, bio-oil, char, compost, and biogas, etc. (Singh and Leena 2020).
Various other conventional methods such as composting, landfilling, and incineration that
are being used for the treatment and management of waste have some negative impacts. In
general, problems in developing countries tend to be more severe than the developed
countries because of unscientific waste management practices.
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Table 3. Physical Composition of MSW Generated from Different Countries

Country Location Year Organic Paper and Plastics | Glass & | Metals | Textiles, ash Reference
materials (%) | paperboard (%) | (%) ceramic | (%) and other (%)
(%)

Mauritius Nationwide 2009 62.4 11.3 11 5.6 2.9 6.8 (Shekdar
2009)

Nepal Kathmandu 2007 | 67.8 7.0 0.3 1.3 4.9 19.2 (Dangi et al.
2011)

United Arab Abu Dhabi 1995 | 49 6.0 12 9 8 16 (Qdais et al.

Emirates 1997)

Canada Saskatchewan | 2015 | 65 26 8 - 35 2 (Wang et al.

Manitoba 2016)

India Kolkata 2019 29 4.0 25 1 2 24 (Ali and
Ahmad 2019)

Malaysia Nationwide 2005 | 44.8 16 15 3 25 10.4 (2%‘126‘3“ etal.

Bangladesh Khulna city 2017 78.9 9.5 31 0.5 1.1 1.14 (Ashik et al.
2017)

Tanzania Dar es Salaam | 2017 57.21 6.12 13.08 2.32 1.02 20.25 (Kazuva and
Zhang 2019)

United - 2011 | 64 29 7 10 8 3 (Blight 2011)

Kingdom

Nigeria Uyocity 2006 73.7 9.6 22 10 4.3 0.6 (John et al.
2006)

Turkey Soganlik Yeni 2016 59.13 8.54 11.45 6.90 211 - (Ozcan et al.
2016)

Brazil S&o Carlos, SP | 2006 77 7.4 10.50 1.70 1.30 20 (Fresca 2007)

Ghana Nationwide 2015 61 5.0 14 3 3 14 (Miezah et al.
2015)
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Table 4. Chemical Composition of MSW Generated in Different Countries

Country Moisture | Volatile Organic | Organic Reference
content matter carbon | nitrogen | C H 0] S Ash
India 30.76 - 30.46 1.04 - - - - 46.7 (Katiyar et al. 2013)
Ireland 16.36 - 38.7 1.2 - 72 |481 0.2 4.6 (Yusuff et al. 2014)
South Africa | 63.47 - 45.03 1.98 - - 41.2 0 5.56 (Ayeleru et al. 2016)
Korea 2.30 87 40.3 0.2 40.3 |56 |53 - - (Kim et al. 2012)
Pakistan 3.30 79.7 - - 63.6 | 8.19 | 27 0.1 9.1 (Azam et al. 2020)
Mexico 65 - 50.4- - 61.2 |154 | 7.45 0.02 13 (Moreno et al. 2013)
75.5
Australia 28.7- 65.5- - - 43.9- | 5.2- | 35.31- | 0.12- 7.9- (Hla and Roberts 2015)
46.0 71.1 475 |54 |38 0.14 14.2
Kazakhstan 2.6 72 - - 479 |59 |43.6 0.2 11.2 (Abylkhani et al. 2019)
Zimbabwe 30.9- 79.2- - - 44.6- | 4.8- | 30.8- | 0.8- 8.3- (Makarichi et al. 2019)
36 84 479 |51 |37.3 0.8 125
Bangladesh 0- - 24.3- - - 0.1- | 0.4-44 | 0.2- 0.46-98.9 | (Islam 2016)
74.86 55 22.8 90.5
Malaysia 14.6 69.35 - - - - - - 7.05 (Khamis et al. 2019)
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Literature also documents the same findings from the developing world and
challenges associated with the waste management. Thus, waste to energy (WtE) is a very
attractive option, which has potential advantages in the volume reduction and power
generation as by-product. The developing world is more focusing towards the waste to
energy (WtE) production due to the continuous increasing the price of non-renewable
energy (Chakraborty et al. 2013; Korai et al. 2016). The role of calorific value of waste is
important in assessing the thermochemical treatment technologies. An input feed with a
sufficiently high calorific value is required to obtain suitable process efficiency. It has been
suggested to use refuse-derived fuel processed from raw MSW for WtE systems (Klein
2002). One study from Nigeria cites the average calorific value of waste samples tested as
20,199 kJ/kg, which was found to be higher than required for running a waste to energy
plant (Olisa and Ajoko 2018). Another work investigates the lowest and highest calorific
values i.e. 14,000 and 45,000 kJ/kg for wood and plastic wastes from Kandy city of Sri
Lanka. Kandy municipality has the potential to generate 69.3 GWh/yr power, and it could
replace 15% of the annual energy requirement of the city (Menikpura et al. 2007).
However, various researchers have worked on the estimation of solid waste calorific value,
as well as their application for energy production (Beyene et al. 2018; Siddiqi et al. 2019).
Thus, the WLE conversion technologies, i.e. thermal and biochemical conversion systems
have been considered for the up-to-date reviews in the present study.

Thermal Conversion Processes

MSW as waste materials can be converted into the usable heat electricity or fuel
through a variety of processes including combustion, gasification, and pyrolization. These
processes involve the high temperature waste treatment method and are collectively known
as thermal treatment. Figure 2 describes the waste treatment methods with their conditions
in practice.

Incineration

It will be a major challenge to rapidly grow MSW, especially in developing
countries, to meet the expected present and future needs. Incineration technology is
regarded as an effective and sound technology for MSW management (Fig. 3). However,
there are still various challenges associated with incineration. These include
characterization, valorization, heavy metal removal from ash, and air emissions such as
dioxin emissions (Wong et al. 2020). Further, incineration has advantages due to reduction
of the landfill requirements and energy recovery potential in the solid waste materials being
burned (Chandler et al. 1997). One report suggests the reduction of solid mass of the
original waste materials by 80 to 85% and volume reduction achieved by 95 to 96%,
depending upon the properties of the waste (Riber 2006). This supports the earlier
statement that solid waste combustion does not completely eliminate landfilling; thereby,
some percentage of burnt ash needs to be securely landfilled. Furthermore, to protect our
environment from the ecological risk due to heavy metals containing fly and bottom ash,
strict environmental regulation and regular monitoring is required to reduce air, water, and
soil pollution. Research and development activities are necessary for resource recovery and
ash stabilization in the sustainable manner to reduce the environmental risks.

The first incinerators were used in the United Kingdom in 1874 in Nottingham,
followed by New York City, USA in 1885. Around the world, solid waste combustion is
more popular in many countries such as Netherlands, Singapore, and Japan due to the
scarcity of land. Sweden and Denmark have been the leaders in the use of energy generated
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from incineration for more than a century with joint heat and power systems (Kleis and
Dalagar 2007). Denmark reported the utilization of waste to produce around 4.8% of the
electricity consumption and 13.7% of the total heat consumption in the country (Danish
Energy Statistics 2005). Sweden imports approximately 2,700,000 tons of waste per year
(2014) to supply waste to energy facilities, and 50% of its own waste is burnt in the same
facilities (Swedish Institute 2015). A similar scenario has been played out in many other
European countries, using heat and power generated from waste burning. The Energy
Information Administration (USA) gives a detailed account on the waste to energy from
municipal solid waste. It was observed that total MSW generated in the USA in 2017 was
about 268 million tons, and 12.7% was estimated to be burned as part of waste to energy
incineration. The USA is reported to have 68 such power plants, which generate ca. 14
billion kilowatt hours of power by burning of 29.5 million tons of MSW (US EIA 2019).

Full oxidative combustion Heat energy, bottom ash, fly ash,

Incineration CO,, H,0, O,, N, gaseous pollutants
Temperature: 750-1100 °C ’
Absence of oxygen . .
Pyrolysis . Char, ash, bio-oil, fuel gas (CH,, H,,
Temperature: 300-800 °C COZI CO)
N ' Controlled combustion - Syngas(CH4, H,, CO,, CO, inert
Gasification

i gases), tar, hydrocarbons
Temperature: 550-1000 °C

Fig. 2. Process conditions and products of thermal conversion processes
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Fig. 3. Process diagram for incineration, modified from (Uz Zaman 2009)
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Study of MSW composition in China has revealed problems due to relatively low
calorific value (LCV) and high moisture content compared to fossil fuels (Zhang and Ma
2006). Thus, a novel method has been proposed in which the incineration of MSW is
coupled with a biochemical method. Accordingly, leachate and low heat value food waste
in MSW are treated with anaerobic digestion method and anaerobic digested residue is
dried and mixed with high LCV combustible components in MSW. Results indicated that
fossil fuel is saved, incinerator efficiency is satisfied, and flexibility is improved. This
novel technology can improve the total energy utilization efficiency of MSW power plant
(Zhang and Ma 2006). Another work proposed the designing of a control system to ensure
good combustion characteristics for MSW. The incineration facility included a grate
system, as well as primary and secondary air systems, which were shown to be an improved
strategy, offering significant economic and environmental advantages (Qin et al. 2008).
The author highlighted that incineration technology for MSW has overtaken the landfilling
in China.

A major challenge is associated with the heavy metals management of incinerated
ash. In this connection, mass flow modeling observations of MSW in China estimated
metals contents in ash of 3.0, 109, 101, 877, 34, 241, 21, and 1.7 mg/kg for i.e. Cd, Pb, Cr,
Zn, Ni, Cu, As, and Hg, respectively (Table 5). The grate furnace combustor (GFC)
technology released more heavy metals during MSW burning in comparison with a
circulating fluidized bed combuster (CFBC) (Wang et al. 2019). Thus, to mitigate adverse
environmental effects, researchers (Quina et al. 2018) focused on the technological
management of air pollution control residues and the fly ash, which is continuously
increasing in the MSW incineration, especially in developing countries. The waste comes
under the hazardous category and presently is disposed of by landfilling and deep ground
burial. Literature suggests the recovery of secondary materials and product by use of
detoxification (e.g. washing), product manufacturing (e.g. ceramic products and cement),
practical applications (e.g. CO2 sequestration), and recovery of materials (e.g. Zn and
salts). Basically, two common types of equipment for waste incineration are the fluidized
bed furnace (FBF) and moving grate furnaces (MGF). These techniques differ in many
aspects, such as the material used, fuel entering point, financial input, etc. Further, FBF
uses an inert material such as sand in which fuel is distributed. There are two kinds of
fluidized bed furnaces, the bubble fluidized bed (BFB) and the circulating fluidized bed
(CFB). The BFB and CFB have major differences in the technology, involving the air
flow. The inert materials are either fluidized by bubbles (BFB) or by the flow of
recirculating liquid (CFB).

Due to the relatively low heating values of typical MSW, a preferred use for the
energy can be for heating and steam generation. One study suggests the allocation of a
budget that includes both the waste disposal and the energy generation technology at the
same time (Trehrani and Haghi 2015). One review article discussed the MSW incineration
system in detail (1998 to 2018), focusing on ash characterization, dioxin emissions from
fly ash, heavy metal removal, and valorization of bottom ash. It was also observed that a
large proportion of studies (35.4%) in prominent journals were reported from China (Wong
et al. 2020). The use of ash from MSW incineration has been considered in various civil
engineering applications such as replacement of conventional subgrade materials (Huang
et al. 2020). One research carried out reviews on the MSW incineration ash specimens,
with a main focus on the chemical constituents in the ash. For instance, various treatment
processes such as removal of ferrous metals, separation methods, thermal methods,
compaction aging during storage, solidification/stabilization, verification, chemical
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extraction, and leaching process can be used before recycling the ash (Tang et al. 2018).
Thermal treatment has potential which could separate certain heavy metals from ash by
forming metal chlorides at lower temperatures (Hu et al. 2013). Another study on thermal
and chlorination treatment indicated that heavy metals reacted with chloride-inherent in the
fly ash and approximately 80% to 89% of Pb, 48% to 56% of Cd, 27% to 36% of Zn, and
6% to 24% of Cu were removed, whereas chlorinating agents dramatically improves the
evaporation rate of the heavy metals (Liu et al. 2015). Bottom ash washing using natural
water (rain and sea water) as pretreatment also has been suggested in the literature and
removes 27 to 57% of the initial concentration of the metals in the final concentration of
wash water (Quek et al. 2016). Therefore, heavy metal removal from ashes is becoming an
important approach for metal recovery or as a means to reduce its potential hazards.
Further, it can be used for the concrete and cement production, road payment, glasses and
ceramics, agriculture, stabilizing agents, adsorbents, and zeolite production (Lam et al.
2010). Therefore, various researchers have suggested overcoming the toxic ash handling
problems by resource recovery and by utilizing it in various civil engineering applications.
Table 6 systematically presents fly ash and bottom ash materials for various construction
activities, such as concrete (Ferraris et al. 2009), road construction (Vegas et al. 2008),
tiles (Zhang et al. 2007), bricks (Zhanget al. 2011), and even raw materials for cement
production (Pan et al. 2008) in several countries. Further, a hybrid cement was developed
in Spain by the blending of clinker (60 wt%) and incinerator ash (40 wt%) (Garcia-Lodeiro
et al. 2016).
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Table 5. Heavy Metals Detected in the MSW Incineration Fly Ash and Bottom Ash

Types of Fly ash Bottom ash
heavy
metals (Chang (Funari (Jiet (Ferreir (Wu (Wang | (Bayuse | (Wuet | (Forteza | (Zhu et (Taiwan (Wei et al. (Funari et al. 2015)
etal. etal. al. aetal and etal. no and al. etal. al. Environmental 2011)
2009) 2015) 2019)* 2003) Ting 2019) | Schmah | 2016) 2004) 2020)* Protection
2006) 1 2010) Agency 2004)

Ag N/A 19.3 N/A N/A N/A N/A N/A N/A N/A N/A 8.5-10.7 N/A 5.51

As 93 21.1 N/A N/A N/A N/A 21 72 13 N/A 209-227 <1 11.9

Ba 4300 1404 N/A N/A 539 N/A N/A N/A N/A 0.44 1104-1166 1126 1404

Cd 470 114 0.1183 91 95 0.- 14 N/A 3 N/A 6.8-7.8 1 5.62
1600

Co N/A 21 N/A N/A 14 N/A 67 N/A N/A N/A 49.6-53.1 5 354

Cr 863 635 N/A 104 72 1.3- 1158 1244 900 0.10 323-439 393 367
5120

Cu 1300 952 0.08 546 570 41.8- 7743 ~400 500 0.10 4139-4474 2321 3490
15700

Hg N/A 1.44 N/A N/A N/A 0.03- N/A ~0.05 2.6 N/A N/A N/A 2.70
84.6

Mn 1600 N/A 0.005 338 309 N/A 1000 ~850 2800 2.61 869-894 N/A N/A

Ni 124 85.9 N/A N/A 22 1.23- 356 ~45 180 N/A 216-242 105 224
2200

Pb 10900 2987 0.20 2399 2000 61.6- 1022 ~150 2700 0.03 2474-2807 687 1517
11300

Se 41 N/A N/A N/A N/A N/A N/A N/A N/A N/A 230-265 N/A N/A

Zn 25800 13417 0.64 6187 6288 230- 7732 ~2000 600 N/A 4261-4535 3193 3562
71600

Sn N/A 713 N/A N/A N/A N/A N/A N/A 960 N/A N/A 111 201

Sr 433 429 0.07 N/A 151 N/A N/A N/A N/A 0.04 N/A 271 440

\Y, 37 19.7 N/A N/A N/A N/A N/A N/A N/A N/A N/A 1 196

Unit: mg/kg, *values in mass percentage
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Table 6. MSW Incineration Bottom Ash and Fly Ash Utilized in Various

Applications
Type of Composition used Applications Country Reference
ash
Bottom 30% ceramic, 40% glass, 25% porous slag Road construction Spain (Vegas et al. 2008)
ash and 5% metallic contents based on ferrous
and non-ferrous metals by weight.
VBA filler around 20 % (weight) used as a Concrete Italy (Ferraris et al. 2009)
substitute for the cement and up to 75 %
(volume) of VBA as a substitute for natural
aggregate.
-- Adsorbent of India (Gupta et al. 2005)
pollutants in water
Cement mixing Aggregate in Slovenia (Juric et al. 2006)
concrete
Cement production with pre-treatment Raw material in Taiwan (Pan et al. 2008)
cement industry
Fly ash Around 48 % (wt.) washed MSW incineration | Aggregate in Italy (Cinquepalmi et al.
fly ash and this fly ash to cement ratio used Portland cement 2008)
were: 70:30 mortars
Composition of 20 SiO2-5 MgO-75 fly Manufacture of South (Park and Heo 2002)
ash (wt.%) ceramics Korea
Cement production with pre-treatment Raw material in Taiwan (Pan et al. 2008)
cement industry
Materials used in the optimized ratio are: Ceramic bricks China (Haiying et al. 2011)
MSW | fly ash: red ceramic clay: feldspar:
sand:
20: 60: 10: 10 by mass
20 % fly ash added in basic materials Ceramic tiles China (Haiying et al. 2007)
Cement/fly ash ratio increases from 4: 6 to 8: | Landfill stabilizer China (Tang et al. 2016)
2
Mixed ash | Developed by the blending 60 wt% clinker Hybrid cement Spain (Garcia-Lodeiro et al.
and 40 wt% incinerator ashes 2016)

Gasification

Gasification processes involve the reactions between the carbonaceous content of
MSW with an oxygen-containing environment (air, oxygen, steam, and carbon dioxide)
and at a temperature in the range of 550 to 1000 °C. The gasification system requires some
heat at the initial stage, noting that it is mainly an exothermic process, which will sustain
itself accordingly (Klinghoffer and Castaldi 2013). Further, it involves the partial oxidation
of a substance by the addition of oxygen such that complete combustion occurs.

WTE plants based on gasification systems that utilize the MSW as fuel are
considered as highly efficient for energy generation, compared to traditional energy
sources including coal, oil, and natural gas. The major product generated by gasification
systems is known as syngas, producer gas, or synthetic gas. The composition of syngas is
mainly hydrogen, carbon dioxide, methane, and carbon monoxide, including other
constituents such as inert gases, tar, hydrocarbons, and gaseous pollutants, which can be
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measured in the syngas (AV. 1994). It has been experimentally found that syngas consists
of 13 £ 2 vol% CO, 11 £ 0.4 vol% CO, 3.2 + 0.2 vol% CHg4, 12 £ 2 vol% Hz, 2.9 £ 0.3
vol% C2-Cs gases, and 58 * 4 vol% N2 etc. (Chan et al. 2019). The overall gasification-
based syngas products have a net calorific value of 4 to 10 MJ/N m?®. Syngas purification
is needed to obtain cleaned gas that can be used to generate power in the forms of
electricity, heat, or steam, which can be used directly or fed into the grid. Further,
gasification can be divided into two categories, mainly direct and indirect gasification.
Direct gasification is based on the partial oxidation of feed materials, whereas the indirect
process takes place without the aid of a gasification agent (Al 1997). Indirect gasification
is performed without O2 injection and contains nitrogen as impurities, which further
decrease the volume and heating value of the syngas (Paisley and Anson 1998). The
gasification system as a direct process having pure oxygen has some advantages over the
indirect process. In fact, pure oxygen production is an expensive process that is expected
to account for more than 20% of the total cost of the electricity production (Della 2001).

In general terms, a gasification system consists of three stages (Seo et al. 2018):
(a) Gasifier for producing synthetic gas.
(b) Cleaning system for the pollutants removal and toxic compounds.
(c) Energy recovery system includes a gas engine.

However, sub-systems are also needed to handle the environmental impacts from the
gasification in the form of air pollutants, wastewater, and solid residues. Various studies
have been reported on the gasification system for the municipal solid waste. A few years
ago, WTE systems with different types of gasification were applied in several countries,
such as a semi-industrial fluidized bed plant (Couto et al. 2016), a “two-step” facility
(Tanigaki et al. 2012), a downdraft gasifier (Bhoi et al. 2018), a fixed bed gasifier (Tanczuk
et al. 2019), and a pilot plasma furnace (Materazzi and Taylor 2019). The operating
parameters such as temperature, residence time, oxygen concentration, equivalent ratio,
carbon conversion efficiency, and tar content, etc., have important roles in the syngas
production. Thus, one recent report investigated the effects of varying temperature and
oxygen concentration for syngas generation from daily generated MSW. The combustible
gas yield and lower heating value of syngas observed were 0.296 L/g and 10.98 kJ/L,
respectively at 650 °C temperature and 1.25% oxygen concentration (Gu et al. 2020).
Researchers also investigated the role of temperature on syngas composition; biomass
conversion efficiency was correlated to temperature and solids residence time, with the
carbonation of CaO used as bed material in the gasifier studied conditions (Martinez et al.
2020). Increased temperature was shown to improve the gasification process, and higher
air equivalence ratio increased the carbon conversion ratio and decreased the lower heating
value of syngas. Further, moisture content has been found to increase the carbon conversion
and heat conversion efficiency at lower ratios (Chen et al. 2010). Temperature and steam
rate varying from 700 to 900 °C and 2.5 to 10 mL/min, respectively, were found to
influence the pyrolysis process. It was observed that hydrogen gas increased significantly
with an increase in the waste marble power to MSW mass ratio, while carbon dioxide
decreased (Irfan et al. 2019). A co-gasification process also can be utilized with the
application focusing on the preserving non-renewable resources such as coal and
simultaneously finding a better usage for MSW. Hence, one study (Tanigaki et al. 2012)
investigated the influence of co-gasification of MSW with and without the bottom ash. No
significant difference was found in power generation with 18.9% the bottom ash and 23.0%
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without MSW. However, the carbon conversion ratios were as high as 91.7% and 95.3%,
respectively. Another work (Bhoi et al. 2018) utilized the co-gasification ratios of 0, 20,
and 40% with a capacity of 100 kg/h commercial scale downdraft gasifier. Satisfactory
results were shown for up to 40% co-gasification, and heating values of syngas measured
were the 6.2, 6.5, and 6.7 MJ/Nm? with the co-gasification ratios of 0, 20, and 40%,
respectively.

Further, in comparison with the incineration, gasification processes can reduce or
inhibit the formation of environmental pollutants such as dioxin and furans. Besides these,
chloride species (KCI, HCI, and NaCl) can be eliminated from the syngas by using a
purification system, which further decreases the potential of dioxin and furans in
downstream applications (Arena 2012; Zhang et al. 2018). On the other hand, it has been
reported that the economic and environmental performances of MSW gasification have
some advantages and that gasification processes can also be operated commercially
(Fernandez-Gonzalez et al. 2017). One example can be seen of MSW gasification that is
a commercial power plants in Japan, which carried out MSW gasification, achieved carbon
conversions higher than the 91.7%, and concentrations of dioxins and heavy metals were
lower than the limits (Tanigaki et al. 2012).

Pyrolysis

Pyrolysis of municipal solid waste is carried out in a pyrolyzer in the relative
absence of oxygen. The temperature is maintained between 300° C and 800° C during the
pyrolysis process, and initially external heat is supplied as required to begin the process.
The temperature is maintained depending upon the raw materials present in the solid waste.
Before the inlet point of the pyrolyzer, pre-treatment of MSW is required to separate the
metals, glass, and inert materials. The thermal degradation process in the heating chamber
generally starts with a temperature of 300 °C, which begins with consumption of the
oxygen initially present, as well as some initial degradation of organic materials.
Thereafter, an oxygen-free environment is maintained, and the temperature is increased up
to 800° C in a non-reactive environment (Fig. 4). The final products from pyrolysis of solid
wastes are gases, liquid, and solid residues. The gases generated are known as syngas or
synthetic gases and mainly include methane, hydrogen, carbon dioxide, and carbon
monoxide.
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Fig. 4. Process of gasification (adapted from Koido & Ilwasaki, 2017, published under CC BY 3.0
license)
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Pyrolysis of solid waste is considered to be an innovative alternative for the
treatment of MSW, in addition to generating various chemicals and fuels (Malkow 2004).
Pyrolysis has an advantage over the traditional incineration plants in terms of providing a
clean process by generating lower amounts of air pollutants (dioxin, nitrogen oxides, and
sulphur oxides). Further, these pollutants can be easily washed from synthetic gas, thereby
avoiding their release into the atmosphere (Chen et al. 2014). Char, which is another
product of pyrolysis, is considered as a low-grade fuel. Sometimes it can be toxic due to
mixing of industrial solid waste. One study (Bernardo et al. 2010) investigated the co-
pyrolysis of different wastes (used tires, pines biomass, and plastics) and char residues
containing inorganic toxic metals such as Hg, As, Pd, Cd, Cu, and Zn. Thus, it is usually
not suggested to mix industrial solid waste into household waste for pyrolysis. A review
article has summarized the influence of operating parameters such as heating rate,
temperature, and residence time in the reaction zone relative to the pyrolysis process and
the end products (Chen et al. 2014). MSW in the form of refuse-derived fuel may have
advantages in the form of adaptability to the various types of reactor, and products
generation such as oil, gas, and char products at 600 °C or more. Another work (Xue et al.
2016) involved the catalytic based co-pyrolysis of biomass and polyethylene (PE) in a
tandem micro-pyrolzer using ZSM-5 as catalyst. Depolymerization of lignin was strongly
promoted by PE, as the yields of different phenolic monomers increased up to 43%, along
with pyrolysis products, i.e. char and carbon oxides produced from biomass when co-
pyrolyzed with PE.

Studies have been done comparing MSW and municipal plastic wastes (MPW) to
produce pyrolysis oil at a temperature of 500 °C, followed by comparison with commercial
oil. It was found that MPW with or without catalyst meets the required standard of
commercial oil, whereas MSW pyrolyzed oil has a high water content (Miskolczi et al.
2013). It can be seen from the literature that plastic materials in municipal solid waste need
higher temperature to complete pyrolysis process, and major products generated are oil and
liquid products, as well as HCI due to the presence of polyvinyl chloride (PVC). Pyrolysis
of vegetables has been found to give a gas yield of 0.388 Nm? kg™ (dry basis) at 850 °C
temperature, moisture content of 17.9%, 17.6% tar, and 32% char generation under a rotary
kiln (Li et al. 2000). Artificially prepared MSW having a composition of 8.5% PVC, 8.3%
rubber, 24.3% kitchen waste, 8.5% PE, 7.3% vegetables, 5.4% cloth, 14.6% pericarp,
18.2% paper, and 4.87% saw dust was studied for pyrolysis at a temperature of 500 to 700
°C. The observations indicated that gas yield and oil yield increased from 24.4% to 38.9%
and 21% to 16.4%, respectively, and the average claorifc value of thegas was 7.5464 MJ
/m?at 600 °C(Li et al. 2007). A review article focused on the sustainable and efficient
pyrolysis method for plastic waste with advantages in decreasing the carbon footprint
minimizes the air emissions instead of gasification and incineration. Thus, the influence of
various catalysts on the pyrolysis was evaluated, and there was a comparative assessment
with thermal and plastic waste treatment in the presence of catalysts (Al-Salem et al. 2017).
Garden waste and wood pellets were studied in a pilot-scale rotary kiln pyrolysis at
temperatures ranging from 700 to 900 °C. The results at a temperature above 700 °C
showed that the volatile matter produced was more than the 80% (wt.) and syngas (CO +
H2) content was higher than the 59 mol %. For the char and other products, the yield was
below 20 wt% with the higher heating value of 29 MJ per kg and an 80% carbon content
with the predominance of benzene and naphthalene by GC/MS (Tanoh et al. 2020).

Plasma pyrolysis involves volumetric heating and is regarded as an advanced
technique as compared to conventional thermal pyrolysis (Hrabovsky et al. 2006) and
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microwave pyrolysis (Macquarrie et al. 2012). Thus, in plasma pyrolysis the heating of
MSW is carried out at a high temperature of over 1000 °C using plasma torches without an
air supply. The process converts waste materials into syngas, which is mainly Hz, CO, and
other end products, such as vitrified matrix. Products generated from plasma pyrolysis are
suitable for energy recovery and materials recycling, and there are reduced negative
impacts to environment and human health (Huang and Tang 2007). However, a
disadvantage of plasma technique is the requirement of a huge amount of secondary
energy, e.g. 1 kW h kg* for arc plasma technology (Wang and Huang 2008).

Landfill Gas Generation

Thermal energy conversion systems for MSW are increasing in the developed
countries due to land constraints in recent decades. However, in developing countries still
the landfilling of solid waste is in practice in large numbers. One study from Brazil
indicated that very limited thermal treatment of solid waste is operational because of the
priority of use of landfills due to large land availability around the metropolitan cities (de
Souza et al. 2014). One region in Brazil achieved 53% collection of solid waste generated
and 41.94% of total waste i.e. 55.5 million tonnes went to sanitary landfills in 2011
(ABRELPE 2011). It was predicted that 85% of the world’s MSW is dumped into the
landfills, and major concerns are the uncontrolled release of gaseous emissions and effects
on climate change (Njoku et al. 2018). Another report (Scarlat et al. 2015) focused on the
African countries, i.e. South Africa, Algeria, Cameroon, Madagascar, Mauritius, Morocco,
Niger, and Tunisia, which disposed approximately 95%, 97%, 95%, 96%, 91%, 96%, 64%,
and 95%, respectively, of their waste into landfills.

Sanitary landfills are in practice in high-income countries for waste disposal. These
landfills degrade the waste by chemical and biological processes, and release is avoided by
use of collection systems for leachates and methane gas. The basic requirements for the
sanitary landfills is the partial hydrogeological conditions isolation, engineering aspects,
control for the leachate and gas, and planning for waste placement and proper covering. In
developing countries, unsanitary MSW disposal practices are in use, which have negative
environmental impacts and the public health concerns (Finnveden et al. 2005). MSW
composition in landfills starts the degradation biologically under the anaerobic conditions,
and landfill gases (LFGs) are generated from anaerobic decomposition process (Ahmadian
et al. 2013; Jain et al. 2014) (Fig. 5). As per the Environmental Protection Agency (2020),
landfill gases are composed of roughly 50% methane, 50% carbon dioxide, and a small
amount of water vapor and other gases (U.S. Envrionmental Protection Agency 2020).
Further, the landfill degradation can be enhanced by promoting moisture content, the most
significant factor responsible for providing important factors for microorganisms in
landfills for the decomposition (Al-Kaabi et al. 2006). The maximum gas production could
be enhanced by the addition of liquid (leachate, water, or storm water runoff) in the waste
biomass to reach 35 to 40% water by weight (Christensen and Kjeldsen 1989). Further,
methane is considered to be a greenhouse gas; because of its relatively high global warming
potential, it is important to install collection systems for methane gas (Bruce et al. 2017).
On the other hand, CHa4 can cause explosions if the air volume reaches 5 to 15% due to
heat value equivalent to the white oil. Taking proper precautions, methane gas from
landfills could be utilized as a cost-effective method for the heat and electricity generation
(Weber and Stadlbauer 2017). One report (U.S. Energy Information Administration 2019)
estimated that 352 landfills in USA generate and collected the landfill gas of 270 billion
cubic feet (BCF) and approximately 11 billion kilowatt-hours (kwWh) of electricity was
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produced. This is further estimated to be around 0.3% of total U.S. utility-scale electricity
generation. An Environmental Protection Agency (U.S. Envrionmental Protection Agency
2020) report says that about 72% of currently operational LFG energy plants are generating
electricity in the United States. Various technologies such as turbines, micro-turbines,
internal combustion engines, and fuel cells can be used to generate power onsite as well as
for sale to the power grid.

Municipal Solid Waste

l Collection and Transportation

Modern Landfill Electricity, Vehicle fuel,
Boiler and Arts Pipeline

and Crafts Injection
‘ Anaerobic Degradation \ /
Landfill Gas Directly use with Advanced
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Fig. 5. Modern Landfill for Energy Recovery

LFGs emission is dependent upon the waste composition, waste compaction, rate
of the degradable organic fraction, leachate recirculation, and environmental factors (Lou
and Nair 2009; Wangyao et al. 2010). USEPA model parameters were used in various
previous studies for estimation of methane gas production potential in landfills. Further,
according to this model, and as noted in the literature, gas production can reach 170 m?® per
ton of waste (Al-jaf and Al-Ameen 2019). For instance, MSW having higher percentage of
biodegradable waste leads to the higher gas production potential (200 m®/ton), which is
also evidenced in previous studies (Ghasemzade and Pazoki 2017; Fernandes et al. 2018).
Two studies (2013 and 2017) were performed in the Sanandaj and Jifrot city of Iran using
LandGem software for the estimation of landfill gases. It was predicted that Sanandaj city
produces gas production in the range of 200 m® per ton; the estimated quantities of the
landfill gas, methane, carbon dioxide, and non-methane organic compounds (NMOC) for
20 years will be 23,150; 6,184; 16,970; and 266 tons/year, respectively (Rezaee et al.
2014). Jifrot city of Iran observed a gas production potential of 198 m?ton. The highest
content observed for methane, carbon dioxide, and NMOC in 30 years will be 40,590;
112,700; and 1,765 tons/m3, respectively (Ghasemzade and Pazoki 2017). Recent research
(Srivastava and Chakma 2020) estimated the LFG emissions from the three landfill sites
(Ghazipur, Bhalswa, and Okhla) of Delhi (India) using the three landfill gas generation
model, i.e. IPCC default model, first order decay model, and land GEM. Methane
generation was estimated to be about 2,444; 1,115; and 1,643 gigagram (Gg) using default,
first order decay, and land GEM, respectively until 2030. Further, the Yedla technique has
been used to estimate the energy recovery potential, which was found to be about 5784
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terajoule (TJ) by using an energy recovery system. One of the previous works cites the use
of saline water for the biodegradation of LFG generated from landfill bioreactors. The
experimental observations indicated that the rate and volume of gas generation are similar
to fresh water recirculation in the landfills, and saline water could be utilized for
biodegradation of waste in the landfills (Hossain et al. 2014).

Biochemical Conversion of MSW to Bioenergy Products

MSW conversion into various kinds of energy products have been carried out
through thermal, biochemical, and landfilling technologies. Biochemical conversion
involves the digestion of biomass with microorganisms and their enzymes. The end
products of the biochemical conversion are methane, hydrogen, ethanol, or other value-
added product. The biochemical process is environmentally friendly and cost-effective
alternative that generates energy from wastes. Biogas production by anaerobic digestion
and fermentation are the most common biochemical practices for utilization of MSW
(Eddine and Salah 2012; Vaish et al. 2016; Beyene et al. 2018).

Pretreatment of OFMSW is important step that is dependent on characteristic of
substrate and improves the efficiency of biochemical processes. The variation in
composition of OFMSW represents the main obstacle for determination of most suitable
pretreatment for the biochemical processes.

Biogas production by anaerobic digestion

Biogas is a clean and renewable form of energy that can substitute for conventional
energy sources such as fossil fuels, oil, etc. Anaerobic digestion (AD) or biomethanation
is the microbial process that converts biomass into biogas in the absence of oxygen. Biogas
mainly consists of methane (CH4) and carbon dioxide (CO2), and it is used as a fuel for
local needs or for electricity generation. Biogas can be cleaned and upgraded to biomethane
that is used as vehicle fuel. Biomethane is combusted in an internal combustion engine of
vehicles (Mayer et al. 2014; Zheng et al. 2014; Kumar et al. 2016). The maximum
conversion of organic wastes (carbohydrates, lipids, and proteins) is achieved during AD
(Kumar et al. 2019). AD generally consists of four steps that are hydrolysis, acidogenesis,
acetogenesis, and methanogenesis (Fig. 6). These steps run simultaneously because of the
physiological dependence of microorganisms involved in different steps of AD. The
degradation products from one group of microorganisms are the substrate for another group
of microorganisms and require a close spatial proximity (Theuerl et al. 2019).
Microorganisms are the core of AD process, and the biochemical processes of AD are
performed by a diversity of microorganisms (Wang et al. 2018).

Hydrolysis is the first step of AD that is performed by hydrolytic microorganisms.
The efficiency of biogas production mainly depends on the hydrolysis of carbohydrates,
proteins, and lipids. It is slowest step of biogas production process and known as the rate-
limiting step of the whole process. Organic matter is broken down to mono- and oligomers
(reducing sugars, amino acids, peptides, free fatty acids) by extracellular enzymes during
hydrolysis (Barbot et al. 2016). Lignocellulosic biomass is recalcitrant to microbial attack
and enzymatic hydrolysis and it is most commonly available waste that is used for biogas
production.

The microorganisms that hydrolyze carbohydrates include various bacteria and
anaerobic fungi. Lignocellulosic biomass and starch available in waste biomass are
hydrolyzed by anaerobic microorganisms including the group Acetovibrio, Cellulomonas,
Clostridium, Caldanaerobacter, Caldicellulosirrutor, Bacillus, Butyrivibrio, Bacteroides,
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Thermomonospora, Ruminococcus, Ruminonoclostridium, Baceriodes, Fibrobacter,
Fervidobacterium, Erwinia, Microbispora, Streptomyces, Eubacterium, Halocella, and
Paludibacter, etc. (Azman et al. 2015; Boone et al. 1993; Gerardi 2003; Jain et al. 2015;
Lo et al. 2009; Nzila 2017; Wang et al. 2009; Westerholm and Schnirer 2019). Among
anaerobic fungi, members of the phylum Neocallimastigomycota are commonly available
in ruminants and improve biogas production by the hydrolysis of lignocellulosic biomass
(Westerholm and Schniirer 2019; Wu et al. 2018).
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Fig. 6. Anaerobic digestion process

Acidogenesis is the second step of AD of organic wastes, utilizing the monomers
generated during the previous step to produce volatile fatty acids (VFASs). Butanoic,
propionoic, ethanoic, and lactic acids are the main VFAs that are generated during
acidogenesis by bacteria known as acidogenic or fermentative bacteria. Besides VFAs,
simple molecules such as ethanol, COz, and H: are also generated during this step of AD
(Nzila 2017; Theuerl et al. 2019). The third step of AD is acetogenesis, which involves the
conversion of VFAS into acetate by acetogenic microorganisms. During the process of
acetogenesis Hz and CO: are also generated due to the activity of synthrophic acetate
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oxidizing bacteria (SAOB). Acetate, H2 and CO: are the methanogenic substrates that are
used by methanogens for methane generation (Jain et al. 2015; Nzila 2017). The
microorganisms belong to different genera such as Acetobacterium, Clostridium,
Eubacterium, Ruminococcus, Syntrophomonas, Sporomusca, Syntrophospora, and
Thermosyntropha, which are involved in the process of acetogenesis (Jain et al. 2015; Nzila
2017).

Methanogenesis is the fourth step and final step of AD that is performed by the
methanogenic microorganisms under strictly anaerobic conditions. In this stage, bacteria
convert CH3COOH and Hz into CO2and CHa. The bacteria responsible for CH4 generation
are known as methanogens, and they are highly vulnerable to small amounts of oxygen.
The methanogens are slow growing and extremely sensitive to changes in the environment.
They can absorb and digest the simplest of molecules. The reaction equations representing
the process of methanogenesis during AD are following (Balat and Balat 2009; Adekunle
and Okolie 2015; Anukam et al. 2019):

CH3COOH — CHs + CO2
CO2 + 4H2 — CHa+ 2H20
2CH3CH20H + CO2 — CH4+ 2CH3COOH

Methanogens are obligate obligate anaerobes that belong to the domain archaea and
the phylum Euryarchaeota. Based on the substrate utilization, methanogens are classified
into four groups: (1) methanogens that use H2/CO2 and formate as substrates include the
genera Methanobacterium,Methanobrevibacter, and Methanogenium; (2) methanogens
that use acetate as the substrate e.g. Methanosaeta; (3) methanogens that can utilize acetate,
H2/COz2, and methyl compounds as the substrates include the genera Methanosarcina; (4)
methanogens that can metabolize methyl compounds like methanol e.g. Metahnolobus and
Methanococcus (Chaudhary et al. 2013; Garcia 1990). AD generates biogas that contains
CH4, COg2, Hz2, H2S, NHs, siloxaine, and other substances. Research has been carried out
for the purification of biogas, especially for H2S, NHs, and siloxaine removal, since these
compounds inhibit AD and also cause serious human health and environmental problems
(Chen et al. 2008; Molino et al. 2013). The combustion of unclean biogas in steam turbines
and cooking stoves releases pollutants such as SOx and NOx gases that are corrosive and
result in the wearing down of the economy through frequent repair of infrastructure and on
respiratory related illness. Moreover, siloxane results in the accumulation of SiO: in stove
burners and pipes that may lead to their blockage (Makauki et al. 2017).

MSW as substrate for biogas production

AD of Organic Fraction of Municipal Solid Waste (OFMSW) is an environmentally
sustainable alternative for waste management. During AD of OFMSW, energy is recovered
in the form of biogas. The biogas production mainly depends on the type and amount of
macromolecules available in OFMSW. The definition of OFMSW has variations
depending upon the regions and the nations. The mixture of food, garden wastes, and paper
is considered OFMSW in USA, while in European Union, OFMSW is considered a mixture
of wastes from parks, gardens, and kitchens. During the last years, several researchers,
companies and governmental agencies are actively working to improve the AD process of
OFMSW to recover energy (Campuzano and Gonzalez-Martinez 2016; Palmisano and
Barlaz 1996). The characteristics and the composition affect the quality of digestate and
the biological process. Therefore, several researchers have studied the relationship of
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biogas production and OFMSW characteristics such as particle size, type of components,
molecule type, elementary composition, and bromatological properties (Al Seadi and
Lukehurst 2012; Browne and Murphy 2013; Melts et al. 2014; Campuzano and Gonzélez-
Martinez 2016).

Hydrolysis of substrate is the rate limiting step during AD, and it is especially slow
in the case of solid substrate. Therefore, a suitable pretreatment is required for solid
substrate to accelerate the rate of hydrolysis. Different types of pretreatments such as
physical, chemical, biological, and their combinations have been considered to assist AD
of OFMSW. Mechanical pretreatments have been found to be most reliable for AD of
OFMSW. Shredding is the most common process that is employed at industrial plants. It
reduces particle size and improves the available surface area for microbial action that
facilitates the solubilisation of organic matter (Cesaro et al. 2014; Allegue et al. 2020).
Recently, several other mechanical and thermal pretreatment methods such as thermal
hydrolysis, press-extrusion, sonication, high pressure homogenization, and hydrothermal
are being tested and are under the research and development (Paritosh et al. 2018; Allegue
et al. 2020; Cesaro et al. 2021). Another group of researchers has questioned the benefits
of size reduction and given attention to other important factors. It has been argued that the
extensive size reduction has no significant benefit during AD, and it requires higher energy
input that makes the process uneconomic. In unmixed dry digestion system, a small size
may be disadvantageous due to ‘slumping’ of waste within the digester, which makes it
more difficult to handle (Chynoweth et al. 1993; Gunaseelan 1997; Vandevivere et al.
2003).

Depending on the solids content in the bioreactor, AD can be divided into dry and
wet processes. The reaction time for biogas production depends on the composition of the
substrate and it ranges from 15 to 30 days due to complexity of OFMSW. The shorter
reaction times have been observed for wet AD, which is performed with solids within the
range 10 to 15% (Campuzano and Gonzalez-Martinez 2015). Biogas production depends
on the substrate characteristics, its biodegradability, and the contents of carbohydrates,
proteins, and lipids. The contents of cellulose, hemicelluloses, and lignin also affect the
biogas production. The lignin content in OFMSW s regarded as a negative indicator of
microbial degradation (Hartmann and Ahring 2006; Campuzano and Gonzalez-Martinez
2015). Temperature is another crucial factor that affects the biogas production.
Temperature in the digester has a significant effect on microbial growth and biogas
production. AD takes place in psychrophilic (<30 °C), mesophilic (30 to 40 °C), and
thermophilic (50 to 60 °C) conditions. However, anaerobes are most active in mesophilic
and thermophilic conditions (Kigozi et al. 2014). The performance of laboratory-scale
reactor (5.0 L) was evaluated by treating two types of OFMSW, including source sorted
OFMSW (SS_OFMSW) and mechanically selected OFMSW (MS_ OFMSW). The reactor
was operated at thermophilic (55 °C) and dry (20% total solids) conditions, and mesophilic
digested sludge was used as inoculum. SS_ OFMSW showed a 45% of volatile solids (VS)
removal with a cumulative biogas of 120 L in approximately 60 days. MS_ OFMSW gave
a higher level of organic degradation (56% VS removal) and the biogas production was 82
L (Forster-Carneiro et al. 2008). Fernandez-Rodriguez et al. (2013) compared mesophilic
(35 °C) and thermophilic (55 °C) AD of OFMSW under dry conditions (20% TS). The
maximum growth rate was reported as 27 to 60% higher for thermophilic process compared
to mesophilic conditions. Therefore, same level of organic matter degradation and methane
production was achieved in a shorter time duration, 20 days for thermophilic AD, compared
to 40 days for mesophilic AD (Fernandez-Rodriguez et al. 2013).
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The integrated rotator drum reactor (RDR) and anaerobic-phased solids digester
systems have been developed for biogas production from MSW. The pretreatment of MSW
was carried out in a commercial RDR to generate organics from MSW. The organics
produced from RDR contained 50% total solids (TS) and 36% VS on a wet basis. The
organics were digested in a laboratory APS-digester system with the organic loading rate
(OLR) of 3.1, 4.6, 7.7, and 9.2 gVSL™* d. At the OLR of 9.2 gVSL™* d* the biogas
production rate was 3.5 L L d? and the biogas and methane yields were 0.38 and 0.19
gVS™. The total VFAs concentration reached a peak value of 15,000 mg L as acetic acid
in the first 3 d of batch digestion and decreased thereafter (Zhu et al. 2010).

Biogas production by co-digestion of OFMSW and other substrates

Co-digestion of different substrates improves the operation of AD and offers
several ecological, technological, and economical advantages, compared to single substrate
digestion. However, the combination of different substrates needs to be selected very
carefully for the efficiency improvement of AD (Brown and Li 2013; Rughoonundun et al.
2012). Co-digestion of substrates balances the macro-and micronutrients, C/N ratio, pH,
inhibitors/toxic compounds, biodegradable organic matter, and dry matter. Moreover, co-
digestion of organic substrates is an effective way to improve the load of biodegradable
matter, digestion stability, and methane production (Hartmann et al. 2004; Rughoonundun
et al. 2012; Wang et al. 2014). The nutrient-rich substrates are suitable for co-digestion
with nutrients-poor substrates. Some of the organic substrates have low C/N ratio that can
be co-digested with substrates having higher C/N ratio (Rughoonundun et al. 2012). The
different types of industrial organic wastes (IOW) and OFMSW can be co-digested for
energy generation. The most difficult organic wastes generated by industries of
municipalities are those that are rich in lipids, cellulose, and proteins. Lipids are fats, oils,
or greases that are found in wastes from the food industry, slaughterhouses, dairies, or fat
refineries. Lipids have high theoretical methane potential; therefore, they are attractive
sources for biogas production. Lipids can inhibit the activity of methanogenic bacteria
(Ponsa et al. 2011). Cellulosic wastes (CW) such as paper or cardboard are also part of
MSW that is not source-separated. The C/N ratio of CW is in the range 173:1 to greater
than 1000:1, while the suggested optimum C/N ratio for anaerobic digestion is in the range
of 20:1 to 30:1 (Zhang et al. 2008; Ponsa et al. 2011).

Biohydrogen production by microbial fermentation

Biohydrogen production from organic wastes is an eco-friendly approach for
energy generation. Anaerobic digestion of OFMSW is one of the promising methods for
hydrogen production. Hydrogen is a clean and renewable energy source and produces water
as sole end product during combustion. It can be efficiently converted into electrical and
thermal energy while being supplied to a fuel cell (Kumar et al. 2016; Sharma and
Melkania 2017). The current technologies that produce biohydrogen from waste materials
include biological fermentation (dark fermentation and photo fermentation), gasification,
and microbial electrolysis cell. Dark fermentation (DF) is a process that involves microbial
production of hydrogen under anaerobic and dark conditions. Hydrogen-producing
microorganisms such as facultative and obligate anaerobes utilize carbohydrate-rich
substrates and generate molecular hydrogen (H2) by disposing the excess of electrons
through hydrogenase enzyme activity. The protons (H*) act as electron accepters to
neutralize electrons produced during the oxidation of organic compounds (Das and
Veziroglu 2001; Ghimire et al. 2015). Photo-fermentation (PF) is the biological process
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that needs light, which can be either solar or from an artificial source. PF produces
hydrogen by the activity of photosynthetic bacteria, mainly purple non-sulfur bacteria.
Simple sugars and different VFAs are the substrate for hydrogen production by
photosynthetic bacteria. The degradation rate of different VFAs through photosynthetic
bacteria is slower as compared to dark fermentation (Koku et al. 2002; Tian et al. 2019).

OFMSW as substrate for hydrogen production

As discussed in the previous section, an appropriate pretreatment of OFMSW is
necessary for AD. Similarly, a suitable pretreatment is also required for efficient H2through
microbial fermentation using OFMSW as substrate. Several pretreatments such as physical,
chemical, biological, and their combinations have been developed and tested for improved
H2 production using OFMSW as substrate. Tawfik and Elsamadony (2015) crushed
OFMSW to small particles and used the material for biohydrogen production using pilot-
scale dry anaerobic digester. Autoclaving is regarded as an ideal pretreatment method, as
it shows several advantages over physiological methods. It does not require any chemical
and is able to preserve the nutrients available in the organic wastes (Hu et al. 2014).
Abubackar et al. (2019) carried out the pretreatment of fruit and vegetables wastes by
autoclaving and studied Hz production by dry fermentation under thermophilic conditions.
Fruit and vegetables wastes were treated in a 55-L reactor. The analysis showed a
maximum Hz production (41%, v/v%) with autoclaved fruits and vegetables wastes, while
the hydrogen yield was 21% without autoclaving. In terms of total Hz, approximately 30%
higher production of H2 was achieved with autoclaving as compared to untreated fruit and
vegetables wastes (Abubackar et al. 2019). OFMSW was used as substrate for co-
production of hydrogen and other byproducts such as butanol, ethanol, acetic acid, and
butyric acid by Clostridium acetobutylicum NRRL B-591. The fermentation byproducts
such as ethanol, acetic acid, and butyric acid were used for the pretreatment of OFMSW.
The pretreatment was conducted with 85% ethanol and 0 to1% (w/w) acetic/butyric acid
at 120 and 160 °C for 30 min. 49.8 g/L of total reducing sugars were released by the
pretreatment catalyzed by 1% acetic acid. During the fermentation process 114.1 g butanol,
43.8 g acetone, 15.1 g ethanol, 97.5 L of hydrogen were produced from one kg of OFMSW
(Ebrahimian and Karimi 2020).

A mesophilic up-flow intermittently stirred tank reactor (UISTR) was used for
hydrogen production from OFMSW. The UISTR was operated at five different hydraulic
retention times (HRTs) of 10, 7.5, 5, 3, and 2 days. At HRT of 3 days and organic loading
rate (OLR) of 61.0 gCOD/L/day a maximum volumetric Hz production of 2.20+0.19 L/L/d
and yield of 2.05+ 0.33 molnz/molcarbohydrate Were achieved. The maximum carbohydrates,
proteins, and lipids conversion was observed as 68.2+13, 37.5t6.7, and 48.6+4.7%,
respectively, at HRT of 10 days and OLR of 18.1 gCOD/L/day (Elsamadony and Tawfik
2015). Biochar improved the H2 production from OFMSW by co-cultivation of
Enterobacter aerogenes and E. coli. The addition of biochar facilitates the formation of
biofilm and colonization of microorganisms on its large surface area. The maximum
hydrogen yield of 96.63+2.8 mL H2/gCarbohydrateinitiat and a maximum of 53.3+1 % COD
removal were observed with the addition of 12.5 g/L of biochar. The lag phase was
shortened from 12.5+£0.6 h to 8.1+£0.5 h with the addition of biochar, and Hz production
rates were also improved. When biochar was supplemented in addition to ammonia, the Hz
production was increased, indicating that biochar can also mitigate inhibition caused by
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ammonia. Furthermore, the addition of biochar also improves the generation of VFAS
(Sharma and Melkania 2017).

Biohydrogen production from OFMSW was enhanced by the addition of surfactant
under dry anaerobic digestion. Hz production was performed under thermophilic conditions
(55 °C) in batch fermentation. Hz production was significantly improved by the addition
of polysorbate 80 (Tween-80) and PEG-6000 with yields 109.9£7.1 and 113.8+7.7
mlIH2/gCarb.initial, respectively. A combination of polysorbate80 (2.8%) and PEG-6000 (1.7
g/L) resulted in a slightly higher yield of hydrogen (116 mlH2/gCarb.initia). This
combination of surfactants resulted in the dominance of Hz-producing bacteria such as
Enterobacter, Escherichia, Buttiiauxella, and Pantoea (Elsamadony et al. 2015). Sharma
and Melkania (2018) evaluated the effect of bioaugmentation with three bacterial species
(E. coli, Bacillus subtilis, and Enterobacter aerogenes) on hydrogen production from
OFMSW. Bioaugmentation with Bacillus subtilis resulted in the highest cumulative and
volumetric hydrogen production of 564.4+10.9 mL and 1.61 Lnz/Lsubstrate, respectively, at
a bacteria/sludge ratio of 0.25. A highest cumulative hydrogen production of 486.3+10.6
mL was observed by bioaugmentation with Enterobacter aerogenes at a bacteria/sludge
ratio of 0.20. Bioaugmentation with bacteria improved COD removal and VFAs
generation, while the lag phase was shortened. The study concluded that the process of
bioaugmentation with suitable bacteria may be a promising technique to improve the
hydrogen yield (Sharma and Melkania 2018). Paillet et al. (2020) studied the effect of
inorganic ions concentration of fermentative production of hydrogen from OFMSW. The
composition of OFMSW in terms of organic compounds and inorganic ions is highly
variable and it may affect the microbial activity during fermentation. A freshly created
OFMSW was used to evaluate the effect of ionic concentration on hydrogen production at
pH 6.0 and temperature of 37 °C. At low concentrations of ammonium and chloride ions
(2.9 to 5.1 gL), a maximum vyield of hydrogen (40.8+0.5 mLH2.gVS?, 25.1+5.6
mLH2.gVS* respectively) was achieved. In contrast, the high ions concentrations strongly
inhibited the microbial activity and hydrogen production. Ammonia, chloride, or a mixture
of different ions caused a similar inhibitory effect regardless of the type of ion or the
composition of ionic mixture. The inhibition was observed after a threshold value of ionic
strength (0.75+0.13M) with a hydrogen vyield of 18.1+3.3 mLH2.gVS? to 6.2+4.1
mLH2.gvVStat 0.81+ 0.12 M (Paillet et al. 2020). The co-digestion of OFMSW and food
waste (FW) was carried out for improved production of hydrogen under thermophilic
anaerobic digestion with 20% total solids. OFMSW coming from a mechanical-biological
treatment plant has a low organic content, and FW contains a high organic matter but
creates problems during AD due to system acidification. Therefore, co-digestion of both
using a ratio of 80:20 (OFMSW:FW) was performed to avoid above explained problems.
The hydrogen production was improved by the addition of FW to OFMSW. Hydrogen
productivity was increased from 0.64 to 2.5 Ha/reactor day when SRT was decreased from
6.6 to 1.9 days. The hydrogen yield improved slightly from 33.7 to 38 mL H2/gV Sadded
(Angeriz-Campoy et al. 2015).

Energy production by microbial fuel cells

Microbial fuel cells (MCFs) have received great attention in recent years as a bio-
electrochemical for wastes conversion into electricity and hydrogen. In MCFs,
microorganisms interact with electrodes and generate electricity through the metabolic
activities of microorganisms. MCFs are considered to be a potential sustainable technology
for energy generation using organic wastes and wastewaters (Pant et al. 2010). In MCFs,
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the exoelectrogenic microorganisms perform the degradation of organic biomass that
generates the electrons. The free electrons are transferred from anode to cathode, thus
generating electricity. A wide variety of monosaccharides can be used by exoelectrogenic
microorganisms (Catal et al. 2019). OFMSW can be used as substrate for electricity and
hydrogen generation by MFCs. El-Chakhtoura and coworkers (Catal et al. 2008) studied
the electricity generation by air-cathode MFCs powdered with OFMSW. Two sets of air-
cathode MFCs were tested. In the first set, OFMSW was inoculated with cattle manure,
which resulted in a maximum power density of 123+41 mWm. In second the set, OFMSW
was inoculated with wastewater sludge, giving a maximum power density of 116+29
mWm2. The COD removal was greater than 86% in all MFCs, and carbohydrates were
removed by greater than 98%. The 16S rRNA sequencing showed the dominance of the
phylum Firmicutes (67%) on the anode, suggesting the possible role of members of this
phylum in electricity generation (Catal et al. 2008). Tubular MFC in was used in fed-batch
mode for electricity generation from OFMSW. The effect of temperature on the
performance of reactor was tested by increasing the temperature with an interval of 5 °C in
the range from 20 to 35 °C. The maximum current density increased from 197.7 to 355.4
mA/m? after increment in the temperature. The power density production reached up to
47.6 mWm? from the initial value of 14.8 mWm2 at 100 Q external resistor. The analysis
of 16S rRNA sequences indicated the presence of Geobacter, which played an important
role in transferring the electrons to the electrodes, and the Bacteroides and Clostridium
contributed for fermentation (Karluvali et al. 2015). Chiu et al. carried out the electricity
generation from OFMSW at different operational conditions. The two-chambered MFCs
with carbon felt were used, and the carbon felt allocation showed a higher power density
(20.12 and 30.47 mWm for 1.5 and 4 L respectively) as compared to other electrode plate
allocations. Most two-chambered MFCs showed a higher maximal power density than
single-chambered, with corresponding electrode plate allocations (Chiu et al. 2016).
Landfill leachate is a liquid that percolates through the landfill system. It is
accumulated and manipulated to protect the environment. The landfill leachate may be a
promising substrate for MFCs to generate electricity. Sonawane et al. (2017) utilized
landfill leachate as feedstock for direct air-breathing-based MFCs for 17 days study under
open circuit conditions. Three MFCs with different cathode area were taken, and the
maximum open circuit voltage (OVC) of the cell was found to be 1.29 V. The specific
power density reached up to 1513 mWm with maximum cathode area (Sonawane et al.
2017). MSW landfill leachate treatment was performed by MFCs to generate the electricity
in batch cycle without addition of inoculum. A maximum voltage of 635 mV was produced
using the larger-scale MCF. The operation over 52 days attained 74%, 27%, and 25%
removal of BOD, TOC and ammonia using the larger-scale MCF (Damiano et al. 2014).

Comparison of Different Thermal and Biochemical WtE Technologies

Incineration, pyrolysis, and gasification are widely used thermal processes for
MSW conversion to energy that involve thermal breakdown in the form of heat or
electricity. These thermal methods are differentiated by process conditions. Biochemical
methods such as microbial fermentation, anaerobic digestion, and microbial fuel cells are
environmentally friendly alternates for thermal processes. All of these methods have some
advantages, limitations, and environmental impact. Table 7 shows a comparative analysis
of thermal, landfill gas generation, and biochemical approaches.
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Table 7. Comparison of Different WtE Technologies

WLE method | Advantages Limitations Products Environmental
impact
Incineration - Reduces volume -Heavy metals Heat, COg, -Air pollutants
and weight of waste | management of H20, fly and | including SOx,
for landfilling incinerated ash bottom ash, NOx,Cox,
-Extensive gases polyaromatic
infrastructure and hydrocarbons
equipment required -Dioxin
emission from
fly ash
Pyroly-sis -Generates lower -High viscosity of Bio-oil, fuel -Air pollutants
amount of pyrolysis oil may be | gas, char, including H2S,
pollutants (dioxin, problematic for its ash NHs, SOx, NOx,
nitrogen oxides and | burning and and exhaust
sulphur oxides) as transportation gases
compared to -Extensive
incineration infrastructure and
-Emission control equipment required
strategies are
furnished with
pyrolysis facility
Gasification -Reduced - Extensive Syngas, tar, -Air pollutants
generation of infrastructure and hydrocarbons | such as CO,
pollutants (e.g. equipment required, nitrogen and
dioxin & furans) as | -Lack of local sulphur oxides,
compared to knowledge in the hydrocarbon,
incineration, design, manufacture dioxins, and
-Gasification and operation of furans
produces syngas gasifiers as well as generated,
that can be the harzard and -Waste water
combusted in safety issues of and solid
conventional burner | gasifiers residues
or gas engine generated
Land- -Cost effective and | -High land -Landfill gas | -Leachate is
filling less labor-intensive | requirement (CHa4, COa, generated that
-Landfill gas and -If poorly managed, N2), contaminates
leachate collection | they become niche -Leachate the soil and
for energy for scavengers, flies, | (substrate for | ground water
generation mosquitos, pests, AD and -Generation of
worms, rodents, and | MFCs) contaminating
pathogenic gases
microorganisms
Biochemical -Can be performed | -Not suitable for Biogas& -
methods (AD, | at small scale wastes having lower | digestate, Environmentally
microbial -Compact design organic content biohydrogen, | friendly
fermentations, | needs less land -Waste segregation | and processes
MFCs) area required for bioelectricity | -Controls green

-Free from bad
odor, rodents fly,
and visible pollution

improved efficiency

house gases
emissions

Sources: Arineitwe et al. 2013; Tozlu et al. 2016; Seo et al. 2018; Beyene et al.

Berruti 2020; Cudjoe et al. 2021

2018; Nanda and
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CONCLUSIONS

Municipal solid waste (MSW) generation and consumption of energy is
continuously increasing due to rapidly growing populations and increasing public living
standards. The implementation of sustainable MSW management is the biggest issue
around the world for the conservation of environment and human health. Recycling, the
operation of landfills with gas recovery, thermal conversion processes, and biochemical
conversion systems are the viable options for MSW handling and energy generation in the
form of heat, electricity, bio-oil, syngas, biohydrogen, biogas, bioelectricity, etc. Thermal
energy technologies are utilized for the waste reduction options with energy generation.
Among the thermal conversion processes, pyrolysis has advantages over the conventional
combustion due to less emission of air pollutants such as oxides of sulphur, nitrogen, and
dioxin, etc. Biochemical methods are considered environmentally friendly and cost-
effective alternatives for energy generation from OFMSW. Biochemical process such as
microbial fermentation for biohydrogen production, anaerobic digestion, and microbial
fuel cell have gained wider acceptance in recent years. Some modifications such different
pretreatments and particle size reduction of OFMSW have been tested to improve the
efficiency of these methods. The biological efficiency of process can be improved by the
selection of suitable pretreatment that depend on the type of substrate. Co-digestion of
OFMSW and other nutrient-rich substrates is another strategy that improves the efficiency
of anaerobic digestion. The recent research and developments have been focused on
efficiency improvement of MFCs technology. In the future, the efficient MFCs technology
can be coupled with landfilling that generates leachate. The leachate can be used as
substrate for MFCs to generate biohydrogen and bioelectricity. WtE technologies are
economically viable and environmentally sustainable alternate for energy recovery from
MSW that is a widely available source of energy due to its continuous generation.
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