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Municipal solid waste (MSW) generation has been escalated at a global scale and
poses drastic impacts on the environment along with many socio-economic problems.
Waste to energy (WtE) technologies have been recognized to convert MSW into
useful energy and minimize the problems related to it. This study reviewed different
WIE technologies according to the conversion pathways, end-products, and their
applications, and assessed statistical values of these technologies based on six different
factors, viz., environmental performance, suitable waste fractions, capital and operational
cost, efficiency, and complexity of the technology, the skillset of the labor, and favorable
geographical location for the plant. The results of this review showed that biochemical
and physicochemical WtE technologies are more favorable to convert organic waste,
while thermochemical WtE technologies are suitable to process combustible fractions
of organic and inorganic MSW. Based on the statistical review of considered factors
from the literature, the statistical profiles of concerned WtE technologies were observed.
Finally, a general framework in the form of a systematic scheme was proposed for the
selection of the most suitable WtE technologies for a sustainable MSW management
system. The recommended indicators, methods, and models in the proposed framework
were selected after a detailed review of the literature published in well-known scientific
journals, and reports of leading international organizations such as the World Bank,
International Energy Agency (IEA), and International Labour Organization (ILO). Moreover,
the databases to extract the data for the estimation of various recommended indicators
have also been presented.

Keywords: sustainable municipal solid waste management, waste to energy technologies, conversion pathways,
socio-economic indicators, selection framework
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INTRODUCTION

Municipal solid waste (MSW) generation is continuously rising
on a global scale. According to the World Bank, the global annual
MSW generation was 2.01 billion tons in 2018, up from 1.3
billion tons in 2012. It is expected that the global annual MSW
generation rate will increase up to 2.59 billion tons by 2030
and 3.40 billion tons by 2050 (Kaza et al., 2018; Mayer et al,,
2019). This large increase in MSW generation is identified as
a repercussion of different factors including economic growth,
population expansion, industrial development, urbanization,
and rural to urban migration, etc. (Moya et al., 2017b; Kaza
et al, 2018; Mayer et al, 2019). Along with the bulking up
of waste volumes, the composition of MSW is also becoming
more heterogeneous and complex because of the development
of modern economies that are highly consumer-based lifestyle
centric (Moya et al., 2017b; Yadav and Samadder, 2017; Tsui and
Wong, 2019).

The heterogeneity and complexity of MSW composition are
causing great difficulty in sustainable disposal of this gigantic
amount of waste that also causes many economic losses and
poses drastic impacts on the environment and human health
(Menikpura et al,, 2012; Noya et al, 2018; D’Adamo et al,
2020). It has been recognized that different income level groups
generate different waste compositions and quantities (Agamuthu
et al., 2007; Kaza et al., 2018). Yadav and Samadder (2017) have
estimated the annual MSW generation growth rate for both low-
income countries and high-income countries as 2-3 and 3.2-
4.5%, respectively. The difference between the MSW generation
growth rate of different income groups showed that the group
with greater purchasing power generates more waste is because
developing countries are rapidly shifting toward industrialization
(Mayer et al.,, 2019). With regards to the waste composition,
high-income countries generate more dry waste including paper,
plastic, cardboard, glass, metal, etc. that is comparatively easy to
recycle, whereas more than 50% of the total MSW generation
in low-income countries is organic waste which is much more
difficult to manage (Kaza et al., 2018). Alongside the proliferated
dilemma of MSW generation and its sustainable management,
global energy demand has also increased.

The power generation sector and transportation sector are the
top two most energy-intensive sectors around the globe. Most of
the energy needs in these sectors are fulfilled by expensive fossil
fuels (Farooq et al., 2020). The combustion of fossil fuels poses a
direct negative impact on the environment that causes harm to
our ecosystem (Nieuwlaar, 2013). Moreover, these conventional
energy resources are rapidly depleting and threatening energy
security at a global scale (Gumisiriza et al., 2017; Soleymani
and Rosentrater, 2017). On the other hand, the utilization of
renewable energy resources for heat, power, and different types of
biofuels production has become a high priority both in national
and global energy policies (Cucchiella et al., 2014). MSW has
been highly considered as a renewable energy source (Mutz
et al., 2017). The utilization of MSW as an energy resource can
reduce the drastic environmental impacts of improper waste
management practices and fossil-based electric power generation
(Ayodele et al., 2017). Waste to energy (WtE) plants can convert

this cheap and readily available renewable energy resource into
useful energy. Therefore, WtE can be a potential solution to
empower global energy security by offsetting the fossil fuels
dominance in the world’s energy sector (Khan and Kabir, 2020).
The term WLE refers to the treatment of waste for energy recovery
in the form of heat and electricity or other alternative fuels in
gaseous, liquid, and solid forms. A vast range of WtE technologies
is available to produce such a diverse stream of end-products
from the complexly composed feedstock, i.e., MSW (Mutz et al.,
2017; Beyene et al., 2018).

MSW  management is a multidisciplinary and
interdisciplinary field of research. Researchers from fields
of economics, engineering, chemistry, physics, sociology,
geography, psychology, and law, etc., have been showing a
huge interest to explore the facts related to MSW management
studies. Many studies have been done to propose a selection
criterion for WtE technologies. Yap and Nixon (2015) conducted
a study in which they used the analytical hierarchical process
integrated with benefits, opportunities, costs and risks analysis
approach to identify the most favorable WtE technology(s) by
evaluating the tradeoffs between benefits and opportunities,
and costs and risks among the considered technologies (mass
burn incineration, refused derived fuel incineration, gasification,
anaerobic digestion, and landfill gas recovery). The scope of their
study was limited to set out the best WtE choices for India and
United Kingdom. Moreover, the decision was made only on the
basis of benefits and opportunities of a particular WtE technology
over the other considered technologies, while the influence of
socio-economic and technological situation of the given
countries (India and United Kingdom) on their WtE industries
was not ratiocinated. Soltani et al. (2016) also proposed a
decision framework by incorporating environmental, economic,
and social aspects only. They used life cycle assessment (LCA)
and life cycle cost analysis for environmental and economic
evaluation, respectively, and developed a weighting scheme
with the help of the MCDM analysis approach to aggregate the
outcomes of environmental and economic evaluation. After that
they used game theory to involve the multiple stakeholders in
the decision making and execution process to avoid the issue of
free riders in the WtE industry. The study focused on the waste
management system of Vancouver, Canada that represented
only the developed world. A study performed by Qazi et al.
(2018a) assessed the prioritization of different WtE technologies
by using the multi criteria decision making (MCDM) analysis
approach for the selection of the most optimum options.
However, their study was limited to the most suitable WtE
options only for the Sultanate of Oman. Recently, another study
by Kurbatova and Abu-Qdais (2020) reviewed the status of
MSW management and energy sector of Russian capital city
Moscow and its suburbs for the selection of best WtE options
for the Moscow region. Analytical hierarchical process method
was used to develop a decision model by incorporating three
criteria viz., environmental, technical, and socio-economic.
The scope of their study was only limited to a specific region
(Moscow region). However, the study did not include the
territorial aspect. Recent studies proposing the selection criteria
for most appropriate WtE technologies did not include the
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socio-economic and technological indicators which depict the
actual status of any country or region’s economy. Inclusion of
socio-economic and technological indicators in the selected
framework may help the policy makers to take reality-based
decision regarding sustainable MSW management in any given
region. Further, all the reviewed studies were focused on selecting
the most feasible WtE options only for a specific area, and did
not develop a general framework or selection criteria that can
aid policy makers to take decisions regarding selection of WtE
technologies for sustainable MSW management in any given
country or region (Shahnazari et al., 2020). Furthermore, no
previous study incorporated the territorial aspects along with
the environmental, socio-economic, and technological factors
associated with WtE technologies to choose the best suitable
option(s). A famous French geologist Jean Gouhier introduced a
new subfield of geology termed rudology (the systematic study
of waste management regarding territorial implications). He
also created a rudology institute at the University of Maine.
However, the territorial aspect of waste management has been
neglected because this field is comparatively new and less
explored (Mihai, 2012). Therefore, the main goal of this study
was to develop a general framework for the selection of the most
suitable WtE technologies which will incorporate environmental,
socio-economic, technological, and territorial aspects associated
with WtE technologies. To achieve that goal, the well-established
WLE technologies available in the literature were reviewed.
Secondly, the statistical values of different socio-economic and
technological factors, as well as the environmental performance
and territorial preference of different WtE technologies, were
also reviewed from the literature. Finally, various environmental,
socio-economic, and technological indicators coupled with
well-acknowledged methods and models available in the
literature were reviewed to introduce a general framework that
may help the policy makers to select the most suitable WtE
technology(s) for a sustainable MSW management system in
any given region.

The adopted methodological approach to achieve the aims
and objectives of the study is explained in the next section. In
section Review of WtE Technologies, the well-established WtE
technologies are reviewed regarding conversion pathways, end
products, application of the end products and merits/demerits
of the WtE technologies. In section Assessment of Socio-
Economic, Technological, and Environmental Factors of WtE
Technologies, the concerned WtE technologies are assessed based
on six different factors to observe the environmental, socio-
economic, technological, and territorial aspects. Moreover, a
review of statistical values of observed factors is also presented.
After that well-established socio-economic and technological
indicators, and academically acclaimed methods and models are
identified and explained in section Indicators for Selection of
Suitable WtE Technologies. Section Schematic of the Proposed
Framework presents the systematic scheme of newly proposed
general selection framework; the policy implications and
limitations being covered in section Policy Implications and
Limitations of the Proposed Framework. Finally, the conclusions
and recommendations of the study are presented in section
Conclusion and Recommendations.

METHODOLOGY

There are many different WtE technologies available in the
market. Each WtE technology uses a different fraction regarding
composition of MSW as a feedstock, following different
conversion pathways, and producing different kinds of end-
products. The method adopted for this study has been divided
into three steps as follows:

e In the first part, different WtE technologies were reviewed,
according to the conversion pathways, end-products, and
their applications. Moreover, the merits and demerits of each
concerned WtE technology were also identified.

e Secondly, the reviewed WtE technologies were assessed
based on six different factors to observe their performance
regarding environmental, socio-economic, technological, and
territorial aspects. These factors included the environmental
performance, the origin and type of waste, capital and
operational cost, WtE conversion efficiency and complexity
of the technology, the skillset of the labor, and the favorable
geographical location for the plant. Further, a review of
statistical values of the observed factors was also performed.

e Finally, various environmental, socio-economic, and
technological indicators coupled with well-acknowledged
methods and models available in the literature were reviewed
to develop a general framework that may help the policy
makers to select the most suitable WtE technology(s) for a
sustainable MSW management system in any given region. All
the reviewed indicators, methods and models are discussed
in detail in section Indicators for Selection of Suitable WtE
Technologies. After that a general selection criterion was
developed by arranging the identified indicators, methods and
models in a systematic scheme that can easily guide the policy
makers and stakeholders to identify the most suitable WtE
technologies for sustainable MSW management.

The framework of the whole adapted methodology has been
summarized in Figure 1.

REVIEW OF WtE TECHNOLOGIES

There are three main WtE conversion pathways, viz,
thermochemical, biochemical, and physicochemical (Ouda
et al, 2016; Tozlu et al., 2016; Moya et al., 2017a). However,
many different types of WtE process technologies are available,
and each process technology follows one of the three conversion
pathways mentioned above as shown in Figure 2 (DOE, 2019;
Shahnazari et al., 2020). In the following section, the description
of the technology, types of end-products, the application of these
end-products falling under all three conversion pathways have
been explained briefly, followed by the merits and demerits of
each WE technology which have been explained in Table 1.

Thermochemical Technologies

Thermochemical conversion needs thermal energy to break
down the molecular structure of MSW components and convert
larger molecules into smaller molecules. After that additional
oxygen is provided which combines with the hydrogen and
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FIGURE 1 | The framework of the methodology.
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FIGURE 2 | Classification of WtE technologies regarding conversion pathways.

carbon atoms released from the decomposed larger waste  conversion pathways, use very high temperature to convert
molecules and produces more energy than it provided to break  different fractions of MSW into heat, electricity, and other value-
the complex molecular structure of MSW components (Qazi  added products (DOE, 2019; Shahnazari et al, 2020). These
et al., 2018b). The technologies which adapt thermochemical  technologies include incineration, pyrolysis, and gasification. In
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the following section, these thermochemical WtE technologies
are briefly explained.

Incineration is a well-established and the most commonly
used WtE technology globally. This technology is proficient
in completely combusting the organic components present in
MSW to reduce its volume and convert it into heat and power.
Moreover, regarding energy, economic and environmental (3Es)
impacts of WtE technologies, incineration is the best solution
when combined heat and power (CHP) generation is concerned
(Cucchiella et al., 2017). An incinerator plant operates at a very
high temperature, about 850-1,100°C. The main components
of an incineration plant are the feeding system, incinerator
(combustion chamber), exhaust gas system, and residual disposal
system. The most commonly known incineration plants are
industrial incinerators and mass burn, etc. (Tan et al., 2015; Ouda
et al., 2016; Cucchiella et al., 2017; Qazi et al., 2018b; Shahnazari
et al,, 2020). The main outputs of an MSW incineration plant
are heat and hot flue gas which consist of carbon dioxide (CO,),
nitrogen N, oxygen O,, water vapor (H,0), etc. Moreover, ash
(both bottom ash and fly ash) is also considered a significant
end-product, because the total ash weighs around 20-25% of the
total feedstock (Atwadkar et al., 2015; Tan et al., 2015; Qazi et al.,
2018b). The heat and hot flue gases produced in the incineration
process are used to produce high-pressure steam which is used
in a steam turbine to generate electricity (Tan et al., 2015). After
that, the flue gases are treated in a flue gas treatment plant to
reduce toxicity for controlling environmental pollution (Jurczyk
et al., 2016). The ash produced during the incineration process
may end up in two ways. It can be used as secondary raw material
in the cement industry or can be disposed of in landfills (Qazi
et al., 2018b).

Pyrolysis is a thermal process that is performed in the
absence of oxygen. The pyrolysis process can recover up to
80% of the energy from the carbonaceous fraction of MSW
(Ouda et al., 2016). There are three different types of pyrolysis
reactions depending on temperature, heating rate, particle size,
and residence time. These reactions are slow, fast, and flash
pyrolysis (Qazi et al.,, 2018b). The operating parameters for all
three pyrolysis reactions are also different. These parameters for
slow, fast and flash pyrolysis are temperature 500-950, 850-
1,250, 1,050-1,300°C; residence time 450-550's, 0.5-10's, < 0.5s;
particle size 5-50 mm, < 1 mm, < 0.2 mm; and heating rate 0.1-
1, 10-200, 200-1,000°C/s, respectively. The most commonly used
technology for pyrolysis reaction is fluidized bed reactors (Balat
et al., 2009; Jahirul et al.,, 2012; Shahnazari et al., 2020). This
technology converts the carbonaceous fractions of MSW into
gaseous, liquid, and solid fuels (char). The yield of each type
of fuel is different for all three (slow, fast, and flash) pyrolysis
reactions due to different operating parameters. The percentage
share of liquid, solid, and gaseous fuels production for slow
pyrolysis is 30, 35, 35%; for fast pyrolysis is 50, 20, 30%; and
for flash pyrolysis is 75, 12, 13%, respectively (Balat et al., 2009;
Jahirul et al., 2012; Qazi et al., 2018b). All three types of fuels
(gaseous, liquid, and solid) produced in the pyrolysis process
have properties very similar to fossil-based fuels. Pyrolysis gas
is very rich in ethylene that can be used for alcohol/gasoline
production. All three pyrolysis fuels can be used for heat and

power generation purposes directly (Balat et al., 2009; Marshall
et al., 2014; Qazi et al., 2018b).

Gasification is a modified pyrolysis process where the reaction
happens in the presence of a limited amount of oxygen or
steam (Tozlu et al., 2016; Shahnazari et al., 2020). It is indirect
combustion, as during the gasification process an exothermic
reaction occurs and thermal energy is produced as a result of
carbon and oxygen reaction (Ouda et al., 2016). The whole
process takes place at a very high temperature of around 800°C.
Normally, the yield of gasification products is very high (up to
85%). However, several parameters are involved in determining
the gasification efficiency, viz., temperature, feedstock particle
size, moisture content, and gasification agent. The temperature
in the gasifier should be between 500 and 1,000°C, the feedstock
particles should be very small and uniform in size, the moisture
content should be below 15% (Qazi et al., 2018b). There are
eight different reactors available that can be used for gasification
reactions. These reactors are rotary kiln, updraft fixed bed reactor,
downdraft fixed bed reactor, bubbling fluidized bed reactor,
entrained flow bed reactor, plasma reactor, vertical shaft, and
moving grate furnace (Arena, 2012; Moya et al., 2017b). This
technology converts plastics and combustible organic fractions
of MSW into clean and very useful syngas or synthesis gas. The
major components of syngas are carbon monoxide (CO) and
Hydrogen (H,). Along with CO and H;, smaller amounts of
carbon dioxide (CO;), water vapor (H,O), nitrogen (N3), and
methane (CHy) are also found (Lombardi et al.,, 2012; Ouda
et al., 2016; Qazi et al.,, 2018b). The clean syngas produced in
the gasification process can be used directly in a gas turbine
to produce combined heat and power (CHP) or can be used
as valuable transportation fuels. Moreover, it can also be used
as secondary raw material in fertilizers and chemical industries
(Ouda et al., 2016; Moya et al., 2017b; Qazi et al., 2018b).

Biochemical Technologies

Biochemical conversion of MSW to energy involves biological
agents or micro-organisms such as yeast, to convert the organic
fraction of the waste into gaseous or liquid biofuels. Anaerobic
digestion and fermentation are the WtE technologies that follow
the biochemical conversion pathway (Ouda et al., 2016; Qazi
et al, 2018D).

Anaerobic digestion is the process that decomposes the
organic fraction of MSW with the help of micro-organisms in
the absence of free oxygen. The microbes involved in different
stages (acidogenesis, acetogenesis, and methanogenesis) of the
anaerobic digestion process are very sensitive to pH level
and need specific conditions to grow and boost the yield of
end products. Therefore, this process takes place in special
reactors that operate at specific conditions that include well-
maintained temperature and pH level (Weedermann et al,
2013; Chiu et al., 2016; Bajpai, 2017; Qazi et al.,, 2018b). The
pH level should be maintained between 6.7 and 7 according
to the microbes used in the corresponding stage of the
process while there are three different ranges for temperature,
viz., <25°C (psychrophilic), 35-48°C (mesophilic), and >50°C
(thermophilic) conditions. Mostly, mesophilic or thermophilic
conditions are preferred as these conditions are economically
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TABLE 1 | Merits and demerits of various WtE technologies.

Technology

Merits

Demerits

References

Thermochemical technologies

1. Incineration

2. Pyrolysis

3. Gasification

Biochemical technologies
1. Anaerobic digestion

2. Fermentation

Physicochemical technologies

1. Transesterification

Utilize aimost all types of waste fractions
It reduces the volume of MSW up to
80% and mass up to 70%.

An incinerator can manage at least
50,000 metric tons of MSW annually
It is very simple and quick

It does not cause toxic furans and
dioxins emissions.

The waste volume is reduced up to
70-90%.

Pyrolytic liquid and gaseous fuels can
be used as adhesives, chemicals, and
motor fuels directly, after refining.

It takes place in absence of oxygen
Fewer flue gases are produced

It causes the least amount of pollution
as compared to incineration

and gasification.

Emits minimum hazardous emissions
such as furans and dioxins as
compared to incineration and pyrolysis.
It is also the most energy-efficient and
cheaper among the three
thermochemical technologies

It requires a very limited stoichiometric
amount of oxygen

Due to high pressure and low volume,
the produced syngas is easier to clean.
The syngas can be used with fuel cells,
combined-cycle turbines, and
reciprocating engines

Low capital and operating cost
Reduces the risk of land and water
contamination due to a reduction in
leachate production

The amount of GHG emissions is also
less as compared to thermochemical
technologies.

Very efficient for the treatment of organic
waste

The nutrient-rich digestate can be used
as organic fertilizer.

Uses low-value waste

Produces high-quality fuel-grade liquid
ethanol

The process requires less energy to
operate

It takes place at a lower temperature
(856-40°C) as compared to anaerobic
digestion.

Ethanol produced in the fermentation
process has better environmental
performance as compared to

motor gasoline.

Gives a very high yield of biodiesel up to
90-98%.

Uses very low-value waste

Produces higher-value end products.
Biodiesel has better physicochemical
properties as compared to
petrochemical diesel.

The initial investment cost is very high.
It can cause air and water-borne
pollution

Produces carcinogenic chemicals such
as dioxins.

The capital, operation, and maintenance
costs are very high.

Challenging due to the blockages and
inefficiency of the plant in case of tar
deposition.

It needs highly qualified professionals to
operate the plant

The application of pyrolysis technology
is very rare for MSW management

It releases polluting compounds such as
alkalis, halogens, heavy metals, and tar.
Alkalis can deteriorate gas turbines
during combustion.

Halogens corrosive nature and can
cause acid rain if released into the
environment.

Heavy metals are carcinogenic and can
cause cancer if accumulated.

Tar can accumulate on the ceramic
filters and sulfur removal system, and
increase the slagging in boiler and
refractory surface

Only processes the organic fraction of
MSW

A large area of land is required to install
an anaerobic digestion plant.

The storage and handling of organic
waste are quite difficult and expensive.

The process is slower as compared to
anaerobic digestion

The end product needs to be purified
through the distillation and dehydration
process.

The purification of ethanol is very
energy-intensive.

The process needs to be monitored and
maintained continuously.

A large amount of COs is produced

Purification of raw material

Lower oxidation stability of biodiesel
Difficulty in the recovery of catalyst
Low vyield quality due to fluctuation in
temperature and amount of free
fatty acids

Ouda et al., 2016; Qazi
et al., 2018b

Ouda et al., 2016; Qazi
et al., 2018b

Ouda et al., 2016; Qazi
etal., 2018b

Cecchi and Cavinato, 2015;
Ouda et al., 2016; Qazi
et al., 2018b

Qazi et al., 2018b; Farooq
et al., 2020

Moser, 2009; Li et al., 2012;
Shahzad et al., 2017
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viable (Weedermann et al., 2013; Mutz et al., 2017). The organic
feedstock is mixed well and kept in the digester for 5-10 days and
during this time the anaerobic digestion process takes place in
four different phases, viz., hydrolysis, acidogenesis, acetogenesis,
and methanogenesis. An additional phase called sulfur reduction
is also included. It is introduced to reduce the sulfur content
in the final product for quality control purposes. However, this
step also reduces the final yield of the end product (Tan et al.,
2015; Qazi et al., 2018b). There are different types of reactors for
different types of feedstock. For food waste, continuously stirred
tank reactors are preferred, while for other types of organic waste,
plug-flow and batch reactors are used (Mutz et al., 2017). There
are three different end products generated from the anaerobic
digestion process. The main product is biogas which contains 50—
80% methane (CHy), 20-50% carbon dioxide (CO;), and small
traces of sulfide and ammonia. The other two products that are
generated along with biogas, are fiber and liquid digestate (Vindis
et al., 2009; Sitorus et al., 2013; Chiu et al., 2016; Mutz et al.,
2017; Qazi et al., 2018b). The biogas produced in the anaerobic
digestion process can be used to replace natural gas in CHP
generation. However, the efficiency of heat and power production
from biogas is around 5.5-7.5 kWh/m? which is less as compared
to natural gas. This is because the calorific value of biogas is about
two-third that of natural gas (Mutz et al., 2017; Qazi et al., 2018b).
The liquid digestate and fiber produced in the anaerobic digestion
process can be used as secondary raw material in the fertilizers
industry (Qazi et al., 2018b).

The fermentation process also uses microbes for the
decomposition of organic materials in an oxygen-free
environment (Qazi et al., 2018b). It is a metabolic process
that is carried out in non-sterilized conditions by using yeast
or bacteria to convert sugar into alcohol (Moukamnerd et al.,
2013; Kumar and Samadder, 2017). The fermentation process
also includes almost all the phases similar to anaerobic digestion,
except the methanogenesis stage. Therefore, the end product
of fermentation is liquid biofuel rather than biogas. The
fermentation process ends at acetogenesis where diluted alcohol
is formed which is separated from the fermentation digestate by
performing an additional step known as distillation (Qazi et al.,
2018b). There two different ways to perform the fermentation
process, viz., continuous or batch process. In the continuous
process, fermentation is carried out by keeping a balance
between feedstock load and discharge rate which means that
the same amount of feedstock is loaded into the reactor, as the
quantity discharged. Therefore, the initial investment and capital
and operation costs for continuous fermentation process are
relatively lower as compared to batch process because it needs
smaller reactor volumes to use larger amounts of feedstock
(Abreu-Cavalheiro and Monteiro, 2013). On the other hand, the
batch process yields a larger quantity of end product as compared
to the continuous process. Moreover, the payback period is also
shorter for a batch fermentation reactor (normally 1 year) as
compared to continuous fermentation (Lopes et al., 2016). The
main output from the fermentation process is ethanol (Qazi
et al., 2018b). After performing the distillation process by using
advanced technology such as a molecular sieve, 99.99% pure
fuel-grade biofuel (ethanol) can be obtained (Farooq et al., 2020).

Other than ethanol, CO,, distilled-dried grains (DDGs), and
stillage (wastewater) are also obtained as by-products from the
fermentation process (Sorapipatana and Yoosin, 2011). The
ethanol produced by the fermentation process can be used to
replace gasoline as a transportation fuel. CO; produced during
the fermentation process can be liquefied and sold as dry ice to
confectionaries or processed food industries to generate extra
revenue (Farooq et al., 2020). DDGs can be used as a raw material
in the cattle feed industry while stillage can be processed further
in an anaerobic digestion plant to produce biogas (Sorapipatana
and Yoosin, 2011).

Physicochemical Technologies

Transesterification is the most famous WtE technology that
follows the physicochemical conversion pathway and converts
food waste, specifically used cooking oils (UCO) and animal fats
into liquid fuels (Shahnazari et al., 2020). Transesterification is
the process that converts the fat fractions of food waste in the
MSW stream into biodiesel. The fat fractions include UCO from
restaurants and households, and also the inedible parts of animals
(blood, fat, and internal organs) from slaughterhouses (Li et al.,
2012; Shahzad et al., 2017). To perform the transesterification
process, UCO is collected and then undergoes screening and
dehydration to remove impurities and moisture. On the other
hand, slaughterhouse waste is also processed in a rendering
facility where the inedible animal parts are converted into fat
with one more value-added product as meat and bone meal. The
processed fat then undergoes transesterification reaction with
monoalkyl alcohols, viz., ethyl, or methyl alcohol in the presence
of acid or base catalyst to produce biodiesel. Potassium hydroxide
(KOH) or carbonic acid (H,CO3) is the commonly used catalysts
in transesterification reaction (Gardy et al., 2014; Nizami et al.,
2016). The selection of catalysts depends on the amount of free
fatty acids (FFA) in the feedstock. Normally, FFA content in
rendered animal fat is up to 20% while it is just 15% in the
UCO. The reaction time for alkane-catalyzed reaction is faster
(half an hour) as compared to acid-catalyzed (1-8h) (Sharma
et al., 2008; Thamsiriroj and Murphy, 2010). However, the yield
of end product from the acid-catalyzed transesterification process
is higher as compared to alkane-catalyzed but the reactor has to
stay under a corrosive environment for a longer period that can
end up in higher maintenance cost. The solution to this problem
is that the transesterification process can be performed in two
steps to handle feedstock with higher FFA content. In the first
step, an acid catalyst can be applied to an esterification reaction
to convert the FFA into biodiesel. After that alkane catalyst can be
applied through transesterification reaction to convert remaining
triglycerides into biodiesel (Gerpen, 2005). Biodiesel is produced
as the main end product from the transesterification process
while glycerol is also produced as a by-product. The quality
and quantity of produced biodiesel depend on the amount of
unsaturated fatty acids present in the feedstock. The higher the
amount of unsaturated fatty acids in the feedstock, the higher is
the quality and quantity of produced biodiesel. While in the case
of higher concentration of saturated fatty acids in feedstock, both
the quality and yield of biodiesel are low (Shahzad et al., 2017).
The biodiesel produced from UCO and animal fat can replace
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petrochemical diesel and can be used as vehicle fuel (Li et al.,
2012). Moreover, both biodiesel and the glycerol that is produced
as a by-product can be used for electricity production because
their higher heating values (HHV) are very high at 40.17 M]J/kg
and 19 MJ/kg, respectively. The meat and bones meal obtained
from the rendering process can be used as a raw material in the
livestock feed industry or can be burnt for energy recovery as well
(Shahzad et al., 2017).

ASSESSMENT OF SOCIO-ECONOMIC,
TECHNOLOGICAL, AND ENVIRONMENTAL
FACTORS OF WtE TECHNOLOGIES

In this section, the above reviewed WtE technologies have
been assessed based on six different factors including (1)
environmental performance, (2) suitable waste fractions, (3)
capital and operational cost, (4) WtE conversion efficiency
and complexity of the technology, (5) skillset of the labor,
and (6) suitable geographical location for the assessment of
socio-economic, technological, and environmental statistics of
reviewed WtE technologies.

Environmental Performance of WtE
Technologies

Environmental assessment tools are gaining more importance
due to the increasing concern of including environmental
impacts of different products and production systems for the
sake of sustainable development in industry. LCA is the one
out of many tools that can be considered as the broadest
environmental assessment tool (Shahbazi et al., 2019). It is a
valuable tool to document the environmental considerations of
life cycle of a product, service, commodity, or a project that
need to be a part of decision making toward sustainability.
LCA assesses the significant environmental aspects and their
impacts from extraction to production, use and end of life stage,
hence consider the whole life cycle—from cradle to grave (from
raw material acquisition through production, use, and disposal).
LCA helps to avoid the problem shifting across the different
stages of a product system by taking into account the upstream
and downstream processes and extends the focus beyond the
physical boundaries. It also quantifies all relevant emissions,
consumed and depleted resources, and include multiple impact
categories associated to every stage of product life cycle. This
feature of LCA helps to identify the weak points and hotspots
stages which can potentially be improved. The outcomes of
LCA highly complement the techno-economic measurements
and aid policy makers to take decision to achieve high level
of sustainability (Chaya and Gheewala, 2007; Pandyaswargo
et al, 2012; Tong et al, 2018; Shahbazi et al, 2019). In a
recent couple of decades, LCA has been broadly used for the
environmental assessment of the WtE technologies both as
stand-alone technologies or as a part of an integrated MSW
management system (Astrup et al, 2015). In the literature,
several studies have adopted LCA to compare the environmental
profiles of different WtE technologies. Some of these studies
have been reviewed in Table 2. The selected WtE technologies

in the reviewed studies were chosen due the environmental
competitiveness after performing a detailed LCA in all the cases.
Menikpura et al. (2016) performed both LCA and life cycle
cost analysis to select the technologies which were superior
regarding both environmental and economic performance. Life
cycle cost analysis is a life cycle-based economic assessment
tool, used to determine the aggregate cost incurred during
the whole expected life cycle of a good, service, asset, system,
or a facility. In the recent years, life cycle cost analysis has
become a well-recognized method for cost management and
financial planning due to the rising demand for accountability,
cost-effectiveness, perceptible return on investments and firm
reasons for the acquisition of a commodity in the society
(Luo et al., 2009; Hui and Mohammed, 2015).

The outcomes of the reviewed studies have been used to
identify the WtE technology(s) which are relatively competent
regarding environmental performance. It can be seen from
Table 2, that not a single reviewed study covered all the
considered WtE technologies for comparing the environmental
competency of these techniques over one another because
of possible variations in the waste composition, geographical
location, technical aspects, and framework conditions. Therefore,
it is not easy to select a particular WtE technology over
another regarding environmental performance. However, some
general observations can be made such as the studies which
considered anaerobic digestion and/or gasification alongside
other WtE technologies in an MSW management system; these
two technologies were found to be the best choice among
the concerned technologies (Zaman, 2009, 2010; Astrup et al.,
2015; Dong et al., 2018a,b; Mayer et al., 2019). Moreover,
when anaerobic digestion is considered to be integrated with
thermochemical technologies then the preference order of
integrated systems was found as anaerobic digestion integrated
with gasification and anaerobic digestion integrated with
incineration, respectively (Ayodele et al., 2017; Tong et al., 2018).
From these observations, it can be concluded that anaerobic
digestion and gasification are comparatively more competent
WLE technologies regarding environmental performance.

Suitable Waste Fractions for WtE

Technologies

According to the 2019 refinement to the 2006 IPCC guidelines for
national greenhouse gas inventories, the composition of MSW is
divided into 11 different components. These components include
food waste, garden waste, paper/cardboard, wood, textiles,
absorbent hygiene products (diapers, nappies, and sanitary
napkins, etc.), rubber/leather, plastic, metal, glass, and others
(soil, dust, bricks, etc.) (IPCC, 2019). These MSW fractions are
generally divided into two main waste streams, viz., biogenic
or biodegradable, and non-biogenic or inorganic fractions. The
biodegradable waste fraction includes food waste, garden waste,
wood, and paper/cardboard components in MSW streams.
On the other hand, plastic and rubber waste are considered
combustible organic fractions in the MSW waste stream
(Horttanainen etal., 2013). The non-combustible inorganic waste
fractions (such as metals, glass, dust, soil, and bricks, etc.) are
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TABLE 2 | Comparative analysis of the environmental performance of WtE technologies.

Area/Country Method Compared technologies Selected technology References
General LCA Anaerobic digestion, incineration, Anaerobic digestion

Pyrolysis-gasification, and sanitary landfiling and gasification Zaman, 2009
General LCA Pyrolysis-gasification, incineration, and sanitary Pyrolysis-gasification

landfilling Zaman, 2010
General LCA Incineration, co-combustion, pyrolysis, and Gasification

gasification. Astrup et al., 2015
Thailand LCA/LCC Landfill gas to energy and incineration Incineration

Menikpura et al., 2016

Nigeria LCA Landfill gas to energy, integrated incineration Integrated incineration

with anaerobic digestion, and Integrated with anaerobic Ayodele et al., 2017

incineration and landfill gas to energy digestion
Finland, France, and China LCA Gasification and incineration Gasification

Dong et al., 2018a

General LCA Incineration, pyrolysis, gasification, and Gasification

gasification melting Dong et al., 2018b
Singapore LCA Incineration, integrated anaerobic digestion Integrated anaerobic

with incineration, integrated anaerobic digestion with Tong et al., 2018

digestion with gasification, and integrated gasification

anaerobic digestion with composting
Europe/Asia LCA Anaerobic digestion, hydrothermal Anaerobic digestion

carbonization, pyrolysis, gasification, and
incineration

and gasification

Mayer et al., 2019

TABLE 3 | Gross calorific values (GCV) of MSW waste components (Horttanainen et al., 2013; Ozbay and Durmusoglu, 2013).

No. 1 2 3 4 6 8
Waste Type Food Paper/cardboard Wood Garden Plastic Textile Rubber/Leather Nappies
GCV (Mkg™") 4.8 125 19.0 16.0 17.5 20.9
TABLE 4 | Recommendation of waste types for different WtE Technologies (Ouda et al., 2016).

Process typeWasteType Anaerobic digestion Incineration Pyrolysis Gasification Trans-esterification

Food F U U U F
Paper/cardboard F F F F U

Wood U F F F U

Garden F F U V] U

Plastic U F F F U

Textile 0] F 0] F U

Rubber/Leather U F U F U

AHPs U F U F U

“F” stands for favorable and “U” stands for unfavorable.

not accounted to process under any WtE technology because
these fractions result in the formation of solid slag or bottom
ash. This solid slag needs to be removed from the bottom of
the combustion chamber before carrying on the combustion
process, by using an electromagnetic belt that requires additional
energy input. Therefore, the non-combustible components are
separated from the MSW streams before energy recovery with the
help of mechanical and biological treatment (MBT) for resource
recovery and recycling purposes (Qazi et al., 2018b). Some of
the waste components contain both biogenic and non-biogenic

(inorganic) fractions. These components include textile, leather,
and nappies (Horttanainen et al., 2013). However, a significant
proportion of MSW consists of more than 75 percent moisture.
This property of MSW is unfavorable for the WtE technologies
which depend on the application of heat to convert the waste
into energy because a huge amount of energy is lost for removing
the moisture content present in the waste feedstock (DOE, 2019).
Another very important feature of waste components is the
energy content or calorific value. The heating values of different
waste fractions are presented in Table 3. The energy content or
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calorific values for different fractions of MSW is different but
generally, the heating value of combustible MSW falls within the
range of 7 MJ/kg to 12 MJ/kg (Moora et al., 2017). One more
drawback of the diverse elements of waste composition is that it
contains higher levels of nitrogen, sulfur, and ash as compared
to other lignocellulosic biomass feedstocks. For example, the
nitrogen and sulfur content of biodegradable or biogenic
fractions (food and garden waste) in MSW waste stream can be 20
times higher than corn cobs and pine shells. Moreover, the non-
biodegradable or inorganic fractions of MSW contain a very high
concentration of chlorine that can produce dioxins during the
combustion process (DOE, 2019). Moya et al. (2017a) estimated
the energy recovery potential and power generation potential
of the biodegradable and non-biodegradable fraction of MSW
fractions for biochemical and thermochemical processes. They
found that both biodegradable and non-biodegradable fractions
of MSW can be used to recover energy and generate power
via thermochemical process while for energy recovery through
biochemical processes, only the biodegradable waste fraction can
be used (Moya et al., 2017a). The recommended waste types
for different WtE technologies are presented in Table 4. It can
be seen from Table4 that the WtE technologies that follow
biochemical and physicochemical conversion pathways can only
use organic waste as a feedstock and convert it into different types
of liquid and gaseous fuels. On the other hand, the technologies
which follow the thermochemical conversion can utilize most of
the waste components in MSW waste streams, and can directly
convert this waste into combined heat and power and some
technologies also produce solid, liquid, or gaseous fuels as value-
added products (Ouda et al., 2016; Cucchiella et al., 2017).

Review of Statistical Values of
Socio-Economic and Technological

Factors

The statistical values of socio-economic and technological factors
of concerned WtE technologies have been referenced from
reviewed literature. The capital and operational cost, per day
power generation, efficiency, complexity level, required skill
level, and suitable geographical location for each reviewed WtE
technology has been presented in Table 5. From the observed
historic statistical values of different socio-economic and
technological factors, it can be seen that biochemical technologies
are the cheapest options, while the capital and operating costs of
incineration technology were found to be cheaper than the other
thermochemical technologies. The capital and operating costs of
the transesterification plant were found to be the highest among
the concerned WtE technologies. The efficiency of converting
waste into useful energy is the highest for the transesterification
process followed by gasification, pyrolysis, and biochemical
technologies. The conversion efficiency was the lowest for
incineration. On the other hand, the level of complexity was
found to be low for transesterification, biochemical technologies,
and incineration, while pyrolysis and gasification were found
as the most complex technologies. Similarly, a low level of
labor skills is required for incineration, transesterification, and
biochemical technologies while an intermediate level of skills is
required for pyrolysis and gasification. Moreover, the pyrolysis

and gasification technologies are suitable for the urban areas
which are more industrially developed, whereas incineration and
transesterification technologies are preferable for normal urban
locations. Only biochemical technologies were found as the best
choice for the less developed (rural) areas. It is clear from the
above discussion and review of statistical values that all these
WLE technologies use different fractions of waste as input, use
different conversion pathways, produce different end products
having diverse applications. Moreover, all these WtE technologies
have many advantages and some limitations as well. Therefore,
the selection of suitable WtE technology(s) is highly challenging
for any country, and it depends upon the composition of
MSW, economic, technological, and urban development, and
national waste management policy. Therefore, there is a need to
assess the above-mentioned socio-economic, technological, and
environmental factors by using country-specific socio-economic
and environmental indicators, and well-established methods and
models for the selection of the most suitable WtE technologies to
support the MSW management policy in any given country. In
the following section, a set of different socio-economic indicators
and academically acclaimed methods and models is proposed as
a general selection framework.

INDICATORS FOR SELECTION OF
SUITABLE WtE TECHNOLOGIES

In the previous section, all the reviewed WtE technologies have
been assessed regarding environmental performance, suitable
waste fractions as feedstock, level of labor skillset required, and
favorable geographical location for each technology. Moreover,
the level of complexity, efficiency, and capital and operating costs
of each technology were also defined. In this section, different
socio-economic and environmental indicators, and methods are
introduced for the assessment of concerning factors according to
the country-specific socio-economic situation.

Estimation of Environmental Performance

Conventional WtE technologies have been highly criticized due
to increased environmental concerns by both policymakers
and the public. Therefore, there is a need to explore more
advanced WtE technologies that pose minimum impacts on the
environment and human health. LCA is the most commonly used
environmental assessment tool for evaluating the environmental
performance of any system or process technology. In the recent
past, there was a huge interest in the application of LCA
for the evaluation of environmental impacts of different WtE
technologies (Liamsanguan and Gheewala, 2008; Mubeen and
Buekens, 2019). However, the LCA of WtE technologies in an
MSW management system is not an easy task. To perform
a holistic environmental evaluation of an MSW management
system, all the life cycle stages of the system should be
considered, including the energy and material recovery from
the WtE technologies that can offset the environmental burden
of energy and material production from virgin resources
(Liamsanguan and Gheewala, 2008). To facilitate a holistic
environmental assessment of WtE technologies, Menikpura et al.
(2012) introduced a detailed framework for the sustainability
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TABLE 5 | Comparison of WtE technologies based on different socio-economic and technological factors.

Process type factors Incineration Pyrolysis Gasification Anaerobic digestion Trans-esterification References

Capital cost (USD/ton 14.5-22 17-25 17-25 7.5-11.5 35

of MSW) Duncan, 2003; Kumar
and Samadder, 2017

Operational cost 1.5-25 2-3 2-3 < 0.5 20-25% of total cost

(USD/ton of MSW) Kumar and Samadder,
2017; Farooq et al., 2020

Energy conversion 50-60 70 70-80 50-70 80-98

efficiency (%) Sharma et al., 2008; Qazi
etal., 2018b

Complexity Low High High Low Low
Ducharme, 2010; Ouda
etal., 2013, 2016

Skill level Low Intermediate Intermediate Low Low

Geographical Urban Industrial urban Industrial urban Rural Urban

location

assessment of MSW management systems that can be used to
assess the environmental sustainability performance of different
WEE technologies in a single MSW management system. The
framework proposed by Menikpura et al. (2012) was based on life
cycle thinking. They developed a clear methodology via life cycle
thinking and also developed a set of composite indicators that
deal with all three themes (environment, society, and economics)
of environmental sustainability of MSW management system.
To deal with the environmental sustainability they developed
two indicators, viz., damage to ecosystem and damage to
abiotic resources. For economic sustainability assessment of WtE
technologies they developed a indicator based on life cycle
costing which includes all the costs associated to the design and
construction of plant, collection and transportation of waste,
processing, operation, maintenance, and final disposal. MSW
management poses both negative and positive impacts on society.
Therefore, it is necessary to involve both positive and negative
aspects for the assessment of social sustainability of MSW
management. Negative social impacts were characterized by the
indicator, damage to human health whereas positive ones, by
community well-being (income based measure). For more details
see Menikpura et al. (2012).

Estimation of Waste Composition

The composition of MSW varies all around the globe according
to the consumption habits, geographical locations, and variation
in seasonality and climatic conditions (Ayodele et al., 2017;
Moya et al, 2017b; Maisarah et al., 2018). The effective
approach to identify local MSW composition is to collect waste
samples from various local MSW sources which is quite a
challenging and resource-intensive process as well. Therefore,
the data regarding waste composition should be collected
from the designated local authorities for waste management.
If the local authorities do not have satisfactory data regarding
waste composition, then the IPCC’s country or regional
default values [https://www.ipccnggip.iges.or.jp/public/2019rf/
pdf/5_Volume5/19R_V5_2_Ch02_Waste_Data.pdf] for MSW
composition can be used.

Estimation of Urban Development

Urban development is a global phenomenon. It depends
upon many socio-economic factors including an increase in
urban population, employment, infrastructure development, the
increased living standard of the people, and social public services.
All these socio-economic factors refer to economic development.
Gross domestic product (GDP) per capita is the most commonly
used indicator to measure the level of economic development.
Chen et al. (2014) performed a study to examine the global
pattern of urban development and economic growth by using
GDP per capita and level of urbanization as economic indicators
through cross-sectional, panel estimation. The outcomes of the
study showed that GDP per capita and level of urbanization are
highly correlated. Moreover, many researchers have recognized
these two indicators as the most appropriate to measure urban
development (Chen et al.,, 2014). Therefore, these two indicators
are recommended to measure the level of urban development of
any country. The level of urban development can be compared
with the countries which are economically more developed.
Income level is the measure to compare the level of economic
development between countries. According to the World Bank,
there are four threshold income levels as presented in Table 6.
The GDP per capita of a given country can be compared with
the higher income countries to estimate the level of urban
development to identify the most suitable WtE technology
regarding favorable geographical location presented in Table 5.
The data for these indicators can be used from the World Bank’s
online database [http://data.worldbank.org/].

Estimation of Technological Development

Since the beginning of the global financial crisis in 2008, the
world economy has tried to move from initial recovery to more
sustained expansion. Governments all around the world have
applied looser fiscal and monetary policies, which initiated a
period of recovery. However, fiscal, or monetary policies are
not sufficient enough for the economies to enter into a more
lasting expansionary period. Policymakers have recognized that
technological progress is needed for the sustainable economic
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TABLE 6 | Threshold values for income level by the World Bank 2020.

Income level High income Upper-middle income Lower-middle income Low income

Threshold value (USD current) > 12,535 4,046-12,535 1,036-4,045 < 1,036

development of any country. From the 1950s to the 1990s, incurred to operate the plant that includes the cost of labor,
more than one-third of the global economic development  energy, maintenance as well as working capital (Mubeen and
was due to technological progress (Cavdar and Aydin, 2015).  Buekens, 2019; Farooq et al., 2020). For the best approach, both
One of the most important reasons why China could realize  capital and operating cost should be estimated by obtaining
such great achievements in terms of economic growth is  the data from primary sources. In that case, the cost of plant
scientific progress and innovation (Yang, 2012). The level of = machinery and equipment should be estimated directly from
complexity of WtE technologies is also associated with the  the manufacturer’s quotations and the cost of operations should
technological development of any country. Higher the level  be estimated according to the cost data from a representative
of technological development, the higher the tendency of a  operational WtE plant (Sorapipatana and Yoosin, 2011; Farooq
country to deal with WtE technologies with a high level of et al, 2020). If the data cannot be obtained from the primary
complexity. Therefore, the level of complexity of WtE technology ~ sources, then historic prices can be used from the literature after
is indirectly related to the country’s economic development.  adjusting to the present prices. The capital and operating costs
According to International Energy Agency (IEA), the total  per ton of waste processed for concerned WtE technologies from
public energy research development and demonstration (RD&D)  the referenced literature are presented in Table 5. The capital and
budget per unit of GDP is a key indicator to measure the level ~ operational costs presented in Table 5 are the estimated costs that
of technological development in the energy sector of a country ~ were taken from the referenced literature. However, the actual
(IEA, 2020). The statistical data for total public energy RD&D  capital and operational costs may vary due to various factors
budget is available on [https://www.iea.org/subscribe-to-data-  viz., governmental incentives, plant capacity, availability of raw
services/energy-technology-rdd], and the data for current total = material (MSW), and availability of skilled labor (Kumar and
GDP can be used from the World BanK’s online database [http:// ~ Samadder, 2017).

data.worldbank.org/]. The total public energy RD&D budget

per unit of GDP can be compfared with the higher income  gCHEMATIC OF THE PROPOSED

countries to estimate the level of technological development in

the energy sector of the given country, and the most suitable WtE FRAMEWORK
technology can be selected according to the complexity level of

In the previous section, many socio-economic, technological,
the technology expressed in Table 5. P y 8

and environmental indicators and methods were introduced
to propose a framework for the selection of suitable WtE
technologies for sustainable MSW management. However, there
Labor is no specific order or significance level between the assessed
Labor skill is an attribute of the supply side of the labor market.  factors. It is quite a complex task to list the concerning factors in
The development of labor skills is very important to enhance  the Jeast to most significant order. This is where the multi criteria
the sustainable productivity of a market or industry. It is also  decision making (MCDM) analysis approach is germane. MCDM
essential to improve the employability of labor. This factor is  apalysis methods have been extensively used in environmental
the most difficult to measure because there is no consensus decision-making and sustainable energy planning (Qazi et al.,
on any well-developed methodology to measure the labor skill 2018a). Yap and Nixon (2015), performed a very brief but critical
level. However, the International Labor Organization (ILO)  review of application of MCDM techniques in waste management
categorizes labor skills into three different types, viz., basic skills,  and energy planning decisions. The results of the review showed
technical skills, and core skills (ILO, 2018). ILO proposed a set  that there is a huge potential for MCDM techniques to be applied
of academically attested indicators to measure the skill level of  i; decision making in the field of MSW management and energy
the labor which is applicable at a global scale. The list of these planning. The most popular MCDM techniques are multiple

Indicators to Measure the Skill Level of

indicators is presented in Table 7. attribute utility theory, analytical hierarchical process, analytical

. . network process, preference ranking organization method for
Capital and Operational Cost of WtE enrichment evaluation, elimination at choice translating reality,
Technologies and technique for order preference by similarity of ideal

The decision of the most suitable WtE technology is highly  solution. The analytical hierarchical process method is the
dependent on the initial capital investment cost and operating ~ most popular and frequently used MCDM analysis method for
cost of the plant (Mubeen and Buekens, 2019). The capital cost  the evaluation and selection of renewable energy technologies
depends on the plant type, plant size, geographical location,  (Yap and Nixon, 2015). The reason behind the popularity of this
site implementation (construction, etc.), and land requirement.  method is its effectiveness which overshadows other ranking
On the other hand cost of operations is the aggregated cost  methods. Therefore, the analytical hierarchical process method

Frontiers in Sustainability | www.frontiersin.org 12 May 2021 | Volume 2 | Article 681690


https://www.iea.org/subscribe-to-data-services/energy-technology-rdd
https://www.iea.org/subscribe-to-data-services/energy-technology-rdd
http://data.worldbank.org/
http://data.worldbank.org/
https://www.frontiersin.org/journals/sustainability
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainability#articles

Farooq et al.

Waste-To-Energy Technology Selection Framework

TABLE 7 | Indicators to measure basic, technical, and core skills of labor (ILO, 2018).

Skills type Indicators Description Proxy indicators/Scales
Basic Youth literacy rate The ability to read and write. The Education and Skills Online Assessment (see
http://www.oecd.org/skills/Esonline-assessment/)
OR Enrolment in primary education or completion of
primary education as proxy indicators
Youth numeracy The ability to understand and work with numbers. The Education and Skill Online Assessment (see
rate http://www.oecd.org/skills/Esonline-assessment/)
Youth oral The dynamic process of exchanging thoughts, ideas and The Children, Youth and Families Life Skills (CYFAR)
communication conveying messages. project (see https://cyfar.org/content/solving-
rate problems)

Technical Job-task measure Job-task indicators are the direct measure for the broad It can be calculated as the proportion of the labor
of skills use at skills required by the employers at work. working on various tasks both in terms of frequency
work and complexity of the job.

Partnership in The proportion of young (aged 15-24) apprentices in Needs to be obtained from primary sources.
apprenticeship either modern or traditional apprenticeships. Aids to

measure learning and skills formation that is not covered

by other proposed indicators.
Employer reported Technical skills required for a job that is reported by the Needs to be obtained from primary sources
technical skills employer.
Share of tertiary The share of graduate students in STEM (science, Need to be obtained from the primary source.
graduates in technology, engineering, and mathematics) subjects
STEM subjects provides an indicator that focuses on the tertiary

education system for a key area of skills demanded by

the employer.

Core Self-esteem A person’s positive or negative opinion toward The Rosenberg self-esteem scale

him/herself.
Self-efficacy A person’s trust in him/her selves’ ability to succeed in a The general self-efficacy scale

particular situation. Self-efficacy positively affects

goal-setting, confidence, determination, and struggle
Communication Ability to convey verbal and written information in such a The communication scale was designed for youth
skills way that it can be received and understood effectively. aged 12-18 to assess youth’s ability to

Problem solving

A person’s ability to detect problems and find solutions.

communicate.

The solving problems scale is a 24-item scale to

assess youth’s problem-solving abilities.

is selected to address the ranking of concerning socio-economic,
technological, and environmental factors in the least to most
significant order. In this section, the concerned indicators and
methods are arranged in a systematic scheme (as presented in
Figure 3) to develop a framework that can guide toward an
appropriate selection of the most feasible WtE technologies.
According to the schematic of the framework, the first step is to
select a study area (country, region, etc.). The second step refers
to the ranking of the concerned socio-economic, technological
and environmental factors to understand which factor(s) affects
the selection of WtE technologies the most. The next step is
to analyze the environmental credibility of WtE technologies
by performing LCA which will include all the stages of waste
management, along with the socio-economic and technological
profile of concerning factors with help of proposed indicators,
methods, and models. In the fourth and final step of the
framework, the most suitable WtE technologies can be selected
by comparing the outcomes of the analysis performed in the
third step with the information presented in section Assessment
of Socio-Economic, Technological, and Environmental Factors
of WtE Technologies (collected from the referenced literature).
For example, if the level of technological development, urban

development, and labor skills are found to be high in the
selected region, WtE technologies with a high level of complexity
(gasification and pyrolysis) can be selected as these technologies
are more suitable for the regions with a high level of urban
development and need labor with higher skills to be operated.
The identification of favorable WtE technologies regarding
waste composition and capital and operational costs is pretty
much straightforward. The structure of the waste composition
of the selected region can be assessed by using information
presented in Table 4 to identify the most suitable WtE technology
regarding waste composition. After identifying the suitable WtE
technology, the quantity of waste should also be considered
to select the adequate plant capacity to be installed. On the
other hand, the favorability of WtE technologies regarding capital
and operational cost depends upon the concern of investors.
For example, the technology with low capital and operational
cost will be more favorable if cost-effectiveness is concerned.
On the other hand, the WtE technologies competitive regarding
environmental performance can be identified through LCA. It
might happen that the WtE technologies which are better choices
regarding some of the concerned factors will not be so favorable
regarding others. In this case, the WtE technologies which are
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Identification of the
Study Area
country, region etc.,

‘Waste Composition

Technological
Development

Urban
Development

This MCDM analysis
method can be used for the
ranking of the concerned
socio-economic,
technological and
environmental factors from
least to most significant.

the selected region

Composition Data Needs to be Obtained from the Primary Source
Waste composition data should be ed from the desi d authorities in the
selected region or IPCC default values can be used in case of absence of primary data

Step 1 Step 2 Step 3 Step 4
P -
f Ranking of . L
Area of the . Concerned Conceried Indicators, Methods and Models for the Estimation of the Current Faw:nEble
Study Factors Situation of concerned factors in the Selected Region "
e Factors Technologies
i Life Cycle Assessment (LCA)
Envi | N
iy Acradle to grave LCA should be performed for a holistic comparison between Selection of Most
environmental performance of different WE technologies Suitable WtE
Technologies
Capital and Cost Data Needs to be Obtained from the Primary Source After analyzing the
Operational Costs If for any reasons primary data is not available, the historic values from Table 5. can environmental
be used after adjusting to the present prices. credibility of
. Ana.lytlcal concerned WtE
Hierarchical Process A Set of 11 Indicators Presented in Table 7. technologies, and
Method The above-mentioned indicators can be used for the estimation of labor skill level in

socio-economic and
technological
development situation
in the selected region,
the most suitable WtE

Total Public Energy RD&D Budget Per Unit of GDP
This indicator can be used to estimate the technological development which is a
measure of technological complexity for any selected region

GDP Per Capita and Level of Urbanization

These two indicators can be used to estimate the level of urban development which is

1 can be
identified by
comparing the
outcomes of the
analysis with the
information presented
in Section 4.

a measure of territorial situations in the selected region

1
1
1
1
1
1
1
1
1
1
1
! Labor Skill Level
1
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1
1
1
1
1
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FIGURE 3 | Schematic of the framework for the selection of WAE technologies.

favorable regarding indicators found as more significant through
the analytical hierarchical process method will be given priority
or vice versa. Therefore, it is highly recommended to use the
analytical hierarchy process method to analyze the most to least
significant factors for the sake of developing a holistic selection
criteria to identify the most suitable WtE technologies.

POLICY IMPLICATIONS AND LIMITATIONS
OF THE PROPOSED FRAMEWORK

The selection of right WtE options for sustainable MSW
management is a complex task for policy makers, private public
investors, and other stakeholders. In this study, a detailed
review was carried out to assess environmental, socio-economic,
technological, and territorial aspects of different WtE alternatives,
and a general selection framework was proposed in the form of a
systematic scheme. The proposed framework is an amalgamation
of academically acclaimed socio-economic indicators, and well-
established methods and models. The new framework is found
to be useful for the prior evaluation of multiple aspects
(environmental, socio-economic, technological, and territorial)
related to WtE technologies in order to develop sustainable MSW
management systems and aid policy makers and stakeholders
to make a reality-based decision regarding sustainable MSW
management in any given region. The proposed framework
can be implemented to evaluate the WtE technologies both as
standalone projects or as a part of a MSW management system
because the framework addresses the interest of policymakers,
public and private sector investors, and other stakeholders.

However, there are some limitations of the proposed framework.
A huge amount of data is required for the proper estimation
of environmental performance and proposed socio-economic
and technological indictors. Therefore, the availability and
transparency of the data can highly affect the credibility of the
proposed framework. Moreover, the selection of proper WtE
technologies is highly dependent on the interest of stakeholders
regarding the desired end products. Furthermore, governments
and other legislative bodies can also influence the selection of
optimum WtE technologies. If the government or legislation
bodies wants to promote any particular WtE technology to
achieve the policy targets or for any other reason, they subsidize
the desired WtE technology even if it is a less favorable option.
This kind of intervention can make it very difficult to attain
sustainability in any MSW management system.

CONCLUSION AND RECOMMENDATIONS

Municipal solid waste (MSW) generation is an inexorable
consequence of human activities, and its management is
both a complex and resource-intensive task. Governments
and policymakers have been trying to design effective MSW
management systems around the globe, by incorporating a
combination of waste treatment methods. However, waste
management policies and systems have been consistently
revised due to the rapid growth in MSW generation and its
heterogeneous composition. Waste to energy (WtE) technologies
have been recognized as a promising solution being incorporated
in modern MSW management systems in developed countries
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like the European Union and the USA etc., to cope with
the problem of complexly composed and ever-increasing
waste volumes. However, the selection of appropriate WtE
technologies to design sustainable waste management systems for
developing countries is still a big challenge for governments and
policymakers. Therefore, this study was performed to propose
a general systematic framework that can aid policymakers
to identify the most suitable WtE technologies for designing
sustainable MSW management systems for developing countries.

The proposed framework considered six different factors
including environmental performance, the origin and type of
waste, capital and operational cost, WtE conversion efficiency
and complexity of the technology, the skillset of the labor, and
the favorable geographical location to cover the environmental,
socio-economic, technological, and territorial aspects related to
WLE technologies. Different socio-economic indicators coupled
with highly acclaimed methods and models are incorporated
in the form of a systematic scheme that includes four steps.
The recommended indicators, methods, and models in the
proposed framework are selected after a detailed review of
the literature published in well-known scientific journals, or
reports of leading international organizations such as the World
Bank, International Energy Agency (IEA), and International
Labor  Organization (ILO). Moreover, internationally
recognized databases are also introduced to extract the
secondary data for the estimation of various recommended
socio-economic indicators.

The analytical hierarchical process method is proposed to
rank the considered factors from least to most significant order.
The ranking of these factors is a very important and crucial
step because it will help the policymakers to understand which
factor should be given more importance during the process of
selecting favorable WtE technologies. Life cycle assessment (LCA)
is proposed for the assessment of the environmental performance
of different WtE technologies. For the assessment of the waste
composition of MSW, the best approach is to identify the
waste composition structure by collecting the data from primary
sources such as local authorities or designated departments.
The economic indicators proposed to assess the level of urban
development are the gross domestic product (GDP) per capita
and level of urbanization, and for the assessment of technological
development is the total public energy research development and
demonstration (RD&D) budget as a share of total GDP. The
assessment of the level of labor skillset is very difficult; hence,
there is not a well-defined methodology or set of indicators for
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