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Abstract

The rising global population is inducing a fast increase in the amount of municipal waste and, in turn, issues of rising cost
and environmental pollution. Therefore, alternative treatments such as waste-to-energy should be developed in the context of
the circular economy. Here, we review the conversion of municipal solid waste into energy using thermochemical methods
such as gasification, combustion, pyrolysis and torrefaction. Energy yield depends on operating conditions and feedstock
composition. For instance, torrefaction of municipal waste at 200 °C generates a heating value of 33.01 MJ/kg, while the
co-pyrolysis of cereals and peanut waste yields a heating value of 31.44 MJ/kg at 540 °C. Gasification at 800 °C shows
higher carbon conversion for plastics, of 94.48%, than for waste wood and grass pellets, of 70-75%. Integrating two or more
thermochemical treatments is actually gaining high momentum due to higher energy yield. We also review reforming cata-
lysts to enhance dihydrogen production, such as nickel on support materials such as CaTiO3, StTiO5, BaTiOs, AL, O3, TiO;,
MgO, ZrO,. Techno-economic analysis, sensitivity analysis and life cycle assessment are discussed.
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Abbreviations Introduction
TGA-FTIR Thermogravimetric analysis—Fourier trans-

form infrared spectroscopy Population growth at a greater pace, rapid urbanization,

Py—-GC/MS Pyrolysis—gas chromatography/mass higher living standards and sophisticated lifestyle have a
spectroscopy very large impact on consumption pattern and the generation
SCWG Supercritical water gasification of wastes. Industrial and domestic activities generate waste

which may be degradable or non-degradable, hazardous or
non-hazardous to the surrounding environment and cause
adverse health effects on the living beings. Waste materials
can be either in solid or in liquid forms and fall under dif-
ferent categories such as municipal solid wastes, industrial
wastes, medical wastes, radioactive wastes, chemical wastes
and agricultural waste.

The management of wastes is very important to reduce
the adverse effect on the environment. Statistics says that
the annual growth rate of municipal solid waste ranges from
3.2 to 4.5% in developed countries and 2-3% in developing
countries (Tang et al. 2018; Monisha et al. 2021).

The emanation of waste in solid forms is of very large
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proportion and highly complex to handle. The municipal
solid waste generation report from the United Nations
affirms that almost 100% of the goods procured by consum-
ers get converted to waste in a span of 6 months (Al Rayaan
2021; Nanda et al. 2021; Gunarathne et al. 2019).
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Though the recyclable waste proportion is estimated
closer to 80%, about 90 to 95% of the wastes reaches the
landfills due to improper handling and the disposal of them
(Gaeta-bernardi and Parente 2016). All developing coun-
tries are facing challenges in collecting and disposing the
waste. In many countries, food wastes and plastics are the
major contributors of municipal solid wastes (Zhou et al.
2015; Khan et al. 2016). Furthermore, due to the outbreak
of coronavirus disease followed by sudden lockdown across
the world, the drastic increase in the usage of plastic materi-
als, i.e., face mask and gloves, has increased the municipal
solid waste generation rate with approximately more than
6000 tons per day in Southeast Asian countries (Yang et al.
2021; Cai et al. 2021).

A few decades ago, waste-to-energy technologies were
introduced to produce energy and valuable products from
waste and paved way for finding technologies in processing
wastes based on a tool called ‘waste hierarchy’—reduce,
reuse, recycle and recover to landfill (Voss et al. 2021; Smidt
et al. 2010). The aim of waste hierarchy is to reduce the
waste generation and to increase the recycle and reuse of the
waste materials. Waste hierarchy method helps in reducing
greenhouse gas and pollutants which harm the environment
(Sanchez et al. 2015; Sivaprakash et al. 2011; Rajamohan
et al. 2010).

The paper and plastic are the major fraction in munici-
pal solid waste ranging from 50 to 80% while the remain-
ing fraction is contributed by textile, wood, sewage waste,
kitchen wastes and laundry waste. The composition of
municipal solid waste may vary depending on local econ-
omy, climatic condition, lifestyle and infrastructure. The

Fig. 1 Classification of thermo-
chemical and non-thermochem-
ical treatment methods available
for energy production from
municipal solid waste
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waste generation of an area is proportional to the average
income of the people. Demolition and construction activi-
ties consist of used wood and may contain 2-3% of non-
wood such as glass, plastics, concrete and scrap metals.

The annual quantity of solid wastes generated in India
has increased from 6 million tons in 1947 to 48 million
tons in 1997 and to 90 million tons in 2009 and also
expected to increase by 2047 up to 300 million tons (Gupta
et al. 2015). The global generation rate of municipal solid
waste is estimated as 1.3 billion tons per year in 2012 and
expected to rise 2.2 billion tons annually by 2025 (Couto
et al. 2016). The management of municipal solid waste is
commonly reduced by incineration, about mass reduction
(70-80%) and volume reduction (80-90%) and utilized as
electricity with net electrical efficiency of 30% (Chan et al.
2019).

The treatment of municipal solid waste includes dump-
ing in landfills, incineration of waste and waste-to-energy
treatments such as biological process, chemical process, bio-
chemical conversion and thermochemical processes (Fig. 1).

Plastic materials possess certain intrinsic properties simi-
lar to fuels which makes them as a throughput material for
the production of heat, steam and several other fuels through
thermochemical methods. In addition, biomass from differ-
ent sources can be used as renewable sources for energy pro-
duction. During thermochemical treatments when compared
to fossil fuels, biomass emits a reduced amount of SO,, NO,
and greenhouse gases (Acharya et al. 2015; Rawoof et al.
2021; Rajamohan et al. 2008). The waste-to-energy is one
of the most promising alternative methods in waste manage-
ment strategies.
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About 80% of energy is derived from the petroleum
products to satisfy the energy demand around the world.
The thermochemical treatment of municipal waste is gain-
ing momentum as the most promising waste-to-energy pro-
duction method mainly due to sustainability. The studies
showed that less than 100,000 m? of land is enough to
treat 1 metric ton per year of waste for 30 years, while
3,000,000 m2 is necessary for landfilling of 30 metric tons
of municipal solid waste (Arena 2012). The concentration
of organic and inorganic contaminant can be securely dis-
posed and utilized by thermochemical treatment without
any threats.

The by-products obtained from thermochemical method
such as bottom ash, solid residues and metal or non-metal
slags are recyclable and can be reused. The emission of
greenhouse gas and other pollutants are significantly mini-
mized and estimated that about one ton of CO, is retrieved
when compared to landfilling. Life cycle assessment stud-
ies considered that waste-to-energy technology has a less
impact on environment and can be used as a source for
power generation. The electricity and process heat from
thermochemical treatment method can be utilized for
both industrial facilities and for residential or commercial
power requirements (Arena 2012; Saidi et al. 2020).

This review focuses on (i) the outlook of various ther-
mochemical treatment methods of municipal solid waste
viz., organic, paper, plastic and mixed municipal solid
waste, (ii) latest reforming methods and catalysts available
for enhanced fuel production and (iii) practical challenges
involved in implementation on real-time applications.

Thermochemical conversion technologies

Biomass is a renewable, clean and green source to produce
fuels that can cater the energy needs. However, the direct
usage of biomass as biofuels has many limitations such as
poor calorific value, undesirable moisture content, abnormal
composition and properties. Thermochemical techniques
offer pathways that alleviate these disadvantages and drasti-
cally reduce the undesired by-products by optimizing the
operating conditions (Ong et al. 2020).

Combustion, gasification, pyrolysis, hydrothermal car-
bonization and torrefaction are the thermochemical methods
that aid in the production of biofuels from lignocellulosic
and non-lignocellulosic materials. Figure 2 shows an outlay
on various thermochemical treatments of municipal solid
waste for biofuel production and reforming processes.

Torrefaction into solid products

Biomass can be converted into char, coke and biochar which
have similar properties to that of coal. Biochar derived from
torrefaction possess properties of coal fuel. Torrefaction is
the mild pyrolysis process carried out in the absence of oxy-
gen or in an inert atmosphere at 200-300 °C to produce
biofuel with improved fuel characteristics; the torrefied solid
biomass has high calorific value, low moisture content and
other properties such as grindability and hydrophobicity
(Tran et al. 2013). The aim of torrefaction is to produce
solid fuel as an alternative to coal and to produce materials
with high hydrophobicity (Chen et al. 2021).

Fig.2 Production of fuels,
electricity and other products
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The toasted biomass contains much of volatile matter and
requires high residence time to reduce the volatile matter.
Combustion reactions are suppressed because of low oxygen
supply. Improved grindability reduces power cost required
for size reduction and enables the displacement of coal
usage. Additionally, the lower equilibrium moisture content
of the torrefied biomass has the advantages of storage ease
and higher heating value (Agar et al. 2012).

Gaseous products produced in torrefaction process are
classified into permanent gas (CO and CO,) and condensable
gas (acetic acid and water). Torrefaction is also reported as
a thermal pre-treatment process of biochar production to
improve the energy density and used as a low-moisture feed-
stock to produce energy. Torrefaction may be light, mild or
severe based on the temperature input required to consume
the lignocellulosic contents of the biomass. In torrefaction
process products can be in all three forms and most of those
can be used as fuels. Some of the products received in tor-
refaction are H,, CO,, toluene and benzene (gaseous form);
H,O0, acetic acids, alcohols, aldehydes and ketones (liquid
form); and char and ash (solid form) (Mamvura et al. 2020).

The advantages of torrefaction process include higher
heating value, higher hydrophobicity, grindability, lower
O/C and H/C ratios and low moisture content of the coal
produced (Chen et al. 2015). Hydrothermal carbonization
was considered as the most used thermal technology where
the yield of solid biofuel was around 38% when compared to
pyrolysis, torrefaction and gasification (15%, 15% and 3%).
The hydrothermal carbonized biofuel showed more advan-
tages than fossil and also showed certain constraints with
heating value, bulk density, energy density and grindability
(Angulo-Mosquera et al. 2021).

Pyrolysis to produce liquids

Biomass can be converted into liquid fuels, namely, bio-
oil, bio-diesel and bio-ethanol by using pyrolysis, transes-
terification and fermentation, respectively. The scope of this
review is limited to production of bio-oil through pyrolysis
as the other methods are non-thermochemical techniques.
In pyrolysis technology waste materials are degraded ther-
mally with restricted supply of air or oxygen at 300-600 °C
to generate the energy in the form of fuel, biochar, syngas
and biofuel precursors. Pyrolysis is an irreversible process;
the materials which undergo the process are continuously
subjected to changes in physical and chemical composition
(Mamvura et al. 2020).

Pyrolysis process has a wide range of application in
chemical industries for the production of methanol, bio-
char and activated charcoal with the only limitation being
emission of harmful gases which causes adverse effect in
the environment (Hasan et al. 2021). The biochar produced
through pyrolysis assists in adsorption and used in heavy
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metal remediation, soil amelioration and carbon sequestra-
tion. The biochar is also used as a soil conditioner which can
alleviate about 0.75 gigatons of carbon or 2.75 gigatons of
carbon dioxide per year if used globally on an average till
2050 (Shahbaz et al. 2021).

The fuel product of pyrolysis, called as pyrolytic oil
(dark brown color liquid) is characterized by large water
and oxygen content, high acidity with pH from 2 to 4, low
vapor pressure, high viscosity, weak stability and low heat-
ing value (16-19 MJ/Kg) (Kan et al. 2020). The bonds in
hydrocarbons are thermally broken to produce bio-oil at the
temperature range of 400-800 °C. Pyrolysis can be slow,
fast, catalytic or microwave-assisted. The main products
in slow and fast pyrolysis process are biochar and bio-oil,
respectively, where slow pyrolysis incurs low heating with
long residence time and fast pyrolysis incurs high heating
with short residence time (Chen et al. 2021).

Bio-oil contains more than 300 organic compounds;
however, bio-oil is not directly used as a fuel due to several
disadvantages. The by-products generated through the bio-
oil production depend on temperature, particle size, heating
time, catalyst used and heating rate. High-quality bio-oil can
be produced by using noble metal-supported catalyst and
further processing in refineries (Ong et al. 2020). Biofuel
production from different feedstocks with the optimum tem-
perature condition reported by several authors is presented
in Table 1.

Gasification and combustion-gaseous product

Gasification is a process in which biomass is burnt in limited
supply of air or oxygen to generate producer gas. Producer
gas is composed of H,, CO, CH, and CO, with certain by-
products including H,S, COS, CS,, NH; and HCN (depends
on feed). The temperature range of gasification is generally
between 600 and 1200 °C (Chen et al. 2021). The producer
gas can used as a direct fuel or can be converted into profita-
ble products like H,, synthetic natural gas (methanation) and
diesel, jet fuel, gasoline (Fischer—Tropsch diesel process),
methanol, ethanol and dimethyl ether (Shahbaz et al. 2021).

The product consists of mixture of gases depending on
various parameters such as gasifying agent, type of gasifi-
ers used, equivalence ratio, temperature, feedstock particle
size, moisture content and catalyst. The gasification process
is further classified into steam gasification, supercritical
water gasification and catalytic gasification depending on
the gasifying agent. The main drawback of using syngas for
downstream application is high concentration of impurities
such as tar, particulates, alkali chloride and sulfur species.
Various hot syngas clean-up systems have been developed
for the removal of such impurities.

In combustion technology, heat is the main product and
yield depends upon feedstock, gasifier and temperature
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(750-1500 °C). Almost all solid wastes can be treated
using combustion. Other than electricity production, com-
bustion is also used for drying, pre-heating and steam gen-
eration in industries. The carbon-based materials like coal
are majorly used for production of energy, releasing large
amount of CO, to the environment (Chan et al. 2019).

According to the International Energy Agency, coal con-
tributes to approximately 44% of CO, emission in the range
of 0.34-0.39 kgCO,/kWh. The utilization of biomass along
with coal can be a potential approach for the overall CO,
reduction (Shahbaz et al. 2021). Many authors reported
biofuel production from different feedstocks and those are

presented in Table 2.

Table 2 Biofuel production using gasification and combustion of various feedstocks under optimum temperature conditions and details on the
product generated

Yield

References

Thermo- Feedstock Temperature
chemical
treatment
Gasification ~ Wood pellets and wood chips 800 °C
Softwood pellets 700-800 °C
Municipal solid waste 850 °C
Municipal solid waste and chopped 700-950 °C
switchgrass
Municipal solid waste 500-900 °C
Coconut shell and palm kernel shell 700-900 °C
Grapevine pruning and sawdust wastes, 1050 °C
and marc of grape
Used and unused plastic waste 594-649 °C
Solid residual fuel and lignite 750-850 °C
Municipal solid waste, coffee husks, vine  750-850 °C
pruning, forest residues
Combustion  Fruit, food, paper, plastic, wood, textile, 800-1000 °C
leather, metal, glass, tile and ceramic
waste
Municipal solid waste and coal 850 °C
Straw and coal 105-800 °C
Bambusa multiplex 250-300 °C
Pelletized thorny bamboo 750 °C
Wood chips and lignite coal 850 °C
Rice husk 800-1200 °C
Residues from orange 800-1000 °C

17.2% H,, 18.8% CO and 16.9% H, 20%
CcO

36.5 vol% H,
14% of total syngas yield
10% H, and 15% CO

84% of total syngas yield
9.41 wt% H, and 9.90 wt% H,
11 vol% H, at 1050 °C

6.50 wt% H, from used plastic and 6.42
wt% H, from unused plastic

56.34+0.75 vol% of H, with lignite as
feedstock and 56.35 +1.78 vol% of H,
with lignite and solid recovered fuel at
750 °C

Molar fraction of syngas: 8% H, from for-
est residue, 13% H, from coffee husks,
5% H, from vine pruning and 2% H,
from municipal solid waste

Emission of NO, was less than 15 ppmv
at 1000 °C in 80 CO,/20 O, condition

NO emission equivalent to 56% and SO,
emission equivalent to 35% under pres-
surized combustion

The average reactivity index of hydrochar
and straw was 1.648 and 2.082

Calorific value of raw bambusa multiplex
17.60 MJ/kg and calorific value of tor-
refied and low temperature carbonized
bambusa multiplex was 23 and 28 MJ/
kg

CO emission less than 10 ppm and
NO, emission less than 20 ppm under
tangential injection mode in 47.50% bed
zone combustion fraction

Optimum excess air ratio between 1.2 and
1.3 for minimum CO emission

Combustion efficiency ranging from 95.6
t0 99.8% and 80 to 130% excess air

Combustion efficiency ranging from 96.9
to 99% and excess air ratio is between
1.3 and 1.7

Bandara et al., (2021)

von Berg et al., (2021)
Chan et al., (2019)
Indrawan et al., (2018)

Shehzad et al., (2016)
Yahaya et al., (2020)
Hernandez et al., (2010)

Kungkajit et al., (2015)

Savuto et al., (2020)

Couto et al., (2016)

Tang et al., (2012)

Lasek et al., (2021)

Chen et al., (2020b)

Bada et al., (2014)

Zhang et al., (2016)

Varol et al., (2014)
Madhiyanon et al., (2010)

Vamvuka et al., (2012)
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Thermochemical treatment of municipal solid waste

The disadvantages caused by generation of enormous
amount of municipal solid waste include environmental,
economic and social offsets. These wastes, if not collected
or processed using appropriate treatment or management
strategies lead to spread of diseases through insects, micro-
bial contamination, air, water and land pollution. However,
the organic content of the municipal solid waste can be
exploited to produce energy thereby displacing the usage
of fossil fuels. The thermochemical treatment methods can
be applied for the processing of municipal solid wastes for
production of variety of energy-oriented products.

Thermochemical treatment of organic waste

Municipal solid waste contains significant amount of organic
waste such as kitchen or food waste, yard waste and sludge
waste. All the foresaid waste composition may differ based
on the region and may contribute nearly one-third of the
municipal solid waste.

Catalytic co-pyrolysis of kitchen waste and tire waste
under N, atmosphere was investigated and the characteristics
were analyzed through thermogravimetric analysis—Fourier
transform infrared spectroscopy (TGA-FTIR) and pyro-
sis—gas chromatography/mass spectroscopy (Py—GC/MS).
TG-FTIR result showed that the released producer gas has
a composition of CO,, CO, NO, NH;, SO,, C-H and C=C
groups. The kinetic studies showed that the activation energy
declined at 5:5 feedstock ratio and improved thermal degra-
dation was also noted at same ratio (5:5) (Chen et al. 2019).

A pyrolysis process carried out using waste cereals and
peanut crisps up to 800 °C and the samples were analyzed
using thermogravimetric analyzer at discontinuous tempera-
ture range of 480-530, 550-600, 650-700 and 750-800 °C.
The highest composition of hydrogen was observed approxi-
mately at 750-800 °C. The gas evolution from waste cereal
was increased at approximately 540 °C. The minimum
heating value of waste cereal and waste peanut crisps was
reported to be 11.2 MJ/m? and 17.6 MJ/m?, respectively. The
yield of biochar was 22% with heating value of 31.44 MJ/
kg. Traces of heavy metals were also present in biochar
(Grycova et al. 2016).

Air gasification of wood pellets, wood chips and grass
pellets were investigated in an electrically heated bubble
fluidized bed at temperature of 650, 750 and 800 °C with
equivalence ratio 0.08, 0.13 and 0.16, respectively. The
experiment inferred that at 800 °C and 0.16 equivalence
ratio the pressure drop remained constant and was prefer-
able to oxidize the wood chips. The corresponding hydrogen
and carbon monoxide content were 16.9% and 20% for wood
chips and for wood pellets 17.2% and 18.8%. Gasification of
grass pellets was not successful due to agglomeration and
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reduced carbon conversion. The carbon conversion of wood
chips and pellets was 75% and 70%, respectively (Bandara
et al. 2021).

The production of biofuel has also been done through dry
torrefaction as a pre-treatment of yard wastes. Experiment
was conducted at 170, 200, 250 and 300 °C temperature in a
tubular reactor under N,, CO, and flue gas (25:75 of CO,:N,
vol%) atmosphere. Temperature played a vital role than car-
rier gas, increase in temperature increased the higher heating
value and decreased the mass and energy yield. Among the
three gases, FTIR showed that CO, is considered as the best
gas with an elevated higher heating value and energy yield.
N, gas also provided appreciable higher heating value at
high temperature. Flue gas proved to be the least effective
carrier gas even at 250 °C. Proximate analysis showed that
torrefaction reduced moisture content and increased hydro-
phobicity (Jaideep et al. 2021).

The torrefaction of lignocellulosic biomass was inves-
tigated along with the analysis of chemical and structural
changes during thermal treatment. The sample was torre-
fied at 330 °C that increased the acid insoluble residues
from approximately 30-38% due to formation of condensed
aromatic compounds. The non-protonated aromatic carbon
fraction was observed about 60% of total aromatic carbon at
330 °C which shows the large aromatic clusters. Solid-state
nuclear magnetic resonance indicated the increased aroma-
ticity about 36-60% and changes in methoxyl functional
groups. The quantitative structural analysis of the sample
revealed the main changes in chemical composition of bio-
mass during torrefaction (Park et al. 2013).

Recently, an attempt was made by integrating anaerobic
digestion and thermochemical treatments, namely, gasifi-
cation, pyrolysis and hydrothermal carbonization on solid
waste treatment. This article evaluated six types of coupling,
viz., anaerobic digestion—gasification, gasification—anaero-
bic digestion, pyrolysis—anaerobic digestion, anaerobic
digestion—pyrolysis, anaerobic digestion—hydrothermal car-
bonization and hydrothermal carbonization—anaerobic diges-
tion. Many benefits including improved degradation rates
of waste, enhanced process efficiency, recycling and reuti-
lization were observed. Particularly, the pyrolytic product
(biochar) showed improved ability and versatility for various
applications (Sikarwar et al. 2021).

Thermochemical treatment of paper waste

Paper waste sludge, a major waste residue after papermaking
can develop into a large source of pollution without effec-
tive disposal. Hence, appropriate management and disposal
methods are required.

Combustible solid waste and paper mill sludge were
treated using co-pyrolysis method and the degradation char-
acteristics were investigated using FTIR and Py—-GC/MS.
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The proportion of paper mill sludge used in the combus-
tible solid waste-paper mill sludge blends was 10%, 30%
and 50%. Out of the 11 pyrolysis products identified, acidic
products were found to be more. The percentage of alco-
hol content was maximum for 10% paper mill sludge blend.
Increase in paper mill sludge ratio increased the residue
mass from 17.74% to 30.47% and slightly increased with
the temperature. The product distribution was highly influ-
enced by the synergistic interaction between combustible
solid waste and paper mill sludge based on the blend ratio
(Fang et al. 2017b).

The temperature, characteristic index, interaction and
activation energy on co-pyrolysis of municipal solid waste
(M) and paper mill sludge (P) and blends of munici-
pal solid waste and paper mill sludge such as 90M10P,
70M30P, 50M50P, 30M70P, 10M90P were studied. MgO
and activated carbon were used as additives. The experi-
ment inferred that the pyrolysis temperature increased with
paper mill sludge proportion and decreased with the charge
of additives. The result showed that 90M10P and 70M30P
can be opted as preferable ratios for pyrolysis process. The
average activation energy achieved in 5% MgO and 5% acti-
vated carbon additives were 237.42 kJ/mol and 239.44 kJ/
mol, respectively, and hence can be considered as potential
additives. The synergistic interaction between the wastes at
high temperature revealed that 90M10P as a perfect blend
ratio (Fang et al. 2017a).

The pyrolysis characteristics, product composition and
kinetics of co-pyrolysis of municipal solid waste (M) and
paper sludge (P) with MgO additive were analyzed by TG-
FTIR and Py—-GC/MS. The experiment showed that, after
adding paper sludge and MgO, there was a significant
reduction in emission of pollutant and activation energy.
The study reported that 70M30P (v/v) was the appropriate
blend ratio with MgO. Co-pyrolysis characteristics were fur-
ther studied by combining municipal solid waste and paper
sludge under CO, and N, atmospheres. The studies inferred
that the mass residue was lesser and pyrolysis index was
higher in CO, atmosphere than in the N, atmosphere. The
pyrolysis index of the blends improved with MgO catalyst
(Fang et al. 2021).

The pyrolysis process was split into four stages for
90M10P and three steps for 70M30P and S50M50P. The
activation energy of the blends at 110-600 °C is 170 kJ/mol
and at 600-1000 °C is 300 kJ/mol. Increasing paper sludge
percentage increased the average activation energy from 200
to 250 kJ/mol. Finally, the experiment was concluded that
the temperature of 600 °C was the boundary and SOM50P
was the most suitable for treating sludge.

An experimental study was conducted using oil palm
waste and paper sludge using thermogravimetric analysis to
investigate the kinetics and co-pyrolysis characteristics of
blends ratio from 10 to 90 wt%. The kinetic studies showed

that the average activation energy does not decrease with
increase in the proportion of oil palm waste. The observed
lower activation energy was 152 kJ/mol by Starink method
and 149 kJ/mol by Friedman method for 70% oil palm waste
(Lin et al. 2014).

Thermochemical treatment of plastic waste

Plastic waste generation increases daily which get piled up
in large volumes and merely end up in landfills. The deg-
radation properties and degradation mechanisms of plastic
wastes are highly complex to assess the feasibility, reactor
design and scale-up process (Al Rayaan 2021). The influ-
ence of used and unused plastics refuse-derived fuel in the
pilot-scale downdraft type fixed bed gasifier was studied.
The results showed that both used and unused plastic waste
showed the same yield of syngas but the higher heating
value of unused plastic (781 kJ/Nm?) was relatively higher
than the used plastics (500 KJ/Nm?) (Kungkajit et al. 2015).

The pyrolysis of waste plastic stream from industry and
household plastic waste was investigated using microwave
reactor made of quartz at operating frequency of 25 GHz
under N, atmosphere with carbon as microwave adsorbent.
The pyrolytic products were bio-oil and biochar. The liquid
product was quite viscous with certain fraction of aromatic
compounds which can be used as a solvent and precursor.
The surface morphology and amorphous nature of the solid
product showed that the solid could be used for tar reduction
(Aishwarya and Sindhu 2016).

High impact polystyrene plastics were investigated for
gasification characteristics using supercritical water at a
reaction temperature of 500-800 °C, reaction time 1-60 min,
pressure 22-25 MPa and feedstock concentration 2—10 wt%.
The experimental studies confirmed that 94.48 wt% carbon
conversion rate was achieved at 800 °C using 3 wt% feed-
stock concentrations in a reaction time of 60 min at pres-
sure 23 MPa and also reported that the change in pressure
showed a minor change in gasification efficiency of plastics.
The analysis of solid residue revealed the depolymerization
of plastics and further proceeding of gasification reaction
yielded carbon microspheres with a diameter of 0.8—1.5 um
(Bai et al. 2019).

Baby diapers are manufactured by using non-biodegrada-
ble plastics and super absorbent polymers which make them
difficult to deteriorate. The microwave-assisted pyrolysis of
used diapers was investigated for the influence of microwave
power and operating temperature. The microwave-assisted
pyrolysis process produced liquid oil (43 wt%), gases (29
wt%) and char (28 wt%). Alkanes, alkenes and esters were
yielded in the liquid oil which has applications for chemical
additives and cosmetics other than fuels. The high carbon,
less nitrogen and zero sulfur contents of the char have a
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potential usage as soil additives and adsorption agent (Lam
et al. 2019).

In recent times, due to coronavirus pandemic, about
54,000 tons per day (Nov 22, 2020 records) of medical
wastes, viz., face mask, goggles and sanitizer container
are reported. The management of the coronavirus disease-
related medical wastes made of plastics using various ther-
mochemical treatments has been studied widely. Incineration
has practical application for all type of such wastes but also
has a potential to emit hazardous gases. Gasification and
pyrolysis are favorable for medical wastes considering the
energy conversion efficiency and impacts on environment
(Purnomo et al. 2021).

Thermochemical treatment of mixed municipal solid waste

Most often wastes are kept together without separating them
into different components. Because of the complexity of
municipal solid waste, any researchers studied the pyrolysis
behavior of mixed municipal solid waste.

Wet torrefaction was considered as the best pre-treatment
process for mixed municipal solid waste. Wet torrefaction
experiments were conducted using leaf litter (34.67%), food
waste (23.33%), vegetable waste (14.33%), fruit waste (11%)
and non-recycled plastics (16.67%). The effect of wet tor-
refaction was studied at various temperatures (150, 175, 200
and 225 °C) in a 2.5 L stirring reactor. 200 °C temperature,
holding time of 30 min and solid load of 1:2.5 were recom-
mended as optimum conditions for the energy yield of 89%.
The solid product from wet torrefaction process yielded a
higher heating value of 33.01 MJ/kg (Triyono et al. 2019).

The influence of particle size and temperature on pyroly-
sis and gasification of municipal solid waste was studied
in the laboratory-scale fixed bed reactor in the temperature
range of 600-900 °C. The moisture content of samples was
reduced to 10.2% and approximately 20 kg of municipal
solid waste was used as feedstock. Particle size fraction
below 5 mm (33.4 wt%), 5-10 mm (40.1 wt%) and 10 mm
(26.5 wt%) were used. The study inferred that minimizing
the size of particle improved the quality of gas in both pyrol-
ysis and gasification. Higher temperature yielded more gas
with less tar and char (Luo et al. 2010).

The influence of temperature was studied on mixture of
municipal solid waste including cardboard, paper, plastic,
vegetable waste, rubber and textile in a laboratory-scale
fixed bed vacuum reactor by two pyrolysis process: isother-
mal and non-isothermal. About 500 g of municipal solid
waste was loaded into the reactor for both the processes with
the temperature maintained at 400 °C in case of isothermal
process. The quality of bio-oil was higher in non-isother-
mal process when compared to the isothermal process. The
bio-oil generated from isothermal process had high acid
content which decreased the calorific value. However, the
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study reported that the product from non-isothermal process
showed traces of impurities. The pre-treatment and upgra-
dation are required to make bio-oil as a clean fuel (Gandidi
et al. 2017).

Slow pyrolysis experiments were conducted using unseg-
regated municipal solid waste which includes plastics, yard
waste, food waste, paper, textile, rubber, plastic sludge and
household wastes. The wastes were volatized in four dif-
ferent temperature zones between 200 and 520 °C. Above
520 °C, areduction in the quantity of bio-oil was observed.
In general, the pyrolysis oil evidenced better ratio of aromat-
ics to alkanes and low acidity oil mixture compared to non-
interactive model and expected to raise by enhancing the
ratio of rubber-biomass and rubber-plastic (Chhabra et al.
2020).

Investigations on the pyrolytic characteristics and kinetic
behavior of mixed solid waste including yard waste, food
waste, textile waste, paper, rubber, low-density polyethyl-
ene, high-density polyethylene, polypropylene, polyethylene
terephthalate and polystyrene were carried out. Considering
the complexity of municipal solid waste, the temperature for
pyrolysis ranged between 170 and 520 °C. The biomass con-
tents decomposed till 480 °C with the yield of char between
8 and 40 wt%. The plastic wastes got decomposed between
300 and 480 °C yielding 1 to 8 wt% of char. However, rub-
ber samples produced large amount of char (41 wt%) and
rubber samples decomposed in the range of 332 to 520 °C
(Chhabra et al. 2019).

Six typical municipal solid waste which includes tire
rubber, recycled polyvinyl chloride pellets, wood sawdust,
paper mixture, kitchen waste and textile were assorted and
analyzed under CO, and N, atmosphere during thermal
degradation behavior using FTIR spectrometer. The author
reported that similar effects were noted on pyrolysis of sev-
eral waste materials under N, and CO, atmosphere. CO,
behaves inert at less than 600 °C and reacts after 600 °C.
High temperature pyrolysis at CO, atmosphere enhances
char cracking and increases syngas production and reduces
the amount of char (Tang et al. 2017).

Reforming

Reforming of biomass resources is recently becoming the
popular research in bioenergy field. This section focuses on
steam reforming, thermo-catalytic reforming and supercriti-
cal reforming. Production of tar is a common problem due to
incomplete gasification of biomass into syngas. Tar causes
severe problem such as clogging, loss in energy conversion
efficiency because of the aromatic mixtures present in the
tar. Tar contains polycyclic aromatic hydrocarbons which
is hazardous to the environment when disposed in water
resources.
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Tar elimination can be accomplished using physical
method, catalytic method and thermal cracking. To eliminate
tar before downstream process, the stream is treated within
the gasifier which is known as primary process or treated in
a separate unit which is known as secondary process (Ashok
et al. 2020). Steam reforming shows high efficiency in the
production of hydrogen and also a simple process which is
widely employed in refineries and fertilizer industries. The
stoichiometry for steam reforming is given as

C,H,, + nH,0nCO + (n +)H, H >> 0. (D

Heat requirement is considered as a main constraint in
steam reforming to shift the equilibrium toward H, and CO
yield (Nahar et al. 2017). The different methods involved in
steam reforming process are: (i) non-catalytic steam reform-
ing which operates at a high temperature (1000-1400 °C)
and (ii) catalytic steam reforming which is carried out at a
low temperature (500—800 °C) (Remén et al. 2016).

Thermo-catalytic reforming is an enhanced intermedi-
ate pyrolysis process consisting of a 400-500 °C pyroly-
sis stage and a reforming stage. Thermo-catalytic reform-
ing process produces H, enriched syngas, biochar for soil
remediation and high-quality bio-oil suitable for hydrode-
oxygenation process (Neumann et al. 2015). The utilization
of wide variety of biomasses (high humidity and high ash
content) was considered as a major advantage in thermo-
catalytic reforming process. Coking is an undesirable side
reaction that degrades the activity of catalyst and mechanical
strength. Coking can be reduced by optimizing the operating
parameters such as temperature, steam to hydrocarbon ratio,
space velocity (Huang et al. 2021a).

Bio-oil, syngas and biochar are generated during the
reforming process. Nearly 30—45% of the biomass is con-
verted to syngas, 7-15% is converted into bio-oil and
25-50% becomes biochar while water is generated as a by-
product. Product quality and yield depend on the feedstock
biomass composition. Thermo-catalytic reforming conver-
sion process requires both thermal and electrical energy and
also utilizes a part of the conversion product toward self-
sustainability of energy potentially which lead to economic
advantage (Moreno et al. 2020).

The thermo-catalysis of agricultural waste under differ-
ent reforming temperatures reported that the increment in
temperature (500-700 °C) causes adverse effects on prop-
erties of the product such as chemical composition, quality
and quantity; higher reforming temperature yielded product
with high heating value and H, content (Santos et al. 2020).

Supercritical water reforming is a promising technol-
ogy which converts wet biomass and organic wastes into
hydrogen and syngas without vaporizing water. The critical
temperature (7,) and critical pressure (P,) of water at super-
critical condition are 647 K and 22.1 MPa, respectively,

which is used to produce gas mixtures. Water in supercritical
condition will convert biomass into pure hydrogen instead
of pressurized steam. When compared with other reforming
processes, supercritical water reforming process incurs less
energy. The limitation of H, solubility is reduced by employ-
ing supercritical water (Wongsakulphasatch et al. 2013).

The reforming of acetic acid, acetol, glucose and butanol
under supercritical water conditions, supported by Ni-based
catalyst were studied and the H, yield under different param-
eters was discussed. The research conclusions were high
temperature and low space velocity favored the H, yield
(Ortiz et al. 2018).

The production of gaseous and liquid biofuels from ligno-
cellulosic biomass under sub-critical and supercritical water
conditions have been studied and reported. The operating
conditions, viz., temperature, reaction time, catalyst to bio-
oil ratio and water content, showed significant influence on
the product yield. Biogas was produced at high temperature
and long reaction time while upgraded bio-oil was produced
at low reaction time (Remon et al. 2016).

Catalysts used in the reforming process

The most significant challenge in the reforming process is
selecting better catalyst; role of catalyst deactivation due
to coke deposition and sintering makes the selection quite
difficult. Catalysts can be classified into several types: metal-
based (or synthetic), natural occurring and mineral catalyst.
Catalytic activity is comparatively less in mineral catalysts
when compared to natural and metal-based catalysts. Natu-
rally occurring catalysts show higher tolerance to impurities
such as H,S and HCl and are also easily replaceable in case
of deactivation due to deposition of carbon. Table 3 repre-
sents the different types of catalyst and support material with
varying temperature range for reforming process.

Calcined dolomite and zeolite catalyst, when trialed in
downstream fixed bed reactor at 200750 °C, showed that
the former increased the gas yield and decreased the oil and
char yield compared to zeolite catalyst. High temperature
(600-750 °C) exhibited maximum gas yield and CO yield
(Tursunov 2014).

Three catalysts such as olivine, dolomite and metal-
based were studied for reforming 40 g/Nm? acetic acid (a
primary tar compound) by gasification of biomass using an
updraft gasifier. The reforming process was done for 72 h
in the temperature range 680—750 °C with the gas compo-
sition: H,0—35%, CO—2.3%, CO,—19.5%, CH,—3.6%,
H,—24% and N,—15.6% by volume. The results revealed
that metal-based catalyst showed good catalytic activity
toward reverse water gas shift reaction while dolomite and
olivine showed minor activity. Both dolomite and olivine
did not show activity toward methane reforming. Olivine
converted acetic acid with considerable amount of carbon
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deposit and the activity decreased over time, while carbon
deposition occurred in dolomite at low temperatures. The
metal catalyst completely converted acetic acid with almost
no carbon deposition (Cavalli et al. 2021).

Ni-based catalysts are mostly used in large-scale indus-
trial applications because of their ease of availability, low
cost and high specific reactivity. The only disadvantage of
using Ni catalyst is deactivation due to deposition of coke.
Concerning the coke deposition problem, magnesium alu-
minate spinel which has high thermal conductivity and
optimal surface property was used to mitigate the deposi-
tion. The effects of potassium as an alkaline promoter on
MgAl,O,-supported Ni catalyst was investigated for CO,
reforming of methane. The chemical reactions reforming
process using catalyst is shown (Fig. 3). Ni—K catalyst was
prepared by wet co-impregnation onto MgAl,O, and inferred
that potassium concentrations of 3—5 wt% showed more effi-
ciency toward CO, reforming of methane (Azancot et al.
2021).

La-based perovskite (Lag ¢St ,Coy ,Fe( 305.5) (LSCF)-
supported Ni-catalyst was prepared and studied for steam
reforming of tar using toluene and phenol; the consortium
was prepared by two different methods: Ruthenium embed-
ded wetness impregnation and one-pot sol-gel method to
produce LSCF-supported Ru Ni catalyst and Ni-LSCF cata-
lysts, respectively. The resistance to deposition of coke and
catalytic activity was witnessed for Ni-LSCF than LSCF-
supported Ru Ni catalyst. LSCF-supported Ru Ni catalyst
was reported as a good catalyst against coke formation
during toluene reforming when compared to that when pro-
duced during phenol reforming by LSCF-supported Ni cata-
lyst (Jurado et al. 2021).

Ni-based catalyst supported on Al,O5 and SiO, was
experimented in tubular fixed bed reactor using bio-oil
aqueous phase. The experiment was carried out using super-
critical water under different operating conditions (240 bar;
500-800 °C). The physical properties of catalyst changed
under supercritical water condition at high temperature. The
number of exposed metal atoms normalized the catalytic
activity, leading to high turnover rates. When the reactant
concentration increased, turnover frequency and space
velocity increased (Ortiz et al. 2018).

The autothermal reforming of methane using nickel sup-
ported on perovskite as a catalytic agent was investigated.
The catalyst was prepared by wetness impregnation method
with CaTiOj;, SrTiO;, BaTiO; and Al,O; as supports and
characterized through energy dispersive X-ray spectros-
copy and the results showed that CaTiO;-supported Ni
catalyst and BaTiO;-supported Ni catalyst were consid-
ered as best catalysts based on activity and stability with
over 70% conversion. Low conversion (50%) was noted in
SrTiO5-supported Ni catalyst due to the deposition of carbon
on the catalyst surface (Aragjo et al. 2021).

Santamaria et al., (2018)
Phongprueksathat et al.,

Kechagiopoulos et al.,
(2019)

(2007)
Guo et al., (2019)

Reference

99% acetic acid conversion Zhang et al., (2018)

and 80% of H, yield

80% of H, yield
230 ml/g of CO over 7%

Ni-SS-stream
10.17 wt% of H, over Ni/

10% Ni-SS-stream and
Al 04

120 ml/g of H, over
62% H, yield over Ni/
Ce 757219250,

Yield

quartz reactor

650-850 °C  Spouted bed reactor
Fluidized bed reactor

300-600 °C  Fixed bed continuous flow
600-800 °C  Two-stage fixed bed reactor
450-650 °C  Quartz tube microreactor

Temperature Reactor type

600 °C

Support material

Steel slag

Al,05 SiO,, TiO, MgO
and ZrO,

Cey.752r0,250,

AlLO,
Olivine

Catalyst
Ni and Co

Ni
Ni
Ni

biomass primary tar
pyrolysis volatiles
of acetic acid

acid
glycol

Table 3 (continued)
Steam reforming of acetic
Reforming of ethylene
Catalytic reforming of
Reforming of biomass fast
Catalytic steam reforming

Reforming
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Fig.3 Various chemical
reactions involved in steam
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Recently, biochar-based catalysts are gaining attention on
account of their ease of major availability, easy functionali-
zation, low cost and adaptability. Physically activated wheat
straw-derived biochar under CO, atmosphere at 700 °C tem-
perature and 1 MPa pressure was studied. The biochar was
utilized as a support material for metal-based catalyst. Ni
performed better in steam reforming of acetic acid among
five metallic active phases (Ni, Co, K, Ce and Fe). Moreover,
Ni (10 wt%) and Co (7 wt%) showed positive results in ace-
tic acid conversion, resistance to deactivation and stability.

The bimetallic Co—Ni-based catalyst was used for steam
reforming of bio-oil containing water, acetone, ethanol, ace-
tic acid and eugenol; catalyst deactivation prevailed within
few minutes and conversion decreased from 50 to 30% due
to the catalytic poisoning caused by decomposition of euge-
nol. The bimetallic catalyst displayed good efficiency during
steam reforming at 750 °C, longer stability and high carbon
conversion of 65% (Di Stasi et al. 2021).

Reforming for hydrogen production

The production of hydrogen can either be from fossil fuel
or renewable resources and can be produced through several
methods like water electrolysis and fuel steam reforming. At
present, industries produce H, through steam reforming of
methane. About 95% of H, is produced from fossil fuels, 4%
from water and 1% from biomass.

The advances on glycerol steam reforming for enhanced
hydrogen production using multifunctional reactors such
as membrane reactor with H, removal, sorption enhanced
reactors with CO, removal and other sorption enhanced
membrane reactors were reported by several investigators.
Apart from catalyst selection, the author also discusses on
thermodynamic limitation and gave an alternative to com-
bine glycerol steam reforming with CO, or H, removal in
the same physical unit. Overall, the multifunctional reactor
technology could help in the environmental perspective by
capturing CO, (Macedo et al. 2021).

The investigation of Rh-based catalyst supported on
y-Al,05 and modified with CeO, MgO or La,0; in steam
reforming of glycerol was attempted. The catalyst and
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support were synthesized by wet impregnation and sur-
factant (cetyltrimethylammonium bromide) assisted co-pre-
cipitation, respectively. The experiment was carried out in a
continuous flow fixed bed reactor at 20:1 water-to-glycerol
ratio (molar) at 400-750 °C and atmospheric pressure with
space velocity of 50,000 ml/g hr. At 9:1 water-to-glycerol
feed ratio, approximately 90% of total glycerol got converted
with 78% H, selectivity (Charisiou et al. 2020).

Exhaust gas fuel reforming for H, production was studied
in a catalytic fixed bed reactor using Al,O5-supported Ni cat-
alyst at different wall temperatures. High wall temperature
favored higher H, concentration. CH,/O, and H,O/CH, ratio
lesser than 1.5 resulted in lower H, yield. The maximum
H, yield and hydrogen volume ratio reached up to 96% and
22%, respectively, at CH,/O, and H,O/CH, ratio is equal to
2. Enriched hydrogen production is also possible by absorp-
tion or adsorption of CO, gas (Huang et al. 2021b).

NiCe, Al (x is equal to 0.1, 0.3, 0.5, 0.7 and 0.9) mixed
metal oxide catalyst was used for H, production via steam
reforming of glycerol. Ni is majorly used in cleaving C—C
and C-H bond. The catalyst was synthesized by thermal
decomposition and the experiment was carried out in con-
ventional fixed bed reactor under atmospheric pressure. The
experiment was concluded that NiCe-Al acted as the best
catalyst with 89.2% gas conversion and 82.9% hydrogen
selectivity (Jing et al. 2020).

Hydrogen production by removing CO, using sorbents
via sorption enhanced steam reforming process was stud-
ied. CaO-based sorbents capture CO, at 550-800 °C, alkali
metal ceramics at 550-600 °C and hydrotalcite sorbents
at less than or equal to 550 °C. Enhanced H, production
can be achieved by catalyst modification: CO, capture was
enhanced by doping K,COj; and other salts on alkali metal
catalyst; and more than 90% of H, production was achieved
by incorporating metal oxide components to hydrotalcite
catalyst. The production of hydrogen using sorbent increases
the demand to produce sorbents from wastes (Wang et al.
2021b).

The steam reforming and partial oxidation of methane
for H, production under dielectric barrier discharge was
carried out and studied the effects of H,O/CH, and O,/N,
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molar ratio, total gas flow, discharge voltage, discharge fre-
quency and analyzed through in situ diagnostic emission
spectroscopy. The study concluded that the hydrogen pro-
duction increases with increasing molar ratios and discharge
voltage but decreases with total gas flow rate. The conver-
sion of methane and yield of H, was observed as 47.45%
and 21.33%, respectively, under the condition of 1.82 H,O/
CH,, 2.1 O,/N,, 136 mL/min of total flow rate, 18.6 kV of
discharge voltage and 9.8 kHz of discharge frequency (Feng
et al. 2021).

Recent advances in production of H, via discharge plasma
reforming of methane in liquid phase were examined. The
effect of microwave power and flow rate of methane gas
was studied and the optimum methane conversion rate
was reported as 94.3% at 900 W and resulted in 74% of
hydrogen concentration. Besides, the highest efficiency of
H, production was obtained as approximately 0.92 mmol/
kJ through improving the stability of plasma system (Wang
et al. 2021a).

Effect of operating conditions and parameters
on thermochemical treatment

The composition of the product yielded by thermochemical
treatment methods is highly influenced not only by the feed-
stock properties but also by several operating parameters.
The operating parameters include temperature, particle size,
residence time, heating rate and reactor type. The effect of
these variables on the municipal solid waste treatment to
produce energy-oriented products reported by several inves-
tigators is reviewed in this section.

Temperature

Temperature plays a vital role in performance of thermal
treatment and the composition of product changes signifi-
cantly with temperature. An experimental study on combus-
tion and co-combustion of raw and torrefied poultry litter
waste was examined with different heating rates and dif-
ferent temperature conditions, viz., 250, 280 and 300 °C.
The increase in temperature resulted with decrease in energy
yield percentage from 102.47 to 90.96% (Atimtay et al.
2020).

The effect of temperature was studied on the tar yield
from gasification of coconut and palm kernel shells using
downdraft fixed bed gasifier in the range of 700-900 °C.
The result showed that the tar yield and tar concentra-
tion decreased with increase in temperature. The higher
heating value at 700-900 °C for coconut shells and palm
kernel shells was in the range of 27.87-25.93 MJ/kg and
29.16-26.74 MJ/kg, respectively (Yahaya et al. 2020).

The characteristics of fuel from food waste were studied
in the temperature range 150-600 °C in a horizontal tubular

reactor. The study concluded the optimum temperature range
for food waste between 290 and 330 °C and showed the
energy and mass yield of the food waste decreased with an
increase in torrefaction temperature (Poudel et al. 2015).

The effect of temperature in gasification of municipal
solid waste was studied using a circulating fluidized bed
gasifier. In the range of 500-650 °C, char gasification and
steam reforming were restricted and increasing temperature
range from 650 to 900 °C led to maximum H, production.
Moreover, maximum carbon conversion efficiency and
cold gas efficiency were in the range of 40.1-79.90% and
29.90-88.90%, respectively (Shehzad et al. 2016).

The microwave torrefaction temperature profile of con-
struction demolition waste and grass clipping at the micro-
wave power levels (250, 500 and 750 W) was investigated
and concluded that heating rate differs along the length of
the reactor. In microwave torrefaction, the central part of
reactor had the highest heating rate. Softwood pellets were
gasified in a fluidized bed reactor at 0.23 kg/h feed rate with
1.3 kW power input to produce biofuel (Iroba et al. 2017).

Sugarcane bagasse and oat hulls were studied under dif-
ferent reforming temperatures in a thermo-catalytic reform-
ing reactor. The reforming temperature range was between
500 and 700 °C. The article concluded that the bio-oil from
thermo-catalytic reforming process contained the higher
calorific value of 34.9 and 35.0 MJ/kg for both biomasses
and obtained higher H, yield (Santos et al. 2020). The gen-
eration of tar content was highly influenced by changing
the temperature. 50 °C increment from 750 °C reduced tar
production by half and 50 °C decrement doubled the amount
of tar production (von Berg et al. 2021).

Thermal treatment of municipal solid waste was done in
a fixed bed reactor and was inferred that temperature influ-
ences the char and tar yield of dry gas product. Studies show
that by raising temperature from 600 to 900 °C, the gas yield
can be maximized whereas the char and tar yield got reduced
(Luo et al. 2010).

Particle size

The sizes of solid wastes are generally not uniformly dis-
tributed and need to be brought to uniformity and optimum
size for best reactor outputs. The smaller size of particles
offers higher surface area and particles get actively involved
in enhanced heat and mass transfer (Mishra and Upadhyay
2021). A mixture of agricultural, forestry and industrial
wastes was processed and crushed into particles of pre-
scribed sizes. The reduction in size of particles enhanced
the product quality. Particle size of 0.5 mm gasified in an
entrained flow gasifier resulted in maximum fuel conversion
(91.4%) (Hernandez et al. 2010).

The effect of particle size on dry gas yield was studied
with three municipal solid waste feeds of different size
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regimes, viz., less than 5 mm, 5-10 mm and 10-20 mm in
a fixed bed reactor. Smaller particle size resulted in faster
heating rates apparently for two reasons. One is the avail-
ability of larger effective heat transfer surface area during
thermal treatment and the other was gas diffusion augmented
reaction kinetics. The H, and CO content increased from
18.3 to 22.4% and from 22 to 26.5%, respectively, with
reduction in particle size (Luo et al. 2010).

Heating rate

Heating rate highly influences the performance of all ther-
mal and thermochemical processes, particularly the yield of
char, calorific value of fuels-derived and tar products during
pyrolysis. An experiment was performed to study the effect
of pyrolysis heating rate using plant biomass. Pyrolysis
was carried out at 500 °C and 765 °C in the heating rate of
0.5 °C/s and 180 °C/s, respectively. Faster heating rate was
found to decrease char yield and increase the yield of tar and
total volatile content (Safdari et al. 2019).

The physical structure of char formed by devolatilization
of bituminous coal and lignite was observed to be a func-
tion of heating rate; the high heating rate of lignite produced
char with comparatively high internal surface area. The high
heating rate favored devolatilization of low ranked coal and
biofuel production thereby (Liu et al. 2020).

The influence of pyrolysis heating rate was studied at four
different temperatures (450, 488, 525 and 600 °C) at the
rate of 15 °C/min and 180 °C/min with waste polypropylene
plastics in a bench-scale reactor under atmospheric and vac-
uum condition. The total yield of condensable products was
maximum (93%) at 525 °C and slow heating rate in vacuum
condition. Lower heating value was observed at high tem-
perature due to the formation of aromatic compounds. The
experiment was concluded to use pyrolysis under vacuum
if diesel compounds are targeted as the fuel product (Parku
et al. 2020).

An investigation on combustion and co-combustion char-
acteristics of raw and torrefied poultry litter and blends of
raw and torrefied poultry waste with lignite was studied
at the heating rate of 5, 10, 20 and 30 °C/min. The lower
heating rates showed effective heat transfer in the particle,
while high heating rates significantly increased the combus-
tion performance indices. Among the samples, raw poultry
litter resulted in better combustion reactivity and torrefied
poultry litter sample yielded high heating value from 13,932
to 18,903 kJ/kg with increasing torrefaction temperature
(Atimtay et al. 2020).

Reactor type

Choice of reactor depends on feedstock (physical and
chemical parameters), size of production and operating

@ Springer

parameters. Operating conditions in each reactor may vary
depending on the chemical nature and physical properties of
feedstock (Raheem et al. 2020). A few prospective reactor
types reported by researchers are discussed in this section.

The gasification study of coconut shells and palm kernel
shells using downdraft fixed bed reactor showed the effects
of temperature and characteristics of tar produced. The study
confirmed that downdraft gasifier to be the most suitable one
for combined heat and power electricity generation because
the downdraft gasifier minimizes tar content in the product
(Yahaya et al. 2020).

The different interactions between char and tar model
were studied in fluidized bed reactor during gasification with
steam. The interaction between char and tar yielded showed
increased H, production. But the catalyst (dolomite) used
in steam gasification process showed low attrition resist-
ance and was considered as inappropriate for fluidized bed
reactor (Morin et al. 2018). A novel membrane film reac-
tor was developed for biogas upgrading and liquid chemical
production and achieved hydrogen conversion efficiency to
the maximum of 98.1% (Zhao et al. 2020).

A novel continuous membrane reactor was developed
with microporous TiO,/Al,0; membrane. The reactor was
packed with potassium hydroxide catalyst supported on palm
shell biochar for bio-diesel production. The result showed
that 94% bio-diesel conversion was achieved in the reactor
at 70 °C (Baroutian et al. 2011). Microwave reactor was
examined by many researchers on account of clean produc-
tion and thermal efficiency of the biofuel (Phongprueksathat
et al. 2019). In addition, microwave reactor showed certain
limitations such as controlling microwave power and tem-
perature in order to reduce the process repeatability (Raheem
et al. 2020).

Residence time

Higher residence times offer more time of contact with
the feedstocks, catalyst and other materials involved in the
treatment. However, the resultant decrease in velocity dur-
ing continuous operations may have inhibiting effects. The
mean residence time of biomass conversion in an air blown
bubbling fluidized bed gasification has been studied. The
devolatilization and extinction time were measured. The
study concluded that both values decreased with increasing
feed rate and increasing air flow rate. With increasing resi-
dence time, the efficiency of gasification process increases
to a particular extent (Agu et al. 2019).

Longer space residence time inside the entrained glow
gasifier for the treatment of agricultural, forestry and indus-
trial wastes achieved by low air flowrate enhanced the CO/
H, content, old gas efficiency and fuel conversion (Hernan-
dez et al. 2010). The increase in residence time during selec-
tive non-catalytic reduction in a laboratory-scale laminar
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flow reactor reduced the NO, emission and decreases the
amount of undesirable pollutants and increases the amount
of biofuel that can be achieved (Liang et al. 2014).

Techno-economic aspects of thermochemical
treatments

Techno-economic analysis is used to estimate the cost and
profitability of the system and investigate the feasibility in
both technical and economic perspectives. Further, sensi-
tivity analysis is performed to point out the main factors
which influence the economic value and uncertainty. The
supercritical water gasification (SCWGQG) process was eco-
nomically analyzed for high energy conversion efficiency
and environmental benefits. The pre-treatment processes
like drying can be eliminated because supercritical water
gasification can directly handle wet materials.

The factors affecting economic benefits of supercritical
water gasification process are operation condition, system
capacity and yield. The supercritical water gasification
process inferred that increase in system capacity, feedstock
concentration and reaction temperature can help in reducing
hydrogen production cost. The average hydrogen production
cost was calculated as 3.80 $/kg from various supercritical
water gasification processes. When compared with other
hydrogen production techniques, the H, production cost
from supercritical water gasification processes is fairly low
(Chen et al. 2020a).

The economic feasibility of the supercritical water gasifi-
cation process for combined heat and power production and
H, production from black liquor using stainless steel 316
and Inconel 625 as reactor materials was analyzed. The cost
of energy produced from flue gas and that of raw materi-
als were considered as major expenses. The study inferred
Inconel reactor to be cost-effective than stainless steel. Fur-
ther studies are required toward scale-up process due to the
uncertainty of effects of catalysts on the reactor material
(Ozdenkgi et al. 2019).

Municipal solid waste fired combined cycle plant for
energy production and the unit cost of electricity as the
economic characteristic of the plant was estimated. The
net electricity of about 3 MW per day with annual produc-
tion of 12,500 MW was observed along with 44% overall
efficiency. The small-scale off-grid plant was found to be
beneficial for sustainable energy generation from municipal
solid waste with expected unit cost of electricity to be INR
8/kWh (0.1235 $/kWh) (Mondal 2021).

Gasification-based chemical recycling, direct incinera-
tion and indirect incineration for municipal solid waste
treatment were compared in an economic perspective. In
comparison with incineration method, chemical recycling
curbed greenhouse gas emission effectively but chemi-
cal recycling requires higher fixed capital investment.

The study suggested that the economic performance of
chemical recycling can be improved by integrating multi-
ple treatments in a single large-scale chemical recycling
plant (Voss et al. 2021).

The experimental study for bio-heavy oil production
operated with 100 tons per day of sewage sludge in super
and sub-critical water conditions and economic feasibility
of the process was examined. The total capital investment
of bio-heavy oil production was $15.1 million and $14.3
million using super and sub-critical water, respectively. The
lower capital and production cost was noted in sub-critical
water condition and considered as more economical. The
work analyzed the total production cost as $2.1 million per
yr. for both bio-heavy oil production variants; the net min-
imum fuel selling price of two plants was approximately
0.913$/L where the actual selling price was 0.55$/L.

The return on investment was higher in sub-critical water
(6.6% per yr.) when compared to supercritical water (5.7%
per yr.). Sensitivity analysis was also performed and showed
that sewage sludge treatment had a great economic impact
than bio-heavy oil price. The experiment concluded that bio-
heavy oil production with sub-critical water was profitable
than when carried out with supercritical water condition (Do
et al. 2020).

The economic performance of waste valorization using
thermochemical reforming was analyzed. Two agricultural
wastes, olive wood pruning and digestate were used for
energy conversion. The results showed that high-quality bio-
char production was a major benefit of the thermochemical
reforming process. The study showed that the best perfor-
mance can be obtained only if combined heat and power
units were installed (Moreno et al. 2020).

The economic feasibility of integrated pyrolysis and
combined heat and power unit with the organic fraction
of municipal solid waste was reported. The pilot-scale
tests showed that a plant operating with 5 tons per hr. feed
flowrate can generate 4.4 MW of electricity and 5.3 MW
of thermal energy with 27.2% overall electrical efficiency
and 59.7% combined heat and power efficiency. The capital
investment and leveled cost of electricity for this laboratory-
scale plant was estimated to be £27.64 million and £0.063/
kWh. Sensitivity analysis indicated that the most influen-
tial factors in this work were feedstock cost, electric power,
enhancing the plant availability and productivity of fuel and
reducing equipment cost (Yang et al. 2018).

The comparison study was conducted between fluidized
bed gasifier at low temperature (870 °C) and entrained flow
gasifier at elevated temperature (1300 °C) using corn stover
as feedstock to estimate the capital and production costs. The
results showed that the entrained flow gasifier requires extra
investment when compared to the fluidized bed gasifier and
the cost of product fuel was expected in the range of $4-5
per gallon. Sensitivity analysis showed that the feedstock
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purchase cost and total capital cost highly influenced the
product value (Swanson et al. 2010).

The economic feasibility of the fluidized bed gasifier and
entrained flow gasifiers for biomass gasification process was
analyzed. The study reported that the economic efficiency
of entrained flow gasifier was 11% higher than that of flu-
idized flow gasifier. In addition, the minimum fuel selling
amount of the fluidized bed gasifier was found to be $0.3 per
kg, which was lesser than that of the entrained flow gasifier
(Salkuyeh et al. 2018).

Life cycle assessment and controlling
emission from thermochemical treatments

Life cycle assessment is necessary to study the environ-
mental impact and sustainability of biofuel production
(Fig. 4). The life cycle assessment is focused on the reduc-
tion of greenhouse gas emission from biofuel production and
includes the evaluation of emission factor, which is related
to global warming potential, energy consumption, particu-
late matter emission, aquatic freshwater eutrophication and
acidification. The discharge of pollutants such as NO,, SO,,
CO,, CO and particulate matter from the thermochemical
treatment of municipal solid waste for biofuel production
was discussed in this section. The abatement of emission
was examined by many researchers and most of the study
showed that catalyst and municipal solid waste ratio played
a vital role in emission control.

The life cycle assessment of catalytic gasification for H,
production using wheat straw as feedstock was studied. The
process was divided into five units, namely, biomass col-
lection and pre-treatment (P,), biochar catalyst preparation
using fast pyrolysis (P,), two-stage pyrolysis—gasification
unit (P5), product separation unit (P,) and H, distribution to
downstream plant (P5). The study showed that the product

Collection and
pre-treatment

Product separation
unit

Reforming or
valorization

ﬁ

| Hydrogen production

Fig.4 Life cycle stages for sustainable production of hydrogen
through reforming from different feedstocks from thermochemical
treatments are presented
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separation unit (P,) was found to generate higher greenhouse
gas and resource depletion impacts (Loy et al. 2021).

The valorization of bio-oil using supercritical reforming
followed by low temperature Fischer—Tropsch process was
studied. The life cycle assessment studies were performed
in the three case studies chosen in a comparative way (with
or without CO, storage). They were (i) complete reforming
of natural gas to H,, (ii) reforming partial fraction of aque-
ous phase and (iii) aqueous phase reforming to H,. Out of
these, the second case study with CO, storage showed the
lowest global warming potential impact and reported the
significant reduction of emission with respect to fossil fuel
(Ortiz et al. 2020).

The investigation on an innovative management of waste
electrical and electronic plastics which includes treatments
such as sorting, dissolution or precipitation, extrusion, cata-
lytic pyrolysis and plastic upgrading was conducted. The life
cycle assessment showed that this method could enhance
the environmental performance by improving 580%, 60%
and 17% of global warming impact, carcinogenic impact
and non-renewable energy impacts, respectively, and also
inferred that the waste management is sustainable only
if waste exportation and improper treatment is reduced
(Ardolino et al. 2021).

The life cycle assessment for torrefied pellets using rice
husk in four different temperatures and torrefaction medium
was investigated. The torrefaction process was carried out
in inert medium at 240 °C, 30 min (case 1), inert medium
at 300 °C, 30 min (case 2), partially oxidative medium at
240 °C, 30 min (case 3) and partially oxidative medium
at 300 °C, 30 min (case 4). Among these, case 4 yielded
the best life cycle assessment report followed by case 3 in
the context of process and environmental oriented impacts
(Thengane et al. 2020).

The life cycle assessment studies for solar-based hydro-
gen production in oil and gas industries were conducted. The
study compared two fossil fuel-based such as steam methane
reforming and coal gasification and two solar based such as
photovoltaic and solar thermal electrolysis hydrogen produc-
tion pathways. The result stated that the total greenhouse
gas emissions were 10.28, 11.59, 3.08, 2.06 kg CO,/kg H,
for steam methane reforming, coal gasification, photovol-
taic electrolysis and solar thermal electrolysis, respectively.
The greenhouse gas emission was higher for construction
of solar plant than for hydrogen production units (Sadeghi
et al. 2020).

The influence of municipal solid waste ratio (0, 20 and 40
wt%) on all emissions was presented for electricity power
generation from co-gasification of pelletized municipal
solid waste and chopped switchgrass in certain ratios. The
result showed that CO, NO, and CO, emissions decreased,
at the same time hydrocarbons and SO, emissions increased
with increasing municipal solid waste ratio. In addition, the
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author evaluated the generation of emission for five differ-
ent engine loads (1, 2, 3, 4 and 5 kW) and reported that CO,
NO,, CO, and SO, decreased with increasing load except
hydrocarbons (Indrawan et al. 2018).

Particulate emission from gasification and pyrolysis of
biomass under 500, 600 and 700 °C was studied. The par-
ticles emitted from gasification and pyrolysis process were
mainly under the size range of 0.25-1 pm and 1-2.5 ym,
respectively. The result showed that the highest proportion
of particles in the emission were ranging from 0.25 to 1 pm
due to their size-dependent volume concentration, which is
about 39.60%, 51.94%, 58.14%, 43.08%, 53.16%, 65.29%
for 500 °C gasification, 600 °C gasification, 700 °C gasifica-
tion, 500 °C pyrolysis, 600 °C pyrolysis, 700 °C pyrolysis,
respectively (Yao et al. 2018).

The influence of mixed waste ratio on emission was stud-
ied using five different wastes such as domestic garbage,
sludge and swill waste along with coal and grass biomass in
circulating fluidized bed at 850 °C. The result reported that
the NO, emission was reduced by adjusting the ratio and
the dioxin emission was lower than the emission standard.
However, the emission of mercury, lead and combinations of
chromium, tin, antimony, copper and manganese were sig-
nificantly high and exceeded the pollution control standard
(Zhang et al. 2015).

The toxic polychlorinated dibenzo-p-dioxins and diben-
zofurans were found in emission from torrefaction process
of municipal solid waste, refused solid waste and construc-
tion and demolition wood from batch-scale reactor at 220 °C
and residence time of 90 min. The result showed that the
municipal solid waste—construction and demolition waste
emit lower toxic matter than residual-derived fuel blends
(Edo et al. 2017).

The cytotoxicity of fine particles emitted from municipal
solid waste and biomass combustion was examined. Fine
particles with diameter less than 2.5 um from municipal
solid waste and biomass combustion was subjected to cyto-
toxic test on human adenocarcinoma alveolar basal epithelial
cells (A549) and normal human bronchial epithelial cells
(BEAS-2B) and reported that municipal solid waste emit-
ted significantly higher content of heavy metals (Pb, Zn and
Cu) and dioxins than biomass, which caused most severe
cell injury on BEAS-2B cells than A549 (Shang et al. 2019).

The impact of changes in pre-treatment of rice straw
combustion on particulate matter size range 1-10 was
investigated. The author introduced the combination
of water washing, viz., water washing after torrefac-
tion (W-T), torrefaction after water washing (T-W) and
hydrothermal carbonization under certain conditions such
as oxy-fuel condition (oxy30 and oxy50), long leaching
time (24 h), large H,O to biomass ratio (40:1). The result
showed that W-T ratio (1:40) was suitable for particulate
matter size PM; emission under oxy50 condition and W-T

ratio (1:10) was suitable for PM,, emission under both
combustion condition for practical application (PM: par-
ticulate matter) (Wang et al. 2020).

The co-combustion of rice husk and coal was carried on
drop tube furnace at 1300 °C and studied the formation of
PM,, (particle size 10 pm) from combustion of raw rice
husk, torrefied rice husk and blends with lignite. The result
showed that the co-combustion of coal and torrefied rice
husk emitted less PM, but more PM, _,, than co-combustion
with raw rice husk (Han et al. 2019).

Nitrous oxide emission from household waste, viz., food
and non-food waste under different O, concentrations (21%,
10% and 1%) was studied. The result showed that the N,O
emission of food waste was decreased with decrease in O,
concentration. On the contrary, the N,O emission of non-
food waste increased with decrease in O, concentration. The
study concluded that the non-food waste showed maximum
N,O emission when compared to food waste (Feng et al.
2020).

The greenhouse gas emission of biochar obtained from
Mangifera indica seeds and Passiflora edulis shells via
torrefaction process at 210-300 °C was investigated and
compared the emission performance with coal. The result
showed that greenhouse gas emission from obtained biochar
was significantly low when compared with combustion of
coal and co-firing 10-20% of biochar and coal effectively
mitigated the greenhouse gas emission (Lin et al. 2021).

Plastic waste was subjected to laboratory-scale pyrolysis
process at 500+ 30 °C with and without catalyst (fly ash and
zeolite). The catalyst to feed ratio was 1:10. The engine test
showed that using blend fuel (80:20; diesel: plastic pyrolytic
oil) reduced oxides of nitrogen and hydrocarbon emission,
when compared to pure diesel or pure pyrolytic oil (Singh
et al. 2020).

The emission characteristics of pyrolytic oil obtained
from mixed plastic waste using Fe,O; doped Al,O; were
examined. Pyrolytic oil to diesel fuel ratio (25:75) with
25 ppm of Al,O5 was tested by using as fuel in water cooled
diesel engine and resulted that the addition of Al,O; effec-
tively reduced the hydrocarbon and CO, emission. In addi-
tion, NO, emission reduced than pure pyrolytic oil and die-
sel fuel (Sekar et al. 2021).

The emission of CO, NO, and particulate matter from
paper briquettes along with wood briquettes, coal briquettes
and kindling firewood was investigated. The result showed
that higher CO concentration was obtained from paper and
coal briquettes. Furthermore, paper briquettes emitted the
highest NO, level. The burning of paper briquettes and wood
generated particulate matter with diameter of 72 and 68 nm
than coal and kindling firewood (45 and 51 nm). Overall,
the study reported that using paper briquettes for domestic
heating purpose will not cause severe exposure of particulate
matter, CO and NO, (Xiu et al. 2018).
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Perspective

The design of reactors for continuous processes and capi-
tal cost are the major challenges in commercializing the
production of biofuel via thermochemical treatments of
municipal solid waste which could withstand high tem-
perature, high pressure, attrition of catalysts and feedstock
biomass. Free radical production is one of the important
demerits in co-gasification process and the mechanism is
still unknown due to the lack of detection methods of free
radicals. Research studies to explore free radical issue
will be of greater scope in alleviating the limitation of co-
gasification processes and make the process prospective
on commercial scales. Additionally, studies are needed to
integrate two or more thermochemical treatments to give a
better energy output. The integration could be torrefaction
with pyrolysis, torrefaction with gasification, anaerobic
digestion with gasification. The integrative approaches are
modeled based on the influence of feedstock composition,
optimum operating conditions required, techno-economic
and sensitivity analysis.

Furthermore, life cycle assessment studies are required
for the waste valorization via integrated pathways. Micro-
wave-assisted and plasma-assisted treatments were stated
in various research works, but microwave-assisted are hin-
dered by a lack of understanding in industrial microwave
heating applications. However, plasma-assisted solution
has been proven as the best method for disposing munici-
pal solid waste and should be made accessible and avail-
able at suitable prices by innovative design in municipal
corporations.

Liquid fuel obtained via pyrolysis process is considered
as the best alternative, but the fuel has to meet the govern-
ment standards prior to commercial usage. Investigations
on the fabrication of novel catalysts, promoters and sup-
port materials to enhance the selectivity, productivity and
activity with no or little effects on coking, sintering and
poisoning can be carried out. Determining the degradation
pathways using computational and modeling approaches to
generate fuel and energy from the municipal solid wastes
in eco-friendly and energy efficient operations can bring
an insight to build technologies on this domain that can
cater human needs.

Conclusion

The step-by-step implementation and proper management
of municipal solid waste generation are obligatory at local,
national and global levels to have a pollutant free environ-
ment. Thermochemical treatment for municipal solid waste

@ Springer

has been considered as one of the most promising tech-
nologies to convert solid waste into useful and profitable
products. This review presents the various thermochemical
treatments for municipal solid waste and reforming meth-
ods for enhanced biofuel products and reports pertaining
to the emission of undesirable products and their impacts
on environment are reviewed. The limitations and prag-
matic challenges were alleviated by several modifications
in the existing technology for practical implementation.
Heterogeneous catalysts were used in several works for
better catalytic properties yielding promising potential
than homogeneous catalysts. Catalysts used in reforming
processes for H, production and life cycle assessments
were briefly reviewed.
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