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Abstract: Biodiesel is an emerging substitute for petroleum-based products. It is considered an
ecologically safe and sustainable fuel. The high cost of biodiesel production is linearly related to its
feedstock. Crude glycerol, which is a by-product of the biodiesel industry, is also a major challenge
that must be addressed. A large volume of crude glycerol needs to be disposed of, and this involves
processing, dumping, and land requirements. This increases the cost of biodiesel production. One
way to decrease the cost of biodiesel production is to utilize its by-product to make valuable products.
Crude glycerol can be processed to produce a variety of chemicals and products. The present
utilization of crude glycerol is not enough to bring down its surplus availability. Thermochemical
conversion processes can utilize crude glycerol as a starting feedstock and convert it into solid, liquid,
and gaseous fuels. The utilization of crude glycerol through integrated thermochemical conversion
processes could lead to an integrated biorefinery. This review paper highlights the research scope
for areas where crude glycerol could be utilized as a feedstock or co-feedstock in thermochemical
conversion technology. Various thermochemical conversion processes, namely, gasification, pyrolysis,
combustion, catalytic steam reforming, liquefaction, and supercritical water reforming, are discussed
and shown to be highly suitable for the use of crude glycerol as an economical feedstock. It is found
that the integration of crude glycerol with other thermochemical conversion processes for energy
production is a promising option to overcome the challenges related to biodiesel production costs.
Hence, this paper provides all the necessary information on the present utilization status of crude
glycerol in thermochemical conversion processes, as well as identifying possible research gaps that
could be filled by future research studies.

Keywords: crude glycerol; biodiesel; gasification; pyrolysis; liquefaction; steam reforming

1. Introduction

Global warming and crude oil depletion are two of the greatest challenges of the 21st
century [1]. Both these concerns must be effectively addressed by the scientific community
by proposing substitutes for fossil fuels in order to maintain a sustainable society [2]. At
present, fossil fuels are the dominant source of energy generation, which ultimately leads
to the emission of greenhouse gases (GHGs) [3]. The excessive penetration of CO; into the
atmosphere is causing climate change globally as well as regionally [4]. GHGs also have a
lethal effect on human health [5]. The National Oceanic and Atmospheric Administration
reported in 2019 that the CO, concentration in the atmosphere was 407 ppm [6]. If the
CO; concentration continues to grow, there will be an average increase of 1.1-6.4 °C in the
world’s temperature by the end of this century [7]. Renewable sources of energy show great
promise in this scenario. Renewable energy sources, such as biomass energy, solar energy,
wind energy, and geothermal energy, are green energy resources for energy production [8].
These renewable sources have great importance when there is energy storage to resolve
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the problem of their intermittency [9]. Both the concerns of environmental protection
and energy security can be catered to by exploiting renewable sources of energy [10].
Biomass has great potential in this context, as it is renewable and works on the basis of the
carbon fixation process [11]. During its utilization, biomass only releases the amount of
CO; that it has consumed during the photosynthesis process of its growth [12]. However,
briefly, the most commonly used biomass materials for energy generation and for the
synthesis of different chemicals are agricultural waste residues as they do not compete
with food crops [13]. Worldwide, biomass makes a significant contribution of about 15% of
the total renewable energy consumption. This share is approximately 90% in rural areas
of developing countries, as biomass is the primary and most easily accessible source of
energy [14]. There are three main conversion processes for the transformation of biomass
into different products. The selection of the conversion route depends on the required end-
product [15]. The three biomass conversion technologies are thermochemical conversion,
biological conversion, and chemical conversion [16]. Figure 1 represents an overview of
these biomass conversion technologies.

o Gasification (syngas;CO + H,)

o Pyrolysis (bio-oil, biochar, syngas)

o Combustion (thermal heat)

o Hydrothermal carbonization (hydrochar)
o Liquefaction (bio-oil)

o Steam reforming (H,)

Thermochemical
Conversion

o Anaerobic Digestion
(biogas;CH, + CO,)
o Fermentation
(ethanol)

Biological
Conversion

Biomass

o transesterification

Chemical
Conversion

I (biodiesel)

Figure 1. Biomass conversion technologies.

Biodiesel produced by the chemical conversion process of biomass is the best alter-
native to fossil fuel-derived diesel. It has many advantages over conventional fuels, and
its share is continuously expanding in the commercial fuel market [17]. In 2017, a report
by the Organization for Economic Co-operation and Development (OECD) stated that
the world biodiesel production was around 36 billion liters in the respective year [18].
The biomass feedstock for biodiesel production varies across different regions [19]. For
example, palm oil is the dominant biomass material for biodiesel production in Malaysia,
whereas soybean oil is dominant in the USA and rapeseed in Europe. With a biodiesel
production capacity of 13.5 billion liters, the European Union held the position of the
largest producer of biodiesel in the year 2017, followed by the USA with a production
capacity of 6.9 billion liters [20]. However, the high production cost of biodiesel hinders its
complete commercialization to replace petrodiesel. The cost of the biomass feedstock is
the leading parameter that makes up the cost of the biodiesel produced [20,21]. One way
to overcome this problem is the utilization of the by-product of the biodiesel production
process for various purposes [22]. Glycerin, most commonly known as glycerol, is the
by-product of the biodiesel production process [1-3]. Nearly 5 kg of crude glycerol is
produced for the production of approximately 46 kg of biodiesel [23-26]. The utilization
of this non-toxic material with the potential to be used in versatile applications could
lead to declining biodiesel costs [27]. Among the various utilization options, the most
lucrative application for glycerol consumption is to use it as a feedstock in thermochemical
conversion processes. All the thermochemical conversion processes have strong potential
for massive-scale utilization of glycerol as a feedstock material. Before using crude glycerol
or any other lignocellulosic biomass in bioenergy production, it can also undergo different
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processes, among which pretreatment plays an important role in the yield, productivity,
and quality of the products [4-6]. The penetration of biofuels into existing energy sys-
tems has an important role in the development of smart and clean cities. Therefore, the
production of crude glycerol from the biodiesel industry will continue to grow [7,8].

The unique structure of glycerol is responsible for its properties that make it a promi-
nent candidate for numerous applications [28-33]. Glycerol has a hygroscopic and water-
soluble nature, which is due to its backbone containing three carbon atoms along with three
hydrophilic hydroxyl groups [34]. Without any chemical treatment or purification step, it
is called crude glycerol [35]. The purity of crude glycerol varies between 60% and 80%,
while commercially synthesized or pure glycerol has 99.5-100% purity. Impurities in crude
glycerol are alcohol, inorganic/organic salts, water, heavy metals, monoglycerides, soap,
fatty acid methyl esters, free fatty acids, non-glycerol organic matter, ash, and diglyceride
traces [35]. The density, pH, viscosity, color, ash content, and water content of crude glyc-
erol and pure glycerol are 1.01-1.20 and 1.30 kg/m3, 2.0-10.8 and 6.4, 1213 and 930 mPa-s,
dark brown and colorless, 2.7-5.7% and nil, and 1-28.7% and nil, respectively [36,37]. Pure
glycerol is the main feedstock for the production of pharmaceutical products, beverages,
surfactants, cosmetics, food additives, lubricants, and many more items. The purification
of crude glycerol on both small and large scales is an expensive process. The impurities in
crude glycerol make the purification process costly, so the areas where it can be utilized in
crude form are of great importance [38].

Many researchers have already reviewed the possible applications of glycerol for its
utilization. Leoneti et al. [35] reviewed studies on the utilization of crude glycerol as a
raw material for chemical production, hydrogen production, fuel additive production, and
development of fuel cells. Vivek et al. [35] reviewed strategies for the development of waste
to wealth by transforming crude glycerol into value-added chemicals. Okoye et al. [39,40]
reviewed reactor systems that can be used for the synthesis of glycerol carbonate, which
is a valuable product made from crude glycerol. Monteiro et al. [41] reviewed patents
related to the utilization of crude glycerol between the years 1993 and 2015; the results
indicated that the major use of crude glycerol is in synthesizing different chemical products,
production of polymer compounds, and the production of biogas. Agilah et al. [42]
reviewed the electrochemical conversion of crude glycerol and the factors that affect the
reaction pathways, rate of reactions, product selectivity, and yields. Electrochemically
converted glycerol has many uses in the pharmaceutical, cosmetics, food, and polymer
industries. Dou et al. [43] and Haron et al. [44] reviewed the potential of crude glycerol as
a feedstock for hydrogen production. The price of crude glycerol is continuously dropping
on the market as biodiesel production is unceasingly increasing [45].

However, since the abundant quantity of crude glycerol needs to be accommodated in
vast applications, it would be helpful to highlight its utilization potential in many other
research areas as well. Presenting its utilization needs in different areas will contribute
towards its quick exhaustion. Therefore, this work aims to provide a comprehensive review
from the renewable perspective with a focus on the utilization of crude glycerol from the
biodiesel industry as a feedstock/co-feedstock for thermochemical conversion processes.
As per the literature review, there is no review available that focuses on the valorization of
crude glycerol with thermochemical conversion processes. The authors believe that this is
the most practical and beneficial way of bringing down the processing cost of biodiesel.
The objective of this review is, therefore, to present the potential of crude glycerol as
a feedstock/co-feedstock for thermochemical conversion processes such as gasification,
pyrolysis, combustion, catalytic steam reforming, liquefaction, and supercritical water
reforming. The readers will learn about the current status of crude glycerol formation from
the biodiesel industry, insights into different thermochemical conversion processes, and
schemes through which these integrated conversion processes can be optimized together
with bringing down the cost of biodiesel production.

Crude glycerol as a feedstock/co-feedstock is assessed with the following six thermo-
chemical conversion processes:
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CH,
CH

CH,

Biomass gasification

Biomass pyrolysis

Biomass combustion
Catalytic steam reforming
Liquefaction process
Supercritical water reforming

SRR

The concept of hybrid conversion processes, in which a by-product of the chemical
conversion process is utilized as a feed /co-feed for thermochemical conversion processes,
appears to be the most suitable way of utilizing crude glycerol without any purification
step. The outcomes and possibilities for future research studies are presented for each
hybrid process investigated from the available research studies in the literature.

2. Chemical Conversion of Biomass Material

Transesterification of biomass is the most common conversion process for the production
of biodiesel [9-11]. The process has attracted great attention in recent years because a variety of
vegetable oils can be converted into products with technically favorable fuel properties [12,13].
Biodiesel is the main product of this imperative chemical conversion process. The viscosity of
the vegetable oil is reduced and brought into a range comparable to conventional petrodiesel
fuel [46-51]. The most commonly used plant oils are canola, babassu, palm, crambe, sunflower,
jatropha, soyabean, caster bean, and oilseed radish [52]. The transesterification process is
also known as simply alcoholysis because the vegetable 0il is made to react with alcohol [53].
The most frequently used alcohols are ethanol and methanol as these are easily and cheaply
available. The process converts the triglycerides into esters in the presence of a catalyst [54].
The most common factors that affect the transesterification process are reaction time, catalyst
type, alcohol to oil ratio, and reactants” grade [14-18].

The transesterification process can be classified as either catalytic transesterification or non-
catalytic transesterification [55-60]. Catalytic transesterification processes have some limitations.
These processes are time-consuming and need a separation process for the mixture of oil, catalyst,
alcohol, and saponified impurities in the biodiesel [61]. The supercritical transesterification
process requires no catalyst during the conversion process and involves no saponification.
However, the supercritical transesterification process is limited due to the requirements of
high pressure and temperature, which raise the cost of the biodiesel [62]. Acid-catalyzed
transesterification is used when the free fatty acid (FFA) content in the oil is more than 1%. The
process decreases the FFA amount and increases the yield of alkyl esters [63]. Base-catalyzed
transesterification is used when the FFA is less than 1%. This involves the conversion of
triglycerides into alkyl esters and glycerol. The less dense biodiesel is removed from the bottom
denser layer of glycerol by the separation process. The separated biodiesel is washed with water.
Anhydrous sodium sulfate is used to dry the biodiesel [64]. The generalized equation for the
transesterification process can be seen in Figure 2. Furthermore, Figure 3 gives an overview of
the acid-catalyzed and base-catalyzed transesterification processes.

0 0
[ |
(0] C R CH 0] C R
0 1 | ’ 0 " CH, — OH
/ / |
o) C R e 0 C R
2 -+ 3CH,0H |3 g CH —OH
I
0 G R CH 0] & R
L 3 ;] - R
0 o)
Triglycerides Methanol Methyl Esters Crude glycerol

Figure 2. Transesterification reaction for biodiesel production (adapted from [65]).
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Figure 3. An overview of catalytic and non-catalytic transesterification processes (adapted from [66]).

The following are the advantages of biodiesel when compared with conventional
petrodiesel [19,20]:

1.  Biodiesel releases reduced emissions such as CO,, CO, SO,, PM, and HC compared
with petrodiesel.

2. Biodiesel production is easier than fossil-based diesel production.

3. It makes the vehicle accomplish improved efficiency because it has a cetane number
of over 100.

4.  Biodiesel does not need to be drilled, transported, and refined like petrodiesel.

5. When biodiesel is produced locally, it becomes more economical than petrodiesel.

6. Biodiesel has improved fuel characteristics in terms of sulfur content, flash point,
aromatic content, and biodegradability.

7. Higher combustion efficiency and no engine modification required till B20.

In addition to the above-mentioned advantages of biodiesel over petrodiesel, re-
searchers are now also investigating the effects of biodiesel on engine performance and
characteristics. Hoang el at. [67-70] evaluated and analyzed the origination and mechanism
of deposits formed in the injector of diesel engines running on biodiesel or biodiesel blends.
The influence of three main factors, namely, fuel components, temperature, and injector
configuration, on the level of formed deposits was analyzed. It was suggested that the oxy-
gen content and incomplete combustion are the leading causes that should be addressed to
overcome biodiesel-based deposits and meet the standards of petrodiesel. In another study,
Hoang el at. [71] suggested that the same engine performance can be achieved by using
different compositions of biodiesel blended with petrodiesel. They found that using rice
bran-based biodiesel, a blend containing 20% v/v biodiesel with petrodiesel gave the most
efficient techno-economic performance in existing engines while mitigating environmental
concerns. Moreover, Hoang el at. [72] also suggested that the issue of corrosiveness of
some metal alloys, such as copper-based alloys, aluminum-based alloys, cast iron, carbon
steel, and stainless steel, in existing petroleum-based diesel engines due to fueling with
biodiesel can be eradicated with different strategies. Higher corrosiveness due to biodiesel
as compared to petrodiesel appears to be due to its higher hygroscopicity, higher electrical
conductivity, higher polarity, higher solvency, higher oxygen content (promoting microbial
growth), and auto-oxidative nature (generating corrosive agents). They concluded that
biodiesel can be made fit to use in existing engines by the development of novel alloys
coated by layers resistive to biodiesel and doping of biodiesel with corrosion inhibitors.
Biodiesel has been emerging as a promising biofuel strategy for reducing toxic emissions
and improving engine performance. Computational approaches, such as artificial neural
networks (ANNSs), could provide a good ability to predict the engine behaviors with an
accuracy higher than 95% [73].
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Concerning the amount of crude glycerol that is produced during the transesterifica-
tion process, it is estimated that for every 1 m? of biodiesel produced, 0.1 m? of glycerol is
also produced. The volumetric ratio for biodiesel to crude glycerol production is 10:1 [74].
In 2015, the worldwide biodiesel production was estimated to be 30 million m?, which
means approximately 300,000 m? of crude glycerol was produced [47]. As the boom in the
biodiesel industry continues, there will be a further increase in the amount of glycerol. In
2011, only 40% of the total 5 million tons of glycerol was utilized and the remaining was
all left over [74]. The growing volume of crude glycerol from biodiesel production is a
growing concern for the sustainability of this industry because of the high cost associated
with the disposal and purification. Crude glycerol is a versatile renewable material used in
many industrial and chemical industries [75]. It is mainly used in sweets, cakes, meats, and
cheeses as a humectant. It is also used in foods and beverages as a sweetener, solvent, and
preservative. This gives color and flavor to soft drinks [41]. The increased availability of
biodiesel has boosted the applications of crude glycerol. However, the present utilization
of crude glycerol is not capable of absorbing the total production [33]. Therefore, there
is interest in highlighting its potential uses in various other fields. In recent years, crude
glycerol has emerged as a potential feedstock to be used for thermochemical conversion
processes.

Other than the transesterification conversion process, there are also some other pro-
cesses to produce biodiesel such as pyrolysis, microemulsification, and blending [76].
Pyrolysis, the thermochemical route of biomass conversion, is employed at a temperature
above 350-800 °C to get a product distribution of biofuel, biochar, and synthesis gas. The
pyrolysis process is simple, pollution-less, and does not require washing or filtering. The
disadvantage lies in the need to have expensive equipment and high temperature and
pressure. Microemulsification involves mixing oil/fats into alcohol (solvent) and surfactant
until the required viscosity is obtained. The most significant advantage of this conversion
process is that it is pollutant-free, cheap, and simple in its operation. The limitations of
this process, such as moderate viscosity and lower stability, do not allow high-end applica-
tions [20]. Blending is just the mixing of vegetable oil with petroleum-diesel at a ratio of
10-40 wt./wt.% and merely using it in the diesel engine without any modification. This
process does not demand any technical improvements in the engine. The process can lead
to certain limitations with increased vegetable oil in petrodiesel due to higher viscosity,
less volatility, and improper atomization [77,78]. The transesterification conversion process
produces higher conversion with relatively lower cost, it has mild reaction conditions,
the biodiesel properties are closer to petrodiesel, and it is suitable for industrial-scale
production. The major disadvantages of this process are that it requires low free fatty acids
and water content in the feedstock, and that it involves possible side reactions, extensive
separation and purification, and huge wastewater generation [79].

3. Thermochemical Conversion Processes

Thermochemical conversion of biorenewable feedstock leads to the production of
various useful chemicals and fuels by the employment of different possible routes. The
biomass material can be converted into solid, gaseous, and liquid forms for the subsequent
production of thermal heat, electricity, chemicals, and liquid and gaseous fuels. The ther-
mochemical route of biomass conversion includes gasification, combustion, hydrothermal
carbonization, and pyrolysis technologies. Each of these conversion processes gives a
different type and composition of energy product [21-24]. Therefore, the methodology
of the present review paper is to evaluate the possibilities of utilizing crude glycerol in
different thermochemical conversion processes. Details of each respective thermochemical
conversion process are provided. Then, the previous research studies that involved the
utilization of crude glycerol as a feedstock/co-feedstock are presented to draw a conclusion
for that thermochemical conversion process. The review paper reveals the current status of
crude glycerol’s usage in different thermochemical processes and presents guidelines and
research gaps for conducting future research studies.
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3.1. Biomass Gasification

The biomass gasification process consists in partial oxidation of solid organic feed-
stock to produce a gaseous phase and a solid phase. The gaseous phase is known as
syngas, which has a higher heating value. Syngas can either be used for heat generation
(direct burning for thermal heat) or for power generation (electricity production through
generators). Syngas can also be converted into biofuels with the application of different
catalysts [80-84]. A typical composition of syngas consists of carbon monoxide (CO), hy-
drogen (H;), methane (CHy), and carbon dioxide (CO5). It also contains small amounts of
lighter and heavier hydrocarbons such as ethane, propane, and tars, respectively [85]. Tar is
an undesired component in syngas, which condenses at a temperature range of 250-300 °C,
and it also lowers the efficiency of the biomass gasification process [86]. The resultant
solid phase from biomass gasification is known as char. Char is the unreacted organic
fraction and inert material present in the treated biomass feedstock [87]. The gasification
of biomass takes place in the presence of a gasification agent. The most commonly used
gasifying media are air, Oy, CO,, and steam. The selection of gasifier carrier depend on
the requirements of the type and composition of end-products [88]. The lower heating
value (LHV) of syngas varies between 4 and 13 MJ/Nm3. The LHV of syngas adjusts in
relation to the biomass feedstock type, gasification technology adopted, and operational
conditions [89]. The biomass gasification process consists of four separate distinctive stages.
The main gasification reactions take place in the endothermic stages, and the required heat
is internally generated by the exothermic stage involving the partial oxidation of biomass
feedstock, reaching a temperature as high as 850-1200 °C [90]. The main stages of biomass
gasification and the main reactions are shown in Figure 4. Biomass gasification uses a
variety of biomass feedstocks, and in recent times, this technology has been extensively
used for the gasification or co-gasification of crude glycerol to produce syngas. A summary
of the studies available in the literature for gasification of crude glycerol is presented in
Table 1. It can be seen from the available research studies that gasification technology using
crude glycerol is a viable option to obtain a comparative syngas yield when lignocellulosic
feedstock is utilized. Moreover, in some studies, the utilization of crude glycerol as a
co-feedstock improved the syngas yield. Gasification using crude glycerol is therefore
undoubtedly a promising option; however, more research is required in using it with
different reactor configurations. Most research is done using fixed bed reactors, which
are mainly suitable for laboratory-scale investigations due to the convenient ash-handling
system. Crude glycerol gasification/co-gasification using fluidized bed technology, such
as bubbling fluidized and air-circulating beds, could be a good option for future research

studies.
Biomass ﬂ

Drying zone .
150°C-200°C = Lower moisture content

|
——> Syngas

5' mﬁfs’gzg = fuel > CO+H, +CO, + H,0 + CH,
Reductionzone C+C0, >2C0
650°C-850°C — C+H,0~>CO

€O + H,0 > CO, + H,

C+2H,> CH
. Oxidation zone = -
Alr/Steam :> 850 (,c_lzoo()c — C+ 02 _> CO;
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Figure 4. Biomass gasification chemistry.
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Table 1. Crude glycerol as a feedstock in various gasification conversion processes.
Gasification Biomass Feed Oxidizing Agent Operating Conditions Remarks Refs.
Technology
Downdraft fixed bed There was no technical difference between the crude glycerol and technical
reactor Crude glycerol 85.5% (v/v) Steam 750-1000 °C glycerol dry gas yield. HHV, 15 and 14 MJ/m? for technical and crude [91]
glycerol, respectively.
Crude glycerol/fat
Downdraft fixed bed co-gasification Steam 800-950 °C The analysis of the dry gas revealed that crude glycerol/fat co-gasification is a [92]
reactor (glycerol = 40.7 wt.%, technically feasible option. Dry gas yield of 1.4 m3®/kg. HHV of 15.8 MJ/m®.
water = 57.6 wt.%)
. Crude glycerol/olive kernel . 750-850 °C, A reasonable dry gas yield of 1.2 Nm?/kg was obtained with a good amount of
Fixed bed reactor co-gasification Alr air/biomass ratio = 0.2-0.4 H; (33% v/v) in the gas yield. HHV of 8-10 M]/ mS. 93]
. . The addition of crude glycerol with hard wood chips co-gasification up to 20
Downdraft fixed bed  Crude glycerol/.h.ard. wood chips Air 600-700 °C wt.% increases the combustible gas ratio (CO and CHy) in the synthesis gas [94]
reactor co-gasification .
mixture.
Crude elveerol Gasification temperature and water/glycerol ratio influence the composition of
Downdraft fixed bed Og o4 682-1018 °C, water/glycerol syngas. Both the steam reforming efficiency (SRE) and carbon gasification
(glycerol wt.% = 77.6, water Steam . . X [95]
reactor solution 0.7/3.3 wt./wt. efficiency (CGE) were influenced by these two parameters. LHV was
wt.% = 11, and ashes wt.% = 4.2) 3
14.40 MJ/Nm®.
. Steam (indirect 600-900 °C, water/ glycerol ratio Higher gasification temperature .enhances the water—gas shift geactlon, which
Fixed bed reactor Crude glycerol/water contact) 6-12 wt. /W% favors more Hj production. H, molar fraction of 67.4%, and [96]
R HHV =9332.8 KJ/Nm?.
o . . Crude glycerol was completely converted into gas and char at steam/glycerol
Downdraft fixed bed 800 C.’ two different pa.c.kmg ratio of 50:50. The same optimum conditions resulted in the best yield of
Crude glycerol Steam materials (quartz and silicon . N o o [97]
reactor . synthesis gas (91.1 wt.%). Syngas and calorific value were 92 mol% and
carbide) 3
13.5 MJ/m3.
The comparison study between air and oxygen blown gasification shows the
Crude glycerol best results with an optimum value of crude glycerol gasification, and with an
Entrained flow gasifier (glycerol wt.% = 60, and Air and oxygen 900-1500 °C ir ratio of 40. Th HHV. carb L d cold [98]
unreacted triglyceride = 20 wt.%) excess air ratio o 0.35-0.40. The syngas , carbon conversion, and cold gas
efficiency were 2500 kcal/ Nm3, 92%, and 65%, respectively.
Crude glycerol/physic nut/palm 700-900 °C, biomass/ A linear relation was found between temperature range (700-900 °C) and gas
Tubular reactor &y phy p Air and nitrogen glycerol ratio = 70/30, air factor  yield. The maximum gas LHVs were 3.48 MJ/m3 and 2.27 MJ/m?3 for glycerol [99]
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Table 1. Cont.

Gasification . . . ips
Technology Biomass Feed Oxidizing Agent Operating Conditions Remarks Refs.
Crude glycerol Both olivine and Ni/olivine catalysts showed good performance for producing
Fixed bed furnace (36.40% C, 8.76% H,, 0.67 S, and Steam 700-800 °C syngas and with higher conversion of waste material into H, and CO. LHV of [100]
54.17% O») 4.65 MJ/m3 for runs with Ni/olivine at 800 °C.
Stainless steel tubular Crude glycerol Factorial design: T = 804 °C, The crude glycerol hydrogen yield (4.4 mol H, /mol glycerol) was nearly
reactor (NaCl, NaOH, methanol, and free Steam steam/carbon ratio = 2.2, identical to that obtained from commercially available reagent-grade glycerin. [101]
eacto fatty acids as impurities) oxygen/carbon ratio = 0 Production of 1.4 mol Hp /mol and 1.4 mol CO/mol of glycerin.
. 160-280 °C, feed It is found that 230 °C and a feed flow rate of around 0.73/h with a glycerol
Fixed bed reactor and Aqueous phase . o . o : . . 1
Crude glycerol . concentration = 5-85 wt.% concentration of 45 wt.% is favorable for maximum Hj production, which is [102]
autoclave reforming (APR) o
glycerol 67%.
o 1 s The final yield of syngas from the crude glycerol and pure glycerol under steam
Fixed bed reactor Pure glycerol/crude glycerol Steam 83210§,t11c(1£111_c115}\1/(;u_r187 ;;?;e gasification was 83.3 mol% and 93 mol%, respectively. For crude glycerol-based [103]
y e syngas, the heating value is in the range of 13-13.9 MJ/m?.
. e Crude glycerol o The optimum conditions for the microwave-assisted gasification of glycerol
Mlc(ioga;/ i §a51ft1c:)t10n (36.40% C, 8.76% H;, 0.67 S, and Steam 500_%\?3% C,dllot—?SOtwatt, were 1% Ni/SiC, 600 °C, 330 W. The operating conditions yielded a gas product [104]
ubuiar reacto 54.17% Oy) ased catalys with a heating value of 9.18 MJ/m? and H, /CO ratio of 1.32.
Downdraft fixed bed 850-950 °C, Al particles as bed At 950O C, the gasn‘l?atlon §ystem achieved 99 % carbon conversion efficiency,
Crude glycerol Steam . 100% Hj; conversion efficiency, and a maximum lower heating value of [105]
reactor material. 3
14.5 MJ/m>.
In plasma gasification, it was found that the fuel droplet size, mixing effect, and
Mlcrom{a.ve Plasma Crude glycerol Oxygen and steam 2 KW microwave generator the retention time inside the plasma ﬂame§ influence the syngas yield and [106]
gasification gasification efficiency. The carbon conversion and cold gas efficiency were
improved by up to 4.5% and 7%, respectively.
Unlike the fixed bed reactor, the fluidized bed reactor eliminates catalyst
Fluidized bed reactor Crude glycerol Steam 600-800 °C deactivation. At a certain time in the fluidized bed, the net coke production rate [107]
approaches zero. Mole fraction 40-60 mol% under different process conditions.
Fluidized bed quartz enn o The ratio of H, /CO was close to 1. The lower heating value of gas is evaluated
reactor Crude glycerol Oxygen 700-800 °C a5 0.8-4.9 MJ /m>. [108]
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3.2. Biomass Pyrolysis

The thermal decomposition of biomass feedstock in the absence of oxygen is known as
biomass pyrolysis. Pyrolysis converts lignocellulosic biomass into a variety of carbonaceous-
rich gaseous, liquid, and solid fuels. Cellulose, hemicellulose, and lignin are the main
components in lignocellulosic biomass materials. The temperature range for biomass py-
rolysis is 300-500 °C, which is moderately lower than the gasification process [25-29]. The
key products from the pyrolysis process are bio-oil, biochar, and synthesis gas [109-114].
Based on temperature and heating rate, pyrolysis technology is further classified as slow
pyrolysis, fast pyrolysis, intermediate pyrolysis, and advanced pyrolysis. All of these
types have their own different types and composition of products [115]. Table 2 represents
an overview of the various biomass pyrolysis technologies and their associated process
parameters and products.

Table 2. Summary of different biomass pyrolysis technologies [116].

Pyrolysis Heating Residence Temperature  Particle Size Products
Type Rate (kg/s) Time (s) Q) (mm)
Slow <1 a00-100 20 55 o Char
600 Gas, oil, char
70% oil
Fast 500-10° 0.5-5 500-650 <1 15% char
15% gas
<1 <650 Oil
Flash >10° <1 >650 <02 Gas
<0.5 1000 Gas

However, the two most frequently used pyrolysis techniques are slow and fast biomass
pyrolysis [117]. Slow pyrolysis of biomass is related to slow heating rate, moderate tem-
perature, and long retention time. Biochar is the main product of slow biomass pyrolysis
with a lesser amount of other by-products [118]. The opposite is the case in fast biomass
pyrolysis, which occurs at relatively high temperature, higher heating rate, and very short
residence time. It produces bio-oil as its main product, which is very good in quality
as compared with that produced from the slow biomass pyrolysis process [119]. Solid
char from pyrolysis can also be used as a feed in the gasification process [120]. A typical
pyrolizer consists of a reactor, cyclone, and condenser. Firstly, the lignocellulosic biomass is
fed into the reactor and thermochemical reactions take place to decompose it into different
products. The solid products are then separated from the liquid and gaseous products
with the application of a cyclone. Finally, the gaseous products are quenched into the
condenser to produce bio-o0il; hence, bio-oil is separated from the remaining gases. The
non-condensable gases are mostly recycled into the main pyrolysis reactor to support
fluidization or improve thermal efficiency [121]. Sometimes, catalysts are also used in
biomass pyrolysis processes to improve the quality and quantity of product yield [122].
There are numerous types of pyrolysis reactors that can be used for different pyrolysis
categories. In slow pyrolysis, the most commonly used reactors are drum, rotary kiln, and
auger/screw reactors. In fast pyrolysis of biomass, the most common type of pyrolysis
reactor used is a fluidized bed reactor. The fluidized bed reactor can either be a circulating
fluidized bed or a bubbling fluidized bed reactor. Other pyrolysis reactors used for fast
pyrolysis are rotary cone, entrained flow, and ablative reactors [123]. The many advanced
biomass pyrolysis techniques include vacuum pyrolysis of biomass [124], microwave py-
rolysis of biomass [125], flash pyrolysis of biomass [126], biomass pyrolysis via plasma
technology [127], and biomass pyrolysis via solar energy [128]. Microwave pyrolysis has
advantages over conventional heating as it includes homogenous internal heating [129].
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Biomass pyrolysis is an established renewable energy technology and has a high
positive environmental impact [130]. In the literature, a reasonable amount of research
has been conducted using crude glycerol as a feedstock in the pyrolysis process. Crude
glycerol has been utilized to obtain solid char, bio-oil, and synthesis gas. An overview
of these studies is presented in Table 3. It can be seen that there was an improvement in
the bio-oil quality and quantity when co-pyrolysis of different lignocellulosic materials,
such as corn straw, olive kernels, corncobs, and sugarcane bagasse, was performed with
crude glycerol. It is known that the feedstock composition and heating rate have a great
influence on the pyrolysis product distribution. Therefore, future research studies could
focus on investigating the synergistic effects of crude glycerol co-pyrolysis with other
lignocellulosic materials to identify the reaction mechanisms and kinetics parameters for a
suitable reactor configuration and enhanced energy production. In addition, crude glycerol
pyrolysis/co-pyrolysis can be performed using advanced pyrolysis technologies to target a
specific product distribution and yield.

Table 3. Crude glycerol as a feedstock in various pyrolysis processes.

Pyrolysis

Method Biomass Feed Glycerol Properties Operating Parameters Remarks Refs.
Glycerol = 85.4 wt.%,
. - moisture = 8.4 wt.%, 300-1000 °C/s, Highest H; yield (65.44% v/v) at 850 °C and for
Flash pyrolysis Crude glycerol/lignite free fatty acids = 0.2 650-850 °C a crude glycerol blend of 20 wt.%. [131]
wt.%
With a blend of crude glycerol with corn starch
Glycerol = 56.2 wt.%, . . R o
Slow pyrolysis Crude glycerol/corn methanol = 7.3 wt.%, 30 °C/min, 550 °C (1:1), the gas yield was increased froin 23 wt. %o [132]
straw water = 2.4-4.3 wt.% (for pure crude glycerol) to 39 wt.%, with
e reasonable LHV =29 MJ/m®.
. _ o Crude glycerol with olive kernels at 25 wt.%
Fast pyrolysis Crude il}iierlou olive (iyicetrorl —_83 i wtt '0//°’ 450-800 °C mixture and at 750 °C gives an 11.65% increase [133]
ernets olsture = o2 wi- %o in H concentration in the synthesis gas.
> Crude ol ol N T'he(?ig}}reﬁ Sggg ineldA (59.53% w/w) was "
icrowave rude glycerol/olive : e o o obtained at T = 500 °C. An increase in gas yie ;
pyrolysis kernels 450-750°C, 50°C/s (84.9% v/v) was achieved as compared to [134]
non-microwave pyrolysis (79.1% v/v).
Using microwave heating with crude glycerol,
M1cr0waye Crude glycerol 99% glycerol 400-900 °C a tempe'ratqrg of 800 ‘ C is the most suitable fqr [135]
pyrolysis converting it into a higher amount of pyrolysis
gas (81% v/v).
Catalytic slow Crude glycerol/ZSM- Wgtle};cir; 14§ i?t“/’\/:t f/;) ée 550 °C, 30 min under The study successfully demonstrated the use of [136]
rolysis entonite . o e flow - entonite catalyst to produce bio- .
pyrolysi 5/b i fatty acids = 44 5 wt.% He fl ZSM-5/b i lyst to produce bio-BTX :
The highest biochar yield (47.28%) was
. Crude o 00 o E_1()° . obtained at crude glycerol/macroalgae ratio= :
Slow pyrolysis glycerol/macroalgae >99 wt.% glycerol 60-280°C, 5-10 °C/min 5:1, temperature = 320 °C, and retention time of (1571
50 min.
Crude glycerol/corncob pretreatment by a
. Crude Analytical reagent, solid a0 © - pyrolysis process was carried out, and then the .
Fast pyrolysis glycerol/corncobs to liquid ratios = 5-20% 220-240°C,0.5-3 h, material was subjected to microbial [138]
fermentation.
Crude glycerol was used for the pretreatment of
Microwave Crude sugarcane bagasse and then further subjected
rolysis glycerol/sugarcane Glycerol purity >99.7% 60-240 °C, 10 °C/min to a pyrolysis process. The levoglucosan yield [139]
pyroly bagasse increased to 25.2% as compared to crude

glycerol (14.4%) and sugarcane bagasse (8.4%).

3.3. Biomass Combustion

Direct combustion of biomass has been practiced by humans since the invention of
fire in the Stone Age [140]. Biomass combustion consists of various homogeneous and
heterogeneous reactions. Biomass feedstocks are mainly composed of carbon, hydrogen,
and oxygen; therefore, the main products of biomass combustion are carbon dioxide (CO,)
and water (H,O) [141]. There are various factors that determine the maximum combustion
temperature. The flame temperature can exceed 2000 °C, and it depends upon the influence
of the following aspects: (i) heating value of the fuel, (ii) moisture content within the fuel,
(iii) air/fuel ratio, and iv) furnace design [142]. Three requirements must be fulfilled to
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initiate the combustion process. These three requirements are fuel, air, and heat (ignition
source) [143]. The combustion process becomes self-sustaining when all these are present
in an accurate proportion. Air contains 21% oxygen and 79% nitrogen. Therefore, the
stoichiometric equation of combustion also considers the amount of N, released along with
CO; and H,O [144]. The stoichiometric equation of combustion is as follows [145]:

Biomass + Air — CO, + H,O + H,O (v) + N, + Heat 1)

However, some biomass materials contain more traces of elements other than C,
O, and H; therefore, in this case, the stoichiometric combustion equation will contain a
few more products [146]. Moisture content is vital in combustion process chemistry; if
it is excessive, then the spontaneous combustion will require additional fuel [147]. The
combustion process is also responsible for numerous pollutants such as hydrocarbons (HC)
and nitrous oxide (NOy). Biomass combustion is mostly carried out to generate thermal
heat and mechanical work [148]. Biomass co-combustion with coal is often practiced
in process industries for firing steam boilers. The two most important technologies for
biomass combustion are biomass in the grate and combustion in the fluidized bed [149].

Since crude glycerol is a by-product of a green process, directly burning glycerol does
not add anything to the environment. Using glycerol as a feedstock for industrial fuel has
many benefits. Direct combustion of crude glycerol as boiler feed is the simplest method
for its utilization. It does not require any purification or processing for its combustion.
If this thermal energy is integrated into the biodiesel production facility, it reduces the
cost of biodiesel and causes less reliance on fossil-based energy [150]. Crude glycerol
has a moderate lower heating value (LHV), which is approximately 16-20 MJ/kg. The
difference in LHV depends on the type of raw material used in biodiesel production [151].
The combustion of glycerol is as per the following stoichiometric equation [152]:

C3H5(OH)3 + 3.5 0, — 3 CO, + 4 H,O (v) + Heat (2)

Researchers are working on the combustion of glycerol to overcome some of the limita-
tions in its direct utilization. Bohon et al. [153] conducted an experiment on the combustion
of crude glycerol. They concluded that crude glycerol combustion as a source of heat and
power has the limitations of lower energy density, lower auto-ignition temperature, and
high viscosity, which need to be addressed. It was found that crude glycerol’s auto-ignition
temperature is 370 °C, which is comparably high as compared to kerosene (210 °C) and
gasoline (280 °C). Corondo et al. [154] evaluated the combustion performance of crude
glycerol used as a boiler feed in the biodiesel industry. The concept of environmental
efficiency was evaluated based on CO,, Noy, and SO; emissions. It was found that USP
(refined glycerin) has better ecological performance than the methylated and demethylated
glycerol samples. Co-combustion of crude glycerol with other biomass materials is also a
feasible option. Alnaqpbi et al. [155] co-combusted dry tree leaves with crude glycerol. It was
found that the combustion gives the best efficiency when dry tree leaves are mixed with
20 wt.% of crude glycerol. In general, this method is not feasible from an environmental
perspective. Moreover, due to lower combustor performance prospects, crude glycerol
combustion/co-combustion has not been explored in much detail.

3.4. Steam Reforming Process

Steam reforming is one of the most mature technologies. It is the leading technology
to produce hydrogen (Hj) from natural gas (CHy4) [156]. Many other feedstocks can also
be treated with the steam reforming process such as methanol, liquid petroleum gas,
diesel, jet fuel, and naphtha [157]. The steam reforming process is enhanced with catalytic
action. Catalytic deactivation is therefore an issue for which most of the research is being
undertaken [158]. The products from the steam reforming process are hydrogen (Hy),
carbon monoxide (CO), and carbon dioxide (CO;) [159]. Steam reforming of crude glycerol
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is a thermochemical conversion process that leads to the conversion of low-cost by-products
into hydrogen. The following is the reaction mechanism of glycerol [160]:

C3H803 + 3H,0 — 7H, + 3CO, (3)
AH = 128 kJ /mol

C3HgO3 — 4H, + 3CO (4)
AH =250 k] /mol

C + H,0 — CO + Hy )
AH = 131 kJ /mol

CO+H20—>C02+H2 (6)
AH = —41 kJ/mol

C+ 2H, — CH4 (7)
AH = —75 k] /mol

CO + 3H, — CH4 + HzO (8)
AH = —206 kJ /mol

C02 + 4H2 — CH4 + 2H20 (9)
AH = —165 kJ/mol

C+CO; —2CO

AH = 172 KJ /mol (10)

In the literature, a considerable amount of research has been performed on catalytic
steam reforming of crude glycerol. However, most of the research has been carried out on
catalytic steam reforming of pure glycerol, but the results and catalytic activities can be
related to research on crude glycerol. Table 4 presents an overview of the technical details
of the studies conducted on steam reforming of crude glycerol from the biodiesel industry.
Table 5 presents an overview of catalysts that have been employed in steam reforming of
pure glycerol. Therefore, the catalysts that are presented in Table 5 have the potential to
give favorable results when applied to catalytic steam reforming of crude glycerol. In this
process, catalysts play a dominant role in the enhanced yield of combustible gas (H; and
CO). Here, impurities in the crude glycerol can negatively affect the catalyst performance.
The activity and durability of catalysts can be compromised. Therefore, future research
could be done on catalyst development. Furthermore, in situ CO; sorption in catalytic
steam reforming can be integrated to increase the hydrogen yield and drive the reaction
mechanism in the forward direction. Moreover, in Table 5, although nickel catalysts are
more affordable, noble metals such as Pt, Ru, and Ir are more effective and operational
at cooler temperatures [161]. On the other hand, earth-abundant MnO; has also been
reported as an efficient catalyst [162].
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Table 4. An overview of studies on steam reforming of crude glycerol for H, production.

Catalyst Type

Crude Glycerol Properties

Operating Parameters

Remarks

Refs.

Ni-based catalyst and in situ CO,
sorption

70-90 wt.% glycerol, water, and
methanol < 15 wt.%

400-700 °C, atm pressure, fixed bed
reactor

Steam reforming with in situ CO, removal over Ni-based catalyst
produced H; with nearly 90% purity. Crude glycerol and steam
conversions were 100% and 11%, respectively.

[163]

Ni-Cu-Al, Ni-Cu-Mg, Ni-Mg catalysts

450-650 °C, atm pressure, fixed bed
reactor

Ni-Cu-Al catalyst with 39.7 wt.% gave the best catalytic activity, with
conversion of crude glycerol up to 91%. The Hj selectivity was also
highest (92.9%) with this catalyst.

[164]

One-stage sorption enhanced SR with
Ni/Co catalyst

Glycerol = 70-90 wt.%, HO and
CH30H < 15%, inorganic salts < 5%

550-600 °C, atm pressure, fixed bed
reactor

Using an Ni/Co catalyst, this single-stage sorption enhanced steam
reforming (SESR) process gave H, with very high purity (99.7 vol.%)
and good yield (88%).

[165]

Pt/ Al-based catalyst

Glycerol = 33 wt.%, CH30H = 23%,
H,O = 3.2%, ash = 3.8%, free fatty
acids = 40%

880 °C, steam/C ratio = 2.5, 0.12
mol/min of glycerol flow/kg

Steam reforming of glycerol over Pt/ Al;O3 and at high temperature
(800 °C) yielded 100% gas yield. For crude glycerol, the performance
was 70% of that of pure glycerol due to the presence of free fatty acids in
it.

[160]

Ni/CeZrO,/Al; O3 catalyst

Glycerin = 94 wt.%, 3-methoxy-1,2,
propanediol = 6%

Yellow glycerol: HO =9-3,
T =550-650 °C, O5: yellow
glycerol = 0.25-0.75

With Ni/CeZrO, / Al,Oj3 catalyst, the highest Hj selectivity and yield
were 69% and 67%, respectively. The optimum conditions were 650 °C,
O, /yellow glycerol = 0.5, and H,O/yellow glycerol = 9.

[166]

Ni—Co/Al-Mg catalyst

Glycerol = 63.17 wt.%, MeOH = 34.37
wt.%, ashes = 2.06 wt.%, water = 1.63
wt.%

400-700 °C, glycerol
concentration = 10-50 wt.%, 3-17 g
catalyst min/g glycerol

The optimum conditions for H, production were 680 °C, glycerol
solution feeding of 37 wt.%, 3 g catalyst min/g glycerol. This gave 95%
carbon transformation to syngas with 67 vol.% H,.

[167]

Ni/C catalyst with MgO, LayO3, and
Y,03 promotors

Glycerol = 64 wt.%, inorganic salts = 5.7
wt.%, CH30H and H,0 < 5 wt.%

650 °C, 1 h, 10 °C/min, downdraft fixed
bed reactor

Hydrogen (H;) and carbon monoxide (CO) were obtained in the steam
reforming over Ni-based catalyst. MgO promotor enhanced the H; yield
by more than 80%.

[168]

Two-layered Ni/CaO/Al,O3

Glycerol = 45.2 wt.%, CH30H = 28.6
wt.%, FFA = 21.6 wt.%, ester and free
alkali = 1.77 wt.%

600-900 °C, 0.1-2.2 MPa, 25 °C/min,
fixed bed reactor

It is found that higher T and lower P are favorable for better Hy
production. The optimum conditions (700-750 °C, 0.1 MPa,
H,0/C =1.7-2.25,C/Ca = 1) provided 0.053-0.059 mol H, /kg.

[169]

Ni-La-Zr catalyst

Glycerol = 64 wt.%, CH30H and H,O <
5 wt.%, ash = 5.7 wt.%, organic matter
insoluble in glycerol = 26 wt.%

500-650 °C, 1 atm, fixed bed reactor

At 650 °C, the Ni-850 catalyst (the other being Ni-700) showed the best
result for carbon conversion, which was 96%. The Ni-850 catalyst also
showed lower oxidation temperature for its combustion and a lesser
amount of carbon deposition.

[170]

Ni-La-Me mixed oxide catalyst; Me = Ce
and/or Zr

Glycerol = 64 wt.%, inorganic salts = 5.7
wt.%, CH3OH and H,O < 5 wt.%, FFA%
(free methyl acids) = 26%

650 °C, 10 °C/min, 1 h, fixed bed reactor

The nickel-based catalyst with both Ce and Zr showed better catalytic
performance in terms of hydrogen gas yield than catalysts with either
Ce or Zr alone. This catalyst was also the least prone to deactivation due
to coke decomposition.

[171]

Ni-La-Ti mixed oxide catalyst

Glycerol = 64 wt.%, inorganic salts = 5.7
wt.%, CH3OH and HZO <5 Wt.o/o,
polyglycerol impurities = 26 wt.%

500-650 °C, 10 °C/min, 1 h, fixed bed
tubular reactor

The best values of H yield and crude glycerol conversion were
achieved by the Ni-La-Ti700 catalyst (the other catalyst being
Ni-La-Ti850) at 650 °C. However, a slightly sharper deformation of the
Ni-La-Ti700 catalyst was observed than the Ni-La-Ti850 catalyst, which
was attributed to coke formation.

[172]
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Table 5. An overview of catalysts used in steam reforming of glycerol for H, production.

Catalyst Refs.
Ni-Mg-Al-based catalysts [173]
Ni/Al,O3 and Rh/CeO,/Al;O3 [174]
Ni/vy-Al,Os catalysts [175]
Ni-based catalysts with MgO, CeO,, and TiO; supports [176]
Co-Ni/Al,O3 catalyst [177]
Nickel /nickel oxide-based catalyst [178]
NiO/NiAl;Oy catalyst [179]
Ni-based catalyst doped with MgO, CaO, SiO;, Fe;O3, Al,O5 [180]
Ru/Mg (AD)O catalyst [181]
Ruthenium catalyst with Y,03, ZrO,, CeO,, LayO3, 5i0,, MgO, and Al,O3 [182]
as supports
Ni/Aly,O3-ZrO; catalyst [183]
Ni/CeO,, Ni/MgO, and Ni/TiO, catalysts [184]
M/CeO, M =1Ir, Co, Ni) catalyst [185]
Ni/Al, O3 catalyst with Mg doping [186]
LaNi-Cu-O catalyst [187]
CuyO/TiO; catalyst [188]
Perovskite-derived nickel-based catalysts [189]
Rh/Al,Os catalyst [190]

3.5. Liquefaction Process

Biomass liquefaction is a valuable thermochemical conversion technology to convert
biomass feedstock into liquid fuel [191]. Direct liquefaction and indirect liquefaction are
the two main subcategories of this process. The indirect liquefaction of biomass refers to
the conversion of feedstock into bio-oil (methyl alcohol, ethyl alcohol, dimethyl ether) by
the Fischer-Tropsch synthesis process using syngas as the raw material. Direct liquefaction
is further grouped into thermodynamic liquefaction and hydrolysis. Both conversion
techniques convert the biomass directly into bio-oil [192]. Crude glycerol can also be
converted into various liquid fuels by using the liquefaction conversion process. However,
very limited research has been conducted using this technology for crude glycerol. Table 6
presents an overview of the research studies available in the literature that conducted the
liquefaction process using crude glycerol as a raw material. It can be seen that most research
studies used crude glycerol as a liquefaction solvent with other biomass materials to
produce lignol and biopolyols. These are then utilized for the development of polyurethane
foams. Polyurethane foams can then be used as a thermal insulation material. A few
studies were found for the co-liquefaction of crude glycerol to produce bio-oil. It could
be seen that the addition of crude glycerol to other biomass materials, such as swine
manure, increases bio-oil yield. During the co-liquefaction process, the crude glycerol’s
constituents cause positive synergistic effects on the bio-oil yield and quality. Liquefaction
is a complex process involving many different reactions such as hydrolysis, dehydration,
dehydrogenation, esterification, and re-polymerization, and the reaction pathways are
presently not well understood. Moreover, process optimization has to have a good balance
between yield and quality of bio-oil to maximize the economics of the process, utilizing
different lignocellulosic wastes as co-feed with crude glycerol.
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Table 6. Summary of studies on the liquefaction/co-liquefaction of crude glycerol.

Technology

Method and Contribution

Refs.

Crude glycerol as a liquefaction
solvent

Lignin from the residue of empty fruit bunches was liquefied to produce lignol.
Crude glycerol was used as a liquefaction solvent in the presence of H,SO4. With
lignol conversion of around 48%, the work suggested using the waste products
from empty fruit bunches (lignin) and biodiesel (crude glycerol) to produce lignol,
which can lead to development of polyurethane.

[193]

Crude glycerol as a liquefaction
solvent

Saccharification from sunflower stalk residue was liquefied to produce biopolyol.

Crude glycerol was used as a liquefaction solvent in the presence of HySO4. With

biopolyol conversion of around 60%, the work suggested using the waste products

from sunflower stalk (saccharification) and biodiesel (crude glycerol) to produce
biopolyol, which can lead to development of polyurethane.

[194]

Crude glycerol as a liquefaction
solvent

Macroalgae (Enteromorpha) were liquefied in the presence of crude glycerol as a
solvent to produce biopolyol. With biomass conversion of around 86%, the work
suggested using Enteromorpha macroalgae and biodiesel waste (crude glycerol) to
produce six different types of biopolyol, which can lead to development of
polyurethane.

[195]

Crude glycerol as a liquefaction
solvent

Corn stover was liquefied with crude glycerol as a solvent and base as a catalyst.
The effect of organic impurities of crude glycerol on the production of biopolyols
was investigated. The organic impurities (free fatty acids and methyl esters of fatty

acids) positively affected the biopolyol production. The polyurethane foams
produced from biopolyol had very good density (0.037 to 0.048 g/cm?) and
compressive strength (140 to 188 kPa).

[196]

Crude glycerol as a liquefaction
solvent

Soybean straw was liquefied with crude glycerol as a solvent and H,SO; as a
catalyst. The effect of different liquefaction parameters (H,SO4 loading,
temperature, biomass loading, retention time) on the production of biopolyols was
investigated. It was also found that the organic impurities in the crude glycerol
had a good effect on biopolyol production. Therefore, high-quality polyurethane
foams were prepared from the lignocellulosic-based biopolyols.

[197]

Crude glycerol as a liquefaction
solvent

Corn stover was liquefied with crude glycerol as the liquefaction solvent. The
process followed a two-step method of acidic and basic catalytic treatment. The
acid catalytic conversion process improved the biomass conversion, and basic
catalytic conversion improved the polyol properties. The biopolyol produced
polyurethane with good densities (0.04-0.05 g/cm?) and compressive strengths
(223-420 kPa).

[198]

Co-liquefaction to improve
bio-oil yield

Crude glycerol was used with swine manure in a liquefaction process to evaluate
its impact on the yield and properties of bio-oil. With crude glycerol as a
co-substrate, the bio-oil yield increased significantly to 68% (g/g dry matter). The
optimum conditions were 340 °C, 15 min residence time, and swine manure:
crude glycerol = 1:3.

[199]

Co-liquefaction to improve
bio-oil yield

Crude glycerol as a co-substrate in the liquefaction process was used with swine
manure. The physio-chemical properties of the bio-oil were analyzed. It was
found that swine manure/crude glycerol-based liquefaction produced bio-oil with
lower viscosity, high Hy content, lower pH value, and lower solid content.
Moreover, the organic matter and phenol derivative were removed.

Co-liquefaction to improve
bio-oil yield

Co-liquefaction was performed with crude glycerol and swine manure. The
reaction pathways associated with the co-liquefaction process were evaluated. It
was found that the glycerol, CH30OH, and H,O had synergistic effects on the
bio-oil yield. The highest bio-oil yield achieved was 79.96%.

[200]

Co-liquefaction to improve
bio-oil yield

Co-liquefaction of aspen wood and crude glycerol was investigated. Aspen
wood/crude glycerol co-liquefaction significantly reduced char formation. It was
found that the bio-oil yield and quality was greatly influenced by feedstock
composition. A reaction mechanism for glycerol was proposed.

[201]
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3.6. Thermal Conversion with Supercritical Water Reforming (SCWR)

Supercritical water exists at temperatures above 370 °C and pressures higher than 221
bar [202]. By treating biomass with supercritical water, the organics in the feedstock are
converted into gaseous fuels. These gaseous fuels can be condensed by cooling to room
temperature [203]. The gaseous mixture produced by the supercritical water is rich in hydrogen
gas. At above 600 °C, the water becomes highly oxidant and disintegrates the whole structure
of the biomass material. It transfers the oxygen from water to the carbon atoms of the substrate
material. As a result of this, carbon is oxidized to carbon dioxide and carbon monoxide.
The hydrogen atoms from the water and substrate are bonded to form hydrogen [204]. The
syngas produced by supercritical water application is different from that produced by other
thermochemical conversion processes. This is mainly because syngas from the supercritical
water reforming process is at high pressure, it has high H; content, and there is no dilution by
nitrogen [205]. Crude glycerol has the potential to be converted into Hy-rich syngas through
the supercritical water reforming process. Although there is great scope for this conversion
process, only a small amount of research has been done thus far. Table 7 reviews the studies
available in the literature that use glycerol or crude glycerol as a feedstock for syngas production
using supercritical water reforming. It can be seen that hydrogen-rich gas can be produced
by the supercritical water reforming of crude glycerol. Research suggests that temperature,
residence time, and pressure affect the H; yield. The scope of this conversion technique is clear
but very limited research studies have been performed. Steam reforming of crude glycerol
seems challenging, and it is still far from real application as most studies are simulated.

Table 7. Studies on crude glycerol conversion using supercritical water.

Technique Operating Conditions Remarks Refs.
Hydrogen yield of 2-4 mol H, /mol glycerol was
The operating conditions were temperature of obtained. The most favorable conditions were high
Supercritical water reforming of 750-850 °C, at a pressure of 240 bar, and glycerol feed temperatures (>800 °C), longer residence time, and
glycerol was performed in a tubular concentration between 5 and 30 wt.%. The main lower glycerol feed concentrations. Moreover, the [206]
reactor to produce hydrogen gas. constituents of the dry gas were hydrogen, carbon glycerol conversion ranged from 97% to 100%, except
monoxide, carbon dioxide, and methane. for very high glycerol feed weight percentages (25-30
wt.%).
s . . A plant of 1000 kg /h capacity was considered to be SCWR had a slightly lower energy efficiency than
upercritical water reforming . . .
energy self-sufficient and developed on a flow sheet in ASCWR but it had a smaller cost of H, due to less
(SCWR) and auto-thermal o1 . S
L . Aspen Plus. ASCWR was used to assess the capital investment and operational complexities. The [207]
supercritical water reforming : . . . . .
(ASCWR) techno-economic analysis of hydrogen production from evaluation of each process led to H; selling price of
glycerol. 5.36 $/kg for SCWR and 5.75 $/kg for ASCWR.
The operating conditions were 380 °C and 230 bars. The The b10-011. was successfu.l ly u.pgraded to the foll(fjwmg
. . composition: carboxylic acids (R-COOH; 0-73%),
- o effect of Ni-Co/Al-Mg catalyst loading (0-0.25 g P K o
Supercritical water co-valorization . R furans (C4H4O; 0-7%), phenols (C¢HsO; 0-85%), [208]
catalyst/g organics) on the upgrading process was also ket CAHLO: 0-22% d evcli d
evaluatod. etones (C3HO; 0-22%), and cyclic compounds
(CnH2y,; 0-53%).
A systematic thermodynamic and sensitive analysis of The optimum conditions found were 900 °C, 1% mole
Hydrogen was produced by the reforming process was performed. The operating glycerol in feed. Under these conditions, a H; yield of
supercritical water treatment of parameters evaluated for H, production were 97% for crude glycerol was attained in the reformer. [209]
crude glycerol in Aspen Plus. temperature, pressure, glycerol concentration, and purity With water—gas shift reactions, these values
of glycerol feed. approached 99%.
Supercritical water reforming of crude glycerol was A high water flow rate is required to increase the
Hydrogen production was performed. The aim was to identify the conditions hydrogen gas. The optimum pressure is in the range of
optimized by minimizing Gibbs free suitable for the maximum production of H,. Operating 200-300 atm. The self-sustainability of the reforming [210]
energy in Aspen Plus. temperature, pressure, and water to glycerol mole ratio process is dependent on the crude glycerol
were identified as the key parameters. concentration.
The study concluded that using the Ni-based catalyst
Hvdrogen roduced by th The operating conditions were 500-800 °C, 240 bar, and supported with Al,O3; and SiO; the reforming
ydrogen was produced by te glycerol feed concentration between 5 and 30 wt.%. The temperature can be decreased to 600 °C from 800 °C
supercritical water reforming of formi leted with and with for th P d achievi d vield [211]
Ivcerol. reforming process was comp ete Wlt and without an or the same performance and achieving a good yie
8y Ni-based catalyst in a tubular fixed bed reactor. of H, with comparably less energy (non-catalytic
reforming).
The operating conditions were 450650 °C, 6-173 s of Hvd duction s li lv related with
Reforming of crude glycerol was residence time, and crude glycerol feed concentrations yerogen production 1s ineary re-atec wi
o o . temperature and residence time. The mechanism of
done by supercritical water to between 3 and 20 wt.%. The reforming gases were . - [212]
oo b crude glycerol reforming was found to be dehydration
produce Hy. hydrogen, carbon dioxide, carbon monoxide, methane, of 1 mol HyO/mole glycerol
and higher hydrocarbons. 2 8y :
The highest yield of methanol was achieved at 450 °C,
Methanol (CH;OH) was produced Crude elveerol was treated with simple supercritical 300 bar pressure, and a residence time of 30 min. It
by the supercritical water reforming &Y P P was found that the supercritical water reforming with [213]

of crude glycerol.

water and supercritical water with ethyl sulfide.

ethyl sulfide only increased the rate of reaction and
did not impact the yield of methanol.
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4. Summary

Renewable sources are the best option for the sustainable and clean supply of energy to
maintain modern lifestyles and industrial expansion. Renewable sources of energy are also
the best option to combat the ever-increasing greenhouse gas emissions. Renewable sources
of energy such as biomass, solar, and wind are the leading options with enormous potential.
Thermochemical conversion processes such as gasification, pyrolysis, combustion, catalytic
steam reforming, liquefaction, and supercritical water reforming use biomass as a feedstock
material and produce fuel in the form of solids, liquids, and gases. These conversion
processes become more economical when the feedstock is a cheap waste material. At
present, most research studies focus on the utilization of agricultural waste materials as a
feedstock for thermochemical conversion processes. Crude glycerol, which is a by-product
of the biodiesel industry, is in extraordinary surplus quantity. Around 5 kg of crude glycerol
is produced during the production of nearly 45 kg of biodiesel. Researchers around the
world are now looking for ways to utilize crude glycerol so that the cost of biodiesel can
be brought down. This review highlights the potential for crude glycerol to be a lucrative
feedstock in thermochemical conversion processes. The review has shown the potential for
an integrated biorefinery where hybrid conversion processes such as thermochemical and
chemical conversion processes can co-exist.

1.  There has been a lot of research using crude glycerol as a feedstock/co-feedstock
with gasification technology. The results are promising in terms of having a good
syngas yield. Most research has been done using fixed bed gasification technology,
especially downdraft gasification technology. One reason for this could be to avoid
char formation since using crude glycerol-based gasification is not yet a mature
technology. Very limited research has been done with fluidized bed technology.
Technical evaluation of the studies suggests that operating temperature, gasification
medium, and initial crude glycerol weight percentage are the parameters influencing
syngas yield.

2. A limited but reasonable amount of research has been carried out on the pyrolysis of
crude glycerol. The research studies are enough to highlight the feasibility of using
crude glycerol as a feedstock in the pyrolysis process. In almost all studies, crude
glycerol has been used as a co-feed with another biomass material. Slow, fast, and
microwave pyrolysis processes have been reported to conduct these studies. Crude
glycerol co-feed ratio has been found to be an influential factor affecting bio-oil,
biochar, and synthesis gas yield.

3. Although there have been very limited studies on crude glycerol combustion, there is
potential for its direct combustion or co-combustion as boiler feed. Very few research
studies have been done, and these are mainly on the emission patterns from crude
glycerol combustion and eliminating its high auto-ignition temperature and high
viscosity.

4.  Catalytic steam reforming of crude glycerol has also been performed using various
catalysts. Most research studies involve nickel-based catalysts. Fixed bed reactors
have mostly been used. The hydrogen yield depends upon the catalytic activity
and operating conditions. Very limited research has been done for steam reforming
of crude glycerol, but extensive research is available in the literature for catalytic
steam reforming of pure glycerol with the aim of minimizing the cost of biodiesel
production.

5. Liquefaction of crude glycerol is a process to convert it into useful liquid fuel. How-
ever, most existing research has used it as a liquefaction solvent with other biomass
materials to produce lignol and biopolyols. These are then utilized for the develop-
ment of polyurethane foams. This is another aspect of using crude glycerol to produce
insulating materials. Quite a few studies were found for the co-liquefaction of crude
glycerol to produce bio-oil.

6. Hydrogen can be produced by the supercritical water reforming of crude glycerol.
Research suggests that temperature, residence time, and pressure affect the H; yield.
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The scope of this conversion technique is clear but very limited research studies have
been performed.

7.  Hydrothermal carbonization is another emerging thermochemical conversion process.
No studies were found in this context. This process can produce hydrochar. There
is obvious feasibility to use crude glycerol as a feed or co-feed in the hydrothermal
carbonization process.

5. Conclusions and Future Perspective

Managing the crude glycerol from the biodiesel industry is becoming a very difficult
task. With the rising level of concern about fossil fuel depletion and global warming, the
biodiesel industry will continue to grow. There are still challenges in the implementation of
glycerol-free processes, such as high costs and lower efficiencies, showing that these are at
present immature technologies. Crude glycerol from the transesterification process requires
an expensive refining process to remove impurities to make it fit for use in the production
of specialty chemicals, pharmaceutics, cosmetics, emulsions, and many more products.
The refining and purifying offset the profits of the products made from crude glycerol.
In this scenario, utilizing crude glycerol has great potential from an energy perspective.
Thermochemical conversion processes, including gasification, pyrolysis, combustion, cat-
alytic steam reforming, liquefaction, and supercritical water reforming, have shown strong
potential for utilizing crude glycerol as a feedstock/co-feedstock without any purification
step. In some studies, the co-feeding of crude glycerol has been shown to have a positive
impact on the product yield. Looking to the future, this review has suggested potential
avenues of research for performing thermochemical conversion processes with different
feedstock combinations. The co-feeding of crude glycerol with different biomass materials
has different synergistic effects. The selection of reactor configuration and optimization of
the process parameters need to be improved further. In processes such as catalytic steam
reforming, impurities in crude glycerol can inhibit the catalytic activity. Therefore, research
should be carried out on the development of novel catalysts that will not be poisoned by
impurities in crude glycerol.
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