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Abstract

Conventional biomass gasification involves a complex set of chemical reactions leading to the production
of a product gas mainly composed on carbon monoxide, hydrogen, carbon dioxide and methane. Some C;
-Cs+ hydrocarbon gases are also formed in the gasifier. This review has uniquely focused on the
thermochemistries of conventional biomass gasification with emphasis gasification temperature,
gasifying agents (pure oxygen, air, carbon dioxide, steam or combinations of these) and the types of
gasifiers as the key parameters that determine the yields and compositions of gas products. With air as
gasifying agent, the product gas is highly diluted with nitrogen (> 45 vol%) and is known as producer gas,
which is often more suitable for direct energy application via combustion. With nitrogen-free gasifying
agents, syngas with < 5 vol% nitrogen content is produced, and therefore suitable for various downstream
uses including enhanced hydrogen production via water-gas shift reaction and, especially, synthesis of
organic compounds such as methanol and dimethyl ether as well as hydrocarbons (liquids and waxes via
Fisher-Tropsch synthesis). The contributions of kinetic and thermodynamic studies to the understanding
and progress of biomass gasification have been explored. In addition, the review covers the challenges of
tar formation during biomass gasification and various strategies to reduce/eliminate this major bottleneck
via catalysis and reactor design or configuration. The historical perspective of biomass gasification and
current trends are presented, highlighting the exponential growth in high-quality research publications

around biomass gasification over the last decade, possibly driven by current Net Zero initiatives.
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1. Introduction

Plants transform energy from the sun into chemical energy, which is stored as renewable organic
materials known as biomass through the process of photosynthesis. Apart from animal manure and
human wastes (sewage), all types of biomass feedstocks used for energy are directly derived from plant
matter. With growing experience in biomass chemical energy utilisation, there is a realization that the
most sustainable biomass feedstocks are those that hardly complete with food production and are known
to have positive impacts on land use [1]. This recognition of sustainable biomass’s contribution to global
low-carbon energy development and achievement of Net Zero has been the main driver of the consistent
growth witnessed in the last three decades around bioenergy technologies. For instance, the bioenergy
sector grew at an annual rate of 2% between 2000 and 2018 [2]. By 2019, global capacity of wood fuel
was estimated to be about 1.9 billion m3 from which nearly 40 million tonnes of wood pellets were
produced for bioenergy applications [2]. From Figure 1, the most abundant biomass feedstocks are
based on lignocellulosic biomass comprising of wood and wood processing wastes as well as
agricultural wastes [3]. There are therefore increasing expectations for sustainable biomass to
contribute to the reduction of emissions of greenhouse gases, particularly carbon dioxide. One way of
achieving this is to deploy point-source CO; capture during large-scale bioenergy production, which can

lead to negative emissions and therefore reduce the impact of climate change and global warming.
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Figure 1: Sources of biomass for energy production (Source: Biomass explained - U.S. Energy Information

Administration (EIA)) [3]

In general, biomass has the potential to produce energy vectors than can satisfy significant proportions
of the global primary energy demand sectors — heating (industrial, residential and commercial), electricity
and transport [3]. Lignocellulosic biomass provides the options to obtain different energy products via a

range of conversion technologies, including chemical, thermochemical and biological processing routes.



Among the thermochemical technologies (Figure 2), direct combustion is the main route widely used to
convert biomass for heat and power generation. Industrial-scale combustion involves burning biomass
feedstocks in plentiful of oxygen in a highly exothermic reaction and the heat recovered for use in steam-
cycles and/or gas turbines for electricity generation. In combined heat and power systems, residual heat
after electricity generation is further used for heating purposes. With the advent and growth of heat
pumps and other low-heat recovery systems, there are chances to improve energy efficiencies of CHP

plants based on biomass combustion.

Pyrolysis occurs in the absence of air or oxygen/oxidant to transform biomass into a mixture of liquid,
solid and gaseous energy vector products at temperatures ranging from 400 — 600 °C. The pyrolysis
process can be tuned to favour any of the three products as the main product depending on a number of
factors including heating rate, vapour residence times, reactor types, temperature and type of biomass
[4]. Pyrolysis is an endothermic process, requiring energy input to promote the breaking of covalent bonds

in the molecular structure of biomass.
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Figure 2: Thermochemical routes for biomass conversion, indicating the versatility of energy products

Gasification is another thermochemical technology that converts solid carbonaceous fuels to gas products
for subsequent applications. The conventional gasification process involves heating organic materials to
between 800 °C and 1000 °C, in the presence of controlled and limited amounts of oxidant (gasifying
agents), mainly oxygen, air, carbon dioxide or steam. In all cases, the gasification process targets the
conversion of solid biomass into a gas product with high concentrations of carbon monoxide and

hydrogen, which can be used directly or indirectly for energy applications as well as chemical production.

There are clear indications that the future of combustible energy belongs to low-carbon fuel gases,
including hydrogen, ammonia, dimethyl ether (DME) and hydrocarbon fuel gases such as methane
propane and butane [5]. Among these gases, hydrogen, hydrocarbon fuel gases and DME can be

commercially obtained from the conversion of solid biomass feedstocks via gasification technology,



followed by suitable chemistries [6]. This present review has focused on the extensive thermochemistries
involved in the biomass gasification process, with emphasis on how the reaction conditions influence the
various reactions and therefore, influence the biomass gasification efficiency as well as yields and
compositions of the gas products. In addition, the thermodynamic and kinetic analyses of biomass
gasification are discussed in relation to how these have helped to improve the understanding and
efficiency of biomass gasification technology for scaling up to commercial reality. Further, sections are
dedicated to the influence of catalysts during biomass gasification and the various catalytic requirements
relating to tar reduction, the promotion of the selectivities of certain favourable reactions and also the
mechanisms of catalyst deactivation. In addition, the chemistries involved in the utilisation of the gas

products obtained from biomass gasification have been reviewed.

2. Historical aspects of gasification

Gasification technology has beenin use in one variant or another to convert solid fuels (coal and biomass)
to two main gas products (syngas or producer gas) for over 200 years [7]. The application of gasification
for biomass conversion was initially developed in the 1800s to produce town gas for lighting and cooking.
During the 1920s, its use was extended to blast furnaces and synthetic fuel production and by the World
War Il, biomass gasification was used to produce transportation fuels through the well-known Fischer-
Tropsch (FT) synthesis [8]. In modern times, the many advantages of this technology are being exploited
for bioenergy production and utilisation in domestic heating and cooking, synthetic liquid biofuels and

chemical production, power generation and renewable biohydrogen production.

Broadly speaking, the gas products are often differentiated by the gasifying reagent that is reacted with
the solid feedstock. Syngas is produced when pure oxygen, steam or a mixture of both is used as gasifying
agent, while producer gas come from when the solid fuel is reacted with air. Hence, syngas and producer
gas can be differentiated by their nitrogen contents are shown in Table 1. The use of gasification to convert
solid biomass to gas products with mostly well-defined compositions, provides of routes for a variety of

applications.

Table 1: Typical compositions of producer gas and syngas differentiated by the nitrogen contents resulting

from the use of different gasifying agents [7].

Component Producer gas Syngas
Carbon monoxide (vol%) 18- 22 35-40
Hydrogen (vol%) 13-19 20-40
Methane (vol%) 1-5 0-15
Carbon dioxide (vol%) 9-12 25-35
Tar (vol%) 0.2-04 -
Nitrogen (vol%) 45 - 55 2-5
Moisture (vol%) 4.0 Variable

Lower Heating Value (LHV), MJ/Nm?3 45-6.0 5.3-12.6




2.1. Modern trends in biomass gasification research

The last two decades have seen an exponential growth in biomass gasification research, leading to

commercialisation of the technology at different scales. Between 1999 and 2023, a total of 8,698 articles

(keywords: "Biomass gasification"; "sources" OR "source"; "energy" AND "analysis") were published on
the ScienceDirect website in the field of biomass gasification. These included about 85.5% experimental
research articles and 14.5% reviews. According to Figure 3, in the last 14 years this area has notoriously
grown internationally in terms of volume of high-quality articles published with increasingly consolidated
research groups. In terms of journals, the International Journal of Hydrogen Energy and Energy have
published the majority of articles in this area, corresponding to 20% of the total number of articles

published.
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Figure 3: Papers published between 1999-2023 (ScienceDirect website)

Several reviews have been published recently about biomass gasification [9-15]. These reviews covered
various aspects of the technology, including the effects of gasifier designs, temperature, pressure, steam-
to-biomass (S/B) ratio, steam flow rate, moisture and biomass particle sizes and catalysts on biomass
conversion and gas products yields. For example, Hoang, et al., [10] recently publised a review on the key
factors that affect the hydrogen yield from steam gasification of lignocellulosic biomass. In addition,
Mishra and Upadhyay [11] critically reviewed the past and present status of the overall biomass
gasification research, including technologies and parameters involved in the production of syngas,
biofuels, biochar, power, heat and fertilizers. Furthermore, Safarian, Unnpdrsson and Richter [12]
reviewed biomass gasification modelling to generate and analyze statistics on the growing number of

studies and approaches used in this field.



3. Biomass gasification process

Biomass gasification is a thermochemical process that usually occurs between 800 °C - 1000 °C producing
carbon monoxide (CO), hydrogen (Hz) and methane (CH4) as main products. Carbon dioxide (CO,) and
other hydrocarbons (HC) are also obtained as co-products. Nitrogen (N,) is also present in the gas product
but can come from the gasifying agent and the biomass feedstock [13 — 15]. The yield and quality of the
gas product depends on several factors, including mainly the biomass type and particle size, the gasifying
agent, the type of gasifier (reactor), the ratio of biomass to gasifying agent and other operating conditions

of the process. The main equation for the gasification process may be represented as Equation 1:
CHyOyN, + wH,0 + m(0, + 3.76N,) - n,H, + n,CO + n;H,0 + n,CO, + nsCH, + ngN, (1)

where n; to ne are the stoichiometric coefficients; CHyOy N, is the biomass formula, w is the molar

amount of moisture in the biomass.

The main chemistry of biomass gasification can be described as a limited oxidation process that involves
various stages of solid conversion to gas, with simultaneous formation of little amounts of solid residue
(char and ash) and condensable compounds (tar) [10 -12]. Biomass gasification efficiencies are often
higher than 50% [11], which makes the technology highly promising for low-carbon future energy vectors,

particularly hydrogen.

Figure 4 shows the classical biomass gasification process, comprising of the three main processing steps:
biomass preprocessing, the gasification technology and downstream processing. The methods of gas
product utilisation is an addition downstream step and comprises may potential possibilities for green

energy, fuels and chemicals.
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Figure 4: Classic biomass gasification process

As shown in Figure 4, solid biomass feedstocks such as wood and agricultural residues need to be pre-
processed (mostly into pellets) before feeding into the gasifier for several reasons. For instance, freshly
harvested lignocellulosic biomass naturally has high moisture and is also highly fibrous due to the

presence of non-crystalline components such as lignin and hemicellulose. These properties make milling



difficult. Drying, size reduction through cutting, milling and eventual pelletisation are pre-processing steps
often carried out to deliver the feedstock in the right particle size, moisture contents (usually < 10 wt%)
for gasification reactions. Drying can be achieved by using waste heat from the gasification process, and
the process of drying is often accomplished using perforated bin dryers [13], band conveyors [14] and
rotary cascade dryers [15]. Pre-processing of biomass up to pellet production consumes between 100 —

200 kWh per tonne, which can be between 2 — 3 % of its energy content [16].

Torrefaction, which involves the mild heating of biomass at temperatures of around 280 °C and
atmospheric pressures, has also become an important biomass pre-treatment step to reduce moisture
contents and improve the grindability of biomass. The torrefaction process can reduce the amount of
mechanical energy expended during biomass milling and has also been found useful for pelletisation.
Making biomass pellets is also important to reduce transportation costs. Wood chips naturally has low
density of around 300 kg/m?3, so that pelletisation process can both reduce the moisture contents as well

as increase the density to up to 600 — 800 kg/m?3[16].

On delivery to gasification plants, the biomass pellets are usually however milled to finer particle sizes
using hammer mills, knife mills, small-capacity tub grinders and screens to achieve the desired particles
sizes of usually between 150 um— 600 um [17]. This range of particle size facilitates efficient heat transfer,
which promotes fast gasification rates due to rapid and uniform heating with insignificant particle
temperature gradient [18]. Particle below 150 um may be blown out of the gasifier before they even react
while heaver particles above 600 um may be too slow to gasify and thus also leave the gasifier without
complete conversion [19]. In addition, literature has shown that smaller particle sizes can result in the

formation of more methane, CO and other hydrocarbon gases, while reducing CO, formation [19].

3.1. Biomass gasifiers and their main features

Biomass gasification can be accomplished in several types of gasifiers, broadly classified as fixed beds and
fluidised beds. Between the fixed bed gasifiers and the fluidised beds, the main difference is that fixed
beds have well-defined reaction zones, whereas fluidised beds do not. In fluidised bed gasifiers, silica or
alumina, which have high specific heat capacities and thermal stability are used as bed materials [20]. In
some cases, catalysts may be added with the bed material [21]. The gasifying agent fluidises the bed and
the biomass, leading to enhanced heat transfer, increased reaction rates, short residence times and higher
conversion efficiencies compared to fixed bed gasifiers [22]. Some relatively new and innovative gasifiers
such as the entrained flow gasifiers [23] and plasma gasifiers [24] and fountain enhanced spouted conical
gasifiers [28] appear to be promising in terms of gasification efficiencies as shown in Tables 2a - 2c [23 -

28],

Fluidized bed gasifiers, including bubbling and circulating fluidized bed reactors, have gained popularity

in biomass gasification research and industrial applications [25 — 27]. These gasifiers provide several



advantages, including efficient mixing of biomass with the gasifying agent, high throughput processing,
uniform temperature distribution throughout the reactor, and enhanced heat transfer between the solid
biomass particles and the gas phase. These features contribute to improved gasification kinetics by
promoting rapid reactions and maximizing the utilization of biomass feedstock. The advanced control of
temperature and residence time in fluidized bed gasifiers allows for better optimization of gasification

conditions, leading to higher syngas yields and improved overall process efficiency.

In fixed bed gasifiers, distinct reaction zones can be identified unlike in fluidized beds (Table 2a). The main
differences among the fixed bed gasifiers are the directions of flow of biomass and gasifying agents.
Downdraft gasifiers operate in a co-current manner, with biomass and the gasifying agent introduced
from the top. The co-current flow pattern ensures that the desired gasification reactions occur in the
optimal temperature range, enabling higher conversion of the biomass into syngas, promoting efficient
tar cracking, leading to cleaner syngas production [23 — 25]. For updraft fixed bed gasifiers (biomass flows
from top and gasifying agent from bottom), like the downdraft type, well-defined zones for biomass
drying, pyrolysis, reduction and combustion can be observed [25 — 27]. Hence, as main feature, updraft
gasifiers have high thermal efficiency due to the positioning of the combustion zone at the bottom bed,
while hot gases sequentially pass through the reduction, pyrolysis and drying zones. The main
disadvantage of the updraft fixed bed gasifier is the excessive formation of a complex and often corrosive
mixture of condensable vapours known as tar. Biomass throughputs are generally lower when using fixed
gasifiers and startup times are longer than in fluidised beds. A major advantage of crossflow gasifiers is

that they have faster startup times compared to downdraft and updraft gasifiers.



Table 2a: Typical features of fixed bed biomass gasifiers [25-27]

Updraft

Downdraft

Cross draft

Counter current flow of biomass (downwards)
and gasifying agent (upwards).

Ash is removed at the bottom as dry ash or slag
(if temperature is high enough to melt ash
compounds).

Well-defined zones for combustion zone (1090
°C) at the bottom, a gasification (reduction)
zone in the middle, and pyrolysis and drying
zones at the top. High thermal efficiency but
low biomass throughput.

Produces excessive tar yields (up to 50 g/Nm3).
Biomass particle size >51 mm.

Cold gas efficiency around 80%.

Exit product gas temperatures of 450 °C - 650
°C.

Throughputs of between 200 and 5000 KWip.

‘Biomass
Producer
~|"gas
Drying zone
Pyrolysis zone
Reduction Zone

Co-current flow of biomass and gasifying agent
(usually both downwards).

Well-defined zones for combustion zone (1100 °C)
at the middle, a gasification (reduction) zone at the
bottom, and a pyrolysis and drying zones at the
top.

Much lower tar levels compared to Updraft (<1
g/Nm?3).

Requires tighter specifications on the fuel; 1-30
mm size, low ash, moisture <30%.

Slagging or sintering of the ash in the combustion
zone can be an issue.

Similar cold-gas efficiency
throughputs as Updraft.
Lower overall efficiencies compared to Updraft.
Exit product gas temperature of around 800 °C.
Overall preferred to Updraft for direct product gas
use in internal combustion engines.

Throughputs usually small like those of Updraft.

lBiomass

Drying zone Combustion

and range of

| Producer
gas

Biomass is fed from the top and air
enters sideward to create a crossflow
arrangement.

The combustion zone is smaller than
Updraft and Downdraft, but the
reduction and pyrolysis zones extend
above and below the combustion zone.
Operating and gas exit temperatures are
high.

Can work at high gas velocities and high
load capacities (up to 8000 KW4,), but
CO; reduction is poor.
Faster start-up time
Downdraft.

Improved efficiencies with dry fuel.

than even

Reduction
zone

| Broducer
gas

S Combustion
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Table 2b: Typical features of fluidised bed biomass gasifiers [25-27]

Circulating fluidised beds (CFB)

Bubbling fluidised beds (BFB)

Dual fluidised beds (DFB)

e Biomassis fed from the bottom and fluidizing agents move biomass and bed materials.

e  Gasstream passes vertically up through a bed of inert particles, resulting in a turbulent
gas-solid mixture.

o  Fuel makes up only a small fraction of the solid.

e (Can easily be scaled to large capacities.

o No segregation of combustion, pyrolysis and reduction zones, simultaneous
gasification at all locations.

e  Uniform bed temperature (around 900 °C) and concentration.

e  Bed promotes tar cracking and gas-phase cracking in freeboard.

e Fluidisation enhances heat transfer, increases reaction rates and conversion
efficiencies with tar yields typically between 5 — 10 g/Nm?3.

e High throughputs of up to 80000 KW,; for large-scale plants.

e Tolerates wide variations in biomass types and characteristics and particle sizes of
around 6 mm.

e Ash and bed materials are separated from the gas product using e.g., cyclone and
recirculated.

e  Typically operated at atmospheric pressure but higher pressures possible.

Syngas

Biomass

Air/Oxygen
Steam

e Like CFBs in terms of particle sizes,
turbulent mixture of solid and gas,
absence of segregation of combustion,
pyrolysis, and reduction zones.

e Fluidisation agent velocity is lower
than in CFBs to avoid bed material
carry-over beyond the freeboard.

e Similar operating temperature as CFB
(900 °C) to avoid ash melting and
slagging.

e Throughputs are lower than those of
CFBs; usually 10000 KWi,.

e Can operate at higher pressures.

e Tar yields are typically lower than in
CFBs; between 1- 5 g/Nm3.

Syngas

—

Biomass

Steam

Similar features of CFB and BFB
combined.
Comprises of separate CFB and BFB
reactors.
Mostly, steam is used as gasifying
agent to convert biomass to
nitrogen-free syngas and char in the
BFB.
Char is combusted in the CFB using
air to heat up the bed.
The hot bed material is fed back into
the BFB for steam gasification.
Operated at around 900 °C to avoid
ash melting.
Can also be operated at higher
pressures.

Syngas

Flue gas

Gasifier

Combustor




Table 2c: Typical features of novel biomass gasifiers [23, 24, 28]

Entrained flow gasifiers

Plasma gasifiers

Fountain enhanced spouted conical gasifiers

e Onlydry pulverised biomass can be used.

e The high oxygen requirement is used as the gasifying
agent into which the biomass particles are
entrained.

e  Biomass combusted with oxygen in a dense cloud of
fine biomass particles at the top of a vertically
installed cylindrical vessel.

e  Syngas exits at the bottom of the gasifier and passed
through gas cleaning equipment (e.g., cyclone).

e QOperates at high temperatures (1000 °C- 1900 °C)
and high pressures (30 - 70 bar), with exit gas
temperature > 1260 °C.

e Virtually no tar nor methane is found in the gas
products.

o Lower thermal efficiencies than other gasifier types
and due to high operating temperatures, gas
products must be cooled before cleaning.

e  Particle size used <0.15 mm, so good tolerance to
fines but poor to coarse materials.

e  Milling energy is a considerable cost.

e High temperatures convert ash into slag.
Fuel In Oxygen & Steam

Water In Water Out

Reaction Zone
1300 °C to 1800 °C

Quench

Cooling —
"~ Water In

Screen

—— Gas Products Out

Granulated Slag Out *

e Typically used for unsorted municipal solid waste,
biomedical waste and other hazardous wastes.

e Whole, untreated biomass can be gasified directly if
they can be fed into the gasification chamber.

e  Converts organic matter into high quality syngas and
inorganic matter vitrified into slag.

e Process uses an electrically generated plasma torch
formed from strong electric current under high
voltage.

e Temperature around the torch can reach between
1500 °C and 13900 °C, depending on metal used
(copper, tungsten, hafnium or zirconium) in the
presence of argon (inert gas)

e High temperatures and oxygen-lean. atmospheres
prevent formation of toxic. compounds
(dioxins/furans, NOx and SOx).

e Gasification rates of >99% achievable.

e Gas cleaning possible with additional plasma arc.

Biomass

Syngas

A recent invention incorporating a novel
fountain confiner with the advantages of
conventional spouted conical reactors.
Similar gasification conditions as conventional
fluidised beds (e.g., 850 °C).

Fountain confiner system increases vapour
residence times and avoids entrainments of
bed materials and subsequent elutriation.
Provides flexible and highly stable
hydrodynamics, so can handle fine catalyst
and bed materials.

Characterised by extended flow path for
volatiles, which narrows the residence time
distribution.

Highly improved contact between volatiles
and bed/catalyst material leading to enhanced
gasification efficiency.

Potential for significant tar reduction (around
5 g/Nm?3) compared to conventional fluidized
beds.

Biomass —




3.2. Biomass gasification chemistries

Biomass gasification involves a series of chemical reactions that combine to yield either syngas or
producer gas as the main product (Table 1). Apart from the main components of the gas products, other
vapour phase products such as undesirable gases like hydrogen sulfide (H,S), hydrogen chloride (HCI) and
COS (carbonyl sulfide) as well as heavier hydrocarbons and tars are also present in the exiting hot gas
stream [28]. The acid gases can cause corrosion of gasifiers and downstream processing equipment. The
tar compounds can condense outside the gasifiers at temperatures between 250 °C and 300 °C. In addition
to the gas-vapour products, significant amount of char (solid residue) is also formed. Char is a
heterogeneous mixture of ash, unreacted biomass and incompletely converted biomass (mainly carbon).
The amount of carbon present in the char depends on the gasification technology and operating
conditions, especially the oxidant to biomass ratio and gasification temperature [29]. Char yields are
typically within 0.5 wt% and 2 wt% of the biomass (dry-ash-free basis) and can have calorific values of
between 25 and 30 MJ/kg [29]. In fixed bed gasifiers, the bed material is the biomass feedstock and the
ash present in the char comes from the original inorganic compounds (bound and unbound) present in
the biomass. Therefore, in such reactors, the amount of ash recovered from the gas product often
depends on the types and compositions of the biomass feedstock [30]. For fluidised beds, the ash may
include bed materials that are sufficiently light (e.g., via attrition) to become entrained in the high-velocity

gas exiting the gasifier.

In general, biomass gasification is an endothermic process, requiring thermal energy input to break strong
covalent bonds that make up the chemical structure. Different arrangements for the supply of the thermal
energy requirement have been used. In most cases, the energy required is provided by combusting part
of the biomass (allothermal gasification) or through partial oxidation (autothermal gasification) of the
biomass in the presence of the gasifying agent (usually oxygen or air). Autothermal gasification is
considered to include combustion and endothermic drying, pyrolysis and reduction stages in fixed bed
gasifiers [31]. Steam-based biomass gasification requires heat input from sources external to the main

gasifier chamber.

The main oxidation processes provide the thermal energy required to start the gasification reactions and
to maintain temperatures. Usually, the oxygen requirements are in the order of 1/5% to 1/3™ of the
stoichiometric requirement to combust part pf the carbon and hydrogen in the biomass [16], according

to the following Equations 2-4:

Char combustion: C + O, - CO; AH, g, =—394 ki/mol (2)
Partial oxidation of char: C+% 0, > CO  AH,4gx =— 111 kJ/mol (3)
Hydrogen combustion: H + % 0, - H,0  AH,q9g, = — 242 kJ/mol (4)

Therefore, the products of combustion are CO, CO, and H,0, and their concentrations in the exit gas from

the gasifier can give an indication of the dominant reaction stage. Significant amounts of nitrogen will also



be present in the gas products if air has been used as oxidant. As the gas gets hotter, it provides thermal
energy for biomass drying within the gasifier. Drying is endothermic and often considered complete when
the biomass temperature reaches around 120 °C - 150 °C [32]. The water vapour being expelled during
the drying process may participate in further gasification reactions. Therefore, the main hydrogen
producing step during non-steam gasification often includes the reaction of the water vapour removed

during in-situ biomass drying.

After drying, the endothermic pyrolysis stage sets in, taking place between a wide range of temperatures

from 250 °C— 700 °C. It is during the pyrolysis stage that most solid and volatile products are formed.
The pyrolysis stage can be represented by Equation 5.
Biomass - Hy + CO + CO; + CHy + H,0 + CyHp, + tar + solid (overall AH is positive) (5)

Fixed bed reactors produce 20 — 25% solids compared to 5 —10% from fluidised beds [33 - 34]. In general,
the solid products from fixed bed reactors contain higher carbon contents mixed with inert solid materials
from the biomass ash [33]. Essentially, the solid residues from fixed bed gasifiers have higher heating
values than those from fluidised beds [34]. Ideally, the pyrolysis process may produce light organic
compounds such as hydrocarbon gases and other organic vapours. However, these organic volatiles (70 —
90 %) are difficult to isolate due to their consumption in the next stage of gas-forming reactions. Hence,
only tar products are considered as the surviving liquid products from the pyrolysis stage. The formation
of tars varies with the type of gasifier used [25 — 28]. Downdraft fixed bed gasifiers produce low tar yields
in the range of 1%, while updraft fixed bed gasifiers can produce between 10 -20 % tars [16]. For fluidised
bed gasifiers, tar yields range from about 1 — 5% [25 - 28]. Minor components such as acid gases (H>S and

HCl) may be produced during the pyrolysis stage [35].

Equilibria-based reduction reactions dominate the next stage of the gasification process. In general, the
combination of the products from the drying stage, the combustion stage and the pyrolysis stage react
together to produce the main final gasification products. These include gas-vapour and gas-solid
reactions, which are individually either exothermic or endothermic, some of the notable ones are shown

in Equations 6 - 9:

C + CO, <> 2CO (Boudouard reaction; AH,qgx =+ 172 kJ/mol) (6)
C + H,0 ¢ H, + CO (Water-gas reaction; AH,qg; =+ 131 kJ/mol) (7)
CO + H,0 ¢ H; + CO; (Water-gas shift reaction; AH,qg, =— 41 kJ/mol) (8)
C + 2H, <> CH4 (Methanation reaction; AH,qgx = — 75 kJ/mol) (9)
CH4 + H20 ¢ CO + 3H; (Methane steam reforming; AH,qgx = + 205 ki/mol) (10)

CH4 + CO; ¢ CO + 2H; (methane dry reforming; AH,qg, = + 124 kJ/mol (112)



The existence of temperature gradient within gasifiers can have significant influence on the final yields of
gas products [36]. For instance, due to the chemical equilibrium established during this reduction stage,
the endothermic reactions are favoured in the high temperature zones, while the exothermic reactions
become dominantin the low temperature zones. While high temperatures can lead to increased oxidation
and the reduction in tar formation, it may also lead to the softening and melting (sintering) of the
dominant alkali oxides found in biomass ash [37]. Therefore, a careful selection of the temperature of the
reduction stage is a key parameter that determines the composition of the gas products and the

behaviours of the ash [38].

The use of steam as gasifying agent tends to promote those reactions that involve water (as steam)
including Equations 7, 8 and 10. With air or oxygen as gasifying agent, available steam comes from
combustion, pyrolysis and possibly the original moisture content of the biomass feedstock. However,
there is a complete absence of combustion during steam gasification, so that the steam-based reactions
with carbon and methane (Equations 7 and 10) dominate the early gasification reactions, leading to the
production of CO and H,. These equilibrium reactions can influence each other. With increasing
concentrations of CO, the water-gas shift reaction (Equation 8) leads to increased H, production. For
instance, the depletion of CO through Equation 10, can promote its formation through Equations 8 and
10. Hence, steam gasification produces higher H,/CO ratios in the syngas compared to air or oxygen

gasification systems [39].

3.3. Influence of gasifier operating conditions

For gasifier using air or oxygen as gasifying agent, the equivalence ratio, ¢ (Equation 12) is a key
parameter that determines the extent of gasification and hence the yields and compositions of gas

products.

Flow rate ofOxidant(aCtual)
( Flow rate of Biomass )

Flow rate OfOXidant(stoichiometry)
( Flow rate of Biomass )

Equivalence ratio (¢) = (12)

@ can be calculated with either mass or molar flow rates.

Equivalence ratio is used to show the extent of combustion of biomass, and this controls the gasification
temperature [40]. More oxidant (air or oxygen) indicates more combustion and hence higher gasification
temperature. For gasification, an equivalence ratio of around 0.25 is considered appropriate. ¢ lower
than 0.2 renders excessive tar formation indicating the dominance of the pyrolysis regime (pure pyrolysis
occurs at @ = 0). In addition, ¢ value above 0.45 increases the rate of oxidation (combustion), leading to
more carbon dioxide and steam in the product gas, reducing its lower heating value (LHV). Hence, ¢ values
with the 0.2 — 0.45 range are commonly used in air and oxygen gasifiers. For fixed bed gasifiers, using ¢

values in the upper range may be beneficial, given that the formation of combustion-derived steam can



increase the steam-to-biomass ratio in the reduction zone, which can promote Equations 7, 8 and 10. The
influence of the oxidation-generated steam would depend on the temperature at the reduction zone. For
instance, higher temperatures would promote both Equations 7 and 10, while a lower temperature would
favour Equation 8. Also, higher ¢ can also increase the Boudouard (Equation 7) and methane dry

reforming (Equation 11) reactions, due to increased concentration of CO..

For gasification using steam as gasifying agent, the steam-to-biomass (S/B) ratio is the equivalent to .
Steam gasification occurs around the temperature range of 750 °C - 800 °C and higher S/B ratio leads to
higher conversion efficiency of the biomass [41]. This also leads to reduced tar formation, possibly due to
higher rate of steam reforming of hydrocarbons under the reaction conditions. As mentioned above,
higher S/B ratio promotes Equations 7, 8 and 10, which make significant contributions to the yields and
compositions of gas products. Typically, S/B ratios greater than 2.7 have been found to produce consistent

gas products with high H, contents due to the conversion of CO via Equation 8 [41].

In practice however, steam temperatures are usually lower than the gasifier temperatures, so that S/B
ratios much higher than 2.7 would lead to lower gasification bed temperatures, which will promote
several exothermic reactions, especially methanation and the formation of other hydrocarbons and
organic compounds [10]. S/B ratios below 1.35 lead to higher yields of methane, other hydrocarbon gases
and CO,, while the yield of CO tend to decrease and therefore hydrogen yields are lower compared to S/B
> 2.7 [41]. Between these two, S/B ratios ranging from 1.35 to 2.7, favour reactions that produce methane
and CO, especially Equations 7 and 9 as well as reverse reactions of Equations 10 and 11 (CO
hydrogenation, which can also produce other hydrocarbon gases following Fisher-Tropsch synthesis). A
major limitation for the use of steam as gasifying agent is the energy requirements for its generation and
maintenance in vapour phase during biomass gasification [42 - 43]. For instance, a simple energy balance
calculation would show that generating 1 bar superheated steam at a gasification temperature of 850 °C
requires around 5 times the energy needed to heat up dry air from ambient to the same gasification

conditions.

In addition, the hydrogen-to-carbon (H/C) ratio used during biomass gasification can influence the
concentration of H; in the gas product. This is the ratio of all the hydrogen atoms present within the
reaction space to the carbon content of the biomass. In this case, all hydrogen atoms within the
gasification space include the hydrogen atoms in the biomass, the moisture in the biomass and the steam
(if steam gasification). Among these sources of hydrogen atoms listed above, only the hydrogen from
steam can be used in practice to manipulate the H/C ratio. Experimental data have shown that an increase
in H/C ratio from 1.6 to 2.2 increased H, contents in the gas products, indicating increased overall

gasification, higher LHV and reduced tar yields (from 18 g/Nm?3 to just 2 g/Nm?3) [44]

Both the temperature of the gasifying agent and the temperature profiles of the gasifier have also been
reported to influence the yields and compositions of gas products [45]. Increasing the temperature of the

gasifying agent to as close as possible to the gasification temperature can be achieved in practice by using



a pre-heater, which is normally powered by the heat exchanger using the product gas as the heating
medium [45]. Using high gasifying agent temperature, avoids temperature reduction across the gasifier
profile while decreasing tar and char formation. Higher gasification temperatures at the appropriate ¢
and S/B ratios, respectively can enhance the gasification efficiency, increase the gas and H, yields, thereby
giving a gas product with higher LHV [45 - 46]. Experimental data have shown that an increase in
gasification temperature from 700 °C to 800 °C increased both H, content and carbon conversion
efficiency [46]. Under the same conditions, methane, CO and tar contents were found to reduce [46].
Using steam as gasifying agent, an increase in temperature would favour the highly endothermic CO-
producing reactions (Equations 6, 7 and 11) and the CO produced is subsequently converted to CO, and
H, via Equation 7. Whereas with air or oxygen as gasifying agent, the early occurrence of Equation 2 would
promote mainly Equation 6 due to limited presence of steam. Hence, more CO than H, are produced, but
the yields of both gases tend to increase with increasing gasification temperature [47], due to a

corresponding increased rate of Boudouard reaction (Equation 6).

4. Modelling of biomass gasification

The evaluations of biomass gasification chemistries in Section 3.2 have mostly resulted from experimental
laboratory investigations, during which the effects of various parameters on the yields and compositions
of products have been determined. Essentially, gasification experimental designs are accompanied by
detailed and often rigorous standardized and novel analytical chemistries for the characterisation of
feedstocks and products. The results of these analyses are presented in different ways to explain the
predominant reaction mechanisms, the reaction kinetics, and thermodynamics of biomass gasification
process, for which a large body of literature have been and are still being published. Data from laboratory
investigations provide the basis for explaining the conversion efficiencies of the different gasification
technologies.

In contrast, modelling studies can be widely used to predict biomass gasification, without relying on time-
consuming and expensive experimental approaches. Over the years, several models for biomass
gasification processes have been published using different methodologies and categories [48 — 70]. Table
3 presents some interesting and relevant reviews on biomass gasification modelling published in recent
years in Science Direct. These modelling studies are often aimed at the development of more useful
methodologies that can provide practical and reliable results. Such studies can identify the most efficient
conditions for biomass gasification from First and Second Laws of thermodynamics. For instance, the
effect of various operational parameters, such as gasifier temperature, gasifier pressure and air flow rate
on the gas product composition and H2/CO was investigated by parametric sensitivity analyses [48]. The
results showed that the optimal operating condition to maximize hydrogen and carbon monoxide
production were gasifier temperature of 600 °C, gasifier pressure of 1 atm and air flow rate of 0.01 m3/h

[48].



Table 3: A selection of relevant reviews on biomass gasification modelling (Science Direct)

Authors Year Review Title Ref
A. Gémez-Barea and B. Leckner 2010 Modeling of biomass gasification in fluidized bed [49]
M. Puig-Arnavat and J.C. Bruno, A. Coronas 2010 Review and analysis of biomass gasification models [50]
Bi ification for cli h e licy f Ki
5.L Narnaware and N.L. Panwar 2022 iomass gasification for climate c. ange mltlgatlon and policy framework in [51]
India: A review
T.K. Patra and P.N. Sheth 2015 Biomass gasification models for downdraft gasifier: A state-of-the-art review [52]
D.C. de Oliveira, E.E.S. Lora, O.J. Venturini, D.M.Y. Maya and 2023 Gas cleaning systems for integrating biomass gasification with Fischer-Tropsch 53]
M. Garcia-Pérez synthesis - A review of impurity removal processes and their sequences
X. Xiang, G. Gong, Y. Shi, Y. Cai and C. Wang 2018 Thermodynamic modfellmg and analysis of a §§rla! composite process for [54]
biomass and coal co-gasification
Q. He, Q. Guo, K. Umeki, Lu Ding, F. Wang and G. Yu 2021 Soot formation during biomass gasification: A critical review [55]
M. Costa, V. Rocco, C. Caputo, D. Cirillo, G. Di Blasio, M. La Model based optimization of the control strategy of a gasifier coupled with a
. . . 2019 o o . ) [56]
Villetta, G. Martoriello and R. Tuccillo spark ignition engine in a biomass powered cogeneration system
. . Machine | i thods f delli tional and hydroth I
G.C. Umenweke, I.C. Afolabi, E.I. Epelle and J.A. Okolie 2022 achine fearning m(.a. O.S or mode |n.g conven Ion.a and hydrotherma [57]
gasification of waste biomass: A review
Y. Wu, H. Wang, H. Li, X. Han, M. Zhang, Y. Sun, X. Fan, R. Tu, 2022 Applications of catalysts in thermochemical conversion of biomass (pyrolysis, (58]
Y. Zeng, C.C. Xu and X. Xu hydrothermal liquefaction and gasification): A critical review
C. Li and K. Suzuki 2009 Tar property, analysis, re.fgrm.lng mechanlsm and model for biomass [59]
gasification—An overview
S. Safarian, R. Unnpdrsson and C. Richter 2019 A review of biomass gasification modelling [12]
X. Zhang, A.CK. Yip and . Pang 5022 Advanc'es in thg appIica.tion .Of active metal-bés.ed sprbents and oxygt?n carriers (60]
in chemical looping biomass steam gasification for H2 production
A. Goel, E.M. Moghaddam, W. Liu, C. He and J. Konttinen 2022 Biomass chemical looping gasification fqr high-quality syngas: A critical review 61]
and technological outlooks
D. Baruah and D.C. Baruah 2014 Modeling of biomass gasification: A review [62]
M. Mehrpooya, M. Khalili and M.M.M. Sharifzadeh -018 Model development and energy and exergy ana'ly5|s of the biomass gasification 63]
process (Based on the various biomass sources)
M.LVilletta, M. Costa and N. Massarotti 5017 Modelling approaches to biomass gasification: A review with emphasis on the (64]

stoichiometric method



H. Shahbeik, W. Peng, H. K. S. Panahi, M. Dehhaghi, G. J.
Guillemin, A. Fallahi, H. Amiri, M. Rehan, D. Raikwar, H. Latine,
B. Pandalone, B. Khoshnevisan, C. Sonne, L. Vaccaro, A.-S.
Nizami, V. K. Gupta, S. S. Lam, J. Pan, R. Luque, B. Sels, M.
Tabatabaei and M. Aghbashlo

M. Cortazar, L. Santamaria, G. Lopez, J. Alvarez, L. Zhang, R.
Wang, X. Bi and M. Olazar

S. Ascher, |. Watson and S. You

J. Ren, J.-P. Cao, X.-Y. Zhao, F.-L. Yang and X.-Y. Wei

M. Ajorloo, M. Ghodrat, J. Scott and V. Strezov

I.P. Silva, R.M.A. Lima, G.F. Silva, D.S. Ruzene and D.P. Silva

C.F. Palma

2022

2023

2022

2019

2022

2019
2013

Synthesis of liquid biofuels from biomass by hydrothermal gasification: A critical
review

A comprehensive review of primary strategies for tar removal in biomass
gasification
Machine learning methods for modelling the gasification and pyrolysis of
biomass and waste
Recent advances in syngas production from biomass catalytic gasification: A
critical review on reactors, catalysts, catalytic mechanisms and mathematical
models
Recent advances in thermodynamic analysis of biomass gasification: A review on
numerical modelling and simulation
Thermodynamic equilibrium model based on stoichiometric method for biomass
gasification: A review of model modifications

Modelling of tar formation and evolution for biomass gasification: A review

(65]

(28]

(66]

(67]

(68]

(69]
[70]




Some of the most recent reviews have focused on all categories of modelling [50-51,55,57-63,65,28,66-
67,69-70]. Other available reviews were orientated towards fluidised beds [49], downdraft gasifier [52],
Fisher-Tropsch synthesis [53], co-generation system [56] and thermodynamic equilibrium modelling
[54,64,68]. The classical modelling methods reported in the literature are thermodynamic equilibrium

(stoichiometric and non-stoichiometric), kinetic and computational fluid dynamics (CFD) [71].

The simplest models consider mass and energy balances across gasifiers to predict the composition of the
products, not considering processes and chemical reactions. In this approach, the equilibrium condition
is achieved by minimization of Gibbs Free energy and is mostly suitable for various biomass feedstock,
whose chemical formulae are unknown (may be obtained from ultimate compositional analyses). The
kinetic models are used to predict kinetic mechanisms of the gasification process from gas composition,
temperature dependence and the overall gasifier efficiency. The CFD model focuses on analysis of the
fluid flow, heat transfer, mass transfer and related system phenomena using numerical methods [71].
Giving the focus of this present review on thermochemistries of biomass gasification,

CFD will not be discussed further. Hence, this section of the review will discuss thermodynamic
(stoichiometric and non-stoichiometric) and kinetic analysis (Figure 5), which are commonly used for

biomass gasification models from the viewpoint of chemical reactions.

Biomass gasification
models routes

Thermodynamic

Equilibrium Analysis Knetic Aqatysls

Stoichiometric Non-stoichiometric

*  Simple method;

* Not required to consider chemical reactions;

* Predicts the maximum achievable yield of the
products;

* Useful tool for a preliminary comparison of fuels
and process parameters;

* Independent of gasifier design;

* Flexible for various feedstocks and process

* Consideration of finite time or finite volume;

* Accurate and detailed results;

* Good approximation at low temperatures;

¢ Includes both reactions kinetics and hydrodynamics
inside the gasifier;

» Very useful tool for the evaluation of particle size
impact;

* Proper for fluidized bed gasifiers;

o « Able to predict the product ition at different
* Good representation for high temperatures (750— ole to predict the product composition at diiteren
1000 °C); positions along a reactor.

¢ Can be improved by using the coefficients for
equilibrium constants or yields distribution.

Figure 5: Biomass gasification based on routes processes [3]

4.1. Kinetic modelling of biomass gasification

The kinetic analysis of biomass gasification involves studying the rates and mechanisms of the chemical

reactions occurring during the gasification process. Giving the several overlapping reactions that occur



during biomass gasification, kinetic modelling can help to simplify the determination of important kinetic
parameters, including activation energy (Ea), towards optimizing the reaction conditions in the gasifier.
The advantages of the kinetic models for biomass gasification are to predict performance using mass and
energy conservation equations, and to inform the composition of gas products and understand reaction
mechanisms, which can aid the optimum design of gasifiers. Kinetic modelling is mostly suited for
optimizing and investigating the impact of features such as pore size distribution, feed densities and
sensitivity primarily on outgassing flow rate, carbon reduction and system stability. Moreover, it considers
kinetic and transport factors that are difficult to find experimentally. While these quantities are evaluated,
the resulting models are generally restricted to the feedstocks, gasifier types, gasifying agents, operating
conditions, and syngas composition arrangement for which the reaction rates and model parameters are

valid.

A large selection of factors can be validated by kinetic models where the equilibrium models cannot.
Kinetic models are based on several mechanisms, which explain the chemical processes that occur
through the biomass gasification process and are critical in the development, evaluation, and
improvement of gasifiers. Kinetic analysis offers the tools to evaluate the progress of the reactions in the
gasifier, giving the composition of the products, the distribution of temperature, concentration, and other
parameters along the reactor [62]. For example, influence of residence time, type of gasifier, gasifying
agent and biomass feeding rate on biomass gasification efficiency can be predicted by kinetic models [63].
Therefore, understanding the effects of gasifier types and gasifying agents on the kinetics of biomass
gasification is vital for accurate kinetic modeling of the process. The choice of the gasifier type and
gasifying agent can significantly impact the reaction rates, syngas composition, and overall gasification
efficiency. Therefore, in-depth research and analysis are essential to optimize gasification conditions and

develop reliable kinetic models that can predict the behavior of biomass gasification systems.

4.1.1. Kinetic modelling based on biomass feedstock

Feedstock characteristics play a crucial role in the kinetic modelling of biomass gasification processes. The
properties of the biomass feedstock, such as composition, size, moisture content, and ash content,
significantly influence the gasification reactions and the overall process performance. The elemental and
proximate compositions of biomass provide insights into the chemical structure, heating value, and
reactivity of the biomass [49]. Different biomass types exhibit variations in their compositions of carbon,

hydrogen, oxygen, nitrogen, and sulfur content, which directly impact the gasification kinetics [49 - 50].

The particle size distribution of biomass affects its heat transfer characteristics, reaction rates, and
gasification kinetics. Smaller particle sizes provide larger surface areas for the reactions to occur, resulting
in enhanced reactivity. Particle size also influences the mass and heat transfer limitations within the
gasifier [51,52]. However, while smaller particle sizes can enhance the reaction rates, they may also
increase the gasifier pressure drop and the risk of agglomeration. Furthermore, the moisture content in

biomass affects the overall gasification process by influencing the heat requirements, reaction rates, and



gas composition [28]. Higher moisture content can lead to increased heat consumption and lower
gasification efficiency [28, 69]. In addition, biomass ash contents have low-melting characteristics, which
promote slagging and fouling during gasification, and therefore limit the temperature range for operation.
High ash content can lead to agglomeration, bed defluidisation, and corrosion, thereby affecting the

gasification kinetics and overall system performance [56,60].

Wang and Kinoshita [72] established a method that predicted the influence process variables such as
retention time, reaction temperature, pressure, moisture content, char particle size and equivalent ratio
on gas products. Giltrap et al. [73] presented a steady-state model that described the gas-char reactions
occurring in a downdraft biomass gasifier. The authors considered some factors such as temperature,
pressure, and gas composition to predict the gasification performance and the composition of the
produced gas, based on the prevalent pyrolysis and oxidation reactions. In addition, Nikoo and Mahinpey
[74] proposed a semi-kinetic model with Aspen Plus® for the steady-state operation of the bubbling
fluidized bed reactor. These authors used four CSTR reactors to simulate hydrodynamics and
heterogeneous chemical reactions of biomass gasification. The calculated rates of CO; and H, formation
were underestimated, even though considerable generation of H, was reported at temperatures above
800 °C. However, the authors found that using data generated from experimental thermogravimetric
analysis helped to obtain more accurate parameters to support more precise mathematical models to

describe the gasification process and reaction mechanisms [74].
4.1.2. Kinetic modelling based on gasifier types

Several authors have worked on the kinetic modelling of biomass gasification based on gasifier types,
especially with downdraft gasifiers due to having well-define reaction zones [72 - 73, 75 — 84]. In their
study, Wang and Kinoshita [72] developed a methodology that considered critical variables such as
retention time, reaction temperature, pressure, moisture content, char particle size, and equivalence
ratio. Giltrap et al. [73] utilized the reaction kinetics parameters from Wang and Kinoshita's work to
construct a framework but acknowledged that the model's validation was limited as it overestimated
methane concentrations. This discrepancy was likely due to the assumption that all oxygen in the air
supply was converted to CO,, disregarding the fact that some methane would react with oxygen during
the pyrolysis product cracking process. Additionally, the model did not incorporate the complex pyrolysis

and tar cracking processes, comprising various reactions and intermediate products [73].

To address these limitations, Babu and Sheth [76] introduced a variable char reactivity factor to adjust the
reaction rates and achieve better consistency with experimental data. They considered the influence of
factors like temperature, time, and heating rate on the volatile compounds and gases produced during
biomass pyrolysis. Building on this approach, Gao and Li [77] developed a downdraft gasifier model that
integrated the pyrolysis and reduction regions to predict temperature and producer gas concentration

patterns over time and space [77]. They explored two ways to adjust the temperature of the pyrolysis



zone: using a gas heating rate of 25 °C/min or maintaining a constant temperature of 1127 °C. The
simulation results for temperature and gaseous species concentrations closely matched experimental

data [77].

Jayah et al. [78] divided their kinetic model into two sub-models, namely: flame pyrolysis and gasification
zones. Their objective was to investigate the impact of operating variables such as feedstock moisture
levels, chipping size, reactor shielding, ambient temperature, and gasification load on downdraft gasifier
performance. The model integrated chemical reaction equilibria with energy and material balance
concepts. The gasification zone sub-model utilized inputs from the flame pyrolysis zone sub-model,
including calculated temperature and concentrations [78]. Along the vertical axis of the gasifier, a one-
dimensional single-particle model was employed in the gasification region sub-model, which considered
chemical and physical processes, transport phenomena, flow equations, and conservation principles. The
model was calibrated using gas compositions obtained from experiments, and a series of computer
simulations were conducted to assess the effects of various operational parameters. It was found that
moisture levels and heat loss significantly influenced the reactor's temperature and conversion efficiency.
Increasing the length of the gasification zone improved the conversion efficiency for designs with
narrower throat angles. While gasifier performance could be enhanced at high intake temperatures, the
associated heating costs did not compensate for the gains. The study highlighted the importance of
selecting the appropriate gasification zone length for optimal gas production under specific operational
parameters [78]. Sharma [79] followed up on this by proposing a kinetic model with separate sub-models
for each region, aiming to achieve higher thermochemical processing of biomass into combustible gases

(CO and H,) by optimizing reaction temperatures.

Rabea et al. [84] developed a model for the gasification process in a downdraft reactor and has been
validated using experimental data from the gasification of different types of woody biomass and
considering various reactor scales and power loads. The predicted results from the model showed a high
level of agreement with the experimental data, indicating its reliability. This suggests that the model can
be confidently used for sensitivity analysis to predict the performance of a gasifier at different load levels,
specifically in the air flow rate range of 3—10 L/s [84]. The authors also explored the impact of the supplied
air flow rate on various factors, showing that as the air flow rate increased, the LHV of the gas decreased.

In contrast, the gas yield behaved conversely, increasing with higher air flow rates.

Gdémez-Barea and Leckner [49], Watson et al. [66] and Gao and Li [80] have all developed kinetic models
for fluidized bed gasifiers. Kinetic modelling of fluidized bed gasifiers involves several hypotheses or sub-
models, including those for fluidization, gas flow across the fluidized bed, and char conversion under
different operating conditions [79]. Reman [81] proposed a model for fluidized bed reactors that treated

both gas and solid particles as distinct phases to avoid the complexity of the bed's multiphase nature [81].



However, it is important to note that the existing models for fluidized bed gasifiers still have limitations
in fully capturing the behavior of both gas and solid components. Experimental investigations conducted
by various contributors, such as Baliban et al. [82], Gomez-Barea et al. [83], and Li et al. [84], focused on
specific geometric and operational parameters, providing valuable insights for specific fluidised bed
gasifier designs. However, for broader applicability and optimization purposes, it is necessary to establish
correlations between input and output parameters based on large datasets to develop a generic model

that can accommodate different sizes and operating parameter ranges in fluidized bed gasifiers.

4.1.3. Kinetic modelling based on gasifying agents

The choice of gasifying agent is another crucial factor that influences the kinetics of biomass gasification.
Air, oxygen, and steam are commonly used as gasifying agents, each with its own impact on the
gasification process and the resulting syngas composition. Air is the most used gasifying agent due to its
availability and low cost. However, air gasification has some limitations. As mentioned earlier in Section
1, the presence of nitrogen in air dilutes the syngas, reducing its heating value and overall energy content.
Moreover, the slower reaction kinetics associated with air gasification can prolong the residence time
required for complete conversion of biomass, which otherwise would result in incomplete conversion and
the formation of undesirable byproducts, according to the free model developed by Gomez and Mahinpey

[85].

Oxygen or a mixture of oxygen and steam can be employed as alternative gasifying agents to enhance
gasification kinetics and improve the quality of the produced syngas. The use of oxygen-rich gasification,
such as partial oxidation or oxygen-blown gasification, increases the reaction rates, shortens the residence
time, and improves the overall gasification efficiency [86]. Oxygen-rich environments promote higher
syngas heating values and reduce or eliminate the nitrogen dilution effect. However, oxygen-rich gasifying
agent can lead to excessive gasification temperatures, due to the absence of the cooling effect of nitrogen
thereby promoting combustion-based reactions. Hence, in most cases, the use of oxygen-steam mixtures
as gasifying agents aids in temperature moderation, prevents excessive char oxidation, and enhances

hydrogen production [86].

4.1.4. Kinetic modelling based on operating conditions

In-depth research and analysis are essential to optimize operating conditions in gasifiers and develop
reliable kinetic models that can predict the behavior of biomass gasification systems. Operating conditions
play a crucial role in influencing the gasification kinetics and overall efficiency of the process. Gasification
reactions are highly temperature dependent. Higher temperatures generally result in faster reaction
rates. However, excessively high temperatures can also lead to undesirable side reactions, such carbon
deposition. Different temperature regimes can affect the selectivity of gasification reactions and influence
the composition of the resulting syngas [67]. Residence time, which refers to the duration of biomass in

the gasification reactor is another important operating parameter. It is critical parameter in influencing



the extent of biomass conversion and the composition of the syngas. Longer residence times generally
lead to higher conversion rates but may also promote secondary vapour condensation reaction resulting
in tar formation. Shorter residence times can limit the completion of gasification reactions. A complete
kinetic-based data on biomass gasification process was calculated and optimized by Dang et al. [87] to
evaluate syngas production. The results showed that the initial volatile composition from the pyrolysis
step was vital for gas product distribution. The authors also found that the gasification temperature was
very sensitive to the syngas composition and vyield, followed by the equivalence ratio, S/B ratio, and
biomass moisture content [87]. The authors illustrated the effects of two parameters (gasification

temperature and syngas yield) and reported optimal syngas yields between 61.4 % and 78.5 % [87].

The kinetics of the pyrolysis stage during biomass gasification were described by Koufopanos et al. [88]
using a two-stage model. The initial decomposition of biomass resulted in the formation of volatiles,
gases, and char; however, these primary pyrolysis products could further react with char, leading to a
range of volatiles, gases, and char with varying proportions. This secondary interaction between the main
pyrolysis products altered the distribution of end products [74, 88 - 94]. Babu and Chaurasia [95] solved
the pyrolysis equations using the 4™ order Runge-Kutta technique across a wide range of conditions,
including temperatures from 500 °C to 1500 °C and heat rates from 25 °C/s to 360 °C/s. Their study
determined optimal pyrolysis zone parameters, such as temperature, heating rate, and pyrolysis time,

under various operating conditions [95].

While kinetic modelling of biomass gasification has contributed to the understanding of biomass
gasification, there are still some challenges that must be considered:

e complete reaction mechanisms are frequently unpredictable or are just partially understood.

e kinetic modelling remains highly reliant on reaction rate estimation and more computationally
expensive than thermodynamic modelling.

e there are limited research data to deal with the kinetic representation of the sequential order of
the process; it is important to consider the sequential order of the gas release from the biomass
particles as it moves inside the gasifier through different temperature zones.

e kinetic analysis of the non-condensable gases (CO,, CO, CH4 and H,) needs to be explained based

on the non-isothermal nature of biomass gasification.

4.2. Thermodynamic analysis of biomass gasification

Thermodynamic equilibrium equations are simpler compared to kinetic ones and can be stoichiometric or
non-stoichiometric (Figure 6). Thermodynamic evaluation of biomass gasification is often aimed at
calculating the energy and exergy efficiencies of gas production [42, 93 - 94]. Hence, thermodynamic
analysis, is seen as a more appropriate method to study the fuel and thermal process parameters of

biomass gasification. The gasifier is computed based on the equilibrium constants (stoichiometric) or



minimization of Gibbs free energy (non-stoichiometric), and the combustor is modelled based on
combustion reactions (Equations 2 - 4). Most of the thermodynamic equilibrium models reported in the

literature (72.5%) is the non-stoichiometric method [12].

[ Stoichiometric ] X [Non-stoichiometric]

* Selections of the reactions; « Selections of all species;
* Equilibrium constants; * Gibbs energy distribution.
* Reaction temperature;
* Chemical equilibrium composition.

Figure 6: Stoichiometric vs non-stoichiometric models

The Gibbs free energy minimization principle is a fundamental concept in thermodynamics and is often
used in equilibrium modelling. It provides a framework for determining the most stable composition of a
system at a given temperature and pressure. In the context of gasifiers, the principle suggests that the
gasifier reaches its most stable composition when it reaches chemical equilibrium. When a gasifier
operates at equilibrium, the entropy is maximized, and the Gibbs free energy (a measure of the system's
potential to do work) is minimized. This means that the system has achieved a balance between the
reactants and products, and there is no further driving force for chemical reactions to occur. Equilibrium
modelling, also referred to as zero-dimensional modelling, aims to predict the final composition of the

gasifier based on the minimization of Gibbs free energy [59].

Most of the thermodynamic equilibrium models available in the literature consider the following
assumptions [64]:

e  Steady state;

e Infinite residence time;

e |deal gas behaviour of the gas phase;

e Perfect mixing with uniform pressure and temperature;

e The produced gas have no oxygen;

e Nitrogenisinert;

e Potential and kinetic energies are neglected;

e  The major species compose the produced gas (H,, CO,, CHy4, CO, H,0 and N);

e Taris modelled in the gaseous state;

e Airis sufficient to convert all carbon in produced gas;

e The gasifier operates isothermally and at atmospheric pressure;

e The gasifier is considered adiabatic.

The main parameters that can influence the quality of the produced gas during the gasification process

include gasification temperature, biomass moisture content, gasification agent and mass flow rates. Some



thermodynamic studies have focused on some individual parameters, while some have looked at multiple

factors at the same time.

4.2.1. Thermodynamic modelling based on feedstock

Feedstock selection directly impacts the overall efficiency, product yield, and environmental impact of the
gasification process. Different biomass feedstocks possess unique chemical compositions, moisture
contents, and heating values, all of which significantly influence gasification efficiency. By examining the
properties, such as moisture content, ash content, elemental composition, and volatile matter content,
researchers can determine the optimal operating conditions, adjust process parameters, and develop
efficient gasification systems. Additionally, feedstock analysis aids in identifying potential challenges and
implementing appropriate pre-treatment techniques to enhance gasification efficiency and minimize

operational issues.

Abuadala and Dincer [90] studied the energy and exergy efficiencies of steam gasification of sawdust. The
exergy efficiencies were obtained 50% and 69% for hydrogen and all the products, respectively. They
found that increasing hydrogen in the steam gasification process depended on the steam mass flow rate,
the biomass quality and the operating temperature [90]. Karamarkovic and Karamarkovic [91] studied the
effects of biomass moisture contents and gasification temperature using air as the gasifying agent. A
thermodynamic evaluation for air biomass gasification was carried out by Zhang et al. [60]. They
compared the results with the biomass gasification in the presence of steam and partial oxidation as the
gasifying agents which showed production of gas products with higher LHV than that of air. Sharma and
Sheith [92] carried out an experimental study on air/steam biomass gasification. The authors established
an equilibrium model to predict the performance of the system. The results showed the effects of the
steam to biomass ratio and of direct insertion of the steam to the reduction zone on the output gas

composition.

4.2.2. Thermodynamic modelling based on gasifier types

Thermodynamic equilibrium models are valuable in the construction and operation of gasifiers because
they provide a benchmark for understanding the expected composition of the gas produced. By
considering factors such as pressure and temperature, these models can estimate the equilibrium state
of the gasifier under various conditions. This information can be useful for optimizing the design and
operation of gasifiers, as well as for monitoring process parameters to ensure efficient and stable
performance [62]. The findings contribute to the optimization and design of gasification systems for
biomass utilization. Modelling based on gasifier types plays a significant role in determining the system's
operating principles, reaction pathways, and availability of process parameters. Accurate representation
of the gasifier type in models enables better predictions of gasification performance, gas composition,

and heating value that can guide decision-making in biomass and waste-to-energy applications.



A numerical approach to estimate gasification in downdraft biomass gasifiers was demonstrated by
Melgar et al. [96]. Their model offered simplicity and accuracy in predicting the influence of air/fuel ratios
and moisture levels on the composition of production gases. However, it was found that this model
tended to overestimate the heating value of CH4 and H, outputs, as well as the amount of CO produced.

Zainal et al. [97] presented a study on the use of thermodynamic equilibrium to analyze the biomass
gasification process. The authors focused on two pivotal gasification reactions: the Boudouard equilibrium
and heterogeneous water-gas shift reactions, along with hydrogenating gasification. The effects of
moisture content and reaction temperature on syngas composition and heating value were investigated.
When comparing their model to experimental results, it was observed that the model underestimated the
guantity of oxygen by specifying it in terms of several elements in the product gases, which was not

apparent when compared to the experimental evidence.

Another study conducted by Mountouris et al. [98] involved thermodynamic analyses of plasma biomass
gasification. The researchers estimated the gas composition and performed energy-related computations.
The findings indicated that increasing airflow in plasma gasification was always unfavorable due to the
decrease in H; and CO levels, accompanied by an increase in CO,, N and H,0 levels. Furthermore, it was
demonstrated that temperatures above 800 °C led to increased concentrations of CO and H,0, decreased

concentrations of H, and CO,, while the N, concentration remained unchanged [98].

4.2.3. Thermodynamic modelling based on gasifying agents and process conditions

Gasifying agents are known to play a crucial role in the energetics of biomass gasification. They control
the reaction conditions inside the gasifier [99 - 105], yields and compositions of gas products as well as
whether or not tar is formed [99 — 109]. A theoretical comparison of oxygen, oxygen-enriched air, air and
steam gasification was carried out by Shayan, Zare, and Mirzaee [89] through thermodynamic model and
exergy analysis. The effects of moisture content, gasification temperature and biomass (wood and paper)
feeding rate on the process were studied. The results showed that the highest hydrogen production was
achieved when steam is used as the gasification agent (gas product calorific value exceeding 11 MJ/Nm3),
followed by oxygen, oxygen-enriched air and air. The results also show that air gasification led to the
highest sensible energy efficiency, while steam gasification exhibits the highest exergy efficiency. In
addition, they explained that the increase in gasification temperature corresponded to an increase for
hydrogen concentration during steam gasification. Furthermore, the model considered the chemical
reactions involved in the gasification and allowed for the calculation of equilibrium compositions and
thermodynamic properties of the producer gas. The results obtained from the model showed good

validation against existing theoretical and experimental data found in the literature [89].

Hosseini, Dincer and Rosen [93] indicated that a greater energy and exergy efficiency results of biomass

gasification were achieved in the presence of air as the gasifying agent, instead of the steam gasification.



Schuster et al. presented an extensive study on thermodynamic model for steam gasification, which
indicated that gasification temperature and the oxygen content in the fuel had effect on gasification
efficiency [100]. Mahishi and Goswami studied energy efficiencies for biomass gasification in air-steam
mixtures to investigate the influence on hydrogen production [103]. The authors evaluated the effects of
temperature, pressure, SBR and ER parameters on hydrogen yield and it was detected that combined
steam and air gasification has produced more H; than air gasification. The results showed gasification

temperature of 727 °C, SBR of 3, ER of 0.1 and at a gasifier pressure of 1 atm gave efficiency of 54% [103].

Recently, the use of CO; and steam-CO, or 0,-CO, mixtures as gasifying agents for biomass conversion to
syngas have been reported [101 - 102]. Vikram et al. studied the thermodynamic analysis and parametric
optimization of steam-CO, based biomass gasification system using Aspen Plus software to investigate
gasification temperature, reaction temperature and gasifying agent composition on H, and CO
concentration, H,/CO ratio, and the syngas process efficiency [101]. The energy efficiency of the
gasification system was calculated at 900 °C. The Peng-Robinson with Boston Mathias function was
selected to simulate the gasification process using both isothermal and adiabatic reactor operations at
atmospheric pressure, ideal gas behaviour, ash as an inert material, negligible formation of tar and other

heavy hydrocarbons [101].

Renganathan, et al. [102] investigated the gasification process using CO,, CO,-steam and CO,-0O, as a
gasifying agent, syngas composition, cold gas efficiency and CO, conversion. The results showed that
atmospheric gasification using CO, was not favorable under adiabatic conditions. Nevertheless, complete
carbon conversion could be obtained by increasing the operating temperature or the CO; flowrate [102].
Chaiwatanodom, Vivanpatarakij and Assabumrungrat [90] performed a thermodynamic analysis of
biomass gasification with CO; recirculation. The results showed that the addition of CO; in the gasification
process could increase the syngas production only in some ranges of operating conditions (high pressure

and low temperature) [104].

Wang, Bi and Wang [105] performed a thermodynamic analysis from biomass gasification for biomethane
production based on the minimization of Gibbs free energy. The biomass gasification performance using
different gasifying agents (H.0, CO,, O; or air), was analyzed. The authors showed that steam addition
was important to improve carbon conversion and the use of air, O, and CO, led to a negative impact on
the methane yield and H,/CO ratio. The maximum methane yield was achieved at the temperature at
which carbon was completely converted. The authors showed that for the thermodynamic analysis, steam

gasification was the ideal conversion process for biomethane production [105].

Avoiding tar is critical to efficient biomass gasification systems so tar modeling is likely to be one of the
most active domains of study. Using kinetic mechanism developed by Abdelouahed, et al. [107], Aneke

and Wang [117] used Aspen Plus to perform thermodynamic analysis of biomass gasification and the



efficiency of the process was 43.6%. The authors reported that the thermodynamic analysis of biomass
gasification process combined with tar removal using plasma technology was efficient for syngas with
appropriate tar concentration for gas turbine application [108]. Shamsi et al. investigated a new process
to produce hydrogen from lignocellulosic biomass gasification tars using Aspen HYSYS software for the
simulation. The authors considered tar reforming and ash separation, combined heat and power cycle,
hydrogen sulfide removal unit, water-gas shift reactor, gas compression and hydrogen separation from a
mixture of gases in pressure swing adsorption. The results showed that using CHP cycle and plug flow

reactor increased the overall energy efficiency (63%) compared to the basic process (29.2%) [109].

In summary, kinetic and thermodynamic modelling of biomass gasification have contributed and will
continue to contribute to the optimization and design of gasification systems for improved biomass
conversion and quality of the gas product. Accurate representation of the gasification process in modelling
enables better predictions of gasification performance, gas composition, and heating value that can guide
further optimal development in this area and enhance its contribution towards low-carbon energy

production and the achievement of Net Zero.

5. Challenges of tar production and strategies for its reduction during biomass gasification

Among the primary reactions involved in biomass gasification, tar formation is a major bottleneck in
biomass gasification, which represents both hazardous operation (fouling and corrosion of gasifier
equipment) and lower carbon conversion efficiency. Tar consists of high molecular weight compounds
such as single-ring aromatic compounds, oxygenated compounds, polycyclic aromatic hydrocarbons
(PAHSs) [152] that have formed during the pyrolysis stage of the gasification process and have not been
converted to syngas in the gasifier. Primary catalysts have been effective in limiting and controlling the

formation of tar during biomass gasification [153], leading to improved H, and H,/CO yields [154 — 155].

Solving the tar problem during biomass gasification would lead to enhanced biomass conversion to gas
and improved syngas quality. As already discussed in Section 2, significant tar reduction can already be
achieved through innovative gasifier designs and operations. This is an active research area with low tar
formation being reported from certain large capacity gasifiers such as the conventional fluidized beds [143
- 145], dual fluidized beds [146 - 148], plasma gasifiers [24] and the novel fountain enhanced conical
spouted gasifier [149]. In some cases, the type of gasifying agent used during the gasification process can
also influence the formation and yield of tar [69, 150 - 151]. Tar removal may also be achieved via a
combination of catalysts and physical methods (Section 6.1) including hot vapour filtration and the use of
condenser. In addition, tar elimination and reduction can be accomplished either inside (in situ) or outside
(ex situ) the gasifier [153]. Each method has its unique influence on effectiveness, catalyst deactivation

challenges and process economics.



5.1. Catalytic systems for tar reduction and elimination during biomass gasification

Catalysts help to decrease the required temperature and time for the biomass gasification process for
efficient production of high-quality syngas (or producer gas). There are several excellent reviews [27, 65,
70, 75, 125 - 130] and experimental research published on the various catalysts used in biomass
gasification [126, 131 - 142]. Biomass gasification catalyst are considered successful if they can lower the
required activation energy for gasification reactions to achieve the high carbon conversions that positively
influence gasification process. Broadly speaking, biomass gasification catalysts are classified into primary
and secondary (downstream) catalysts based on their roles along the conversion process depicted in

Figure 7 [110].
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Figure 7: Simplified conversion pathway of biomass gasification

During biomass gasification, primary catalysts alter the reaction pathways to favour the production of
high-quality syngas through enhanced reaction rates during the pyrolysis and initial gasification stages
[68, 111 - 113]. Such reactions include char gasification (Equation 7) [114 - 115], tar cracking and reforming
[121] and the various reactions represented by Equations 2 —12. In contrast, secondary catalysts are used
to promote reactions beyond the main gasification steps. Indeed, secondary catalysts promote the
conversion of products of incomplete gasification of the original biomass to enhance the yields hydrogen
and CO. Such post-biomass gasification reactions include downstream steam reforming of methane (and
other hydrocarbons) in the gas products (Equation 10) [116 - 120], dry reforming methane (and other
hydrocarbons) in the gas products (Equation 11) and water-gas shift (Equation 8) [122 - 124].

Tar formation remains a significant challenge to biomass gasification process and there require continued
research attention. Tar reduction or elimination via catalysis can enhance biomass conversion efficiency
for improved syngas quality. However, for tar conversion, the definition of catalysts as primary or
secondary is not clear-cut. In practice, the application of catalyst for tar conversion can be carried out in
situ (inside the gasifier) or ex situ (outside the gasifier). Hence, technically, materials used for ex situ
catalyst systems for tar conversion may be referred to as secondary catalysts as they do not influence the
reactions within the gasifier. In contrast, in situ catalytic systems have the potential to influence both the
gasification reactions (including preventing tar formation) as well as subsequent conversion of gas phase
products (including the reforming of formed tar). Hence, materials for in situ catalysis can promote both

primary and secondary reactions. Therefore, this present review has focused on the in situ and ex situ



positioning catalysts systems for eliminating or reducing tar formation. In some cases, a combination of
catalytic systems for primary gasification and secondary reforming of tars have been report [121, 128,

173].

5.1.1. Catalysts for ex situ tar reduction and elimination during biomass gasification

Catalysts are usually employed for ex situ tar removal over a temperature range of 600 °C to 900 °C and
should be capable to reform hydrocarbon gases and the aromatic compounds and heavy organic
compounds that are present in tar. The main catalyst selection criteria include cost, catalytic activity,
efficiency, deactivation and sulphur poisoning resistance, stability, environmentally friendly, easy
regeneration, reusability, and mechanical strength [112, 127, 156 — 157]. Furthermore, materials for tar
conversion can be grouped into synthetic and naturally occurring catalysts. Among these, natural
minerals, alkali metals, transition metals, and noble metal-based catalysts have been reported to be most
effective with promising results. Alkali metals (Ca, Na, and K), alkali-metal based catalysts, as well as heavy
metals are reported as the most suitable and effective catalysts [159]. Fluid catalytic cracking (i.e., zeolite)
catalysts, alkali-metal based catalysts, activated alumina, and transition-metal based catalysts (Ni-, Pt-, Zr-
, Rh-, Ru-, and Fe-based catalysts) are grouped as the synthetic catalysts. Natural/mineral catalysts include
calcinated rocks (calcite, magnesite, and calcinated dolomite), olivine, clay minerals, and ferrous metal
oxides [149, 158]. Studies have also reported waste by-products including char, derived from
thermochemical processing of biomass and solid organic products, as reliable, low cost, sustainable

alternative to the commercially available catalysts [160].

Ex situ catalytic systems for tar reduction or elimination have recently combine both catalytic cracking
and with physical methods such as hot vapour filtration [161], to reduce energy composition via heating
and cooling cycles and to convert tar into syngas and to increase the gasification efficiency [161 - 163].
These hot gas catalytic filters have found practical application for tar reforming, ammonia elimination and
particulate elimination [164] during biomass gasification. Catalytic filters are either presented as a solid
fixed catalytic bed or a cylindrical filter candle with catalytic foam coating inside. Catalytic coating on the
inner tube has been found to be more cost effective in terms of manufacturing costs. Silicon carbide, a
wood-derived ceramic material, was described as a suitable filter material due to its high thermal stability
at temperatures above 750 °C [165]. The main drawback of hot filtration vapour devices is the limited
surface area availability for application of catalytic coating, which directly affects the interaction between
the filter walls and catalyst leading to lower efficiency and stability of the coating. To obtain a uniform
and stable coating containing active metals, studies suggested deposition of catalyst coating with urea

[166].

Several researchers have reported the effectiveness of low-cost biomass-derived char (biochar) as catalyst
for ex situ conversion and reduction of tar [167 - 173]. For example, the adoption of a two-stage
gasification process, with a primary gasifier and a secondary reformer, have been reported to improve

biomass conversion efficiency and product gas quality by using char as a catalyst in the secondary



reformer to reduce tar concentrations in the product gas [121, 128, 173]. The effectiveness of char for tar
removal depends on its properties such as surface area, pore volume, and surface functional groups, and
the operating conditions such as temperature, pressure, and gas compositionThe catalytic activity of char
can be further enhanced through impregnation of active metals [174]. High surface area and porosity of
the char surface, allow and supports impregnation of active metal particles through a simple dry
mechanical mixing. Specifically, biochars have desirable porous structure and contains valuable minerals
mostly on its surface, which enhance the catalytic behaviour of the char towards tar conversion and
gasification reactions [175]. Biomass naturally contains alkali and alkaline earth metallic species (AAEMs)
including K, Na, Ca, Mg, which generally benefit gasification process through tar cracking and reforming
of tar. These AAEMS also provide additional resistance to carbon deposition and sintering [176 - 177] by
being a good hosting matrix for impregnated metal catalyst, thus promoting excellent interaction and
contact between active metal particles and tar. The presence of minerals, porous structure of char is
another advantage in providing a suitable hosting matrix. However, high ash content of biochar can lead
to fouling, clogging, and slagging throughout the gasification process. Excess AAEMs in biochar can be
removed via selective acid leaching and aqueous washing to remove unwanted components and to

promote development of the porous structure [178].

5.1.2. Catalysts for in situ tar reduction and elimination during biomass gasification

In contrast to ex situ systems, in situ treatment involves placing the catalyst inside the reactor for tar
conversion or to suppress its formation. During in situ catalysis, the catalyst material may be mixed with
or completely replace the usual bed materials (silica sand). In situ tar treatment has been reported to be
more than ex situ promising in terms of tar removal following direct interaction of catalyst with volatiles
[179]. The main catalyst selection criteria include cost, catalytic activity, efficiency, deactivation and
sulphur poisoning resistance, stability, sustainable source, ease of regeneration, reusability and
mechanical strength [180]. In addition, catalysts that are employed for in situ tar conversion or
suppression must be able to withstand the gasifier conditions. For all types of gasifiers, the in situ catalyst
must withstand the high gasification temperatures (800 — 1000 °C) and specifically, for fluidized beds,
these catalysts must have the added mechanical strength to withstand the fluidization conditions

(particularly, high gas velocities and potentially high rates of attrition) inside the gasifier.

Natural materials such as dolomite (CaMg(COs),) , limestone (CaCOs) and olivine ((MgFe),SiO4) are cheap
and abundant catalysts for tar reduction and elimination and they are recommended to be employed as
bed material in fluidized bed gasifiers [122, 181]. These natural catalysts can be used directly or after pre-
treatment. However, natural catalysts have their own drawbacks, including particle fragmentation,
moderate activity rate, and relatively low catalytic activity towards reforming of hydrocarbons [160]. For
instance, unlike olivine, dolomite and limestone have poor attrition resistance and therefore suffer severe

particle fragmentation in fluidized bed gasifiers [182].



Dolomite is a naturally occurring mineral, introduced as in situ catalyst during gasification to achieve
enhanced syngas yield with up to 95 % tar removal [183]. They have also been found to be highly effective
in the gasification of PAHs components of tar [184]. Often, dolomite is pre-treated by calcination before

use according to Equation 13:
CaMg(C0s3); =» Ca0 + MgO + 2C0O> AH, g5, =+296 kJ/mol (13)

Calcined dolomite is also effective in enhancing hydrogen yields during steam gasification within the
temperature range of 750 °C to 850 °C [183]. The sorption-enhanced yield of hydrogen is promoted by
altering the position of equilibrium of water-gas shift reaction (Equation 8) through the removal of CO; by

the oxides (Equations 14 and 15), which represent the reverse of Equation 13.
Ca0 + CO, = CaCO; AH,qgx =-177.8 ki/mol (14)
MgO + CO, & MgCOs  AH,qg =-117.7 ki/mol (15)

Studies reported up to 14 % increase in gas production with notable reduction in tar yield using calcined
dolomite [143]. During air gasification of rice husk, increase in dolomite quantity from 10 to 40 %,
increased hydrogen, carbon oxide, and carbon dioxide yield from 2.6 to ~4 %, 15.2 to 17.3 %, and 9.3 to
10.5 %, respectively [185]. Hydrogen content from gasification of cotton stalk chops using dolomite,
olivine, and quartz sand was reported as 31.45, 23.72, and 22.79 %, respectively [186], showing the
superior performance of dolomite. Furthermore, hydrogen yields from gasification of cellulose [144],
spruce wood pellets [187], pine saw dust [188], almond shell [145], bark pellets [150], refuse-derived fuel
(RDF) [189], using calcined dolomite were reported to be 8.33, 22.80, 49.33, 55.5, 25.8, and 13 %,
respectively. In addition, as the calcium and magnesium carbonates (or oxides, in calcined form) are
alkaline, they provide added benefits through their involvements in acid-base reactions to remove acid

gases such as HCl and SO, in the gas products [151].

Compared to the amorphous dolomite, crystalline dolomite with bigger pore structure was reported to
provide better mechanical strength as it allowed swift release of gas [151]. However, gasifier operations
at high temperatures (>850 °C), often result in a more porous and fragile structure of dolomite, which
directly affects the mechanical strength of the catalyst, thereby limiting the number of their effective

catalytic cycles [157].

Olivine ((MgFe),Si0,) is another well-known abundant naturally occurring mineral being used as a catalyst
during biomass gasification [145, 150, 186, 189]. As an in-bed additive, the advantages of olivine over
silica sand and dolomite are its durability, tar elimination activity, and strong abrasion (anti-wear)
resistance during biomass gasification [150, 189]. Reduction in tar content (~42 %) was reported with an
increase in olivine quantity from 10 to 40 % [185]. Similar to the dolomite, calcined olivine (pre-treated at
900 °C and above) can provide better catalytic properties for improved tar cracking, due to the migration
of iron to the olivine surface [171] . Calcination at 1100 °C increased tar conversion by 55.9 % [190]. To

further improve olivine tar cracking and elimination, studies have suggested impregnation of olivine using



active metals; Fe/olivine [191], Ni/olivine and Ni-Ce-Mg/olivine [192], Cu/Ni/olivine [180] and
Ni/olivine/La>03 [193]. Such added metals have been found to enhance catalytic activity by providing

more active sites when used in situ during biomass gasification [180, 191 — 193].

The CaO contents in limestone and dolomite have been reported to be responsible for effective cracking
and elimination of tar. Therefore, the direct use of CaO as another cheap and widely available biomass
gasification catalyst has been variously explored [116, 194 — 202]. Application of CaO is notable for
obtaining higher hydrogen vyield at lower temperatures (~600 °C) [116] through the combination of

Equation 7 and 13, shown in the exothermic Equation 16 below.
CaO + CO+ H,0 =» CaCO; + H, AH ;g5 =-220.8 ki/mol (16)

For example, increasing CaO/biomass mass ratio from 0 to 2, increased hydrogen concentration in the gas
product from 23.29% to 54.54 % during gasification of White fir. Moreover, under similar reaction
conditions, hydrogen yield increased from 34.5 to 59.1 % during the gasification of sawdust [195 - 196].
Hydrogen content of gas composition based on gasification of sawdust [190], corn stalk [145], rice straw
[145], pine sawdust [197], pine sawdust [198], wood [199], soft wood [200], larch [201], almond shell
[202], using CaO catalyst in the gasifier, was reported to be 54.43%, 61.23%, 60.28%, 52, 57%, 48%, 70.3%,
63.56%, and 55.5 % respectively. In addition, CaO has also been reported as an effective tar cracking

catalysts when used as at high temperatures (~800 °C) [116].

Meanwhile, alkali metal-based catalysts (especially, the hydroxides and carbonates) are known to provide
relatively higher yields of hydrogen, higher hydrocarbon reforming efficiency and advanced tar cracking
and removal ability [111, 146 — 147]. Indeed, the presence of alkali catalyst permits desirable tar cracking
at higher temperature as (up to about 1300 °C) [111]. Yet, alkali metal catalysts are expensive, produce a
notable amount of ash, and are not recommended to be employed as in situ catalysts at temperature
higher than 800 °C [113]. Hence, the main drawback of alkali metal catalysts arises from the low melting
points of these metals leading to their vaporisation at elevated temperatures, condensation and
agglomeration on cooler surfaces after exiting the gasifier, leading to eventual clogging of pipes [202].
These alkalis can be employed either directly (mixed with biomass) or impregnated with another catalyst
[146]. Among the alkali metal-based catalysts, KOH has been most widely used due to its relatively higher
impact on the biomass gasification efficiency. For instance, in comparison with other alkali metal-based
catalysts (NaOH, K,CO3; and Na,C0s), the use of KOH led to reduced tar content and improved hydrogen
yield during the gasification of sewage sludge [147].

Transition metal-based catalysts, especially those of nickel, are suitable to be employed as in situ catalysts,
and provide comparably enhanced catalytic activity, good tar reforming efficiency, higher hydrogen yield,
and complete tar elimination [203]. They are considered highly active in steam reforming process within
a temperature range from 500 °C to 950 °C. However, nickel-based catalysts are not recommended for
use in fluidized beds due to the poor attrition resistance. Also, their deactivation behaviour and poor

sulphur poisoning resistance is another drawback. This deactivation has been linked to the formation and



agglomeration of dust and coke deposits on the catalyst active surface, thereby blocking the pores and
active sites [204]. Studies suggested support materials, including zeolites, dolomite, olivine and metal
oxides to minimize the challenges of using nickel-based catalysts [113, 117, 123, 127, 156, 157, 205]. For
example, the application of olivine as a support material for nickel-based catalyst enhanced its mechanical
strength, tar destruction (up to 94%), hydrogen generation (up to 56% vol%), and was considered a
suitable material to improve catalytic bed recirculation [113, 117, 127]. Moreover, studies recommended

chemical modification of catalyst using basic elements including K, Na, Mg and Fe [156, 205,].

Due to the challenges of poor longevity of nickel-based catalyst s due to deactivation, poor attrition
resistance and sulfur poisoning, researchers have investigated the use of other transition and d-block
metals for tar elimination during biomass gasification [199 - 200]. These include application of Rh, Ru, Pd,
Pt, Co, Zn, Cu and Fe, resulting in a relatively higher tar removal, higher stability, and lower carbon
deposition as compared to the Ni-based catalysts [199]. While these non-nickel catalyst are considered
highly practical and effective for tar elimination, the platinum-group metals (PGMs) are highly expensive

and have negative impacts on processing costs [118].

5.2. Catalytic mechanisms and performance

Tar decomposition involves several simultaneous reactions including thermal decomposition, steam and
dry reforming and water-gas shift. A basic catalytic mechanism involves the dehydrogenation of
compounds in tar on active sites of catalysts. Thermal decomposition can lead to carbon formation,
leading to carbon deposition on catalysts active sites as well, which have the potential to react with steam
to generate additional CO and preserve catalytic activity [203]. Studies on the catalytic mechanism of tar
cracking have relied on the use of model compounds. Due to the complex composition of real tar,
benzene, toluene, naphthalene, and sometimes tetradecane or furfural have been mainly employed as

model tar compounds to better understand the catalytic mechanism [125, 206].

Using naphthalene vapour (gas phase) as tar model compound [186], its conversion reactions could be

presented as the idealised Equations 17 — 20 as follows:

Cracking: CioHg = 3CoH; + 4C + H; AH gk =+531 ki/mol (17)
Steam reforming I: CioHs + 10H,0 =» 10CO + 14H, AH,qgx =+1163 ki/mol (18)
Steam reforming Il: C;H; + 2H,0 =» 2CO + 3H, AH gk = +35.6 ki/mol (19)
Dry reforming I: CioHg + 10CO, =» 20CO + 4H, AH gk = +1575 kJ/mol (20)
Dry reforming Il: C;H, + 2CO, = 4CO + H; AH gk = +118 ki/mol (21)

Carbonisation: C1oHg = 10C + 4H, AH gk =-150 ki/mol (22)



Apart from Equation 22, all the potential equations for tar conversion range from being mildly to highly
endothermic, confirming why tar reforming is usually more effective at high temperatures. Therefore, tar
conversion mechanism can further be explained through three main stages using naphthalene. These
include (1) initial endothermic (Equation 17) and exothermic decomposition (Equation 22) to lower
hydrocarbon gases, carbon and hydrogen gas; (2) subsequent moderately endothermic reactions for the
conversion of the small hydrocarbons through steam (Equation 19 and 21); and (3) consumption of carbon
through Boudouard reaction (Equation 6) and water-gas reaction (Equation 7). These reactions are much
more favourable than the highly endothermic steam (Equation 18) and dry (Equation 20) reforming of

naphthalene itself [207].

In addition, catalytic mechanism studies based on model tar compounds (tetradecane, toluene and
naphthalene) showed that through thermal decomposition, straight-chained hydrocarbons converted to
shorter hydrocarbons, whereas aromatic hydrocarbons were predominantly converted to benzene, which
easily formed carbon [208]. In a recent study, Shao et al. [163], reported that naphthalene resulted in
higher formation of carbon as compared to toluene using nickel-based catalyst. This observation was
linked to the 2-ringed structure of naphthalene. Higher char bed temperature and residence time (up to
900 °C for 15 min) were found more effective in conversion of naphthalene, which agree with the high

endothermic nature of the main conversion reactions.

5.3. Catalyst deactivation mechanisms during biomass gasification

Despite the many benefits in using catalysts in biomass gasification, there are several drawbacks which
require precise studies and attention. These include catalyst deactivation by various mechanisms
including thermal, physical and chemical processes as shown in Figure 8 [119]. In addition, thermal or
chemical catalyst deactivation is directly influenced by the nature of the catalyst, reaction parameters and
condition, and biomass characteristics. Often, noticeable decrease in hydrogen yield is mainly the initial
sign of catalyst deactivation [117]. Physical deactivation processes including crushing or attrition and
fouling leading to loss of morphology and poor structure. Thermal and chemical deactivation processes
include coke deposition, catalyst sintering and sulfur poisoning and often lead to reduced surface catalytic
surfaces and loss of surface functionalities. Thermally and physically deactivated catalysts are more
difficult to regenerate than those that have been chemically deactivated. For example, coke formation is
amajor challenge during the use of dolomite leading to blockage of active pores, which reduce the catalyst
efficiency [160] but may be regenerated via calcination or carbon burn-off. In contrast, regeneration of
thermally or physically deactivated catalyst may require rudimentary chemical synthesis. Therefore, this

review has focused on the mechanisms of chemical deactivation.
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Figure 8: Mechanism of catalyst deactivation

Chemical deactivation process is often magnified in the presence of PAHs and absence of hydrogen donors
[209]. For example, as shown in Equations 17 and 22, naphthalene decomposition can cause catalyst
deactivation by depositing coke on active sites of the catalyst [120]. Catalyst deactivation requires a rapid
response, either by treatment or replacement. Studies suggested increase in the gasification temperature
to possibly prevent or at least slow down the coke formation [210]. Meanwhile, for a catalyst like
dolomite, high temperature operations are not suitable, as it undergoes fragmentation, deformation, and
decomposition at ~600 °C, transforming into fines and dust which can clog the gasifier nozzles and
pipelines [211]. Nickel-based catalysts are known for their quick deactivation due to relatively high
propensity for carbon deposition, carbon encapsulation, regeneration difficulties, and sintering at high
temperatures [212 - 213]. To delay deactivation of nickel based catalysts, studies suggested several
treatments and modifications such as alloying with other transition metals, doping with alkali metals, or

employing appropriate support materials [203].

Catalyst deactivation has negative impacts on energy consumption, waste generation and process costs.
Therefore, the development of durable, readily available, and affordable composite catalysts that are
highly active even at low temperatures is highly recommended. As a result of these perspective, studies
have shifted their focus towards enhancement of biochar and biochar-based catalysts for biomass

gasification [167 - 173, 214].

5.4. Catalyst regeneration methods

Coke formation and deposition result in catalyst deactivation by blocking and covering active sites and
pores of catalysts [215]. As a result, regeneration of deactivated catalyst is a crucial process to remove
coke and restore catalyst activity. Restoring and regeneration process of deactivated catalyst is based on
the catalyst type, deactivation mechanism, coke nature, and regeneration technique. Residual coke

formation change during oxidative regeneration (from aliphatic to aromatic), can result in a more complex



process. The selection of regeneration temperature is crucial due to the impact of high temperatures on
catalyst form and morphology (sintering) [119]. As a result, it must be noted that regeneration affects
catalyst lifetime, and therefore, stable catalyst after repeated regeneration cycles are more desired. As a
result, regeneration methods based on lower or at least balanced temperatures, with high efficiencies are
more desired. The frequency of catalyst regeneration is directly linked to the coke formation rate and a

gasification process with rapid coke formation, requires continuous catalyst regeneration [216].

Regeneration heat effect could be either exothermic or endothermic depending on the type of the
employed gas. Regenerations based on air, O,, O3, NOy, and H, are exothermic while regenerations based
on CO; and H,O are endothermic [148]. Regeneration techniques are oxidation (air, ozone and
oxynitride), gasification (carbon dioxide and water steam), and hydrogenation (hydrogen). Oxidation
based on air or oxygen (0., and Os3) is the most common technique to regenerate catalysts. This technique
has been employed in other industrial processes including fluid catalytic cracking, hydrotreating, catalytic
reforming, and methanol to olefins processes [129]. The main products of oxidation process include H,O,
CO,, and CO. The main drawback of oxidation process, is emission of large amounts of CO; and the possible
oxidation of reduced metal components of catalyst to their oxides, requiring further reduction to restore
the initial activity. In addition to oxidation and gasification, recent studies have introduced pyrolysis using

inert gas, as well as hydrocracking using hydrogen or alkanes [130].

As mentioned earlier, coke oxidation is an exothermic reaction, and it directly affects catalyst properties
at high temperatures. Reduction in temperature is highly desired during coke oxidation to avoid catalyst
thermal damage. Otherwise, high temperatures can result in dealumination, metal sintering, and catalyst
decomposition. Moreover, it was found that the coke deposited on metal was easier to remove and
required shorter regeneration time, and lower regeneration temperature compared to the coke formed

on the support materials [217].

Oxidation with O, needs to be carried out at temperatures of 500 °C and above. To perform an effective
coke removal at lower temperature (50 —200 °C) with a low risk of thermal degradation of catalyst, studies
suggested oxidation with O3 over O, due to its strong oxidizing properties [219]. Meanwhile, extensive
application of Os is limited in industrial processes and it is known for its rapid dissociation on storage. In
addition to O3, NOy are economical and effective oxidation agents that have the potential to remove coke
at low temperatures [218]. While further research is needed, NOy has been reported to degrade and cause

catalyst damage over the oxidation cycles [219].

As an alternative to oxidation process, to reduce CO, emission and improve CO production, regeneration
of catalyst through gasification using H,0 or CO, was found beneficial [220]. For gasification of biomass
and sewage, studies reported utilization of CO, to be more beneficial following the global warming and
carbon footprint concerns [221]. CO; has the potential to act as a mild oxidizing agent [182]. Gasification
with CO; is more preferred than steam gasification as it is a gas, requires no vaporization prior to

gasification, and results in weaker damages on catalyst at higher temperatures. However, the rate of



steam gasification of char is 2 — 5 times higher than that with CO,. Like the oxidation technique,
gasification with CO; and H,O are promising methods and can be enhanced using metal additives.
Application of metal additives during gasification, improves the process rate and lowers the process
temperature. Application of selected metals such as La, Ce, Zn, Ti, and Mn improved gasification rate by
50 — 150% and halved the regeneration time [114]. Low reactivity of CO,, stability of catalyst, and high
process temperature requirement (above 700 °C), are the main drawbacks and concerns of gasification

with CO, [222].

Moreover, air is generally used in industrial processes, as moderate regeneration temperature can be
applied to regenerate deactivated catalyst. Ozone and oxynitride are effective but are harmful gases and
cause environmental damages. Regeneration kinetic studies (based on the catalyst active sites), synthesis
of thermally stable biomass-based regeneration agents that can improve product selectivity, as well as
applicability of different metals in lowering the regeneration temperature, can be recommended for

future studies.

6. Underpinning chemistries of the uses of biomass-derived product gas for green chemical production

Syngas or producer gas can be directly combusted to produce power and heat, which is not the focus of
this present review. The gas products from biomass gasification are also a resource for the production of
various chemicals including hydrogen, methanol, dimethyl ether, fuel-range liquid hydrocarbons and
waxes through a variety of chemistries. In this section, the chemistries of the conversion of syngas to
organic chemicals are reviewed. While hydrogen production is a major use of syngas via water-gas shift
reaction of CO, many reviews on this topic already exists in literature [103] and so, this has not been

covered here.

6.1. Downstream tar and particulate matter removal before gas product usage

Even with the most efficient tar cracking catalyst, the eventual product gas still requires cleaning to
remove breakthrough tars and particulate matter prior to gas utilization. These impurities are often
removed by mechanical and physical techniques [161 — 163]. The techniques involve either an absorption
or adsorption process. Absorption was reported to be more effective in heavy tar removal processes,
while adsorption technique was found more beneficial in light tar removal processes [223]. Such
techniques are optimized according to the downstream application of the gas products. The techniques

are identified either as wet gas cleaning system or dry gas cleaning system [224].



Wet gas cleaning system requires liquid scrubbers (venturi, impingement, and packed bed scrubbers), and
spray towers, while organic filters, bag filters, and cyclone separators are employed in dry gas cleaning
system. Efficiency of liquid scrubber system depends on the amount of soluble tar, and is generally
recommended for average sized plants [225]. Wet gas cleaning system is considered expensive as it
requires water as the primary scrubbing medium. To overcome this concern, studies suggested
application of oil scrubbers (vegetable and waste cooking oil scrubbers) in cyclone scrubbers which
resulted in 95.4 % tar removal through pyrolysis of rice husk [226]. Furthermore, wet system discharges a
large amount of contaminated water including tar, which requires further treatment as high level of
contamination can cause clogging [107, 227]. Application of dry packed bed filters based on biomass
materials was found effective after wet scrubber system stage. This included filters based on coconut coir,

waste tea, rice husk, fly ash, biochar, wood chips, and saw dust [228].

6.2. Syngas quality requirements and removal of light chemical impurities

Syngas composition strongly depends on the type of feedstock and gasification agents. As an example,
Thao et al. [229] conducted air gasification of rice straw, which produced H,: 5-9 vol%, CO: 14-17 vol%,
CO3: 32-37 vol%, CHa: 3—4 vol%, CH,: <1 vol%, N,: 34—36 vol%, and trace pollutants such as HCl and H,S.
Broer et al. [230] conducted steam/oxygen gasification of switchgrass, resulting in a gas composition with
H,: 15-25 vol%, CO: 30-35 vol%, CO,: 30—45 vol%, CHa: 5-15 vol%, CH,: 1-5 vol%, Nj: 2-10 vol%, and
trace pollutants such as HCN and NHs. Various technical applications of syngas usually require strict gas
composition. Therefore, the direct use of syngas is unrealistic. Therefore, syngas pre-treatments, such as
H,/CO modification ratio and the removal of excess N,, 0, CO, CO,, and trace pollutants from the

produced syngas are mandatory.

Syngas is the main chemical synthesis resource to make methanol, dimethyl ether (DME) hydrocarbons,
and hydrogen from biomass. The required quality of the syngas strongly depends on the process. For
methanol synthesis, the syngas composition must satisfy the stoichiometric number of the methanol
formation reaction from H, and CO. An H,/CO = 2 is a stoichiometric number for methanol production,
however, an excess of H, is provided in the syngas to avoid side product formation in industrial processes
[231]. For methanol synthesis, CO, works as a reaction promoter and the content must be maintained at
approximately 2-10 vol% in the feed gas [232]. Sulfur, mainly H,S, must be kept below 1.6 ppm to avoid
catalyst deactivation [233]. An industrial-scale DME production process consists of two steps: the first
step is for methanol synthesis and the second step is dehydration of methanol to produce DME. The main
drawback of the two-step DME process design is the high energy consumption required for cooling the
contact gas to extract methanol and the subsequent heating of the methanol stream prior to entering the
DME reactor. Therefore, one-step syngas-to-DME production is an attractive way to avoid interposed
cooling and heating steps. The equipment implementation of the DME reactor system is similar to that of

the methanol reactor system. The Fischer-Tropsch synthesis for hydrocarbons production requires more



strict removal of impurities as follows [233]: H,S + COS + CS; (<1 ppmv), NH3 + HCN (<1 ppmv), HCl + HBr
+ Hf (<10 ppmv), and S, N, and O containing organic components (<1 ppmv). For the use of syngas as a
hydrogen source in the industry, high H, concentration (=98 vol%) with low concentrations of CO and CO,

(10-50 ppmv), Oz (100 ppmv), and others such as hydrocarbons and N, (< 2 vol%) is required.

There are several active commercial plants utilising natural gas or syngas worldwide. Those plants are
equipped with gas cleaning facilities. The Rectisol™ process employs methanol as an absorbent and is
able to capture CO,, COS, H,S simultaneously [234]. Conversely, a drawback of this process is the high cost
of the chilling process to prevent absorbent loss. The Selexol™ process uses dimethyl ether of
polyethylene glycol as an absorbent, which results in negligible absorbent loss owing to its low vapour
pressure. The selectivity of the H,S removal is higher than CO; which can lead to efficient removal of both
gases [216]. A drawback of this process is the high selectivity of H,S, which reduces the CO, removal
efficiency when high amounts of H,S are present. The Purisol™ process utilises N-methyl pyrrolidone as
an absorbent for H,S and CO,. This process is also highly effective in removing H,S as well as the Selexol™
process. This high affinity towards H,S also causes a hindrance to CO, absorption when the H,S level is
high. In addition, another drawback of this process is comparatively high vapour pressure of the solvent,

which is prone to absorbent loss [235].

6.3. Synthesis of alcohols from syngas

Alcohols such as methanol, ethanol, and long-chain alcohols have been used as fuels and chemicals.
Although their calorific value is lower than that of conventional fuels such as gasoline and diesel,
combustion of alcohols is easier than that of conventional fuels owing to the presence of oxygen in the
structure. Therefore, they are used directly as fuel or octane-enhancing fuel additives [236]. Furthermore,
alcohols are directly used as fine chemicals, or they are common platform chemicals and precursors for

further synthesis.

Synthesis of long-chain alcohols through catalytic conversion of syngas derived from biomass is a
promising method to accelerate carbon neutrality and can avoid competition between food and energy
production. Most syngas catalytic conversion for alcohol synthesis technologies is still at the laboratory
stage and catalyst development with higher activity and selectivity is the current primary interest of this
field [237]. For alcohol synthesis from syngas, catalysts must have dual functions, i.e. dissociative
adsorption and non-dissociative adsorption [238]. According to the reaction process shown in Figure 9,
[239 - 240] CO in the syngas is adsorbed dissociatively on the catalyst for forming C* and O*, where C* is
hydrogenated to CH*. If CH,* further reacts with CHy* on the catalyst, the carbon chain is extended.
Alternatively, non-dissociated CO* and CHy* can react together to form acyl species (CH,CO*), and it
undergoes further hydrogenation to form long-chain alcohols. For this process, alkane, alkene, aldehydes,

and ester productions are undesired side reactions.



To achieve the high yield and selectivity of long-chain alcohols, a variety of bimetallic catalysts, which have
dissociative activation and non-dissociative insertion of CO abilities, have been investigated. According to
the literature survey by Khan et al. [241] it can be concluded that the CO conversion and product
selectivity strongly depends upon the catalyst performance, which is determined by calcination and
activation conditions, active metal species, metal loading amount, and support metal. There are a variety
of catalysts, whereas Cu-based catalysts are believed to be the most attractive catalysts among them

because they can be further improved to achieve high activity and selectivity by alloying with iron.

Xiao et al. [242] (Entry 1) synthesized unsupported Cu-Fe alloys with different Cu/Fe ratios of 10.00. 3.00,
0.33, and 0.11, and their performances were compared with those of physical Fe and Cu nanoparticle
mixtures. The highest alcohol selectivity (26.2 C%, R-OH distribution: R = C1: 15.9 wt%, C2: 9.1 wt%, C3:
6.0 wt%, C4: 8.9 wt%, C5: 9.0 wt%, and C6+: 51.0 C%) with 20.8% CO conversion was obtained by using
the Cu/Fe = 3 catalyst (3CulFe) from syngas (H2/CO = 2) at 220 °C at 6 MPa. Conversely, the physical

mixture of them showed 13.5 C% selectivity with a comparable 19.4% CO conversion.
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Figure 9: The reaction process of CO hydrogenation catalysed synthesis of low-carbon alcohols [243 -
244]

A better CO conversion of 39.5% was reported by Bin et al. [245] by employing a SiO,-coated CuFe catalyst
(CuFe@SiO,) with Cu/Fe = 1 at 280 °C at 4 MPa (Entry 2). They concluded that the better CO conversion
was due to the higher surface area and pore volume, and the formation of a large amount of CuFe;0,,
which leads to strong interactions between copper and iron. Furthermore, the alcohol selectivity was only
7.8%. Fang et al. [246] significantly improved CO conversion to 95% at 300 °C at 3 MPa by employing a Cu-
Co bi-metal catalyst, which was prepared from 7.5 wt% CuO/LaCoOs3 perovskite (Entry 3). The alcohol
selectivity was 31%. The prepared catalyst allowed higher Cu dispersion, which significantly enhanced the
Co reduction, and stronger interactions between Cu and Co ions in LaCoOs particles led to bi-metallic Cu-

Co particles formation in the catalyst.



Zhang et al. [247] (Entry 4) synthesized plasma-promoted Fe-Cu bimetal catalyst (FeCuSi-PC). Plasma
treatment facilitated the exposure of active Cu and Fe components on the catalyst surface. The
synthesized FeCuSi-PC catalysts achieved the maximum 60.2% CO conversion with comparatively
high 52.4% alcohol selectivity at 300 °C at 5 MPa. Recently, Li et al. [248] achieved a high CO
conversion of 53.2% with an alcohol selectivity of 29.8% at 260 °C at a surprisingly benign reaction
pressure of 1 MPa by employing FesC,-Cu interfacial catalysts (Entry 5). That catalyst was
prepared from a CusFe;Mgs-layered double hydroxide precursor. FesC, clusters (~¥2 nm) were
immobilised onto the Cu nanoparticles (~¥25 nm) surface. They concluded that the unique
interfacial structure of ultrasmall FesC, clusters (CO dissociation and subsequent C—C bond
propagation) over Cu nanoparticles (CO does not dissociate) achieved the suitable construct for

the production of long-chain alcohols production at syngas pressure as low as 1 MPa.



Table 4: Alcohol synthesis, DME synthesis and Fisher-Tropsch synthesis using heterogeneous catalysts

Alcohol synthesis

Entry Catalyst CO conversion (%) Alcohol selectivity (%) Hydrocarbon selectivity (%) Temperature (°C) stj;:;e Reference
1 3Cu-1Fe 20.8 26.2 71.1 220 6 [242]
2 CuFe@SiO> 39.5 7.8 58 280 4 [245]
3 Cu-Co bi-metal catalyst 95 31 - 300 3 [246]
4 FeCusSi-PC 60.2 52.4 33.3 300 5 [247]
5 CudFel 53.2 29.8 40.2 260 1 [248]

DME synthesis

Entry Catalyst CO conversion (%) DME selectivity (%) MeOH selectivity (%) Temperature (°C) PEE/T;L;;e Reference
6 AF1+ XNC-98 (1:2) 87 58 10 250 4 [249]
7 MSC6+SA95 (1:1) 61 95 4 230 8 [250]
8 CZA/NSFER 69 97 - 270 5 [251]
10 CuZnAl/SAPO11-PhyC 92 90 (C-mol%) 9 (C-mol%) 250 2 [252]
Pd/Zn0O-y-Al,03 31 65 2 270 5 [253]

Fischer-Tropsch synthesis

Entry Catalyst CO conversion (%) C1.4 selectivity (%) Cs. selectivity (%) Temperature (°C) stjzgge Reference
11 Co/Al,03 50 8 92 210 [254]
12 Co/Al,03 99 21 79 230 [254]
13 Ru/Co/Al,05 88 24 76 200 [255]
14 m’:lzo%c')rr';z‘:'ngc)4 90 12 88 230 2 [256]
15 Co/MMS 92 11 83 220 2 [256]




6.4. Synthesis of dimethyl ether from syngas

Dimethyl ether (DME) is one of the promising alternative fuels for automotive engines, fuel additives, and
home cooking gases to replace diesel and liquified petroleum gas (LPG). Currently, DME is synthesized
exclusively by a two-step process of methanol production from syngas followed by dehydration of

methanol according to the following reaction equations (23 — 25):
2CH30H 2 CH3OCHs + H,0 AH,qgx = + 6.91 kl/mol (23)

On the other hand, DME can also be produced directly from syngas, consecutive synthesis of methanol

and methanol dehydration. The following two reactions are known as direct processes:
3CO + 3H; 2 CHs0CH; + CO; AH,gx =—246.1 ki/mol (24)
2CO +4H; 2 CH30CH;s; + H,0 AH, g5 = —248.93 ki/mol (25)

The reaction (13) requires H,/CO = 1.0, while the reaction (14) needs H,/CO = 2.0. Both the reactions are
exothermic and reduce the number of moles, so direct DME synthesis is generally favored by low
temperature and high pressure. Therefore, bifunctional catalysts that include CO hydrogenation sites and

methanol dehydration sites are very important for this process.

Xia et al. [249] focused on y-Al,03 because of its lower cost and less generation of byproducts. However,
the acidity of it is not strong enough for methanol dehydration in the syngas-to-DME process. Therefore,
the acidity of y-Al,O3 was modified by fluorination using ammonium fluoride (NH4F) solution with various
concentrations. The best dehydration performance was obtained by the catalyst (AF1) which was
fluorinated by 0.1 mol/L NH4F solution. The AF1 and a commercial methanol synthesis catalyst (XNC-98:
Cu0/Zn0O/Al,03) were mixed together with the mass ratio of AF1: XNC-98 = 1: 2, resulting in the highest
87% CO conversion and 58% DME selectivity at 250 °C at 4 MPa.

Takeguchi et al. [250] synthesized a methanol-synthesis catalyst (MSC5: Cu : ZnO : Al;,03: Cr;05: Ga,03 =
38.1:29.4:13.1:1.6:17.8 (wt.%)) by uniform-gelatin method. The MSC5 and Pd/Al,O; catalysts were
mixed together with the ratio of MSC5: Pd/Al,O3 = 10: 1, resulting in MSC6. In addition, a silica-alumina
catalyst (SA95: Silica content = 95 wt%) was prepared by the mechanochemical activation method. The
1:1 mixture of MSC6 and SA95 showed the highest DME yield (58%) with a good selectivity of 95% thanks

to Brgnsted acid sites with moderate acid strength of the prepared catalysts.

Jung et al. [251] synthesized bifunctional Cu-ZnO-Al,03 (CZA)-incorporated ferrierite zeolite (FER). They
synthesized three different FERs such as needle-like, nanosheet, post-treated mesoporous, and
commercial plate-like FERs having a similar Si/Al molar ratio of ~10. CZA nanoparticles on these FERs
showed different catalytic activities and stabilities due to the different Cu nanoparticles dispersions with
oxidation states as well as hydrophobicity of the FERs. Among them, the needle-like nanosheet FER

incorporated with CZA (CZA/NSFER) showed the maximum CO conversion of 69% with a DME selectivity



of 97% at 270 °C at 5 MPa. In addition, the deactivation of CZA/NSFER was not so significant by preventing
thermal aggregations of Cu nanoparticles on the hydrophobic NSFER surfaces. The more hydrophobic

NSFER contributed to suppress H,O adsorption.

Phienluphon et al. [252] developed a new physical coating method (PhyC) without employing
hydrothermal synthesis way to prepare a new core-shell-like zeolite capsule catalyst named
CuZnAI/SAPO11-PhyC catalyst, which has a Cu/ZnO/Al,03 (CuZnAl) core catalyst and a PhyC-prepared
silicoaluminophosphate-11 (SAPO-11) shell. This catalyst showed 92% CO conversion and 90% DME
selectivity at 250 °C and comparatively low pressure of 2 MPa. The excellent catalytic performance of this
catalyst provided a confined reaction field to syngas to DME reaction and at the same time suppresses

the further deep dehydration of DME to form other hydrocarbon by-products.

Gentzen et al. [253] focused on Pd-based intermetallic compounds to improve methanol synthesis
selectivity and thermal stability of the catalysts. They synthesized Zn-stabilized Pd colloids with a size of 2
nm served as the key building blocks for the methanol active component in bifunctional Pd/ZnO-y-Al,0s.
Most notably, the Pd-based catalysts showed excellent stability over time on stream, with CO conversion
and DME selectivity remaining constant after 270 h. Higher thermal stability of the intermetallic PdZn
compound and higher hydrogenation activity of Pd may prevent particles sintering and deposition of

carbonaceous species.

6.5. Fischer-Tropsch synthesis for hydrocarbons

Light olefins including ethylene and propylene, and long-chain hydrocarbons are the most important basic
chemicals for a wide variety of products such as plastics and solvents. Currently, petroleum is the primary
source of these light olefins. Fischer-Tropsch synthesis is a promising way to produce those chemicals
from biomass-derived syngas, which can reduce petroleum-derived carbon consumption and accelerate
to achieve carbon neutrality. Fischer-Tropsch synthesis catalytically combines CO and H; at 200-350 °C at
2—-4 MPa to obtain hydrocarbons. The reaction temperature and pressure are comparable with alcohol
synthesis from syngas, while Co-based catalysts are often employed for the reaction owing to a good
reactivity balance and price [257]. In general, two major mechanisms, carbide and CO insertion, are
believed to be progressed. The carbide mechanism is progressed through CO direct and H-assisted
dissociation. Then, hydrogenation of CO forms dominant monomers CHy species. The chain growth is
progressed via coupling of monomer species (Figure 2(a)). The CO insertion mechanism is progressed via
reduction of adsorbed CO and subsequent hydrogenation to alkane or alcohol (Figure 2(b)), whereas Liu
et al. [258] concluded that the CO insertion mechanism is less favoured compared to the carbide

mechanism.
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Figure 8: Fischer-Tropsch synthesis: (a) Carbide mechanism and (b) CO insertion mechanism. [259]
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Jung et al. [254] synthesized 20 wt% Co loaded y-Al,0; catalyst, which showed 50% CO conversion at 210
°C at 2 MPa from syngas from H,/CO = 2. The selectivity of Cs. hydrocarbons is very high (92%). When the
reaction temperature increases to 230 °C, the CO conversion reached 99%, whereas the Cs. selectivity
decreased to 79%. Thus, the temperature strongly influenced the CO conversion and chain length of the
hydrocarbons. Hong et al. [255] tested a Ru/Co/Al,0Os catalyst by impregnation method. Comparatively
high CO conversion (88%) was achieved at a comparatively low temperature of 200 °C. Liuzzi et al. [257]
reported that bimetallic Ru-Co/Al,03 allowed the formation of small Ru particles deposited at the surface
of Co one surface. It is known that the catalytic activity of Ru for hydrocarbons production by Fischer-
Tropsch synthesis is higher than that of Co, while a drawback of the Ru is the higher price compared to
Co.

Koo et al. [256] simultaneously achieved comparatively high CO conversion (90%) and Cs. hydrocarbons
selectivity (88%) by employing an ordered-mesoporous Cos0,4 catalyst. The structural collapse of
mesoporous Cos304 was successfully prevented by pillaring Al,Os. The high reactivity was achieved by the
formation of the strongly interacted Al,0s-Cos04 with the spinel-type CoAl,04 structures. They also
synthesized Co-impregnated hierarchically spherical and ordered meso-macroporous silica (Co/MMS). It
has a high surface area (405 m?/g) with a bimodal pore size distribution, which facilitated the transport of
molecules with a larger confining capacity for heavy hydrocarbons inside the regular macropores of the
Co/MMS. The CO conversion reached 92% and 83% selectivity of Cs. paraffins at 220 °C at 2 MPa from
syngas with H,/CO =2 [256].



6.6. Applications of hydrogen in energy

Currently, hydrogen energy initiatives are in full swing worldwide. There have been several hydrogen
booms to date, but practical applications have not been implemented owing to high cost and immature
technology. However, as global warming increasingly progresses, countries worldwide have declared that
they will realise carbon neutrality by 2050, and to accomplish this, it must be universally recognised that
hydrogen energy utilisation is indispensable. Hydrogen plays an important role in decarbonisation in the
power generation sector. Power generation efficiency is higher in fuel cells on a small scale, but the cost
performance is better than the fuel cells if the power generation scale is significant. In particular, in the
power generation sector, mixed combustion with natural gas is possible, and it is advantageous that the
existing thermal power generation equipment can be used. When natural gas and hydrogen are co-fired
or hydrogen is exclusively fired, the flame properties change owing to the fuel component changes [260].
Because hydrogen has a higher combustion rate than natural gas, the risk of the flashback phenomenon
becomes higher compared to the case of burning only natural gas. Therefore, it is necessary to achieve
low NOx and stable combustion, focusing on the improvement of combustors for hydrogen gas turbines
to suppress the occurrence of flashback [261]. Specifically, it is necessary to mix hydrogen and air in a
narrow space in a short time to avoid high hydrogen concentrations. For example, Mitsubishi Hitachi
Power Systems Ltd., has developed a combustor with a large number of nozzles, called a multi-cluster
combustor, as a hydrogen-only combustion combustor, and is developing a mixing method that disperses

flame and ejects finer and smaller fuel particles [115].

Reducing CO, emissions is a major issue even in the steel industry. Efforts are progressing to use hydrogen
as a reducing agent for iron ore in blast furnaces [262 - 263], which can contribute to reduce the use of
coke as a reducing agent. Regarding the use of hydrogen, hydrogen vehicles are attracting significant
attention. Currently, Electric Vehicles (EV) are leading the way in the electrification of vehicles, but it takes
time to charge, and it is necessary to install numerous storage batteries to alleviate power shortage in
large vehicles that require power. Conversely, hydrogen vehicles (FCV) do not need to be equipped with
multiple fuel cells. Therefore, there is a strong opinion that FCVs are suitable for trucks and buses that
carry heavy loads over long distances. Hydrogen fuel is being applied not only to FCVs but also to forklifts,
railways, ships, and airplanes. As fuel cells for automobiles, polymer electrolyte fuel cells (PEFC) with
excellent starting characteristics and power generation output density are chiefly used. The operating
principle of hydrogen PEFC is that hydrogen ions (H*) and electrons (e’) are generated from hydrogen by
catalytic action at the anode (fuel electrode) (hydrogen oxidation reaction (HOR)), and the hydrogen ions
move to the cathode (air electrode) by dropping the electrolyte membrane and the electrons reach the
cathode via an external circuit. At the cathode, water is produced by oxygen in the air, hydrogen ions and
electrons (Oxygen reduction reaction, ORR). The continuous occurrence of this reaction acts as a

mechanism that transfers electric current to the outside.

Ambitious research has been investigated to exploit highly active and low-cost catalysts for PEFCs. The

primary cost factor of PEFC is the high usage of Pt that is employed for both the cathode and anode. In



general, cathode materials contribute more to the overall cost. Hence, the development of economical
and high-performance ORR electrocatalysts is one of the most important factors to reduce the cost of the
fuel cell. Carbon-supported Pt group metal nanoparticles are the most widely used catalyst category for
PEFC. Now, improvement of the catalyst durability, i.e., avoiding dissolution, sintering/agglomeration, and

detachment of the platinum group metal, is a significant challenge in this field [260].

One solution for improved stability and reducing cost is the synthesis of Pt metal alloys. Greeley et al.
[261] revealed better ORR activity of binary alloys, PtsSc and PtsY, than single metal Pt. The stability of
Pt3Sc and PtsY resulted from the approximately half-filled metal-metal d bonds and their negative
formation energy. Liang et al. [264] synthesized ultrasmall and structurally ordered tetragonal L1o-PtM
(with a Pt:M ratio of 1:1) with a few percent of metals (W, Ga, Zn) doping. L1o-W-PtCo/C catalyst, which
includes Co and Was the second and third metals, respectively, achieved high activity and stability in the
PEFC after 50 000 voltage cycles at 80 °C. They concluded that W doping not only stabilises the ordered
intermetallic structure but also tunes the Pt-Pt distances in such a way to optimize the binding energy

between Pt and O intermediates on the surface.

Another strategy for stability improvement is the development of advanced catalyst supports. Highly
graphitised carbon materials (carbon nanotubes, carbon nanofibers, and graphene oxide, etc.) can
improve the intrinsic thermal and chemical stability over that of conventional carbon black [265].
Recently, Qiao et al. [266] developed highly stable porous graphitic carbon produced via pyrolysis of a 3D
polymer hydrogel (crosslinked polyaniline (PANI) and polypyrrole (PPy)) in combination with Mn. PANI is
rich in aromatic structures, and abundant carbon and nitrogen sources help direct conversion to
graphitised carbon [267]. By adding pyrrole, highly folded and contorted graphitic structures with high
uniformity and porosity can be produced from a PANI-PPy composite [268]. This support allowed uniform
Pt nanoparticle dispersion and enhanced corrosion resistance owing to the good balance of graphitisation

and hierarchical porosity.

Non-carbon support materials can perfectly avoid electrochemical corrosion of carbon during long-term
operation. Metal oxides such as TiO, [269] and NbO, [270] prevented catalyst activity decay compared to
the conventional Pt/C catalyst. Thus, these works demonstrated huge potential to replace carbon as
support to stabilise Pt nanoparticles, while most metal oxides suffer from the impediments in poor
electrical conductivity and low surface area. Recently, Xu et al. [271] developed a carbon/metal hybrid
support, CNT-Ti3C,T, (1:1), which has metallic conductivity, large surface area, rich surface functional

group, and high electrochemical stability.



7. Conclusions

This review has specifically focused on the thermochemistry of biomass gasification, including the main
chemical reactions that occur in the gasifier to produce syngas or producer gas. Extensive literature search
on various aspects of the gasification process and the downstream chemical processing of gas products
have been carried. The use of thermodynamic and kinetic parameters to help with the understanding of
the gasification process has been thoroughly reviewed. Considerably, this review has highlighted the
differences in the sequence of reactions with respect to the gasifying agent and the type of gasifier. In the
presence of limited amounts of oxygen (pure oxygen or air), the reactions involve initial combustion of
the biomass to produce a limited amount CO, and steam with immediate depletion of oxygen. This creates
the right conditions for pyrolysis reactions to dominate to produce species that are cable of reacting with
CO; and steam. These species include carbon, carbon monoxide and hydrocarbon gases. These pyrolysis
products then undergo redox reaction reactions with CO, and water to produce the final products of

gasification, namely CO and hydrogen.

The use of catalysts to enhance the gasification process has focused on the formation and reduction of
tars, which remain a major bottleneck that affects conversion efficiency as well as gas product
compositions and yields. The use of natural (olivine, dolomite, calcium oxide, etc.) and synthesized
transition metal-based and alkali metal catalysts have been discussed. In addition, the main catalyst
deactivation mechanisms and regeneration processes are discussed. Finally, the main uses of gas products
(particularly, syngas) for chemical synthesis are discussed, focusing of the production of green methanol,
dimethyl ether and longer chain hydrocarbons. The requirements for syngas cleaning and conditioning
prior to the synthesis of these chemicals have been reviewed, followed by an extensive review of the
different catalytic routes for the conversion of syngas to these compounds. The chemistries of biomass
gasification as a source of renewable hydrogen and its utilisation have also been covered. Overall, topic
of biomass gasification is continuously gaining attention, with an exponential increase in related research
publications. The renewed acknowledgement of bioenergy contributions to achieving Net Zero is arguably

a strong driving force.

Overall, the continued research into the chemistries of biomass gasification and its potential applications
in a variety of different industries is likely to play a key role in the ongoing transition to a more sustainable
and low-carbon economy. As the world continues to shift towards more renewable sources of energy, the
use of biomass gasification as a source of renewable hydrogen and other fuels and chemicals is likely to
become increasingly important and may help to pave the way for low-carbon energy future to help

achieve Net Zero by 2050 and beyond.
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