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A B S T R A C T

Dedicated bioenergy combined with carbon capture and storage are important elements for the mitigation
scenarios to limit the global temperature rise within 1.5 ◦C. Thus, the productions of carbon-negative fuels
and chemicals from biomass is a key for accelerating global decarbonisation. The conversion of biomass into
syngas has a crucial role in the biomass-based decarbonisation routes. Syngas is an intermediate product
for a variety of chemical syntheses to produce hydrogen, methanol, dimethyl ether, jet fuels, alkenes, etc.
The use of biomass-derived syngas has also been seen as promising for the productions of carbon-negative
metal products. This paper reviews several possible technologies for the production of syngas from biomass,
especially related to the technological options and challenges of reforming processes. The scope of the review
includes partial oxidation (POX), autothermal reforming (ATR), catalytic partial oxidation (CPO), catalytic
steam reforming (CSR) and membrane reforming (MR). Special attention is given to the progress of CSR for
biomass-derived vapours as it has gained significant interest in recent years. Heat demand and efficiency
together with properties of the reformer catalyst were reviewed more deeply, in order to understand and
propose solutions to the problems that arise by the reforming of biomass-derived vapours and that need to be
addressed in order to implement the technology on a big scale.

1. Introduction

The reduction of global greenhouse gases (GHGs) emissions, par-
ticularly CO2, remains the top priority of climate change mitigation.
Unless it is restrained, global warming will lead to the utmost dis-
ruptions to the global economy. It is predicted that up to 18% of the
worldwide GDP could be erased when the global temperature increases
by 3.2 ◦C [1]. Hence, a significant amount of GHGs emissions should
be cut to meet the Paris Agreement climate target of limiting the global
temperature rise well within 2 ◦C, preferably to 1.5 ◦C [2]. Following
the guideline from Intergovernmental Panel on Climate Change (IPCC),
limiting global warming to 1.5 ◦C can only be achieved by reducing at
least 45% of the global CO2 emission from 2010 level by 2030; after
that, a net-zero emission should be achieved by around 2050 [3].

In 2021, the global economy rebounded by 4.8%, which caused the
total CO2 emission to rise back to the level of 33 Gt, from 31.5 Gt
in the previous year [4]. Industrial and transportation sectors are the
main GHGs emitters, which are responsible for approximately 27 and
16% of the total emissions, respectively [5]. As the transition towards
renewable energy has been well established in many energy sectors, the
industrial sector has been trailing behind [6]. Thus, accelerating the
decarbonisation of the energy-intensive industrial sectors is critical for
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climate change mitigation. Industrial decarbonisation will take place
variously in different regions depending on the local aspects, which is
greatly determined by the cost and availability of biomass, renewable
electricity, and carbon storage locations [6].

Biomass is a key for global decarbonisation as it facilitates the pro-
duction of carbon-negative fuels and chemicals. Biomass typically refers
to organic, non-fossilised and biodegradable materials that are derived
from plants, animals and microorganisms. Products and waste from
agriculture and forestry as well as biodegradable organic fractions of
industrial and municipal waste are also included in the definition. Fur-
thermore, gases and liquids recovered from the decomposition of non-
fossilised and biodegradable materials are also considered biomass [7].
As emphasised by IPCC, dedicated bioenergy combined with carbon
capture and storage (BECCS) are important elements of almost all miti-
gation scenarios that limit the global temperature rise within 1.5 ◦C [3].
For the transportation sector, these scenarios include the utilisation of
biomass-based liquid fuels to initially cancel out the gasoline and diesel
used for light-duty vehicles, as well as the hard-to-replace petroleum
products used for aviation and long-haul transport fuels in the advanced
stage [8]. Later, when carbon capture and storage (CCS) technologies
are available, the captured biomass carbon is subsequently transferred
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Fig. 1. Roles of reforming processes in the productions of carbon-negative fuels and chemicals from biomass.

as CO2 to long-term geologic storage; completing the carbon-negative
cycle [8]. Similarly, there have been various proposals regarding the
use of biomass, with or without CCS, for the decarbonisation of the
industrial sector. These mainly involve the energy-intensive industries
such as steel, pulp and paper, refinery, cement, and mining sectors.
Examples of those proposals are the substitution of natural gas by
biomass syngas [9] or bio-oil [10] for the heating of industrial furnace;
the use of biomass syngas for carbon-negative steel productions [11],
and gasification of biomass residue from pulp and paper industries for
biofuels productions [12].

The utilisation of biomass and conversion into syngas plays a crucial
role in the biomass-based decarbonisation route, as illustrated in Fig. 1.
Syngas is a mixture of mainly CO and H2. It is the most important bridge
between carbon resources and fuels/chemicals [13]. Syngas provides
a flexible building block for a variety of chemical syntheses, includ-
ing methanol (MeOH) and dimethyl ether (DME) production together
with the production of higher hydrocarbons via Fischer–Tropsch (FT)
synthesis [14]. The H2/CO molar ratio is an important parameter that
determines the downstream application of syngas. For example, MeOH
synthesis requires a H2/CO of 2:1, an efficient FT process requires
a H2/CO ratio of 0.3–4 [15]. Correspondingly, the development of
reforming technologies, as the main processes of syngas productions,
remain a primary concern in the field of biomass energy.

The reforming processes are considered mature technologies in the
field of fossil fuels conversion as many of their applications have a
Technology Readiness Level (TRL) of 8 to 9 [16]. The most common
application of these technologies is the fossil-based H2 production
through the steam reforming processes of natural gas. Other fossil-
based feedstocks for hydrogen production through steam reforming are
methanol, propane, butane, naphtha, jet fuel, and diesel [17].

Different from the reforming of natural gas, reforming processes of
biomass-derived vapours are more challenging due to the unique, wide
range, and complication of different biomass types. Biomass usually
needs to be pretreated, this means preparing the fuel for conversion and
can be done chemically (steam and acid pretreatment) or physically
(chipping, shredding, drying) [18,19]. The downstream gas usually
contains dust and traces of sulphur that reduce conversion in catalytic
processes and can cause clogging and high pressure drop [20,21]. The
organic compounds in biomass-derived vapours require high temper-
ature and active catalyst to be reformed. During the process, they
can break down and cause coke formation, carbon deposition on the
surface of the catalyst that reduces its surface area, reducing conversion
and stability [22]. To summarise, biomass thermochemical conversion

processes typically requires a high amount of energy, and an active
and stable catalyst if the processes are catalytic. In order to make
the process profitable and commercial, energy efficiency and process
stability represent the main challenges to be solved.

In the latest years, research has focused on how to solve these
bottlenecks. Previous review papers have focused mainly on thermo-
chemical conversion processes [23], reforming technologies [24–27]
and catalyst properties (support, active site, design, stability and de-
activation) [28,29]. Catalyst stability remains the biggest challenge
for the commercialisation of the technology. In addition, there is an
information gap concerning energy consumption and efficiency. There-
fore, this mini-review provides a general overview of the progress of
reforming processes for syngas production from biomass, especially
related to their technological options and challenges. A special section
is dedicated to the progress on catalytic steam reforming (CSR) due to
the significant interest in this field. In addition, the last section of this
review focuses on the progress of electrically heated reformers as a view
on the energy question. The development of these reformers could have
a significant impact on achieving the future global net-zero emission
target. As for the electrification of the reforming systems, to the best of
authors’ knowledge, reviews on this subject have been rarely done so
far.

2. Production of syngas from biomass

As depicted in Fig. 1, the syngas production routes from biomass
typically start with a thermochemical or biochemical process that con-
verts the solid biomass into vapours and solid residue (ash, char, other
inorganics). The produced vapour contains non-condensable gases and
condensable hydrocarbons (tar or bio-oil). The common and well-
established methods of these processes mainly consist of gasification,
pyrolysis, and anaerobic digestion [13]. Reforming processes are then
required to convert the biomass-derived vapour into clean syngas con-
sisting of mainly H2 and CO. In the case of gasification, the high-
temperature gasifiers produce raw syngas that often still has a signif-
icant amount of heavy hydrocarbon gases (C2–C4) and tar compounds
(mostly are naphthalene, benzene, and toluene). In this case, the main
role of reforming processes is to crack these hydrocarbon compounds
in the raw syngas to produce a final cleaned syngas. Meanwhile,
the vapour produced from biomass pyrolysis has a significantly high
concentration of condensable fraction, which is commonly referred to
as bio-oil. Bio-oil consists of more complex hydrocarbon compounds
with larger carbon numbers than that tar from gasification. Similarly,
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Table 1
Comparison of syngas composition between different gasifying agents.
Gasifying agent H2 CO CH4 CO2 Reference

Air-steam 17–12 mol% 40–38 mol% 7.5–7 mol% 38–42 mol% [32]
Air 7.5–7 mol% 30–25 mol% 4.5–5 mol% 60–62.5 mol% [32]
Oxygen-steam 36.5–39 mol% 18–25 mol% 3–4.7 mol% 43–46 mol% [33]

Table 2
Comparison of tar yield between different biomass gasifiers [34].

Reactor type Operating conditions Tar (g/N m3)

Fluidised bed Feed particle size: < 20 mm
Temperature: 750–900 ◦C 10 (average)

Updraft fixed bed Feed particle size: 5–100 mm
Gas exit temperature: 200–400 ◦C 30–150

Downdraft fixed bed Feed particle size: 20–100 mm
Gas exit temperature: 700 ◦C 0.015–3.0

Crossdraft fixed bed Feed particle size: 5–20 mm
Gas exit temperature: 1250 ◦C 0.01–0.1

the role of the reformer is to crack these compounds into final syngas,
which is more challenging and energy-intensive due to the complexity
of bio-oil. On the other hand, the production of syngas in the anaerobic
digestion routes involve the reforming of CH4 produced from digesters
into H2 and CO.

2.1. Gasification

Gasification is a thermochemical process in which reactions be-
tween a fuel (i.e. biomass, coal) and a gasifying agent (steam, air, etc.)
take place at high temperatures. The fuel (coal or pretreated biomass)
enters the gasifier unit together with the gasifying agent(s) where it
undergoes thermochemical conversion to syngas (also called producer
gas). Syngas is mainly composed of small chemical compounds (like
CO, H2, N2, CO2), light hydrocarbons (CH4, C2H4, C2H6, etc.), tar, and
ash/unreacted char [30]. Due to the high temperature, the yield of
solids is low which leads to higher amounts of syngas generation than
pyrolysis. Based on the gasification agent, biomass gasification can be
divided into air gasification, oxygen gasification, steam gasification,
etc. Table 1 presents the typical syngas compositions produced from
different gasifying agents.

Gasifiers can be divided into fixed bed (updraft and downdraft),
moving bed, fluidised bed (bubbling and circulating) and entrained
flow gasifier. In a fixed bed the biomass bed is stationary while the
reaction front passes through it, its two configurations (updraft and
downdraft) refer to counter current and co-current flows respectively.
Fluidised bed gasifiers are divided based on the modes of heat transfer
and fluid dynamics. In general, fluidised bed gasifiers allow a high
and uniform heat and mass transfer between the solid biomass and the
gasifying medium, which allows good mixing and contact that increase
the reaction rates and conversion efficiencies, minimising tar and char
production (together with biomass particle size and temperature). Tem-
perature is an important parameter for maximising the gas yield, high
temperatures (>1000 ◦C) are favourable for tar and char cracking and
for endothermic reactions. However, extremely high temperatures are
energy demanding [31].

Tar formation is one of the biggest challenges of gasification. Tar
leaves the gasifier in form of aerosol together with the syngas, it
condenses and forms sticky deposits by quenching downstream. These
deposits can develop into more complex tar structures via polymerisa-
tion, which increases the treatment difficulty. The presence of excessive
tar compounds in the syngas can cause serious technical problems like
fouling and blockage of the equipment [35]. In some cases, tar is also
poisonous for catalysts as it can cause catalyst deactivation, which
inhibits the conversion of syngas in the fuel cells, methanation, and
Fischer–Tropsch synthesis processes [36].

Tar content in the syngas can be eliminated in two ways: by op-
timising the gasification operation conditions for in-situ tar removal,
or via ex-situ/post-gasification treatments [37–39]. The in-situ options
include the alteration of the operational conditions, such as optimising
the operation conditions (e.g. temperature, residence time, or gasifying
agents), the addition of bed additives, and adjustment of the gasifier
design [37]. A lower gasification temperature results in a higher tar
content, while pressure increase leads to almost a total elimination
of phenols in tar. In a similar way, the tar content is also influenced
by the gasifying agent, a higher amount of tar is produced in steam
gasification and the lowest when air is supplied. Higher residence time
leads to a decrease of oxygen compounds, which leads to longer contact
between tar and the oxidising medium and achieves a maximum of
75% tar reduction. Downdraft gasifiers show lower tar content than
updraft gasifiers. In a downdraft gasifier, both biomass and gas move
downward, making the tar pass through the high-temperature com-
bustion zone, cracking tar into noncondensable gases. When using a
fluidised bed gasifier, the circulating variant allows a high level of
mixing between the biomass and the bed material, causing partial
oxidation and lower tar generation [38]. Table 2 shows a comparison
of the tar generation between different gasifiers.

The ex-situ or post-gasification methods intend to remove tar in
a post gasification step through mechanical/physical processes or re-
forming processes [38,39]. The former methods are used for separating
particulated tar formed after syngas cooling using fabric filters, cyclonic
separators, spray towers, scrubbers and wet cyclones. These methods
typically have low tar removal efficiencies. For instance, fabric filters
have removal efficiencies ranging between 0%–50%, cyclonic sepa-
rators have 30%–70% removal efficiencies, and oil-based scrubbers
typically provide an efficiency of 75%–98% [38]. These figures are
usually not enough and further cleaning processes are required. On
the other hand, the use of tar reforming processes could be more
beneficial as it can convert the potential chemical energy stored in
the tar into useful syngas, instead of just disposing of it. They also
have relatively higher tar removal efficiencies. These methods include
catalytic reforming (steam/dry), partial oxidation, thermal cracking,
and plasma cracking [38,39]. The performance of these processes is
significantly affected by the composition of the tar compounds, as
they may differ from each other in terms of physical and chemical
properties. In this review paper, the discussion on the tar elimination
from the gasifier will be focused more on the use of high temperature
reforming processes.

2.2. Biomass pyrolysis

Pyrolysis is a process in which organic matter thermochemically
decomposes under anaerobic conditions [21]. The decomposition of
biomass can take place at medium (300–800 ◦C) to high (800–1300
◦C) temperatures [30] and it is the pre-step in a gasifier (devolatili-
sation) [34]. Pyrolysis results in three main products: biochar (solid),
bio-oil (liquid, condensable gas) and gas (noncondensable gas):

Biochar is a valuable product of fast pyrolysis. It contains primarily
carbon (≈85%) together with small amounts of oxygen, hydrogen and
inorganic ash. Its heating value is between 25–32 MJ/kg dry basis,
which is substantially higher than of the biomass (19.5–21 MJ/kg), the
liquid and the gas product [34]. The carbon contained in the biomass is
sequestered in a stable way in the biochar and it contributes to negative
carbon emissions. Biochar can also displace carbon positive fossil fuels
and be used as fertiliser [7].



Applications in Energy and Combustion Science 10 (2022) 100064

4

J.J. Bolívar Caballero et al.

Table 3
Comparison between different pyrolysis types [30].

Pyrolysis type Operating conditions Yields

Slow
Temperature: 300–700 ◦C
Vapour residence time: 10–100 min
Heating rate: 0.1–1 ◦C/s

Bio-oil ≈ 30 wt%
Biochar ≈ 35 wt%
Gas ≈ 35 wt%

Fast
Temperature: 400–800 ◦C
Vapour residence time 0.5–5 s
Heating rate: 10–200 ◦C/s

Bio-oil ≈ 50 wt%
Biochar ≈ 20 wt%
Gas ≈ 30 wt%

Flash
Temperature: 800–1000 ◦C
Vapour residence time < 0.5 s
Heating rate: > 1000 ◦C/s

Bio-oil ≈ 75 wt%
Biochar ≈ 12 wt%
Gas ≈ 13 wt%

Table 4
Comparison of yield distribution between different pyrolyzers [24].

Reactor Char (wt%) Bio-oil (wt%) Gas (wt%)

Fixed bed 31 50 18
Fluidised bed 10 59 28

Bio-oil is a combination of tars, heavier hydrocarbons and water.
It is a black tarry fluid containing up to 20% water, consisting of
mainly phenolic compounds [34]. It contains hundreds of organic
compounds; acetic acid (C2H4O2), propionic acid (C3H6O2), propyl
benzoate (C10H12O2) and furfural (C5H4O2) are some common com-
pounds found in bio-oil [21]. The presence of water and oxygenated
compounds create undesired properties like low heating value (13–
18 MJ/kg [34]), incomplete volatility and acidity. Further treatment
(i.e. upgrading) is thus required for future applications, like fuel and
hydrogen production [40]. The long hydrocarbon chains in the pyroly-
sis gases can be cracked into smaller molecules (reformed), mainly CH4,
CO2, CO2, H2 and H2O via upgrading. Upgrading covers processes like
thermal or catalytic reforming (decomposition into smaller molecules).
These are explained more in detail in Section 3.1.

The gas fraction is composed of noncondensable, lower-molecular-
weight gases like CO2, CO, CH4, ethane and ethylene. A typical heating
value of the gas fraction is found in the range of 11–20 MJ/kg [34].

The pyrolysis conditions (temperature, heating rate, residence time)
control the distribution between the different products (condensable
gases, non-condensable gases and biochar). Therefore, it is of interest to
increase the selectivity towards certain products. Slow pyrolysis favours
char production, while fast (and flash) pyrolysis favours the liquid
yield. For syngas production, it is of interest to increase the liquid
content, which is achieved via fast pyrolysis. Four important features
are to be considered: very high heating rate, reaction temperature
between 425–600 ◦C, short residence time of vapour in the reactor
and rapid quenching of the product gas [34]. Table 3 presents the
comparisons of product yields for different pyrolysis processes.

The most common fast pyrolysis reactors used to optimise the bio-
oil yield are rotating cone, ablative, conical spouted bed, bubbling
fluidised bed and circulating bed. Fluidised beds are designed to pro-
vide an adequate gas–solid heat transfer (which is achieved if the
biomass particles are very small), which makes fluidised beds optimal
for maximising the bio-oil yield [24]. A comparison example of prod-
uct distribution between different pyrolysis technologies is shown in
Table 4.

2.3. Anaerobic digestion

Anaerobic digestion refers to the breakdown of organic matter in
the absence of oxygen by microorganisms. A wide variety of biomass
can be used as feedstock (food waste, organic fraction of municipal
solid waste, sewage sludge, etc.) and this technology has the potential
to provide 25% of the energy requirements of the world during the
next 25 years. Organic matter is converted into biogas, which typically
contains between 35%–75% CH4 and 25%–55% CO2 [27]. Depending

on the feedstock, biogas also typically contains minor amounts of other
impurities compounds such as water vapour, hydrogen sulphide (H2S),
ammonia (NH3), siloxanes, and aromatics [27]. The presence of these
impurities may damage the fuel quality of the biogas. A comparison
of the biogas composition produced from different feedstocks is shown
in Table 5. Biogas can be used directly for combustion and electricity
generation but requires purification (upgrading) for the production
of chemicals and transportation fuels (>97% CH4). Methanogenic mi-
crobes (methanogens) are responsible for the CH4 production, they
are viable at different temperatures and are classified accordingly into
psychrophilic, mesophilic and thermophilic. Mesophilic systems are the
most used due to their high robustness and stability, they require lower
energy inputs (40 ◦C for maximum growth rate) and have satisfactory
reaction rates [41]. Anaerobic digestion is commercially mature and
a full-scale plant can have a production of 80 000–10 0000 N m3 per
week [42].

A summary including process parameters and challenges for the
different thermochemical conversion routes is shown in Table 6. In
general, gasification technologies can be considered as proven and ma-
ture thermochemical conversion routes with their applications having
already reached capacities of around 160 MW (e.g., Valmet’s circulating
fluidised bed plants [43]). Nevertheless, the current commercial appli-
cations of biomass gasifiers are mostly limited to combined heat and
power productions. Despite the maturity of the technology, the pro-
ductions of advanced biofuels through gasification are often considered
not economically feasible with the current price of fossil fuels [44]. On
the other hand, pyrolysis processes are gaining more interest due to
the possibility of maximising biochar production to replace the fossil
fuel-based carbon materials used in the process industries. Upgrading
the pyrolysis vapour into valuable biofuels through reforming processes
can improve the economic feasibility of the process. However, the more
complex composition of pyrolysis vapour remains the main challenge
of this process. The difficulty of scaling-up pyrolysis plants to several
hundreds of MW is also a huge issue that needs to be addressed. Lastly,
AD processes benefit from low operating temperature; hence, they
are significantly less energy-intensive than gasification and pyrolysis.
However, the main challenges of this conversion route are the limited
capacity and feedstock selection.

3. Reforming technologies of biomass-derived vapours

The organic compounds in biomass vapours are thermally unstable
at very high temperatures and can undergo thermal decomposition
according to Reaction (1) [40]. During thermal and catalytic cracking,
carbonaceous compounds are created. Char is referred to as the car-
bonaceous compound created by thermal decomposition, while coke
is formed by polymerisation of small organic compounds inside the
catalyst pores, leading to undesired catalyst deactivation [55]. Fur-
thermore, soot is defined as elemental carbon produced by incomplete
combustion of carbonaceous materials [22].

CnHmOk ←←←←←←←←←←←←←←←←←⇀↽←←←←←←←←←←←←←←←←← CxHyOz + gas (H2, CO, CO2, CH4) + coke (1)

Some of the state-of-the-art reforming technologies are CSR, dry
reforming (DR), membrane reforming (MR) and the autothermal re-
forming technologies: autothermal reforming (ATR), partial oxidation
(POX) and catalytic partial oxidation (CPO). They can be used by
themselves or in combination. Fig. 2 presents illustrations of the CSR,
ATR, POX, and CPO as the common reformer technologies.

3.1. POX

POX refers to reforming in the presence of a sufficient amount of
O2 to allow partial oxidation of natural gas, hydrocarbons or biomass-
derived vapours, according to Reaction (2) and (3). It is generally an
exothermic reaction and it alleviates the heat load for the reaction.
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Table 5
Comparison of the biogas composition obtained from anaerobic digestion with different feedstocks [27].
Biogas compositions Sewage sludge digester Agricultural waste digester Landfills

CH4 (%) 58–75 45–75 35–65
CO2 (%) 20–40 25–55 15–40
N2 (%) 0–8.1 0–5 1–25
O2 (%) <1 0.01–2 15–40
H2 (%) Traces <0.5 0
H2O (%) n.a. n.a. 0
CO (%) <0.2 <0.2 1–5
H2S (ppm) 0–62.9 10–180 0–427.5
Toluene (mg/N m3) 2.8–11.8 0.2–7.0 1.7–287
Benzene (mg/N m3) 0.1–0.3 0.1–1.1 0.6–35.6
Siloxanes (mg/N m3) 0.1–5.0 Traces 0.1–5.0

Table 6
Comparison of different thermochemical conversion routes for biomass.

Gasification [23,45–48] Pyrolysis [30,49–51] AD [41,52–54]

Common feedstocks Lignocellulosic biomass, algae Lignocellulosic biomass Sewage sludge
Agricultural waste

Products
Char = 0.6 - 2.5 wt% dry-ash-free fuel
Producer gasa = up to 97 wt%
Tara = 1 - 5 wt%

Char = 12–35 wt%
Bio-oila = 30–75 wt%
Gasa = 13–35 wt%

CH4
a = 45–72%

CO2 = 20%–55%

Temperature (◦C) 700–1400 300–800 17–60

Pressure Atmospheric to up to 70 atm. Usually atmospheric, vacuum and high pressure
pyrolysis may also be carried out

Commonly slightly above atmospheric pressure.
High-pressure AD is in research

Plant capacity Up to 160 MW generally less than 25 MW 0.1–5 MW

Challenges

• Generation of problematic tar
(can cause catalyst deactivation).
• The need of high temperature.
• High cost for reactor and apparatus.
• Need an additional drying process for
a high moisture content feedstock
(e.g., forestry).

• Crude pyrolysis oil is not immediately useable,
which requires upgrading
• Catalyst development remains a key research
frontier for creating high-value fuels
and maximising profitability
• Understanding of kinetics and reaction mechanisms
are needed to optimise and design complex pyrolysis
reactors.
• Difficulties to scale up the process
due to the need of external heating
and uniform temperature.

• Slow rate of biogas generation
• Limited capacity
• Low energy content of the biogas
• Biogas upgrading is expensive

aReformable vapours.

Fig. 2. Illustration of most common reformer types [56].

Reaction (2) can be endothermic or weakly exothermic depending on
the x/z ratio, so some complete oxidation (Reaction (3)) is necessary
so Reaction (2) can operate autothermally [57]. The provided heat is
beneficial for coke removal as well as it improves the heat transfer rates
and therefore the thermal efficiency. High conversion and equilibrium
syngas production are also favoured [57]. There are three similar
reforming processes that have the same principle of partial oxidation
reactions: POX, ATR, and CPO.

C𝑥H𝑦O𝑧 + (x
2
− z

2
) O2 ⟶

y
2
H2 + x CO (2)

C𝑥H𝑦O𝑧 + (x +
y
4
− z

2
) O2 ⟶

y
2
H2O + x CO2 (3)

POX uses a feed with a high steam-to-carbon ratio in order to
facilitate the steam reforming and water-gas shift reactions to increase
the hydrogen content. Natural gas or liquid hydrocarbons are oxidised
in a burner at high temperatures and high pressure. Catalysts are not
required because the high temperature of the flame area of the reactor
can drive the chemistry towards syngas production [58]. POX processes
operate with non-stoichiometric fuel-to-air mixtures, at high tempera-
tures and elevated pressures [59]. High temperatures are required to
ensure complete conversion and minimise soot formation and a typical
H2/CO ratio is between 1.7–1.8 [58]. Large-scale reactors have a typical
temperature range between 1150–1500 ◦C and pressures between 25–
80 bar. The POX reactor is more compact than a steam reformer but
less efficient due to the higher temperatures, which results in a higher
amount of additional fuel to be burned and heat recycling [60].

3.1.1. Current status on the POX of biomass-derived vapours
The application of POX of biomass-derived vapours at commercial

scales is relatively rare compared to that of natural gas reforming.
In the past couple of years, IHI Corporation (Japan) has been inten-
sively developing a dual fluidised bed gasifier of low-rank coal and
biomass [61]. The company have successfully carried out a demonstra-
tion project of a 15 MW gasifier (up to 50 t/d of coal or biomass) in
around 2016, despite the discontinuation of the project after thousands
of operational hours. The gasifier generates a relatively high tar content
which can reach 70 g/N m3. Therefore, they have been developing a
POX process intended to reform that tar-rich syngas. Tsuboi et al. [62]
present the results from the developed POX process. In their study, a
novel POX reactor utilising heat regeneration is developed and tested to
clean the tar produced from a 4 t/d pilot woody biomass gasifier. The
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Table 7
Selected cases of POX for the reforming of biomass-derived vapours.

Feedstock Reactor Operating parameters Conversion (%) H2/CO Notes Ref.

Bio-oil &
methanol

Quartz
reactor

625–850 ◦C
O/C = 0.7–1.6 85–95 – CO yield = 50–70%

H2 yield ≈ 25%
[64]

Methane Flow tube
reactor

997–1494 ◦C
CH4/O2 = 1–2 11–92 0.0–3.9 𝜂𝐶𝐻4

= 87%
at 1494 ◦C with H2/CO = 2.5

[66]

Methane Flow tube
reactor

1000–1592 ◦C
CH4/O2 = 1.60–1.79 67–87 1.44–1.98 𝜂𝐶𝐻4

= 87%
at 1580 ◦C with H2/CO = 1.98

[63]

Glycerol Quartz
reactor

700–800 ◦C
O2 ratio = 0.3–0.45 >99 –

CO yield = 18–45%
H2 yield = 7–22%
Complete conversion
at 827 ◦C

[65]

results show that the reforming efficiency exceeds 99% at a reaction
temperature of 1300 ◦C. In addition, the regenerative POX is claimed
to consume 30% less oxygen than the conventional reformer. Neverthe-
less, there is no further information on the scaling up of this technology
into commercial scales.

Other than the developed POX reactor above, there are several lab-
scale studies have been reported. For example, Li et al. [63] presented
a study of noncatalytic partial oxidation of undiluted CH4 in a gas-
flow reactor system incorporating indirect heating by induction. High
reactive gas concentrations are more relevant to industrial applications
in comparison with diluted flows, but the exothermic nature of the
process, together with soot and coke formation represent common
difficulties. In addition, the reaction mixture must be heated to ignition
temperatures and rapidly quenched once ignition occurs, to avoid
thermal runaway. Usually, conventional resistance heated furnaces
withstand rapid thermal changes due to their thermal mass. Therefore,
indirect heating by induction was investigated in a quartz reactor in
both diluted and undiluted CH4 flows [63]. On the other hand, Marda
et al. [64] have investigated the noncatalytic POX of biomass-derived
vapours (derived from poplar wood) mixed with methanol. The effects
of both temperature (650–850 ◦C) and oxygen (O/C = 0.7–1.6) were
investigated. Ayoobi et al. [65] have presented numerical methods with
detailed chemistry for noncatalytic of glycerol to syngas at intermediate
temperatures. Due to the lack of information on noncatalytic glycerol
reforming in literature, qualitative comparisons are made with catalytic
glycerol reformed (from literature). In addition, all approaches are
validated by propane POX, where noncatalytic experimental results are
available in literature [65]. An externally heated (in furnace) quartz
reactor was presented as the study subject [65]. A resumed comparison
of the different POX works is presented in Table 7.

3.1.2. Operating conditions
According to Marda et al. [64], POX of biomass-derived vapours

at the temperature range of 650–850 ◦C could achieve high carbon
conversions to syngas, which are between 85%–95% with high CO
yields (50%–70%) and low H2 yields (≈25%). It is also stated that
higher selectivities for H2 would be achieved and lower temperatures
would be required in the presence of a catalyst [64]. Meanwhile, a
simulation study was performed by Ayoobi et al. [65] showed that oper-
ating POX at a temperature between 600–1050 ◦C and an oxygen ratio
between 0.3–1 (defined as the amount of oxygen that an oxygenated
fuel has chemically bound into the molecule itself) cannot reach a
complete conversion of glycerol into syngas. It was found that heavy
hydrocarbons dominates the product mixture due to the incomplete
conversion. The results show that a temperature of 900 ◦C with an
oxygen ratio between 0.3–0.45 are favourable operating conditions for
good syngas quality (85% of available LHV retained in syngas) [65].

Meanwhile, Li et al. [63] showed that in a diluted condition, very
little conversion of CH4 and O2, was observed below 927 ◦C, but
conversion increased rapidly above this temperature reaching 87% and
100% respectively at 1227 ◦C. Additionally, in undiluted conditions, it
was difficult to achieve high CH4 conversions, complete conversion of

O2 was observed at all flow rates and the % conversion of CH4 varied
from 76% to 85% with no discernible trend. In addition, the required
conditions (temperature, pressure, residence time) favour a high rate
of carbon formation and subsequent deposition [63]. The high ignition
temperature of CH4 leads to inaccurate temperature measurement, re-
action model development and understanding of reaction mechanisms.
Therefore, the study by Li et al. [63] was enhanced using computational
fluid dynamics (CFD) simulations to correct the temperature profiles
from kinetic modelling. Induction heating was investigated in diluted
CH4, although temperature measurements represent a challenge, the
combination of CFD and kinetic modelling allowed for the adjustment
in temperature measurement, leading to better understanding of high
temperature reactions [66].

It has been highlighted the importance of high temperatures in POX
to assure the complete breakdown of heavy hydrocarbons and the sub-
sequent intermediate lighter products, due to the catalyst absence [65].
More importantly, it has also been demonstrated that the O/C ratio has
a higher effect on the conversion than the temperature and that a water-
gas shift reactor would be required for maximising H2 production [64].
The O/C ratio needs to be carefully calculated to provide the required
heat without consuming valuable syngas. In general, the production
efficiencies of desired products increases by increasing the oxygen ratio,
decreasing at the same time the lower heating value (LHV) of the
product mixture due to an increase of exothermic reactions [65].

3.2. ATR and CPO

ATR and CPO work in a similar way in comparison to POX. The
main difference relies on the presence of the catalyst that allows for
fuel conversion at a lower temperature, which is highly dependent on
the fuel to be reformed and the catalyst. In ATR, air and oxygen can
be used as oxidising agents, depending on the downstream purifica-
tion processes. The fuel is partially oxidised in a burner, providing
the energy for the endothermic SR. The catalysts are usually to-stage
catalysts: the first stage consists of a combustion catalyst that provides
heat to the second stage, which is optimised for the endothermic steam
reforming (SR) reactions. ATR combines features of SR and partial
(or full) oxidation, effective catalyst design can reduce the need for a
robust burned and can reduce carbon and soot formation. The operating
temperature is between 900–1150 ◦C with a pressure between 1–80 bar
(based on natural gas). The ATR process produces a favourable H2/CO
ratio (≈2) and the ATR reactor is more compact in comparison to a
steam reformer but larger than a POX unit [60].

CPO works in a similar way in comparison to ATR, with the main
difference that CPO allows chemical conversion in a catalytic reac-
tor without a burner. No flame is produced by combustion, instead,
oxygen and the fuel are mixed in a mixer [60]. Catalytic reactions
enhance reactions, therefore operating temperature and pressure can
be decreased [59] providing the right H2/CO ratio and selectivities and
conversions close to equilibrium values [60]. The complete conversion
of oxygen and near-complete conversion of the fuel is achieved within
the catalyst bed located after the mixer. High temperatures (up to
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Table 8
Examples of ATR and CPO for the reforming of biomass-derived vapours.

Feedstock Reactor Catalyst Operating parameters Conversion (%) H2/CO Notes Ref.

Bio-oil Foam
monolith Rh-Ce/Al2O3

700–800 ◦C
C/O = 0.71 85 ≈35% CO

≈10% H2

Carbon deposition
at higher C/O

[57]

Bio-oil Quartz
reactor Char 700–900 ◦C

ER = 0.0–0.2 98.34–99.19 Gas composition
CO ≈ H2 ≈ 22.5 vol%

Optimal equivalence
ratio (ER) = 0.05
ER = Oreal/Otheoretical

[67]

AcidsL, alcohols,
aldehydes, esters,
polyols

Foam
monolith Pt– & Rh–Al2O3

400–700 ◦C
C/O = 1.2–2.0 30–90 –

Rh yielded higher
conversion than Pt
Pt showed lower
activity for oxygenate
reforming

[68]

1000–1250 ◦C) are obtained close to the inlet of the catalyst bed, mean-
ing that oxygen is consumed in the first millimetres of the catalyst bed.
Afterwards, the endothermic reforming reactions take place, causing
a temperature drop towards the end of the catalytic bed [60]. The
main drawback is the use of oxygen, when using air in the process too
much nitrogen is accumulated in the syngas, which results in large gas
volumes that affects heat exchangers and compressors. Air separation
to provide pure oxygen might be an alternative but costly [58].

3.2.1. Current status on the ATR and CPO of biomass-derived vapours
The developments of ATR and CPO for the treatment of biomass-

derived vapours have been presented in mostly lab-scale studies. For
instance, Rennard et al. [57] investigated the partial oxidation of
biomass pyrolysis oil. Biomass-derived vapours derived from three dif-
ferent sources (poplar wood, pine and hardwood) mixed with methanol
was reformed in a direct CPO system over 𝛼-Al2O3 foam monoliths
coated with Rh(NO3)3 and Ce(NO3)3⋅6H2O (1 wt% each of Ce and
Rh). Yu et al. [67] studied the CPO reforming of pyrolysis tar over
sewage sludge char. The reformer was a catalytic reactor (quartz tube)
containing a char bed produced from sewage sludge pyrolysis [67].
Investigations using bio-oil model compounds have also been done.
Kruger et al. [68] investigated the autothermal partial oxidation of
two-carbon molecules containing the functional groups found in bio-oil
(acids, alcohols, esters, polyols, etc.) over Pt– and Rh–Al2O3 catalysts.
A resumed comparison of those studies on the different ATR and CPO
works is presented in Table 8.

3.2.2. Catalyst developments
The oxidising environment of ATR or CPO during the reforming

of heavy hydrocarbon compounds from biomass is challenging for
transition metal catalysts [69]. In this process, transition metals are
more prone to oxidation. Prompt reduction in the activity of the catalyst
has been observed in long duration or high space velocity tests. In
addition, the high operating temperature of the process contributes to
the sintering of the active phase, which further reduces the activity
of the catalyst. Thus, significant efforts in developing ATR/CPO have
been suggested on finding new catalysts which are more resistant to
oxidation, with the ability to maintain stable performance over a long
duration [69].

Many studies have indicated that noble metal-based catalysts are
good candidates for ATR/CPO. Specifically, Rh is considered to have
the most promising results as active phase [69]. A study carried out
by Kruger et al. [68] is one example that demonstrate the superior
performance of Rh. Their study shows that Rh and Pt have linear or
exponential increase of conversion between 400–700 ◦C with ethanol,
acetaldehyde, ethylene glycol, acetic acid and dimethyl ether. In the
case of methyl formate, Rh showed stable high conversion (95%–100%)
between the entire temperature interval (400–700 ◦C) and Pt showed a
quite stable conversion (95%–100%) in the interval (500–600 ◦C) [68].

According to latest research, noble-based catalysts are better candi-
dates for ATR/CPO compared to transition metals. The use of non-noble
metals has been investigated in other reforming technologies, presented
in the following sections.

3.2.3. Operating conditions
The carbon conversion of bio-oil or biomass tar significantly de-

pends on the operating temperature of ATR and CPO. In general,
recent investigations on the ATR and CPO use a widely ranged op-
erating temperature from 400 to 900 ◦C. Kruger et al. [68] reported
the performance of ATR at low temperatures of 400–700 ◦C. The
experiments were carried out using bio-oil model compounds and with
C/O ratio between 1.2–2.0. It was found that the conversion ranged
from 30%–90% for most investigated species using Rh as catalysts.
Among the investigated compounds, esters were the most reactive
species, while polyols, ethers and acids were the least reactive [68].
Other studies involving higher temperatures have demonstrated high
conversion values. For example, the CPO of pure pine at 700–800 ◦C
pyrolysis oil resulted in an average conversion of bio-oil carbon to CO
and CO2 of ≈97% [57]. The effects of the temperature and residence
time were investigated by Yu et al. [67], at temperatures between 700–
900 ◦C and residence times between 1.25–3.75 s. It was concluded
that temperature plays a more significant role [67]. At 800 ◦C the tar
concentration could not be decreased by increasing the residence time
but tar conversion reached 99.19% at 900 ◦C [67]. It can be seen from
the studies above that higher temperatures than 700 ◦C are still needed
in ATR/CPO to ensure high conversion of biomass-derived vapours
consisting of different organic compounds. Nevertheless, the choice of
catalyst can lower the required temperature to a certain degree.

The amount of the oxidising agents is another important parame-
ter that determines both carbon conversion and syngas composition.
Rennard et al. [57] found that a maximum syngas production can be
achieved at C/O = 0.71 during CPO of biomass pyrolysis oil. It was also
observed that lower C/O ratios resulted in oxidation of syngas increas-
ing water and CO2 production, consuming valuable syngas. The CPO of
a solution containing 80–20 wt% hardwood pyrolysis oil/methanol was
performed at C/O = 0.9–1.1, the gas conversion was ≈90% and the gas
yields were relatively constant under these conditions (H2 ≈ 25% CO ≈
65 %) [57]. Meanwhile, Yu et al. [67] varied the oxygen equivalence
ratio (ER, defined as real O2 volumetric flow divided by the theoretical
O2 volumetric flow needed for complete combustion) between 0–0.2
during the CPO of pine pyrolysis gases containing rich tar. They found
that the optimal ER for the reforming process was ≈0.05, allowing for
the highest contents of H2 and CO and a tar conversion of 98.34%. It
was observed that high ER would lead to consumption of combustible
gases and sludge char, which affects its catalytic properties and can
lead to an increase of the tar concentration [67].

The amount of oxidising agents also determines the coke formation
on the surface of the catalysts. At higher C/O ratios coke formation
and carbon deposition affect the reactor operation negatively, resulting
in poor conversion [57]. Coke formation via polymerisation and char
formation via dehydration of pyrolysis oils have been described as
two major challenges [57]. Char formation can be avoided by intro-
ducing the fuel at ambient temperature and bringing it to gasification
temperature (>700 ◦C) within a few milliseconds [57].

In a similar way as for POX, it has been shown the importance of
temperatures in POX to assure the complete breakdown of heavy hy-
drocarbons. Temperatures between 700–900 ◦C (which are significantly
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Table 9
Selected cases of DR of biomass-derived vapours.

Feedstock Operating parameters Catalysts Conversions H2/CO Ref.

Simulated biogas 600–850 ◦C;
CH4:CO2:N2 = 2:2:1

Ni/Al2O3 47%–95% (CH4) larger than 0.97 at 750 ◦C or higher

[73]
Ni/SiO2 13%–82% (CH4)
Ni/MgO 29%–91% (CH4) larger than 0.90 at 750 ◦C or higher
Ni/CeO2 16%–78% (CH4)
Ni/ZnO 21%–74% (CH4)

Simulated biogas 650–900 ◦C
Ni/TiO2 84% (CH4) and 92% (CO2) at 900 ◦C 0.75 at 900 ◦C

[74]Ni–Co/TiO2 87% (CH4) and 93% (CO2) at 900 ◦C 0.84 at 900 ◦C
Co/TiO2 73% (CH4) and 80% (CO2) at 900 ◦C 0.74 at 900 ◦C

Simulated biogas 700–900 ◦C;
CH4:CO2 = 1:1

Ni/Mg/Al 86% (CH4) and 91% (CO2) at 900 ◦C 0.87 at 900 ◦C [75]Ni–Rh/Mg/Al 87% (CH4) and 95% (CO2) at 900 ◦C 0.91 at 900 ◦C

Tar-rich syngas 900 ◦C; Tar 1.77 g/N m3 Ni/mayenite 93% tar conversion Approx. 0.73 [72]

lower compared to POX) are required to achieve high conversions
between 97%–99% [57,67]. The O/C ratio is to be carefully chosen,
too high or too low O/C ratio has the same consequences as in POX
with the addition of coke deposition on the catalyst surface at low O/C
ratios. Since this is a catalytic process its stability will depend on the
lifetime of the catalyst which means that the O/C ratio and the catalyst
choice are the most important parameters to take into consideration.
Transition metals are prone to oxidation and their oxidated variants
will most likely affect the conversion in a negative way. Rh-based
catalysts have shown promising results. Nevertheless, research should
focus on more affordable, abundant and stable materials that can be
used as catalysts.

3.3. DR

3.3.1. Current status on the DR of biomass-derived vapours
DR has gained popularity in recent years because it consumes two

types of greenhouse gases (CH4 and CO2) and produces an appropriate
H2/CO ratio that is adequate for FT fuels and DME production. DR uses
CO2, which is usually available in large quantities and at low costs. This
process is slightly more endothermic than SR and is favoured by high
temperature and low pressure [29]. In the process, CO2 replaces steam
that is normally used in SR to produce syngas with a low H2/CO ratio
(≈1) according to the main reaction expressed by Reaction (4).

CH4 + CO2 ⟶ 2CO + H2 (4)

CO2 + H2 ⟶ CO + H2O (5)

Another reaction that also governs the performance of DR is the
reverse water-gas shift (RWGS), which can be written as Reaction (5).
This reaction can drive a higher conversion of CO2 than CH4 [70];
however, it decreases the H2/CO ratio of the produced syngas. More
importantly, the RWGS reaction is helpful for suitable adjustment of
the H2/CO ratio for certain production of hydrocarbon fuels [71]. The
developments of DR in the context of biomass fuels are particularly
gaining more interest for the conversion of biogas from AD processes
into syngas. This is due to the fact that biogas is already rich in CH4 and
CO2. Until now, almost all research on DR typically are performed by
using lab-scale facilities and modelled biogas as the feedstock, instead
of using real biogas samples [27]. In addition, the application of DR
for reforming tar produced from biomass gasification has also been
proposed [72]. Table 9 presents the summary of some selected cases
of the DR application for the reforming of biomass-derived vapours.

3.3.2. Catalyst developments
The main challenge of DR is the increased chance of coke deposition

on the catalyst surface, which is more likely to take place in DR than SR
or POX [25]. This is due to the fact that the tendency of coke formation
depends on the carbon ratio to hydrogen and oxygen, in which the
lower H/C and O/C ratios cause a higher coke formation. During the
reactions, the production of CO and consumption of H2 via reverse

water-gas shift together with the decomposition of CH4, CO and hydro-
genation of CO2 and CO lead to this higher coke tendency [29,76]. In
order to make this technology commercial, research should be directed
toward the synthesis of highly active catalysts [76].

Non-noble metals catalysts (Ni, Co, Cu, and Fe) have gained major
interest owing to their lower cost productions, as compared to other
types of catalysts such as noble metals [27]. Ni has been the most
studied material for the development of DR catalysts including the
application on the industrial scale [71]. Gao et al. [73] investigated
the effect of different support materials (Al2O3, SiO2, MgO, CeO2, and
ZnO) for Ni catalysts on the conversion of simulated biogas sample
(CH4/CO2/N2 = 2:2:1) and the catalyst stability. They found that
Ni/Al2O3 is the most active catalyst with the CH4 conversion efficiency
up to 95% at 850 ◦C, due to smaller particle size and stronger metal-
support interaction. Manera et al. [72] developed Ni/mayenite catalysts
and found that they are suitable for DR of tar produced from CO2
gasification of elephant grass. At 900 ◦C, the DR of tar using the studied
catalysts can reduce the gravimetric tar from 1.77 to 0.13 g/N m3, or
correspond to about 93% of tar conversion. Mayenite (Ca12Al14O33) is
considered to have a superior performance for catalyst support for tar
reforming due to its particular crystal structure and extra-framework
oxygen [72].

Despite the benefit of the low cost and high activity, the use of
Ni catalysts tends to generate a high coke deposition. This high coke
formation leads to their deactivation in a short period; thus, causing a
severe operational drawback. Therefore, recent research has focused on
the development of Ni-based bimetallic catalysts for a better coke resis-
tance performance. Noble metals (Rh, Ru, Pd, Pt, and Ir) are considered
as a potential addition to improving the performance of Ni catalysts
during DR processes, owing to their better coke resistance [27]. For
example, Schiaroli et al. [75] added 0.03–1.4 wt% of Rh into Ni/Mg/Al
catalysts and tested their performance during DR and combined SR/DR
of modelled biogas with CH4:CO2 ratio of 1:1. It is concluded that
the presence of low amount 0.5 wt% Rh is sufficient to preserve the
catalyst structural properties after several catalytic tests, without strong
evidence of deactivation. It is also proposed that the formation of a
stable Ni–Rh alloy is favoured by the increased basicity of the support,
that leads to a highly disperse active phase [75]. Other than the noble
metals, transition metals such as Fe, Co, and Cu could have a significant
impact when they are used as bimetallic catalysts, despite their low
activity as monometallic catalysts [27]. Sharma et al. [74] synthesised
bimetallic Ni–Co catalysts supported on titania (TiO2), and found that
the catalyst could withstand the catalytic performance during 15 h of
continuous reforming without any significant decrease in the activity
during the DR of biogas. The bimetallic catalysts allow higher resistance
to coke formation and unwanted metal oxidation through regulated re-
actions between CH4 and CO2 [74]. It is also shown that the conversion
rate of CH4 rises with the increase of the Ni-to-Co ratio [74].

In conclusion, bimetallic catalysts can be used to tackle carbon
deposition and show promising stability. From the economical perspec-
tive, Ni-based catalysts with Fe, Co and Cu show promising results as
alternatives to noble metals.
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3.3.3. Operating conditions
In general, DR processes are favoured at higher temperatures as they

are endothermic. Higher operating temperatures promotes the conver-
sion of both CH4 and CO2 into syngas. Chein et al. [77] investigated the
thermodynamic equilibrium of CH4 DR at different temperatures and
pressures. The study demonstrated that the CH4 conversion increasing
with the increasing in reaction temperature, especially at temperatures
between 400–800 ◦C. This trend is followed by the sharp increasing
in the H2 production within the same temperature range. The H2/CO
ratio can be larger than 1 at a temperature higher than 700 ◦C.
Thereafter, at a temperature higher than 800 ◦C, the full conversion
of CH4 theoretically can be achieved. However, it should be noted that
their study was conducted by using an equilibrium approach (Gibbs free
energy minimisation). Thus, the simulated results tend to have a higher
CH4 conversion rate than the real catalytic CH4 reforming processes.
The study also indicated that high temperatures favour the carbon
suppression, as no carbon was formed at a temperature higher than
750 ◦C [77]. In addition, the same study also demonstrated that DR
is not favoured at elevated pressures. It is shown that higher pressures
cause lower CH4 and CO2 conversions, while at the same time increase
the carbon and H2O formations.

Other than the aforementioned parameters above, the conversion
of fuel during DR processes is influenced by the presence of impu-
rities. For instance, the presence of H2S could negatively affect fuel
conversion owing to catalyst poisoning. The severity of the reduction
in the conversion rate depends on the type of the catalyst and the
concentration of H2S [27]. Chein et al. [78] investigated the effect of
H2S on the activity of Ni-based catalysts (Ni/Al2O3 and Ni–Pt/Al2O3)
at a temperature range between 600–800 ◦C. In the case of either Ni
or Ni-noble metals catalysts, it was found that the conversion of CH4
decreases significantly from 60 to about 25% when 100 ppm of H2S is
added in the biogas.

DR is strongly endothermic and requires higher temperatures com-
pared to CSR to achieve high conversion (86%–95% at 900 ◦C [75]).
The absence of steam and oxygen makes the catalyst highly prone to
deactivation by coke deposition, making this the highest challenge.
Recent research has shown that bimetalic catalysts (transition metals
plus small amounts of noble metals) can increase the catalyst stabil-
ity, maintaining stable production and lower deactivation for longer
time [74,75]. Further research on bimetallic catalysts seems to be a
promising solution for the commercialisation of the technology.

3.4. MR

Membrane reactors contain multi-component oxides that allow
working temperatures above 1000 K and provide high oxygen flux and
selectivity via ion transport. In the case of SMR, one possible way of
their working principles consists of air being fed to one side of the
membrane at 300 K and low pressure (0.03–0.20 bar), oxygen diffuses
into the membrane to the other side where it reacts with CH4 and
steam at high pressure (3–20 bar) to produce syngas. MR is gaining
interest mainly for the H2 productions through SMR, owing to the
enhancement of the hydrogen yield following the shift effect induced by
the membrane permeation [79]. More importantly, membrane reactors
allow direct production of a high purity grade of H2 stream [79]. Thus,
they may eliminate the need for additional gas separation processes
after the reforming processes, which often can be energy-intensive.

The catalytic membrane reactor typically consists of two zones: the
shell side zone that is packed with the catalyst (where the reactions
take place) and the permeate zone where the sweep gas is introduced
(see the upper part of Fig. 3). Membrane reactors consist of Pd–Pd
alloy membranes that allow high hydrogen permeability and zirconia or
perovskites membranes that are oxygen selective. Since the reforming
reactions are reversible reactions, it is important to constantly remove
the products from the shell zone to avoid the reverse reactions, thus

increasing conversion. This is achievable thanks to the selective mem-
brane. This technology has several problems in industry applications:
instability against acidic gases, high cost, decrease in hydrogen perme-
ation due to adsorption of carbon monoxide, coke deposition during
reforming reactions [29].

MR reactors are emerging technologies as their applications are still
limited to the development phase. In the case of natural gas reforming,
many reviews have focused on the modelling of membrane reactors
and their scalability from laboratory to pilot/industrial scale [79].
Meanwhile, there are even more limited results have been reported
on the applications of MR for the conversion of biomass-derived fuels
into syngas. An example of the MR application to treat biomass tar
is reported by Wang et al. [81]. In their study, a membrane reac-
tor consisting of perovskite structure catalyst La0.8Sr0.2Ni0.8Fe0.2O3−𝛿
(LSNF) and ceramic BaBi0.5Co0.8Nb0.15O3−𝛿 (BBCN) perovskite hollow
fibre membrane was fabricated to perform oxidative steam reforming
of toluene at 650–750 ◦C. It is shown that the membrane reactor
can convert about 60% of toluene while maintaining a lower carbon
formation. Moreover, the reactor also shows high selectivity, with
H2/CO ratio of the produced syngas equal to 2–3.

3.5. CSR

CSR is normally also referred to as steam methane reforming (SMR)
in the field of natural gas reforming. SMR refers to the reaction between
CH4 and steam to produce syngas. Production of hydrogen by SMR is
one of the largest endothermic processes and accounts for ≈50% of the
global hydrogen supply. Natural gas reacts with steam according to the
following Eqs. (6) and (7) [82]:

CH4 + H2O ←←←←←←←←←←←←←←←←←⇀↽←←←←←←←←←←←←←←←←← CO + 3H2 (6)

CO + H2O ←←←←←←←←←←←←←←←←←⇀↽←←←←←←←←←←←←←←←←← CO2 + H2 (7)

A mixture of natural gas and potential off-gases from the synthesis
is typically combusted to supply the necessary heat to SMR [82]. CSR
systems based on catalyst beds are mostly used, both fixed bed and
fluidised bed have shown good yields and selectivity for hydrogen
production [40]. Fixed bed reactors are simple reactors consisting of
solid catalyst particles packed into the bed, their main drawbacks are
low thermal conductivity and small catalyst surface areas inside the
reactor [83]. Fluidised bed reactors consist of small catalyst particles
loaded into a reactor that behaves like a fluid with the gas flow of the
reactants. Solutions to the problems faced with fixed bed reactors are
offered by this kind of technology: enhanced mass and heat transfer,
minimising temperature gradients inside of the reactor. The reactant
fluid and the catalyst are well mixed, which provides a higher surface
area for the reaction [83]. Fluidised bed reactors offer good control
over thermal decomposition. In a fixed bed reactor, thermal decom-
position leads to coke deposition creating a char layer in the top and
freeboard of the reactor. In a fluidised bed reactor, the circulation of
the catalyst particles creates constant contact with the pyrolysis gas,
making that carbon deposition small and increasing the gasification of
char on the particles. However, conventional support materials used in
SR are soft and not suitable for fluidisation due to attrition [84].

A reformer consists of a furnace containing more than 100 tubes,
10–14 m long, therefore reformers are quite bulky and can take up 1140
m3 just to achieve 75% conversion [82]. The heat that is provided by
burning fuel presents heat losses that can reach up to 50% [85].

Carbon deposition on the catalyst can become a problem in steam
reformers, especially at lower S/C ratios (economically desirable) and
with feedstocks containing higher hydrocarbons than CH4. The carbon
can cause sintering and can also deposit in the catalyst pores, which
will reduce catalytic activity and eventually disintegrate the catalyst
pellets to powder [56].

Even though SMR is a commercially mature technology, CSR of
biomass-derived vapours is still under research due to rapid catalyst



Applications in Energy and Combustion Science 10 (2022) 100064

10

J.J. Bolívar Caballero et al.

Fig. 3. Illustration of different configurations of tube-in-tube membrane reactor, with membrane layers coated on the outer surface of the inner tube (upper); and membrane layers
coated on the internal surface of the inner tube (lower).
Source: Adapted from [79,80].

deactivation via carbon deposition. CSR refers to a series of catalytic
reactions between biomass-derived vapours from pyrolysis or tar from
gasification and steam to produce syngas with a high H2/CO ratio [56].
CSR is an endothermic process; thus, hydrogen production is favoured
by high temperatures. Hydrogen yield is typically obtained between
550–700 ◦C during CSR of heavy bio-hydrocarbon compounds, while
higher temperatures could result in gradual decline due to coke forming
and competition with cracking reactions of organic compounds [40].

The CSR of biomass-derived vapours can be presented in a general
way as shown in Reaction (8) [40]:

C𝑛H𝑚O𝑘 + (n − k)H2O ←←←←←←←←←←←←←←←←←⇀↽←←←←←←←←←←←←←←←←← nCO + (n + m
2
−k)H2 (8)

Deoxygenated hydrocarbons react also with steam, as shown in
Reaction (9) [84]:

C𝑛H𝑚 + (n − k)H2O ←←←←←←←←←←←←←←←←←⇀↽←←←←←←←←←←←←←←←←← nCO + (n + m
2
)H2 (9)

Excess steam oxidises carbon monoxide to carbon dioxide producing
more hydrogen, as shown in Reaction (10) [40]:

CO + H2O ←←←←←←←←←←←←←←←←←⇀↽←←←←←←←←←←←←←←←←← CO2 + H2 (10)

At high temperatures char formation takes place and carbon depo-
sition can lead to catalyst inactivation, as shown in Reaction (11) [40]:

CO + H2 ←←←←←←←←←←←←←←←←←⇀↽←←←←←←←←←←←←←←←←← C + H2O (11)

Methanation and water-gas shift (WGS) could also take place. How-
ever, they are exothermic reactions and thus favoured by low temper-
atures [40,84].

CO + H2O ←←←←←←←←←←←←←←←←←⇀↽←←←←←←←←←←←←←←←←← CO2 + H2 (12)

In the case of CSR of biomass-derived compounds, the feeding gas
needs to be treated. Solid particles are removed mostly by a cyclone

in the downstream process. However, a fraction of dust will continue
in the feeding gas to the reformer, which is commonly referred to
as ‘‘dusty’’ tar reforming. In this case, the reformer has to include a
monolithic catalyst that can allow the dust flow through the channels
without interfering with the reforming reactions. Dust can accumulate
on the surface, blocking the pores and causing high pressure drop.
Alternatively, a hot gas filter can be introduced, removing the majority
of dust downstream the cyclone. In this case, the catalyst can be both
monolithic or pelletised [20]. Gas cleaning is also needed to avoid
sulphur poisoning of catalytic processes [21]. Sulphur compounds are
strongly chemisorbed on the metal surface leading to catalyst deactiva-
tion, it is the most severe poison for Ni-based catalysts used in CSR of
hydrocarbons [86].

Although catalyst deactivation via carbon deposition is a major
challenge, heat transfer and wall temperature are also crucial issues.
The wall of the reformer tubes needs to be as thin as possible to
transfer as much heat as possible from the burners to the catalyst [56].
These represent the main challenges of biomass-derived vapours CSR.
Since CSR provides the highest hydrogen yield in comparison to other
reforming technologies, this technology has been chosen to be discussed
in detail in this review paper.

4. CSR of biomass-derived vapours

4.1. Catalysts: developments and challenges

4.1.1. Active and support materials
The application of CSR for reforming of biomass gasification tar

has been well established at large scales. As summarised by Andersson
et al. [20], Haldor Topsoe A/S has developed a mega-monolith catalyst
that has been used successfully to clean tar from a 10000 N m3/h (20
MW) biomass gasifier plant in Skiive (Denmark), and a 1500 N m3/h
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demonstration plant (US DOE TIGAS project). The catalyst is basically
a monolithic catalyst, that allows dust to pass through the monolithic
channels while enabling the tar reforming reactions. The tar reformer
is operated at 850–920 ◦C [87]. The operating temperature is raised
by adding external air for three stages of combustion to compensate
for the temperature drop due to the endothermic steam reforming
reactions [87].

In contrast to the reforming of biomass gasification tar, applications
of CSR for reforming of bio-oil from biomass pyrolysis are less mature
technologies. This field has been recently gaining more interest as
shown by the significant number of related studies. Similar to the other
catalytic reforming processes (e.g. ATR, CPO, and DR), the current
research on CSR of biomass pyrolysis vapour is mainly focused on the
development of catalysts with high catalytic activity and coke resis-
tance. Nobel metals (like Rh) have shown good reaction performances;
however, as mentioned previously, Ni-based catalysts have attracted
more attention due to their stability, cost-effectiveness, good thermal
and chemical stability under reaction conditions and good catalytic
activity in cleavage of C=C, C=O and C=H bonds [28]. The supports
play an important role in heterogeneous catalysis, metal oxides have
been reported to be good for SR of pyrolysis gas, for example, alumina
(Al2O3) is the most studied support for this kind of application and is
widely used due to its high surface area and mechanical strength. Com-
plete conversion of pyrolysis gas has been observed using a Ni/Al2O3
catalyst at 800 ◦C and S/C ratio = 5, achieving a hydrogen selectivity of
90%. However, rapid catalyst deactivation is caused by coke deposition
caused by the acidic nature of Al2O3, which sinters and reduces the
surface area of the catalyst. Other supports for Ni-based catalysts, like
ZrO2 and MgO, have also been studied recently. ZrO2 has good redox
properties, while MgO provides a high oxygenate accessibility to Ni
sites [28].

The use of bimetallic catalysts (secondary metal as a promoter) has
also been reported. Catalysts like Rh–Ni/CeO2–Al2O3 and Ru–Ni/CeO2–
Al2O3 have shown good H2 production and also good resistance to
carbon deposition by encouraging gasification of adsorbed carbon. The
use of alkaline-earth elements (like Mg, Ca) as promoters have shown
improvement in catalytic stability (by promoting the synergetic effect
between metal and support), thus preventing coke formation from the
acid sites of the catalyst [28].

Table 10 shows a summary of the catalytic performance of selected
catalysts in SR. Monometallic catalysts show high conversion and high
hydrogen selectivity, with the main drawback of catalyst activation
after minutes (or hours in the case of Rh) due to coke deposition.
Bimetallic catalysts show also good conversion and high hydrogen
selectivity. Bimetallic catalysts with noble metals (Rh, Ru) show stable
yields and no signs of catalyst deactivation after at least 12 h. Ni-based
bimetallic catalysts have still problems with catalysts deactivation but
the addition of potassium as promoter have shown stable conversion
under 25 h, which suggests that promoter addition should to be further
investigated to increase catalyst activity.

4.1.2. Catalyst deactivation
Catalysts used for CSR are prone to be deactivated during reaction

processes. Loss of catalytic surface and support area are caused by
degradation (typically referred to as sintering). Sintering takes place at
high temperatures (>500 ◦C) and is favoured by the presence of steam
in reducing environments [93]. Sintering is produced by agglomeration
or migration of small crystallites into larger ones, which causes the
collapse of the pore structure and loss of internal surface area of the
catalyst [94]. Two major mechanisms for metal particle growth have
been proposed [93]:

• Particle migration, caused by crystallite migration over the sup-
port after coalescence.

• Ostwald ripening (vapour transport), where metal species from
crystallites migrate over the support via gas phase and are cap-
tured by another crystallite

Fig. 4. TEM images of a fresh Ni-based catalyst used in steam reforming of biomass
pyrolysis volatiles, showing coke encapsulation development over time.
Source: Reprinted with permission from [91].

Together with sintering, the thermal degradation or ageing of the
catalyst support contributes to the loss of active sites favouring metal
sintering, changing the metal-support interaction and collapse of the
porous structure. Hence, thermally stable supports in oxidising at-
mospheres are required for reforming processes (like Al2O3, MgO,
MgAl2O4, SiO2, and TiO2, among others) [33].

The metal particles in the catalyst surface are prone to oxidation
in reforming conditions, which leads to a decrease in catalytic activity.
Although noble and transition metals are prone to oxidation, Ni cata-
lysts are the most susceptible. Therefore, an increase in the calcination
temperature of Ni catalysts may allow higher resistance to oxidation up
to 700 ◦C [33].

Coke deposition refers to the deposition of unwanted carbonaceous
species onto the catalyst surface, blocking active sites and pores and
thus leading to activity loss. This phenomenon is unavoidable in cat-
alytic processes with hydrocarbons and oxygenates. Coke deposition
can take place via different mechanisms: coke can be chemisorbed on
the metal surface, producing a monolayer of metal carbide that blocks
the active site (total encapsulation). Different metal carbide layers can
bond via physisorption, creating multilayers that hinder access to active
sites. The plugging of micro and mesopores blocks access to the inner
pores and the disintegration of the catalyst structure can take place in
advanced growth stages [33]. Coke deposition is the most destructive
deactivation factor. It can also crush the catalyst pellets and increase
the pressure drop in the reactor [93].

Three types of carbon have been observed in a reformer: encapsu-
lating, filamentous (whisker) and pyrolytic carbon [33]:

• Encapsulating coke is formed at relatively low temperatures (<
500 ◦C) and is deposited on the metal particles. The oxygenated
compounds to be reformed are adsorbed on the metal sites,
followed by the subsequent condensation or polymerisation on
the metal particle surface, resulting in covering or encapsulation
of the metal particle. An example of TEM image of encapsulating
coke is shown in Fig. 4.

• Filamentous (whisker) coke is formed at higher temperatures
(>450 ◦C), it concerns the formation of carbon nanotubes and/or
nanofibers. It is caused by the decomposition of CH4, light hydro-
carbons and CO by the Boudouard reaction (reversible reactions
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Table 10
Catalytic performance of selected monometallic and bimetallic catalysts.

Type Feedstock Catalyst 𝑇 (◦C) Conversion (%) 𝜂H2
(%) S/C Notes Ref.

Monometallic
catalyst

Pine wood
derived pyrogas 10% Ni/Al2O3 600 >98 92.4 7.7

H2 conv. decrease from ≈90% to ≈65%
after 100 min
Coke: 2.84 wt%

[88]

Pine wood
derived pyrogas 10% Ni/SiO2 600 23 1.32 7.7 Coke: 0.6 wt% [88]

Pine wood
derived pyrogas 10% Ni/MgO 600 >98 87.0 7.7

H2 conv. decrease from ≈88% to ≈55%
after 90 min
Coke: 0.89 wt%

[88]

Acids, polyols,
cycloalkanes &
phenols

5% Rh/MgAl2O4 500 100 74 3.5
Feed conv. decrease from 86% to 73%
after 64 h
Coke: 0.01 wt% C/h

[89]

Bimetallic
catalyst

Glycerol, syringol,
n-butanol, m-xylene,
m-cresol & furfural

1% Rh-14 Ni/CeO2–Al2O3 800 100 77.6 5
Coke: 6.69 mmol/g cat.
Stable yields and no deactivation
after 12 h

[90]

Glycerol, syringol,
n-butanol, m-xylene,
m-cresol & furfural

1% Ru-14 Ni/CeO2–Al2O3 800 100 71.9 5
Coke: 9.90 mmol/g cat.
Stable yields and no deactivation
after 12 h

[90]

Pine wood
derived pyrogas 14% Ni–Ca/Al2O3 600 100 93.5 7.7

Coke: 9.9 wt%
H2 conv decrease from ≈95% to ≈45%
after ≈110 min

[91]

Meat and bone meal
derived bio-oil 20% Ni/1% K/𝛾-Al2O3 750 97.9–99 58.3 5

Addition of K resulted in minimal coke deposition
showing good stability
Carbon conv. ≈98% under 25 h (stable)

[92]

Fig. 5. SEM images of a 10Ni/Si catalyst (150–300 μm size) used in ethanol steam
reforming for 1 h (a) and for 20 h (b) (reprinted with permission from [95]). The
figures evidence the filamentous structure of the coke deposited with Ni particles on
the top [95].

that require gasification conditions for coke removal). It is formed
by adsorption of coke precursors on metal sites and consequent
dissociation to atomic carbon, diffusion, nucleation and precip-
itation on the basis of the metal particle separates the metal
crystal from the surface (from the catalyst support), lifting it as
the carbon filament grows with the metal particle on its top.
Filamentous coke is common for Ni, Co and Fe, since carbon
dissolves into transition metals. Fig. 5 presents an SEM image of
filamentous coke.

• Pyrolytic coke is formed at higher temperatures (>600 ◦C) by
thermal cracking of hydrocarbons or oxygenates and it occurs
mainly when reforming reactions are fully disfavoured at severe
deactivation stages. Coke precursors are deposited all over the
catalyst surface, leading to total encapsulation and void filling
(even the voids caused by filamentous coke). Pyrolytic coke is
usually avoided in reforming, due to highly active catalysts and
catalyst regeneration before reaching severe deactivation stages.
An example of pyrolytic coke is shown in Fig. 6

For the long-term performance of reforming systems, it is necessary
to prevent carbon deposition. The addition of promoters and changing
the active phase have been studied as methods for improving resistance
against carbon formation. CeO2 has been studied as promoter added
to Al2O3 and has been proven to work effectively in catalysis. CeO2
stores and releases oxygen reversibly, which increases carbon oxidation
and improves the dispersion of the active phase physically. While
high carbon oxidation activity prevents whisker carbon formation, the
addition of CeO2 has shown low activity in catalysis, which demands
control over the optimum content of CeO2 [93].

Since carbon deposition is favoured by acidic surfaces, alkali-doped
alumina supports (such as CaO–Al2O3 and K2Al2O4) can be used to
reduce acidic sites by forming hydroxide, thus increasing the rate
of carbon gasification reaction. The use of alkali promoters together
with an optimum steam ratio (S/C) can reduce the whisker carbon
formation, which is the most destructive form of carbon in nickel
catalysts [93]. An overview of the different types of carbon deposition
on Ni-based catalysts is found in Table 11.

4.1.3. Shaping and heat transfer inside the catalytic structure
Raw catalyst powder is usually shaped into specific structures de-

pending on the desired function. Catalyst shape affects the structure of
the catalyst bed, affecting pressure drop and heat removal or supply.
In fixed bed reactors, a good rule of thumb is that the diameter of
the catalyst particles should not be smaller than 1–2 mm to avoid
high pressure drops. Catalyst size and shape are also decisive for the
avoidance of both external and internal mass transfer limitations [98].

Pelleting is a high-pressure agglomeration technique. Catalyst pow-
der is compressed in a die with a punching tool, producing parti-
cles (usually short cylinders) with high shape accuracy. Pelletising
may however cause crushing of crystals and other problems related
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Table 11
Carbon deposition on nickel-based catalysts during SR [93].

Encapsulating film Whisker Pyrolytic carbon

Formation

Slow polymerisation of
C𝑛H𝑚 radicals on a Ni
surface into an
encapsulating film

Diffusion of C through Ni
crystal, nucleation, and
whisker growth with Ni
crystal at top

Thermal cracking
hydrocarbons: deposition of C
precursors on the catalyst

Effects Progressive deactivation

No deactivation of Ni
surface: breakdown of
catalyst and increasing
pressure drop

Encapsulation of catalyst
particles: deactivation
and increasing pressure drop

Temperature range <500◦C >450◦C >600◦C

Critical parameters

Low temperature
Low S/C
Low H2/C
Aromatic feed

High temperature
Low S/C
Aromatic feed
Low activity

High temperature
Low S/C
High pressure
Acidic catalyst

Fig. 6. TEM images of the fresh (a and b) and deactivated Ni/La2O3–𝛼Al2O3 catalysts
during ethanol steam reforming after 1.5 h (c and d), 8 h (e), and 20 h (f) (reprinted
with permission from [96]). Filamentous coke collapses forming non-filamentous coke,
which is deposited in multi-layers both on Ni particles and on support (plugging pores
and filling the voids between coke filaments in multilayers) [97].

to high mechanical stress, including changes in porosity and pore
structure [98]. Pellets may have an internal porous structure with a
randomly distributed catalytic area surface [99]. Pellets require a small
size to achieve a high surface area, which enhances the diffusion of the
gas through the catalyst pores to the active sites, therefore avoiding dif-
fusion limitations. However, small pellets result in high pressure drop
in the reformer. This can be avoided by increasing the macroporosity

of the bed by designing pellet shapes with one or two holes, with the
trade-off of mechanical strength jeopardy of the pellets [100].

Heat transfer relies on convection within the pelletised system.
The heat coming from combustion in a furnace is transferred to the
tube wall, the pellets located close to the tube wall receive the heat
effectively but the heat transfer to the pellets located in the tube centre
relies solely on convection from the pellets located close to the tube
wall. Bad heat transfer can cause local hot spots that cause sintering and
catalyst deactivation [101]. Over time, catalyst pellets have a tendency
to crush and break into powder. Accumulation of powder and fragments
lead to clogging and creates a flow restriction [100].

Another type of common catalyst shape is the honeycomb design,
monoliths with a multiplicity of parallel, straight channels. The shape
of the channel cross-section may present different forms, like triangu-
lar, square, hexagonal or sinusoidal. They are characterised by their
cell density (cells per square inch, cpsi) and wall thickness (mm).
Honeycombs were initially developed for the catalytic treatment of
exhaust gases since they are exposed to high volumetric gas flows
and at low inlet pressure, so low pressure drop is required [98].
After being treated for catalytic activity (impregnation, calcination) a
catalyst washcoat is formed on the walls of the cells. In comparison
to packed beds, honeycombs show very little resistance to flow, hence
lower pressure drop and lower energy losses are present [102]. In
conventional honeycombs, the flow along the walls of the channels is
laminar and diffusion is the governing mechanism of mass transport to
the active site. This could lead to bad mixing of reactants, affecting the
conversion negatively. High specific surface area is therefore important
to ensure high conversion, it can be achieved by increasing the cell
densities [98]. Ceramic and metal honeycombs are common honey-
comb types. Ceramic honeycombs have high melting temperatures, are
resistant to oxidation and can have excellent thermal shock resistance.
Metallic honeycombs offer even lower pressure drop due to thinner
walls and lower weight. Metals have however a much greater expansion
coefficient than ceramics, especial bonding techniques are required to
produce an adherent washcoat [102].

The great disadvantage of the parallel channel honeycomb is that
it is an adiabatic reactor. This property limits the temperature con-
trol, which does not make it ideal for endothermic and exothermic
reactions [102]. This is mainly true for ceramic honeycombs, metal
honeycombs are non-adiabatic and can readily transfer hear. How-
ever, proper research to investigate heat transfer properties between
ceramic and metal honeycombs has not been performed yet [100].
Monolithic supports provide better heat transfer in comparison to
randomly packed beds of pelletised catalysts. Heat transfer via radial
convection is non-existing but heat transfer via conduction through the
solid phase structure to the active site is significant. Therefore, high
thermal conductivity materials as monolith substrate will improve heat
flux and reduce the thermal resistance of the structure [100]. As stated
previously, high average heat flux would lead to fewer tubes, smaller
furnaces volume and reduced cost [58].
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In an experimental study by Roh et al. the heat transfer performance
between a packed bed of Ru/Al2O3 pellets and a Ru/Al2O3 catalyst-
coated FeCr honeycomb were compared while performing SMR. The
heat flux was calculated as a function of the temperature difference
between the furnace wall and the catalyst bed equilibrium temperature.
The results show readily that the honeycomb (monolith bed) always has
higher heat flux at the same temperature [100].

When integrating a honeycomb with the reformer, heat needs to be
transported across the gap between the inner surface of the reformer
and the outer surface of the honeycomb. Heat transfer performance
is improved by reducing the gap clearance but too much tightness
would require pressure that could affect the structure of the honey-
comb [100]. Honeycombs have also shown good performance in CSR
of pyrolysis gas. In a study conducted by Goyal et al. [103] SR of
model bio-oil was investigated and compared using Ni/Al2O3 pellets
and monolith, achieving the highest steady-state H2 yield using the
monolithic catalyst.

4.2. Heat transfer from source to reformer

In the conventional technology, the catalyst is loaded into a number
of tubes placed inside a furnace. A large-scale industrial SMR consists of
more than 100 tubular tubes with a length of 10 to 14 m, the combus-
tion must occur at a higher temperature than the reaction temperature
to generate the necessary inward heat flux into the reformer [82]. The
reformer design can be optimised by the number and geometry of single
reformers, heat transfer from the burners to the reforming tubes and
catalyst design [85].

Nevertheless, limited thermal conductivity from the heat source to
the reformer walls and across the catalytic surface represents a natural
limitation, combined with a strongly endothermic reaction such as SR
which leads to steep temperature gradients across the catalyst [82].
In conventional fired reactors, about 50% of the heat produced by
combustion is transferred to the reformer tube walls and absorbed by
the process, the resting 50% is available in the hot flue gas and can be
recovered in the waste heat section for preheating duties and steam
production [85]. High average heat flux would lead to fewer tubes,
smaller furnaces volume and reduced cost [58], offering a possibility
for improvement.

Yu el al. proposed a mathematical model validated with experimen-
tal results for SMR in a heat exchanger type steam reformer [104].
The reaction gas mixture is introduced in the reformer from the top
through a catalytic tube, while hot flue gases flow from the bottom of
the reformer to the top in a counter-flow configuration. The process
consists of 168 reformer tubes with an effective tube length of 12.3 m.
The feed temperature of the reaction mixture is 439 ◦C while the
inlet and outlet temperature of the hot flue gas is 955 ◦C respectively
515 ◦C [104]. Therefore, a steep temperature profile between the heat
source, the tube and the reaction gas is present, which demands ex-
tremely high combustion temperatures to heat up the reaction mixture
to the operating temperature.

4.3. Electrically heated reformer

The external heating used in conventional CSR requires plenty of
energy and time to provide the right temperature to the catalytic bed,
this results inevitably in high-temperature gradients in the bed and
represents one of the biggest challenges for commercial operations.
While structured catalysts in metallic supports are used to improve
heat transfer, electrical heating, electrical heating results in an overall
process improvement [105]. Electrical heating has also been investi-
gated in other reforming technologies, like partial oxidation via indirect
induction [63].

Earlier attempts for electrification of CSR were performed via elec-
trochemical catalytic reforming (ECR). In this technology, the catalyst
is embedded around an electrified annular Ni–Cr wire connected to

Fig. 7. Electrical heating reforming technologies. Left: Induction heating (ECR) in a
packed bed reactor. Right: Resistive heating (EHC) in a fixed bed reactor.

AC, that heats up the catalyst bed by induction, as illustrated by 7.
Electrically heated furnaces are also used in order to keep constant
temperature and investigate the effect of the current on the conver-
sion [106,107]. Electrochemical catalytic reforming (ECR) of bio-oil
with steam has been studied for hydrogen production [107]. It has been
shown that the presence of electric current promotes reforming remark-
ably, the temperature of the catalyst around the wire increases, hence
the catalytic activity is enhanced to so extent. However, the electrified
wire only heats a very small part of the catalyst directly [106]. Tao
et al. have studied ECR of tar using compound models like benzene
and toluene, an electric current of 4 A and a temperature of 800 ◦C
resulted in a toluene conversion of 99.9% with a low carbon content
(0.15 wt%) [106]. Yuan et al. [107] have studied ECR of fast pyrolysis
bio-oil. They have concluded that ECR shows overall better conversion
performance than regular SR at the same temperature and high current,
as well as better energy performance. Catalyst deactivation due to
carbon deposition took place, leading to a hydrogen yield decrease
of 10% after 18 h and 50% after 36 h [107]. Table 12 presents
the performance comparisons of different electrically heated reformers
with different hydrocarbon feedstocks.

The latest development research has focused on the direct electri-
fication of the catalyst support by resistive heating (Joule heating).
Electrically heated catalysts (EHC) have been considered promising in
the vehicular systems, they can be used for dealing with the cold start
emission of diesel and gasoline engines by instantaneously heating the
three-way catalytic convertor for reduction of CO, HC and NO𝑥 [105].
Direct internal heating can give the reformer a good temperature distri-
bution and increase the overall heat transfer coefficient to 10 times that
of external heating, reducing, therefore, the heating start up time [108].
EHC can therefore reduce the heating area and the heating time,
decreasing the overall energy demand for the reaction system [105].
In addition, the electrification of the reformer substitutes the reformer
furnace with several tubes with one single electrically heated tube re-
former, improving heat transfer properties and reducing the reformer’s
total volume. This technology promises a better heat transfer efficiency
and uniform heating across the catalytic material [82].

EHC has been used for SMR and CSR of tar. Earlier research made
by Zhang et al. [108] shows experimental analysis on the development
of a co-axial cylindrical CH4 steam reformer using an electrically heated
alumite catalyst (Ni/Al2O3/Alloy catalyst). Direct internal electrical
and external heating were compared, internal heating showed an in-
creased overall heat transfer coefficient, resulting in a better transverse
gas temperature distribution, higher reaction performance and shorter
start-up time to reaction temperature [108]. Wismann et al. [82]
constructed an electrically heated reformer for SMR with a FeCrAl-
alloy tube, due to its temperature-independent electrical resistance. The
reformer tube is 50 cm long with a 28 cm long, 128 μm wide nickel-
impregnated washcoat. The experimental results were validated with a
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Table 12
Comparison between electrically heated reformers.
Technology Feedstock Operating parameters Yield (%) Notes Ref.

Toluene

S/C = 3
24 h
4 A
800 ◦C

99.9 Carbon content = 0.15 wt% [106]

ECR Benzene

S/C = 3
24 h
4 A
800 ◦C

– Carbon content = 0.17 wt% [106]

Bio-oil

S/C = 5.8
5 h
4 A
600 ◦C

≈95 – [107]

EHC Benzene

S/C = 3
40 min
80 A
750 ◦C

80.4 – [105]

Methane

S/C = 3
80 h
12 A
≈ 700◦C

80–99 – [108]

Methane
S/C = 3
240 V
800 ◦C

≈85 – [109]

computational model to further understand the process and extrapolate
results. A feed mixture of CH4, H2O and H2 preheated to 100 ◦C is the
reaction mixture, it is introduced into the reformer at 1.7 NL/min. CH4
conversion reaches ≈87 % towards the end of the reformer. The inward
heat flux along the reformer was also measured. The results show a
stable, almost constant heat flux along the coated zone. These results
show good heating control, providing uniform heating.

Renda et al. [109] have presented a study on the direct electrifi-
cation of the surface of the structured catalyst. SiC heating elements
were used as catalyst support with a 5 wt% Ni washcoat for performing
both SR and DR of CH4. The system could be heated up to 800 ◦C
and CH4 conversion reached over 85% for both SR and DR. The energy
consumption in terms of kWh Nm−3 H2 was also investigated and it was
concluded that it is comparable to the energy consumption of modern
electrolysers (≈59.7 kWh kg−1 H2).

Choi et al. [105] have previously investigated the catalytic steam
reforming of tars using an EHC. A thermally treated Fe–Cr alloy mono-
lith with a washcoat of NiO/MgO/𝛾-Al2O3 (0.0252 g per g monolith)
was electrically heated by supplying 200–300 W (70–80 A) to reach the
desired reaction temperature (700–750 ◦C) within 20 s. The reformer
was tested for benzene steam reforming, 80.4% of benzene could be
converted into syngas with a CO & H2 fraction of 90.0% at 750 ◦C
in the EHC system. In addition, the EHC system was proven to be an
effective way for controlling coke formation, compared to BSR results
in conventional fixed-bed systems [105].

4.4. 3D Printed catalysts

As described in the previous section, the advancement of the elec-
trically heated catalysts highly depends on the development of the
main monolith catalyst structure. Hence, significant attention should
be given to the optimisation of the performance of such catalysts.
The emerging 3D printed material techniques allow manufacturing
tailored shapes that can allow new operating windows for catalytic
processes, it can be used to optimise flow patterns and maximise heat
and mass transfer [110,111], solving in this way the drawbacks of
classical honeycombs: bad mixing due to laminar flow and diffusion-
governed mass transport. 3D printing techniques have been known for
more than 30 years, but recently this technology has started being used
for investigating the design and production of novel catalysts [110,112–
116]. 3D catalyst design can be used for satisfying multiple criteria,
different materials can be used for catalyst manufacturing, allowing for

Fig. 8. Schematic of the lattice structure of 3D printed honeycomb: (a) isometric and
(b) side views [117].

Fig. 9. Cross-sectional views of flow velocities for (a) conventional honeycomb and
(b) 3D honeycomb lattice supports [117].

a combination of metallic structure and ceramic porous material. The
porosity of the ceramic tan be tailored to enhance the mass transfer and
the heat transfer is benefited by the fast conduction through the metal
support. In addition, the support can be designed in a so-called lattice
structure, which means that the channels are interconnected, resulting
in low pressure drop and enhanced flow and radial mixing, which also
contributes to faster heat transfer from or to the surroundings [110],
as shown in Figs. 8 and 9.

In a study by Stuecker et al. [117], the catalytic activity of hex-
aaluminate on CH4 combustion was investigated on traditional and
3D printed honeycomb, with the same amount of active catalytic
phase. The 3D printed honeycomb (see Fig. 8) had a lattice support
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Table 13
Advantages and challenges of different reformer technologies for the biomass conversions to fuels and chemicals [23,25,29,69,79].
Technology Advantages Challenges

POX – Desulphurisation is not required

– High operating temperature
– Low H2/CO ratio
– Requires oxygen plant leading to high cost
– Syngas is diluted with high CO2 concentration

ATR/CPO

– Lowest operating temperature
than POX
– CH4 content can be tailored
by temperature adjustment

– Limited commercial experience
– Reduction of catalyst activity due to
the highly oxidative atmosphere and temperature
– Requires oxygen plant

DR – Suitable for the biogas reforming due to
the readily available feed CO2

– Low H2/CO ratio
– Limited applications
– High tendency for coke formation
due to low H/C and O/C ratios

CSR

– Technologically mature
– Possibility for low operating temperatures
– High H2 yields
– Best H2/CO ratio for liquid
fuels production

– High CO2 emissions
– Requirement for catalyst regeneration
– High energy demand
– More costly than POX & ATR

MR

– Oxygen separation from air via
membrane permeability
– Constant product removal
– Direct separation of products which can
eliminate further need of gas separation processes
– High selectivity to allow higher H2/CO ratio

– High cost for the membrane materials
– The least mature technology
– Sensitive to acidic gases

structure that promotes turbulence, which enhances mass transfer of
reactants to the catalyst surface. The 3D printed honeycomb showed
approximately 6 times more CH4 conversion at 600 ◦C in comparison to
the conventional honeycomb [117]. Metallic 3D honeycombs have also
been studied. Danaci et al. conducted a study about CO2 methanation
over Ni/Al2O3 coated 3D structured catalysts and compared them to
conventional catalyst powder. Good results were obtained with the
3D honeycombs (CO2 conversion of 91% CH4 selectivity of 98% at
400 ◦C) and high stability over time. The high stability is attributed
to the catalyst structure, which permits uniform temperature distri-
bution and avoids local hot spots that cause sintering and catalyst
deactivation [101].

5. Summaries and perspectives

This work has reviewed thermochemical conversion processes (gasi-
fication, pyrolysis and AD) for the production of reformable gases (CH4
and biomass-derived vapours) and different reforming technologies
for syngas production. The main drawbacks and challenges of those
reformer technologies have been presented focusing on biomass con-
version. Table 13 shows a summary of the advantages and challenges
of the different reforming technologies. Despite the issues in energy
efficiency and the need of process improvement, the conventional
reforming processes (SR, POX, ATR) of fossil-based feedstocks are tech-
nologically mature. The transition towards reforming processes using
biomass requires solving improving already existing drawbacks and
solving new issues that appear with the new fuels. This applies specif-
ically to biomass-derived vapours. As stated previously, hydrocarbons
larger than CH4 are prone to cause carbon deposition, which leads to
catalyst deactivation. This is especially problematic in CSR, since the
absence of oxygen does not allow coke gasification.

In general, CSR of biomass-derived vapours provides great benefits
over other reforming technologies, due to the possibility of high H2
yields and relatively mature technology. This is especially relevant
with the current strong trend on the production of H2 for the de-
carbonisation of industrial and transportation sectors [6]. Combining
the H2 production from biomass with CCS, would enable a great
extent of flexibility for various decarbonisation routes. Nevertheless,
CSR is a highly endothermic process and therefore requires a high
heat duty. The main challenges of CSR that need to be addressed in
order to implement the technology on a big scale are mainly related to

Table 14
Specific energy demand for H2 production and H2/CO ratio of different
reforming technologies obtained from numerical simulations.

Energy demand
(kWh kg−1 H2)

H2/CO

ATR 5.76 [118] 1.1–2 [60,119]
DR 16.28 [118] ≈1 [73]
CSR 10.84 [118] ⩾3 [120]
Electrified CSR ≈4 [121] ⩾3 [120]

heat loss and nonuniform heating (inherited from conventional SMR),
and catalyst deactivation (especially challenging for biomass-derived
vapours). The required heat for CSR is usually provided by combustion
and it needs to be carried at a higher temperature than the reforming
temperature to ensure that the heat flux is high enough so the heat
transfer is efficient [104]. The use of combustion at high temperatures
to compensate for the heat losses, together with the need for a large
volume of tubes and furnaces are costly [82]. Moreover, the use of
external combustion to supply the heat for CSR generates an additional
CO2 streams emission, which would increase the cost of carbon capture
in a full BECCS process. To solve these challenges, alternative ways
to heat CSR processes should be one of the main priorities for future
research and developments.

As discussed in this mini-review, direct electrification of CSR is
a promising way to address the aforementioned issues. The direct
electrification results in increased overall heat transfer coefficient (de-
creasing the overall heating demand and the heating start up time)
and reduces the reformer’s total volume [82,105]. The electrification of
the reformer has the possibility to decrease the specific energy demand
(kWhel kg−1 H2) and provide high H2 production when combined with
CSR, as described in Table 14. As discussed previously, the use of an
electrically heated reformer in the form of a fixed bed reactor with
honeycomb-supported Ni/Al2O3 looks promising reforming process,
offering good mass and heat transfer properties, low pressure drop,
reducing reactor volumes in comparison to conventional technology,
good biomass-derived vapours conversion, and hydrogen selectivity.

The energy demand of CSR is strongly connected to the energy
efficiency of the process, which is mainly affected by the heat flux
and temperature profile inside of the reformer [59,104]. Reformers
with packed beds with pellets present poor heat transfer by convection
between the catalyst pellets, together with eventual great pressure
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Fig. 10. Co-production of biochar and H2 via electrified pyrolysis and CSR of biomass [122].

drop [98,100]. Meanwhile, conventional honeycombs show low pres-
sure drop and better heat transfer properties but the flow along the
walls of the cells is laminar and governed mainly by diffusion, which
means no proper mixing and strong dependence on high specific surface
area to ensure high conversion [98,102]. In contrast, 3D printing tech-
nology for manufacturing catalysts allows turbulent flow and uniform
heating, which improve the conversion yield and reduce deactivation
by sintering [101,111]. Thus, 3D printing catalysts should be developed
to support the advancement of the electrified reformer.

Replacing conventional combustion with electrical heat could also
simplify the carbon capture process in a BECCS process. At the same
time, it may also allow maximum use of biomass, as there is no biomass
fuel being combusted to supply the required heat. However, this sce-
nario will mostly depend on the availability of low-cost renewable
electricity. An example of this scenario is recently proposed by Zaini
et al. [122], which combine a fully electrified biomass pyrolysis process
and a subsequent electrified reformer (see the schematic diagram in
Fig. 10) for the co-production of biocarbon and H2. Similarly, Wang
et al. [123] recently proposed electrified reformers to be used for the
production of carbon-negative bio-methane from the organic fraction
of municipal solid waste.

Together with the energy challenges, catalyst stability represents a
big bottleneck for big-scale production. Carbon deposition is a signifi-
cant problem in reforming processes, it leads to gradual catalytic oxida-
tion which leads to an increase of oxygenates that produce even more
coke. Carbon deposition blocks the surface of the catalyst reducing its
catalytic activity, it can be minimised by using bimetallic catalysts [28]
or/and applying optimum S/C ratio and temperature [40] and reduced
by co-feeding O2 into the system. Using alkaline-earth elements (Mg,
Ca, K) as promoters seems to be a promising alternative to avoid coke
deposition [28,92], which increases the stability of the catalyst and
assures good production performance in continuous processes. The ad-
dition of O2 allows gasification or combustion of the deposited carbon,
this also provides energy for the endothermic reforming reactions. The
trade-off is a decrease in H2 yield and increase in CO2 yield [84]
together with additional gas cleaning if air is used for combustion [58]
and eventual catalyst active metal oxidation.

The beyond state-of-the-art reforming process would therefore
present the following characteristics:

• Good energy efficiency (heat transfer, uniform heating)
• High biomass-derived vapours to syngas conversion
• Long-life catalyst with high surface area and low pressure drop
• Less CO2 emissions
• Compact size reformer.

Fig. 11 contains a graphic summary of the reviewed reforming
processes, challenges, aims and development routes presented in this
paper.

Reforming technologies are not only important for syngas produc-
tion, effective reformers are also used for energy production in fuel

cells. Solid oxide fuel cells (SOFCs) and molten carbonate fuel cells
(MCFCs) are high-temperature fuel cells with fuel flexibility, which
means that they can use other fuels than hydrogen. Lower hydrocar-
bons and hydrogen-rich liquids can be are used as fuels by reforming
processes in a thermally integrated reformed inside of the fuel cell.
Low-temperature fuel cells (like PAFC and PEMFC) do not possess this
special feature and syngas needs to be reformed prior use in the fuel
cell [93]. Therefore, achievements in the development of advanced
reforming processes as suggested in this section could be implemented
in other fields.

6. Conclusion

The development of reforming technologies for syngas production
from biomass has been the main concern in the field of bio-energy.
As an intermediate product, biomass-derived syngas is a key for global
decarbonisation as it allows the production of carbon-negative fuels
and chemicals. This decarbonisation route is essential for addressing
climate change. Nevertheless, reforming processes of biomass-derived
vapours are more challenging due to the high energy demands and
the unique biomass properties. Therefore, this study evaluated the
progress of reforming technologies (POX, ATR, CPO, DR, MR and
CSR) for biomass conversion to syngas. Some reforming methods are
considered mature and ready for commercialisation, such as the POX,
ATR, and CSR of tar-rich syngas from gasification. In contrast, the
reforming of heavy biomass-derived hydrocarbons (e.g., biomass py-
rolysis vapours) is mostly still under research at lab or pilot scales.
Considering the current trend of H2 decarbonisation pathways, CSR
processes of biomass is promising due to the high H2 yield. However,
compared to the fossil-based feedstocks, catalyst deactivation due to the
coke formation has been identified as the biggest challenge for scaling-
up. Coke deposition can be limited to a certain degree by having a
high steam-to-carbon ratio and temperature, but the catalyst shape and
design are also decisive. The development of bimetallic catalysts with
promoters (e.g., alkali and alkaline earth metals) in the emerging 3D
printed monolithic support show promising features to tackle carbon
deposition. In addition, the direct electrification of the catalyst is a
promising approach to lower the energy demand for H2 production.
Therefore, incremental improvements on these emerging topics could
significantly assist in implementing the reforming processes.
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Fig. 11. Challenges and possible routes for reformer development based on the reviewed progress and status of different reformer technologies in this study.
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