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Abstract: Hydrogen production from natural gas or biogas, at different purity levels, has emerged
as an important technology with continuous development and improvement in order to stand for
sustainable and clean energy. Regarding biogas, which can be obtained from multiple sources,
hydrogen production through the steam reforming of methane is one of the most important methods
for its energy use. In that sense, the role of catalysts to make the process more efficient is crucial,
normally contributing to a higher hydrogen yield under milder reaction conditions in the final
product. The aim of this review is to cover the main points related to these catalysts, as every aspect
counts and has an influence on the use of these catalysts during this specific process (from the
feedstocks used for biogas production or the biodigestion process to the purification of the hydrogen
produced). Thus, a thorough review of hydrogen production through biogas steam reforming was
carried out, with a special emphasis on the influence of different variables on its catalytic performance.
Also, the most common catalysts used in this process, as well as the main deactivation mechanisms
and their possible solutions are included, supported by the most recent studies about these subjects.

Keywords: methane; Ni-based catalysts; sintering; coking; poisoning; promoters; hydrogen; syngas;
catalyst support

1. Introduction
1.1. Biogas: Production, Characteristics, and Upgrading

In a global context where sustainability, green chemistry, and a circular economy are
highly demanded by society, companies, and governmental agencies (who are encouraging
the implementation of facilities to produce biomethane, for instance), the implementation
of green technologies is becoming more and more important to contribute to a lower
dependency on geopolitical changes or the energy market.

Thus, regarding the replacement of petrochemical products, whose treatment and
processing are equally unsustainable from an environmental point of view, the use of green
technologies could be an interesting alternative. In a sense, these practices could counteract
the abovementioned negative effects, influencing considerably the current energy and
geopolitical scenarios, which are always in constant evolution [1–3].

In this respect, the role of anaerobic digestion is gaining more and more importance,
as it is a very versatile technology where different feedstocks with different characteristics
can be used under different operating conditions that could be easily adapted to current
green policies and standards.

Indeed, a considerable increase in biogas production worldwide has taken place (it
has quadrupled in the last two decades), with Europe as the leading region with more than
50% of biogas global production and Germany with the most facilities for this purpose,
although there are still opportunities for the European biogas industry [4,5].
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In any case, due to its versatility by treating different wastes, this technology presents
a great opportunity for the implementation of green technologies all over the world,
especially in developing countries, where the management of some wastes is a challenge
and, equally, an opportunity.

In that sense, biogas production seems to be a promising and strategic sector in the
future energy scenario, and its consolidation in developed countries, as well as its possible
implementation in developing areas, is a clear example of the potential of this technology
in the near future.

As can be seen from Figure 1, biogas is produced by anaerobic bacteria that degrade
organic material to biogas in four steps: hydrolysis, acidification, the production of acetic
acid, and the production of methane.
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Initially, hydrolytic bacteria hydrolyze, that is, break down polymers (polysaccha-
rides, proteins, and lipids) into monomers (fatty acids, amino acids, alcohols, and sugars);
and solubilize the particulate material, and then fermenting bacteria ferment the result-
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ing monomers into a wide range of end products. The end products of the acidogenic
stage include acetic acid, hydrogen, and carbon dioxide. However, most of the products
are volatile fatty acids (VFA) with higher carbon numbers, such as propionate, butyrate,
and alcohols.

During acetogenesis, alcohols (ethanol) and volatile fatty acids (VFAs) like butyric
acids (VFAs) are converted into acetate by acetate-producing bacteria, obtaining hydrogen
and carbon dioxide as the main byproducts. This is an important process, as H2 and CO2
are reduced to acetate by homoacetogenic microorganisms, reducing excess hydrogen
that may negatively affect the performance of acetogenic bacteria. Low hydrogen partial
pressures (between 10.4 and 10.6 atm) are required for a suitable acetogenic reaction [6].
This is due to the fact that acetogenic bacteria can survive in a very-low-hydrogen-
concentration environment.

Conversely, an increase in H2 partial pressure may result in a lower acetate production
by acetogens. To ensure that low pressure is maintained during this stage, a mutually
symbiotic relationship between the acetogens and the hydrogenotrophic methanogens
should take place, so that acetogens can produce acetate that can be used as substrate
by methanogens [7].

Methanogenesis is a critical stage in AD, as in the case of hydrolysis. It has a major
impact on the AD process because approximately 70% of the methane used in AD is
generated. In this stage, carbon-dioxide-reducing and hydrogen-oxidizing methanogens
produce CH4 from H2 and CO2, whereas acetoclastic methanogens produce CH4 from
acetate [7].

Methanogens (Archaea) mainly use acetate, H2, and CO2 (also methanol, methy-
lamines, and formate to a lesser extent), to generate CH4 and CO2. These are the main
substrates for methanogenic bacteria to produce biogas, which consists of 50–75% CH4,
50–25% CO2, and lower amounts of N2, H2, and H2S, which has a negative effect on the
steam reforming of biogas, as explained in further sections.

In conclusion, methanogenesis indicates the extent of biological activity in an anaerobic
system and the state of digestion. The more methane produced, the more stable and efficient
the system is. Subsequently, in the context of this review, these steps are crucial to obtain a
high-quality biogas, which should have a high methane percentage in order to carry out
further upgrading processes in an optimized manner. Also, the presence of impurities (as
previously mentioned) could worsen the performance of biogas steam reforming, from a
catalytic point of view (for instance, through poisoning due to H2S) or the requirement of
purification steps once the biogas is processed (in order to obtain high-purity hydrogen,
for instance).

In a more complex context, biogas production is linked to multiple steps to valorize
this product through upgrading or energy use. As observed in Figure 2, biogas is obtained
through anaerobic digestion from different wastes, such as agricultural wastes, sewage
sludge, solid municipal waste, and manure, etc. [8–10]. In some cases, depending on the
properties of the feedstock, the co-digestion of several wastes can be recommended so
that some properties in biodigesters (such as acidity, organic matter, and the presence of
contaminants, etc.) are balanced to obtain a high biogas production [4,11,12]. In this stage,
biogas and digestate are obtained and usually reused as fertilizers or in other processes like
active carbon production through pyrolysis or hydrothermal carbonization. Depending
on the quality of the biogas (that is, moisture levels, methane content, and the absence of
hydrogen sulfide, etc.), this product can be used directly for energy purposes or undergo
upgrading (for further treatments such as steam reforming). In any case, even for energy
purposes (for instance, its direct use in stoves, gas engines, or its introduction in the natural
gas grid), this biogas upgrading could be recommended, which includes steps such as
drying (to remove moisture), depuration (H2S cleaning among other contaminants, such as
siloxane, CO, or NH3), and CH4 separation from CO2 [13,14].
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Once biogas is upgraded, with good enough quality for its use in further steps, its
treatment in processes such as methane steam reforming can be considered to produce a
gas phase enriched with H2, typically between 50 and 80%. In order to generate a gas with a
higher range of purity in hydrogen, a further purification step is needed, such as membrane
reactors or pressure swing adsorption. If these are used, high-purity hydrogen (normally ex-
ceeding 98%) is obtained, with subsequent use in energy production or chemical synthesis
(for instance, production of ammonia, methanol, hydrogen peroxide, acetic acid, aldehydes,
dyes, hydrochloric acid, polyols, nylon, and polyurethane, etc.) [15]. Otherwise, a mixture
of hydrogen with CO (which constitutes synthesis gas), among other components, can be
obtained, which could be suitable for further processes such as Fischer–Tropsch synthesis
to produce liquid fuels, among others [16,17]. It should be noted that biogas production
and treatment offer a wide variety of opportunities (see Figure 2) for research and compa-
nies, including the aim of our review work, that is, biogas steam reforming and the use
of catalysts.

It should be noted that the technologies applied to biogas are not limited to those
observed in this figure, as further treatments of the derived products might be carried
out. Regarding the subject of this review, two factors should be considered according to
biogas processing:

• The role of catalysts is present in many aspects of biogas processing (specifically
heterogeneous catalyst) when it comes to energy production (for instance in Fischer–
Tropsch or steam reforming processes, the main topic of this review).

• In addition, many stages related to biogas can present an influence on catalytic per-
formance in biogas steam reforming. For example, digestate can be transformed into
active carbons, which can be used as additives for a better biogas production or biogas
upgrading (with mercaptans or H2S removal, for instance, as they are toxic and corro-
sive components). In turn, it can present a positive effect on catalytic steam reforming
(as H2S provokes poisoning and the subsequent deactivation of catalysts) [18,19].
Another example would be the use of membrane reactors to improve hydrogen yield
during steam reforming, with the subsequent improvement in methane conversion.
Many of these aspects (with a considerable influence on the catalytic steam reforming
of biogas) will be covered in this review in following sections.
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Considering the fact that, for every industrial process, the role of economics is essential,
the valorization of some by-products or wastes during biogas production and treatment is
important to make every process involved as efficient (and feasible) as possible, as it will
be discussed in following sections.

1.2. Hydrogen Production from Methane (or Biogas) Steam Reforming

Hydrogen production is a perfect example of green chemistry, contributing to the tran-
sition to more renewable energies and the sustainable growth of population
areas [20,21]. Pure hydrogen, as well as syngas (a mixture of hydrogen with CO), have
been gaining importance recently, as they can be used as an energy carrier or in interest-
ing industrial processes, like methanol synthesis (or more complex compounds) through
Fischer–Tropsch reactions [22,23].

There are different chemical routes to produce hydrogen, such as thermochemical
water decomposition, electrolysis, coal gasification, or fossil fuel reforming [21]. One of the
main chemical routes to produce hydrogen or syngas from natural gas or biogas is methane
steam reforming, which has been widely studied across the board, as explained in following
sections. However, in many cases, it presents some advantages and disadvantages, as
observed in Table 1 in a comparison with dry reforming. In the case of steam reforming,
depending on feeding, operating conditions, or further/consecutive steps like the use of
membrane reactors or pressure swing adsorption, different purity levels of hydrogen can
be obtained [24].

Table 1. Advantages and disadvantages of SRM and DRM [25–27].

Methodology Advantages Disadvantages

SRM Very developed industry, high
H2/CO ratio, O2 is not required.

High temperatures required, high
energy input, high CO2 production,

requirement of catalyst regeneration.

DRM
Syngas produced can be useful for

downstream processes like
Fischer–Tropsch.

Promotion of coke deposition on
catalyst, reducing its activity.

From a chemical point of view, the steam reforming of methane (see Equation (1)) is
an endothermic reaction that usually takes place at high temperatures, between 750 and
950 ◦C, and a wide range of pressure (5–20 bar) [25].

CH4 + H2O↔ CO + 3H2 ∆H0
298 = +206 kJ/mol (1)

With an enthalpy of 206 kJ/mol, reforming is a highly endothermic process. Conse-
quently, a significant amount of external energy is required to carry it out. For this reason,
the most common process takes place in a tubular reactor inside a furnace that provides
the energy required for the reaction, with the subsequent economic costs.

Equally, a water–gas shift reaction (WGS) (see Equation (2)) can simultaneously take
place. This way, both chemical reactions contribute to a higher yield in hydrogen production
and, subsequently, a higher hydrogen concentration in the resulting gas.

H2O + CO↔ CO2 + H2 ∆H0
298 = −41 kJ/mol (2)

This exothermic reaction occurs at low rates in the reforming reactor, which explains
the presence of CO2 at the outlet of the reforming process. High carbon dioxide levels are
undesirable from an environmental point of view, and different aspects such as catalyst
design and consecutive separation processes. There are other possible side reactions,
like a direct reaction between CH4 and CO2, CH4 and CO, and methane decomposition,
etc. These side reactions are more abundant if heterogeneous catalysts are used in the
process [28,29]. The production of H2 depends on the equilibrium of the reforming and
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adjustment reactions (Equations (1) and (2)), and it can be maximized with low pressures,
high temperatures in reforming, and a high excess of steam [30,31].

Regarding pressure, it usually presents two contrary effects. Thus, high pressure pro-
motes the interaction of molecules, whereas high pressure would shift the chemical balance,
especially in methane steam reforming (Equation (1)) towards the reagent generation. That
is the reason why the optimization of this parameter is necessary, considering the rest of
the chemical conditions.

On the other hand, the amount of steam to be added to the feed is quantified by the
steam to carbon (S/C) ratio, which represents the moles of steam introduced per mole of
carbon in the hydrocarbon stream. This ratio takes values between 2.5 and 6 depending
on the feed and process optimization conditions. High values of the S/C ratio promote
H2 formation while preventing catalyst deactivation due to carbon deposition, which is
favored at low S/C ratios. However, there is a limitation on the maximum amount of steam
that can be introduced, both from an energy penalty perspective, as it represents steam that
will not generate power, and from an economic standpoint, as the investment cost increases.
When the feed is natural gas, it is common to work with S/C ratios around 2.5–5.

Obviously, the physicochemical characteristics of biogas are essential for understand-
ing the global performance of steam reforming. As observed in Table 2, depending on
the kind of feedstock, the biogas composition might be different, although some general
similarities are observed.

Table 2. Biogas composition (from different feedstocks).

Feedstock CH4, % CO2, % H2S, % N2, % H2, % O2, % CO, % NH3, ppm Reference

Agricultural
waste 45–80 20–50 0.3–1 0–1 0–2 0–1 0–1 100 [32–35]

Industrial
waste 50–70 30–50 0.8 0–1 0–2 0–1 0–1 0 [32,36]

Landfill 30–80 20–50 0.05–0.1 0–3 0–5 0–3 0–1 5 [32,34,36,37]
Sewage
sludge 58–75 19–33 0.1–0.9 0–1 - - - - [34,35,38]

Slurry 40–62.3 58.7–37.7 - 0–13.9 0–1.4 0–1 - - [33]

In general, biogas contains between 45 and 80% CH4 and around 20–60% CO2, in-
cluding other secondary compounds such as H2O or N2 and residual percentages of
H2S and H2, among others. Biogas composition might vary depending on many dif-
ferent factors (mainly due to feedstock heterogeneity on account of the sampling date,
but also due to changing anaerobic digestion conditions), but the majority component is
methane, which could be the starting point to produce hydrogen through steam reforming,
among other processes.

Consequently, the methane content in the final biogas will determine its further
uses or treatments. In that sense, as explained in the literature, the use of methane as
a hydrogen carrier could be an interesting alternative for hydrogen storage, which is
difficult or expensive (implying the use of costly technologies such as liquefaction and
compression) [39]. In that sense, it is important to note that the catalyst for reforming can
be deactivated by the presence of certain contaminants in the gases entering the reformer
(sulfur, copper, vanadium, and lead, etc.).

In particular, hydrogen sulfide content deserves a special mention, as it will imply
a negative effect on the catalytic performance of biogas steam reforming, drastically af-
fecting the catalyst’s activity, even at very low concentrations (ppm). Therefore, it is
common to use prior desulphurization systems based on activated carbons as adsorbents at
room temperature.
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1.3. Catalytic Biogas Steam Reforming in the Literature

Apart from the obvious industrial development of methane steam reforming (SRM),
including those gases (like biogas) with a considerable amount of this compound, there
has been an increase in the scientific interest in this subject in the last two decades [40].
Figure 3 shows the main trends observed in the literature for the search criterion “biogas
steam reforming catalyst”.
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As observed in Figure 3a, there was an increasing trend in published articles related
to the subject of this review, that is, the catalytic steam reforming of biogas. In that sense,
especially from 2010, this increase was steady, whereas there was an exponential growth in
the 2020–2022 stage, reaching up to 243 published articles in 2022. These figures confirm
the increasing interest in this subject by the scientific community, where this subject has
attracted the attention of diverse scientific fields (reflected in Figure 3b, including the
main fields of the journals where articles devoted to catalytic biogas steam reforming were
published). Thus, and as expected, energy was the field with most journals, pointing
out the relevance of the products obtained during biogas steam reforming. Nevertheless,
other fields like chemical engineering were equally important, as the implementation of
new catalytic approaches at an industrial scale is vital in technologically advanced and
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mature industries. Also, materials science and chemistry are important in this sense, as the
characterization of catalysts and the understanding of their main action mechanisms are
important for understanding their effectiveness and durability during steam reforming.
Finally, and not least, fields like environmental sciences and engineering (the latter related
to the objectives explained for chemical engineering) are of interest in this review subject,
as methane conversion to hydrogen and syngas could be a suitable way of reducing
environmental impact (especially related to the greenhouse gas effect), pointing out the
sustainability of this process.

There are numerous reviews on this subject among these articles published since
2000 [42–44], which have focused on several aspects such as methodologies, technologies,
general processes, and catalysts, etc. Regarding research papers, according to Table 3,
where the most cited articles about this subject are included, it should be noted that they
are relatively new articles, proving the interest in this subject by the scientific community.
In any case, only articles considering the main keywords in the title were included, as
there are plenty of works (including reviews) that deal with this subject, requiring a stricter
search criterion to obtain these results.

Table 3. Top 10 cited articles with the following search criteria for the title: catalyst and biogas and
steam and reforming (source: [41]).

Ref. Title Authors Year Citations

[45] Catalyst development for steam reforming of
methane and model biogas at low temperature

Angeli
et al. 2016 122

[46]

Experimental study of model biogas catalytic
steam reforming: 2. Impact of sulfur on the
deactivation and regeneration of Ni-based
catalysts

Ashrafi
et al. 2008 82

[47]
Deactivation and regeneration of Ni catalyst
during steam reforming of model biogas: An
experimental investigation

Appari
et al. 2014 79

[48]
A detailed kinetic model for biogas steam
reforming on Ni and catalyst deactivation due
to sulfur poisoning

Appari
et al. 2014 75

[49]

Influence of Ce-precursor and fuel on
structure and catalytic activity of combustion
synthesized Ni/CeO2 catalysts for biogas
oxidative steam reforming

Vita et al. 2015 53

[50]

H2 production from sorption enhanced steam
reforming of biogas using multifunctional
catalysts of Ni over Zr-, Ce- and La-modified
CaO sorbents

Phromprasit
et al. 2017 45

[51]

Activity and stability performance of
multifunctional catalyst (Ni/CaO and
Ni/Ca12Al14O33-CaO) for bio-hydrogen
production from sorption enhanced biogas
steam reforming

Phromprasit
et al. 2016 39

[52]
Bio-hydrogen production by oxidative steam
reforming of biogas over nanocrystalline
Ni/CeO2 catalysts

Italiano
et al. 2015 39

[53]
Syngas production by steam and oxy-steam
reforming of biogas on monolith-supported
CeO2-based catalysts

Vita et al. 2018 38

[54]

Steam-biogas reforming over a
metal-foam-coated (Pd-Rh)/(CeZrO2-Al2O3)
catalyst compared with pellet type
alumina-supported Ru and Ni catalysts

Roy et al. 2015 34

If the most cited authors with research work about catalytic biogas steam reforming
are considered (see Table 4), some interesting remarks can be made, like the following:
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• They have contributed with at least 30 articles each about this subject, which proves
the endless possibilities of catalytic biogas steam reforming.

• Most authors are reputed scientists, with a h index from 30 to 76 and many citations.
The fact that such prestigious scientists have dealt with this field to a certain extent
proves its relevance in the scientific community.

• As expected, these authors are equally focused on other subjects and fields (with a
considerable percentage of published articles about the subject of this review), pointing
out the multidisciplinarity of their research teams, which could enrich the research in
this field.

Table 4. Top 10 cited authors with the following search criteria: catalyst and biogas and steam and
reforming (source: [41]).

Author Name Citations
Published

Articles about
This Subject

Total Articles h Index

Kawi, S. 21,760 62 421 76
Goula, M. A. 4222 44 106 36
Charisiou, N. D. 2990 41 88 30
Polychronopoulou, K. 7204 40 197 50
Chen, W. H. 24,413 39 598 83
Rezaei, M. 8326 38 250 51
Park, Y. K. 21,486 38 835 67
Fakeeha, A. H. 3145 38 162 31
Assabumrungrat, S. 9287 38 431 47
Haghighi, M. 9621 37 276 57

If the published articles about biogas steam reforming are arranged by country, an
interesting outlook on scientific works can be found. Thus, as observed in Figure 4, there is
a relatively homogeneous distribution of published articles about biogas steam reforming
worldwide, with countries like Italy (83 articles) or China (53 articles) leading. Even though
Europe has been traditionally focused on biogas upgrading, there are other regions like
America and Asia where the role of this research is also representative. Equally, some works
from African countries have been devoted to this subject, which could be an encouraging
starting point for the implementation of these technologies on this continent.
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Finally, taking into account the relationship between the keywords of the works
dealing with the use of catalysts in the steam reforming of biogas, interesting findings can
be found, as observed in Figure 5:
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Thus, five interesting clusters can be found (represented in different colors), which
cover every aspect intended to be included in this review work, like the following:

• Red cluster: it is mainly focused on feedstocks for biogas generation (biomass, mu-
nicipal solid waste, and sewage sludge, etc.), as well as biogas production through
anaerobic digestion.

• Yellow cluster: focused on reaction mechanisms, methane conversion, and flow control,
etc. In that sense, this is the most interesting cluster for engineering purposes.

• Blue cluster: the main subjects included in this cluster are steam reforming, water gas
shift, fuels, energy efficiency and storage, operating conditions, thermodynamics, gas
emissions, and economic analysis, among others. It is similar to the previous cluster
but focused on energy conversion.

• Green cluster: mainly devoted to catalysts, where the role of nickel (and cerium, among
other promoters) as an active phase and alumina and silica as supports seems to be
important. Also, some factors such as particle and pore size or reaction temperature
are relevant, which are vital to increasing the useful life of catalysts (avoiding carbon
deposition or sintering, terms included in this cluster too). In other words, this is the
cluster where everything about catalysts is covered.

• Purple cluster: as in the previous case, it is mainly focused on catalysts and some
inhibitory effects such as carbon deposition and the corresponding properties of the
catalysts to avoid it to a certain extent (coking resistance). In that sense, the role of
yttrium seems to be important.
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In that sense, as explained in this figure, most of the main aspects covered by these
clusters will be included in this review, which points out the interrelation of many subjects
(from feedstock to catalyst characterization or from energy efficiency to catalyst activity, for
instance) and proving the interest in this field.

1.4. Aim of This Review

According to the above, the aim of this review work was to carry out a review of
biogas steam reforming, especially focused on catalytic conversion to obtain hydrogen.
Thus, the following points will be covered:

• Biogas production in context, including the main feedstocks and innovative technolo-
gies for improving methane yield and quality, which is essential for better perfor-
mances of catalysts during steam reforming.

• Biogas steam reforming and the main factors affecting its performance, which can be
improved by the use of catalysts and, at the same time, can affect the performances of
catalysts in some respects.

• The role of catalysts in biogas steam reforming, including the main catalysts used, the
foundations, mechanisms, and main deactivation processes (and how to avoid them
or, at least delay them).

• The main techno-economic analyses and patents carried out on this subject, paying
attention to the role of catalysts.

Thus, a thorough review was carried out, which aims to clarify the role of catalysts in
biogas steam reforming and all the details affecting their performance, paying attention to
the research carried out in the last five years.

1.5. Scope and Bibliometric Analysis

In order to carry out this review work, Scopus was investigated for all entries in
the literature on the topics of biogas (including keywords such as catalysts and steam
reforming) for the last 20 years, with special attention to the last 5-year period (2018–2023),
where there has been a considerable increase in published papers and innovative research
in this field. The search, which was made from May to October 2023, returned 6968 results,
from which up to 281 articles were considered for their inclusion in this work, including
the information of about 148 published works (mainly research works, reviews, and, to a
lesser extent, proceeding papers and patents) in the final paper.

2. Use of Catalysts in Biogas Steam Reforming

As briefly explained in the previous section, the role of catalysts in steam reforming in
general, and in methane or biogas (whose majority compound is methane) in particular, is
essential for the implementation of a competitive technology at an industrial level.

2.1. Main Considerations

In general, the catalyst is located inside a tubular reactor, which can be arranged as
a fixed or fluidized bed. The most studied/used configuration is the fixed bed, due
to its simplicity and reproducibility, However, it is possible that the deactivation in
this configuration is higher than that of the fluidized bed [55], because carbon deposi-
tions (between catalyst particles/pellets) are less prevented as the catalyst is immobile.
To highlight the recent appearance of new types of reactors in this type of reactions, the
photo-thermal ones [56], which can reach H2 production velocities of 17.4 µmol s−1 with an
STH efficiency of 22.5% and CO selectivity of 1% in the optimal design under concentrated
light irradiance of 16 kW·m−2 in the lab, these reactors are positioned as an alternative to
be developed to solve the great disadvantage of energy input.

When studying SMR, it is important to keep in mind that the diffusion of feed biogas
and water is homogeneous. For this, the water feed can be performed in liquid form and
vaporize inside the reactor, a fact that can lead to a gradient in the concentration of water
along the catalytic bed. Another way to introduce water is in the vapor phase, a fact that



Catalysts 2023, 13, 1482 12 of 39

implies having a vaporizer and a steam flow controller prior to entering the reforming
reactor, in addition to avoiding condensation in the steam conduction.

What is perhaps one of the most influential parameters in the effectiveness of the
reforming process is the activity of the catalyst. The order of catalytic activities on active
metals for SRM has been reported: Rh > Ru > Ni > Ir = Pd = Pt > Co > Fe. In addition, other
studies have calculated the TOF in DRM for various metals and showed that the order
differs for Al2O3 support and SiO2 support. The order of TOF of the methane reaction rate
on each support is presented below [57]: Ni > Ru > Rh, Ir (SiO2 support); Rh > Ni > Ir > Pt,
Ru > Co (Al2O3 support). Recent studies have assessed the activity of several composite
structured catalysts, showing the following decreasing activity: Rh > Ru > Pt > Ni [58].
In any case, for SRM and DRM, it is common to use Ni catalysts, which are active and
inexpensive, supported on metal oxides such as Al2O3, which have a high heat resistance.

Generally, the catalyst consists of an active phase dispersed on a support. The active
phase in catalysts for biogas reforming is commonly composed of nickel, whereas the
support is usually an aluminosilicate. These materials are normally used due to their
catalytic activity, resistance to operating conditions, commercial availability, and versatility.
Within aluminosilicates, many types can be found commercially, and in different forms, like
powder, spheres of various sizes, and pellets, etc. This variety allows for a great adaptability
to the type of reactor, since it is possible to adjust some parameters such as the contact time,
charge loss within the reactor, and deactivation, etc. In the following sections, these aspects
will be covered.

2.2. Kinds of Catalysts and Their Preparation

Different catalysts can be used in biogas steam reforming, like the following [59]:

• Monometallic catalysts: they are mainly Ni-based catalysts, which are very popular in
the literature due to their great catalytic activity and relatively low cost compared to
other equivalent catalysts. However, they have some negative effects (which will be
explained in detail in following sections) during steam reforming, such as deactivation
due to coke deposition or poisoning.

• Catalysts with promoters: the abovementioned catalysts can be considerably improved
by adding promoters (such as B, Ir, La, or Mg) that can help to improve the global
performance during SRM thanks to the improvement of metal–support interaction or
the ability to promote a higher dispersion compared to traditional catalysts. Recent
works point out the relevance of adding some promoters (La and Mg) to typical
Ni/Al2O3 catalysts, in order to improve their catalytic performance. Thus, these
additives improved the stability and dispersion of the active phase, with a better
deactivation resistance [60].

• Bimetallic or polymetallic catalysts: to avoid deactivation derived from sintering
or coke deposition, the use of combined metallic catalysts could present a positive
effect. Bimetallic catalysts are mainly based on Ni or Co combined with noble metals,
non-noble metals, or metalloids, whereas polymetallic catalysts are combinations of
different metals, like: Ni, Cu, and Zn; Ni, Co, and Ce; and Ni, Ru, and Mg. These
combinations can present not only additive, but synergistic effects [30,61].

The main characteristics of these catalysts will be explained in further detail in the
following sections, paying attention to different factors such as the catalyst support, active
phase, and the interaction between them, which will determine the catalytic performance
during methane or biogas steam reforming. For instance, the activity of the resulting
catalyst and its resistance to sintering will vary depending on the use of different promoters.
In that sense, the preparation of a certain catalyst is vital to understanding some of the final
properties of this product. There are different ways to prepare catalysts for this purpose,
such as impregnation, co-precipitation, and the sol–gel method.

In the impregnation method (Figures 6 and 7a), a precursor solution is combined with
an active solid support phase, and then the solvent is removed by drying. In the application
of this method, the solid and the solution are contacted in two ways: wet impregnation (WI)
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and incipient wet impregnation (IWI) (see Figure 6). In addition, there are dual mechanisms
depending on the impregnation method used. WI involves a diffusion process, whereas IWI
uses a capillary action method that allows the solution to penetrate pores in the support.
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In wet impregnation, an excess solution is used which is separated from the solid by
drying for a certain period of time. During the diffusion process, the composition of the
solution changes, forming a residue of impurities and releasing heat due to adsorption in a
short time interval. The wet impregnation method is effective for the preparation of the
metal catalysts used in methane reforming processes, achieving a high yield and catalyst
microstructure. This is the reason why this is the majority catalyst preparation according
to the literature. However, a drawback of this method is sintering, especially on catalysts
with high oxide loading. In wet impregnation, the metals are dispersed on the surface
because the precursor is distributed on the support. This results in high use rates but a low
dosage of active metal on the surface, which can result in a non-uniform dispersion of the
catalysts [62].

Impregnation by incipient wetting, also known as dry or capillary impregnation, is a
method in which the pore volume of the active phase/support is approximately equal to or
slightly larger than the volume of the solution. To explain the mechanism of the capillary
action of the incipient wetting impregnation method, several reactions occur at different
rates. The selective adsorption of charged or uncharged species occurs via H-bonds, van
der Waals, or Coulomb forces. Ions are then exchanged between the electrolyte and the
charged surfaces, resulting in the polymerization/depolymerization of the ions deposited
on the surface. This is followed by the partial dilution of the solid on the surface. After the
impregnation of the catalyst into the solid support/active phase, drying and calcination
(at different temperatures according to the nature of the active phase) are performed to
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obtain the desired catalyst material. The products of the impregnation processes are highly
dependent on the precursors used, and the parameters that can influence the final mixture
include the pH of the solution, the type of solvent, the concentration, and the nature of the
dissolved solids [63].
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Co-precipitation (Figure 7b) is a versatile method that can be applied to the synthesis
of simple, mixed, or supported catalysts [62,64]. Coprecipitation, often referred to as the
“one-pot method”, is a conventional approach for synthesizing catalysts in the context of
methane steam reforming. The formation of metallic precipitates occurs from oversaturated
solutions of their salts. Consequently, all precipitation methods share common components,
specifically a soluble source of divalent or trivalent cations and a strong base, such as
sodium hydroxide (NaOH), which promotes the precipitation of ions. This process involves
mixing metal salts in an aqueous phase with alkaline solutions, resulting in the formation
of insoluble metal hydroxides and/or carbonates. During the combination stage, reaction
parameters such as temperature, evaporation, salt concentration, and pH stimulate the
precipitation process.

These parameters can modify the growth and size of crystallites. The precipitation
method consists of five steps: dissolution, precipitation, filtration, drying, and calcina-
tion. During the dissolution stage, the active-phase precursors (in salt form) dissolve or
hydrolyze in a medium (normally water) to obtain hydroxides in a homogeneous solution.
Subsequently, filtration and drying steps are needed, allowing the solids to filter and dry at
the boiling temperature of the medium. The dried sample is then crushed, and a binder
is added. The appropriate binder is selected to promote easy conversion into vapor and
CO2 during calcination and the subsequent activation. The calcination stage uses air (at an
optimal temperature) to convert the material from its hydroxide or salt form into oxides.
Several publications have resorted to the precipitation method to synthesize the catalyst
support, and the catalyst for methane reforming processes [65–68].

The sol–gel method (Figure 7c) presents a different approach to prepare new materials.
Conventional sol preparation involves the hydrolysis and condensation of metal precursors,
resulting in a colloid suspension comprising various systems. Colloids are generated when
one phase disperses into another, and the dispersed molecules have a dimension between 1
nm and 1 µm [62]. Depending on the kind of solvent, there are two pathways for using the
sol–gel method: the aqueous sol–gel method, which refers to the use of water in the reaction,
and the non-aqueous sol–gel method, which refers to the use of an organic solvent. In the
aqueous method, O2 from water decomposition is necessary for metallic oxide formation.

This method is advantageous due to the high affinity of most precursors for water.
However, the main reactions (hydrolysis, condensation, and drying) occur simultaneously,
making it difficult to control the particle morphology and process reproducibility. However,
this disadvantage is insignificant when preparing metal oxides in bulk.

Thus, the aqueous method can be utilized for preparing bulk metal oxides as opposed
to small-scale preparation [69]. In the non-aqueous method, also known as the non-
hydrolytic method, the required O2 is provided by solvents (like ketones and alcohols) or
metal precursors. The organic solvent also contributes to modifying the process to refine
the final properties of the material, such as the morphology, particle size, temperature,
and humidity.

Most sol–gel processes use tetraethoxysilane (TEOS) in an aqueous solution, which
forms SiO2. This hydrolytic medium is required for hydrolysis and condensation reactions
to occur. Hydrolysis is a chemical reaction where silanol (Si-OH) is generated from the
reaction between water and an alkoxide (Si-OR), such as TEOS. Si-OH and Si-OR are respon-
sible for the subsequent condensation reactions in the process, resulting in the formation of
siloxane in a complex system of competition between hydrolysis and condensation during
the intermediate steps of the sol–gel process [70].

Furthermore, the influence of acidic and basic conditions should be considered, as they
compete and have their respective peculiarities. The acidic route allows for the syntheses
of more branched compounds, whereas the basic route allows for the production of more
spherical and compact materials. These parameters are defined around the point of zero
charge (PZC), which is determined by the material’s structure and porosity. The pH range
of silica is between 1.5 and 4.5, and the condensation of silica species has a limited influence.
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Pechini [71] patented a preparation method that adopted the principles used in the
sol–gel method with modifications, which employs small molecules and chelating ligands.
Initially, a homogeneous solution of metal/citrate complexes is formed in the method and
the mixture is then converted into a covalently bonded polymeric matrix, thereby trapping
the metal ions. The principle of the Pechini method is to slow down the thermal decom-
position of the organic structure to control the resulting material. The primary reaction
in this method is the transesterification that occurs between ethylene glycol and citric
acid [72]. The Pechini method offers some benefits, including its simplicity, independence
from process conditions due to the resulting material’s ion positivity, and the use of a low
temperature for precursor treatment, resulting in complete sintering elimination. However,
its drawbacks involve the use of toxic ethylene glycol and a significant amount of organic
reagents per mass unit [62].

There are other preparation methods that provide interesting catalysts, such as ion
exchange, plasma synthesis, or the combination of solution combustion synthesis (SCS)
with the wetness impregnation (WI) technique, offering high activities in Rh-based catalysts
under typical SR operating conditions [53].

It should be noted that catalytic performance is highly influenced by the preparation
method, as the catalyst dispersion and interaction with the support depend on the corre-
sponding procedure, as observed in dry reforming [73]. Consequently, these methods aim
to obtain a catalyst with specific characteristics, as explained in the following subsection.

Firstly, the selection of a suitable catalyst support is essential due to its surface charac-
teristics, but also on account of its thermal or mechanical resistance. Also, strong interac-
tions with the active phase are desired to delay deactivation processes.

Second, the active phase will play an essential role in biogas steam reforming, promot-
ing this reaction, as explained in detail in following sections. In that sense, the distribution
of this phase on the catalyst support is important, which will be determined by the sur-
face characteristics of the support (pore size distribution) and the preparation method.
For instance, in impregnation processes, the concentration of the active-phase precur-
sor in the dilution will determine the final distribution of the active phase to a greater
extent, as high concentrations could promote the agglomeration of the active phase, ob-
taining bigger active sites that usually imply a decrease in the surface area of the final
catalyst, with a subsequent lower CH4 conversion. On the other hand, lower concentra-
tions would imply fewer active sites on the surface, which would decrease the hydrogen
production. In a sense, an intermediate solution is suitable, taking into account the pore
volume of the support and the concentration of the precursor required to cover the surface,
avoiding agglomeration.

Finally, the use of bimetallic, trimetallic, or polymetallic catalysts is also advisable to
complement the characteristics of typical active sites such as Ni. Also, the use of promoters
(who are not directly involved in catalytic activity, but contribute to a suitable performance)
is necessary, in order to promote a strong interaction between the active phase and the
support. In this sense, the introduction of these components could change the development
of the catalyst, as observed in Figure 6 in the case of impregnation, where successive steps
should be carried out to introduce the promoter.

2.3. Characteristics of Catalysts

One of the key factors concerning the catalytic steam reforming of biogas is the
main characteristics of the catalyst used. As in any field where catalysts are used, their
properties should be perfectly adapted to the requirement of the corresponding conversion
process. In this case, concepts such as the support (including shape or geometry), active
phase (including the interaction with the support, which will determine the sintering or
coke deposition resistance), or surface area should be taken into account, as observed
in further subsections. It should be noted that the interaction between the active phase
and the support is essential for understanding the catalytic performance during biogas
steam reforming, as it will determine the resistance of the final catalyst to some factors
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such as poisoning, carbon deposition, or sintering, among others. Also, the combination
of multiple metals in the active phase could improve some properties in the resulting
heterogeneous catalyst, especially concerning some factors such as a longer useful life or
selectivity towards hydrogen production.

2.3.1. Catalyst Support

The support plays an important role in a suitable catalytic design, as it holds the active
phase where the catalytic conversion will take place. In that sense, concerning biogas steam
reforming, the nature of this support (normally alumina or silica), its porosity, mechanical
resistance, and geometry will allow for a maximum interaction of the gas phase with
the solid catalyst, depending on operating conditions such as flow rate and pressure, etc.
Figure 8 shows the different shapes of the catalyst supports used for these purposes, with a
great interest in spheres and hole catalysts, according to the literature. In any case, other
shapes are equally used, proving the versatility of catalytic steam reforming.
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Figure 8. Different shapes of catalyst supports: (a) amorphous pellets; (b) extrudates (solid, hollow,
trifolium, and quadrifolium, etc.); (c) sphere carriers, including holes; (d) hollow supports, with
single hole cylinders, ribbed cylinders or with multiple holes; and (e) ceramic foam.

As commented in previous subsections, and according to Table 5, impregnation and
co-precipitation seem to be the most popular ways of preparing catalysts for methane steam
reforming, offering a wide range of surface areas, from around 100 to 500 m2/g.
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Table 5. Catalysts for SRM, with typical supports and BET surface area.

Catalyst Preparation BET Surface, m2/g Use Reference

Ni/Al2O3 (10%)

Co-impregnation
with cobalt on
mesoporous

alumina

103.84 SRM [74]

Ni/Al2O3 (20%) Impregnation on
alumina spheres 188.80 SRM [75]

Ni/Al2O3 (13%) Co-impregnation
with cobalt 171.20 SRM [76]

Ni/C
Impregnation on

commercial
activated carbon

516 SRM [77]

Ni/Mg-Al and
Ni/La-Al Co-precipitation 233 and 215 SRM and DRM [60]

Also, there are other alternative supports, like CeO2, which contribute to a better
catalytic activity. Recent studies have carried out the combined steam and dry reforming of
biogas using a Ni/CeO2-Al2O3 catalyst with a bimodal porous structure. When the CeO2
concentration was 5%, a great catalytic activity was found, thanks to the more intimate
contact with alumina and the higher metal–support interaction, preserving it from carbon
deposition by 70% [78].

These differences in shapes offer a wide range of SRM conditions. In any case, the
maximum interaction between biogas and catalyst is highly desired, trying to avoid the
free passage of gas as much as possible. Also, another aspect to be taken into account is
the surface of the supports, as it plays a vital role both in catalyst preparation and their
corresponding final performance.

Thus, the pore size distribution of different supports (see Figure 9 for different ex-
amples in SEM images) can influence the impregnation of active phases during catalyst
preparation, whereas the performance of the final catalysts and (including some processes
such as coke deposition or sintering) is highly determined by the pore size, whose profile
should be selected to favorize a long useful life of the catalyst.

Equally, there are other characteristics of the support that should be considered, like
its thermal and mechanical stabilities, which are essential in biogas steam reforming for
different reasons. Firstly, due to the high temperatures taking place in this process, thermal
stability is an ideal prerequisite to avoid surface or even structural changes in catalysts
due to thermal shocks. Also, mechanical stability is important to avoid catalyst breakup
due to different factors such as friction or high pressures, reducing the amount of detritus
within the reactor and subsequent blockages. In that sense, the use of resistant materials
like Al2O3 or SiO2 is common, whereas other catalysts based on carbonaceous materials
could present some challenges in that regard.

In this regard, innovative works have been carried out where the role of the support is
essential. For example, metal-foam-coated Pd–Rh catalysts with variable CeZrO2–Al2O3
support compositions were used in biogas steam reforming, resulting in higher CH4
conversion with the extent of CeZrO2 in the catalyst, a decreasing H2/CO ratio, suppressed
coke deposition due to oxygen storage, and an improvement in oxygen reducibility, with
an improvement in resistance to the deterioration of surface area, pore structure, and
active-phase dispersion [79,80]. Mesoporous catalysts prepared via a reverse precipitation
method, Ni2xCe1−xO2 (x = 0.05, 0.13, 0.2), were compared with a commercial catalyst (R67),
obtaining a higher H2/CO ratio and excellent activity [81].
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2.3.2. Active Phase

Generally, catalysts consist of an active phase, usually a noble metal or acid/base site,
deposited and dispersed on a porous support such as alumina, silica, or other material.
The solid catalyst’s active phase has a high affinity for molecules of specific reactants.
Initially, the molecules chemically attach themselves to the active surface before reacting
each other. This way, the activity of catalysts is normally proportional to the number of
active sites on the surface. In the case of metal-supported catalysts, the active sites are
represented by the exposed metal surface.

Nickel (a transition metal) is commonly used as an active phase in SRM processes
due to its availability, low cost, and high activity. However, due to sintering and coke
deposition, Ni-based catalysts are subject to rapid deactivation [82].

In addition to nickel, noble metals such as rhodium (Rh), ruthenium (Ru), palladium
(Pd), platinum (Pt), and iridium (Ir) show promising potential as candidates for SMR
due to their exceptional catalytic abilities and resistance to carbon deposition. Several
experimental and numerical studies have reported that the catalytic activity of noble metals
could be ordered as Rh∼Ru > Ir > Pt∼Pd [30].

It is important to consider different factors to make the addition of an active phase
efficient. This way, catalysts with high activity, low concentrations of active phase, and
subsequently high dispersion are desirable for carrying out high conversions in biogas
upgrading into syngas. For this purpose, recent studies have proven different Ru-based
catalysts (with different supports), with Ru/MgO showing an excellent catalytic perfor-
mance in the bi-reforming of model biogas due to Ru dispersion with an ultra-small particle
size [83]. Consequently, the use of nanoparticles seems to offer a promising outlook in
this field. Also, the role of multi-metallic active phases is important for obtaining spe-
cific and interesting properties, as in the case of poisoning resistance. Thus, a catalyst
(NiCeSnRh/Al2O3) was used in the bi-reforming of biogas, offering a high resistance to
sulfur compounds [84].
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2.3.3. Advantages and Disadvantages

There is such a wide range of catalysts that can be developed that it is difficult to
cover the advantages and disadvantages related to their use. Nevertheless, there seems to
be some common patterns, mainly to do with the active phase, which, in many cases, is
the main limiting factor when it comes to producing an economically feasible catalyst. In
that sense, the role of catalyst in techno-economic assessments in biogas steam reforming
is important, as explained in the corresponding section. Essentially, it is a matter of cost–
benefit analysis, paying attention to the benefits offered by a specific catalyst and its relative
abundance. Regarding the active phase, Ni-based catalysts are popular for this reason, as
they offer acceptable catalytic activity at a relatively low cost compared to other metals.
However, there are other factors such as a higher propensity for deactivation processes,
which could imply operational problems in the medium term, which could be solved with
other more expensive catalysts based on Ru or the use of promoters such as La. In other
words, life cycle assessments of catalysts for biogas steam reforming are, as in many other
cases, essential for obtaining a cost–benefit balance.

Despite their advantages, noble-metal-based catalysts are limited due to their high
prices. One way to keep the excellent performance of noble metals while maintaining a
reasonable price is to combine two or more types of metals, using cheap transition metals
(usually nickel or cobalt) as a base and noble metals as promoters, chemicals that are added
to the catalyst in order to improve its catalytic properties. Bi/polymetallic catalysts have
gained increasing attention in recent years, and the synergistic effect between commonly
used metallic elements has been investigated experimentally and numerically. Numerical
studies focus on the reaction pathway and the activation energies of certain reaction steps
(specifically, C-H bond breaking during CH4 decomposition), as well as the adsorption
energies of atomic or molecular species on the catalyst surface, which are indicators of the
catalytic activity and stability of the material [30].

Cobalt is also considered to be a promising promoter in SRM due to its good activity
for the WGS reaction, which helps shift the equilibrium towards H2 production. However,
a problem related to the use of Co is its tendency to oxidize when the temperature and
vapor partial pressure are in the range used for SMR. Alloying it with Ni is a possible
solution to this problem while preserving the advantages of both elements [82].

Compared to the relatively simple mono and bimetallic systems, the application of
catalysts containing three or more types of active metals in SMR has not been investigated
in detail. The existing literature mainly examines Ni-based materials with the addition of
two or three commonly used elements, such as Co, Cu, Pt, and Ru, etc. [30].

2.3.4. Catalytic Performance in Biogas Steam Reforming

Thus, after considering the relationship between the support and the active phase,
the typical catalytic steam reforming of methane is explained in Figure 10, where the main
steps that take place during the process are included.

Thus, the kinetic model of methane reforming, shown in Figure 8, is based on the
following steps:

• H2O is adsorbed on the catalyst and dissociates, giving rise to adsorbed oxygen atoms
and H2 in the gas phase.

• CH4 is adsorbed on the catalyst and dissociates, generating CH2 radicals and adsorbed
H atoms.

• The adsorbed CH2 radicals and oxygen react, with bonds being formed and breaking
at the same time, generating a transition state (CHO) and H2.

• The adsorbed CHO dissociates into adsorbed CO and H or reacts with adsorbed
oxygen to produce CO2 and H in parallel (controlling stage).

• The adsorbed CO reacts with adsorbed oxygen to form CO2, or is desorbed to give
gas-phase CO.

This way, and according to recent works found in the literature (see Table 6), different
operating conditions with the subsequent methane conversion are included.
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Table 6. Catalysts for SRM, including operating conditions and methane conversion.

Catalyst T, ◦C Pressure,
bar S/C

CH4
Conversion,

%
Reference

Ni/Al2O3 850 7 1.2 99 [85]
Ni-La/Si 800 1 0.8 90 [86]
Mo2C-Ni/ZrO2 700 1 0.8 74 [87]
Ni-hydrotalcite 900 5 2.0 98 [88]
Ni-Al2O3 800 1 1.77 <80 [89]
Ni-CaO/Al2O3 750 1 2.2 <90 [90]
Pt/Al2O3 800 1 3.0 <90 [91]
Ni/MgO 750 1 1 91.5 [92]
Ni/Al2O3 800 1.7 3 100 [93]
Ni based 700 1 3.5 98.3 [94]
Ni/γ-Al2O3 700 1 2 98.1 [47]
Ni/CeO2 900 1 3 99.7 [95]
Pd-Rh/CeZrO2-Al2O3 850 1 1.5 99.1 [96]
Ni/SiO2 700 1 3.5 96 [97]
Ni/TiO2 700 1 1.2 92 [98]
Pd/Ni-CaO-mayenite 750 1 4 97.8 [99]
Ni-MgO-CeZrO2 750 1 1.5 >90 [100]
Ru/MgxAlO 800 1 2.6 >90 [83]

As observed in Table 6, the operating conditions allowed for methane conversions
exceeding 90% in most cases, which usually implies a considerable hydrogen production in
the obtained syngas. Ni and Pt catalysts are the most popular choices in these cases, adding,
in some cases, promoters to improve the catalytic performance. In any case, these catalysts
usually present long stabilities and a high coke resistance, with the possible softening of
operating conditions within the range explained in previous sections. Regarding tempera-
ture, some studies have achieved very low values (under 800 ◦C), whereas pressure could
be considerably decreases (up to 1 bar), with relatively low steam to carbon ratios, which
could imply a considerable reduction in the fixed energy costs related to steam generation.
All these improvements could mean an increase in the efficiency of biogas steam reforming.
However, there are some challenges related to catalytic performance, mainly related to
catalyst deactivation, which will be explained in the following section. Another emerging
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research line in catalytic steam reforming is the use of nano-catalysts supported on different
materials. As previously explained, the dispersion of catalysts is essential to maximizing
catalytic activity by increasing the effective active phase area, also avoiding negative effects
like coke deposition. In that sense, as observed in Table 5, there are new research trends
focused on the synthesis and performance of this kind of catalysts.

3. Catalytic Deactivation

One of the main aspects that should be taken into account for a suitable catalytic
performance is the life cycle of catalysts during biogas steam reforming, especially in
cases such as those with Ni-based catalysts and other heterogeneous catalysts. Indeed,
deactivation can be caused by several factors due to mechanical, thermal, or chemical
processes [101], that will be explained in following subsections. To a lesser extent, the
durability of a catalyst can be affected by other factors, like its kind and shape, or operating
conditions like steam to carbon ratio, pressure, or temperature [102].

3.1. Sintering

This is a process due to the agglomeration and growth of metal crystallites of the
active phase, occurring at high temperatures. Considering that SRM usually requires high
temperatures (above 600 ◦C), this is an event that should be considered. In that sense,
Hüttig and Tamman temperatures determine the atom or crystallite migration for a certain
metal, one third and one half of the melting point of the corresponding metal, respectively.
Considering the typical operating conditions for biogas SR, the reaction temperatures for
this process are high enough to provoke surface and bulk atom migration. Consequently,
as included in Figure 11, there are three different stages in sintering on support’s surface.
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First, atomic migration takes place, with a detachment from the crystallites and migra-
tion on the support’s surface, generating bigger metal particles (Figure 11a). Afterwards,
these bigger particles or crystallites can also migrate and collide, obtaining bigger particles
(see Figure 11b). The process ends with particle spreading on the catalyst surface, as
observed in Figure 11c, and blocking active sites.

This way, this phenomenon is related to a decrease in catalytic activity due to two
main causes. First, sintering implies a decrease in the surface area of active sites, reducing
the efficiency of the catalysts. Second, as observed in Figure 11d, crystallite growth can
block pores on the catalyst support, containing further active sites that otherwise would be
available for SRM [24,101].
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Sintering can also be influenced by other aspects such as the catalyst structure and its
porosity and metal–support interactions, promoting strong metal–support interactions that
could decelerate the sintering [102].

3.2. Poisoning

Poisoning is due to a strong chemisorption of chemical species on catalytic sites,
blocking them and avoiding SRM. There is a wide range of chemical products that can
poison catalysts in biogas steam reforming. Among them, one of the most important ones
is hydrogen sulfide (H2S), whose content in biogas after biodigestion processes is not
negligible, ranging from few ppm up to 1%. High H2S content, apart from a poisoning
effect, could be harmful or even deadly, promoting corrosion in industrial facilities, and
decreasing the heating value of fuel gas. As a consequence, H2S removal before biogas
steam reforming is necessary to avoid a decrease in the global yield [103,104].

Depending on the kind of catalyst, this negative effect could be more noticeable. For
instance, Ni is very sensitive to poisoning (see Equation (3)), whereas other metals like Co
seem to offer a lower affinity for sulfur, with possible and interesting uses in bimetallic
catalysts. Equally, other metals can react with H2S, like Ag, Cu, Fe, Ru, or Pt [105].

M + HsS↔ MS + H2 (3)

where M can be any abovementioned metal. As a consequence of the interaction of
hydrogen sulfide with the active site (through sulfidation), the catalyst cannot take part in
steam reforming, partially or completely reducing its activity during the process.

In that sense, adsorption and absorption seem to be suitable techniques for removing
hydrogen sulfide before biogas steam reforming, requiring low concentrations for this pur-
pose (up to 5 ppm) before biogas processing in steam reforming facilities [102]. Specifically,
the use of alkanolamines (such as methyl ethanolamine or methyl diethanolamine), alkaline
salts, organic solvents, deep eutectic solvents, or ionic liquids for absorption, as well as zeo-
lites, metal oxides, or carbon-based sorbents for adsorption, could be interesting treatments
for removing H2S under ambient pressure and low operating temperatures [104,106–108].
It must be borne in mind that, as previously explained, sewage sludge reuse as an active
carbon (obtained through pyrolysis and gasification processes) to adsorb H2S could be an
interesting starting point for implementing a circular economy in wastewater treatment
plants. Finally, recent studies have proposed a simplified heterogeneous fixed-bed reactor
model to simulate the influence of H2S poisoning on Ni-Al2O3 catalysts for methane steam
reforming, with a good agreement between the simulated and experimental experiences
if an order of deactivation (n = 1) is assumed [109]. These kinds of simulations are quite
useful, as they can be easily adapted to different H2S concentrations in biogas and GHSV.
Also, the use of bimetallic catalysts to increase poisoning resistance is another interesting
aspect to be taken into consideration, as explained in previous studies where the use of a
Rh-Ni/Ce-Al2O3 catalyst showed a higher resistance to poisoning, being reversible by us-
ing regeneration processes, after which, the catalyst did not show selectivity to the reverse
WGS reaction, allowing for high H2 yields [110].

3.3. Carbon Deposition

Coking could represent another negative factor, related to the physical formation
of carbon deposits due to gas-phase chemical reactions like methane cracking or CO
disproportionation [102]. Carbon deposition can imply the deactivation or blockage of
active sites, which decreases the effectiveness of the active phase over reaction time. As
observed in Figure 12, successive phases take place during carbon deposition, with different
effects depending on its degree of severity.
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This way, coke chemisorption or adsorption takes place on active sites (Figure 12a),
reducing their access to reactants. In further stages, coke diffusion or dispersion to generate
active site encapsulation occurs (as observed in Figure 12b), completely blocking the
active sites to reactants, and pore blockage takes place (Figure 12c), hampering the SRM
reaction on the available active sites. This fact takes place especially when the CO and CH4
decomposition is faster than the carbon removal.

To avoid this phenomenon, the use of promoters to strengthen the metal–support
interactions could present a positive effect. Also, the particle size of the active phase could
play an important role in controlling coke deposition [102].

4. Key Points to Improve the Performance of Biogas Steam Reforming

Considering the previous section, it is essential to take steps to solve deactivation
processes, which hinders a suitable catalytic performance (with high methane conversions)
and long service life. These steps could be taken, as observed in Figure 13, before, during, or
after biogas steam reforming. As mentioned earlier (as it will be discussed throughout this
text), every detail counts when it comes to contributing to a better catalytic performance
in this process. Each stage is explained in the following subsections. It should be noted
that these steps directly affect the performances of catalysts during steam reforming, but
other aspects related to this process could be equally improved, such as the membrane
reactor performance (by reducing the coke deposition or hydrogen sulfide content) or
the maintenance of steam reforming facilities (delaying corrosion with a decrease in H2S
content). Nonetheless, other factors could be affected, implying efficiency loss and increases
in costs.
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4.1. Steps before Steam Reforming (Biogas Production and Upgrading)

Regarding the previous steps, there are many processes that could improve methane
production during the anaerobic digestion of biomass, as well as biogas upgrading to
increase methane concentration, avoiding undesirable compounds such as hydrogen sul-
fide. As explained in the introduction section, there are plenty of measures for increasing
the efficiency of biogas production and quality. Thus, the use of additives (such as mi-
croorganisms, enzymes, or inorganic compounds) could facilitate different steps during
anaerobic digestion by removing inhibitors (such as ammonia, long-chain fatty acids, and
acidification caused by VFAs, etc.) and creating suitable conditions for microorganism
proliferation [4]. In this sense, the use of active carbons obtained from digestates could be
interesting (such as sewage sludge, whose active carbon obtained through hydrothermal
carbonization could be a promising starting point for valorizing this waste, as explained
in previous works [38]), as it could be an example of an applied circular economy during
biodigestion. On the other hand, biogas upgrading is essential for removing H2S (which
could deactivate catalysts through poisoning) and for increasing the CH4 concentration in
biogas (which is desirable for carrying out a more efficient SRM). For the former, adsorption
systems are usually selected (for instance, activated carbons or nanoparticles), although
there are many techniques for retaining H2S, such as biological desulfurization, membrane
separation (with polymeric membranes, normally capable of retaining CO2 and H2S [32]),
or absorption with inorganic solutions (many of them based on iron) [103,104,111,112].
Also, some techniques such as PSA can be used to upgrade biogas by increasing methane
content [113].

4.2. Steps during Steam Reforming (Catalyst Design, Chemical Conditions, Use of
Membrane Reactors)
4.2.1. Catalyst Design (Promoters and Bi-Metallic Catalysts)

Regarding the catalyst design, if a certain catalyst is selected, with the aim of achieving
the maximum conversion and stability, the catalyst should present as much dispersion of
the active phase as possible, as there is not a minimum particle size from which a decrease
in activity is found.

Another important factor is avoiding active-phase mobility and agglomeration, pro-
moting that the active phase is dispersed enough to reduce the possibility of collision
with other particles and the subsequent agglomeration. It is achieved by reducing the
active phase concentration, whereas the number of active sites decrease. The typical Ni
concentration in catalysts is 20% w/w, obtaining particle sizes from 10 to 100 nm.

In addition, feeding should be considered in catalyst design. In other words, catalyst
deactivation by the pollutants included in biogas should be reduced. To reduce the effects
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related to coke deposition, the active phase surface on the support should be maximized,
so that the diffusion of gas is enough to avoid a reducing atmosphere that allows for CO
and CO2 decomposition, producing carbon which is placed on the active phase surface and
generating carbide and coke.

The use of promoters in the active phase has been studied and reviewed, with some
common additives such as alkalis (K and Na), transition metals (La, Zr, and Zn), and
non-metals (Al and B) [114,115].

An interesting issue with room for improvement is the resistance of catalysts to
poisoning due to H2S. This compound is usually removed through previous adsorption
before steam reforming in a reactor [116], and few scientific articles have dealt with an
increase in the resistance of catalysts to this pollutant. Some studies have focused on
reviewing the influence of sulfur content in feeding for several processes [117]. As a
conclusion, Ni seems to be a catalyst with a difficult direct protection from poisoning,
with noble metals offering better results, except for Rh. On the other hand, there is a
possibility of using metals from groups 4 to 6, through bifunctional catalysts, which could be
a promising alternative.

4.2.2. Operating Conditions

There are several influences on catalytic performance depending on the operating
conditions, mainly related to the promotion of deactivation processes [40]. Taking into
account that methane steam reforming is an endothermic reaction (see Equation (1)), the
effect of temperature is clear, with higher CH4 conversions with temperature (as observed
in specific cases such as the catalytic steam reforming of biogas with a Rd catalyst) [31].
However, intermediate solutions should be achieved, as extra energy costs associated with
keeping the reactor temperature should be avoided, as explained in following sections.

Concerning steam addition, high S/C ratios (at least 1.5, achieving excess of feed vapor)
are recommended to avoid coke deposition, among other factors like high pressure [100,118].
However, from an economic point of view, the production of large quantities of superheated
vapor would imply a considerable increase in costs [42]. Additionally, some studies
have pointed out the possible catalyst deactivation on time-on-stream, especially at high
temperatures, observing a direct correlation between deactivation rates and high S/C,
mainly due to the steam-induced metal–support interaction, resulting in an inactive spinel
phase and not due to metal reoxidation [89].

Also, as previously explained, temperature presents opposite effects. On the one hand,
high temperatures would imply a sintering effect, whereas low temperatures could promote
coke deposition. In the case of steam and temperature, optimization and intermediate steps
should be considered, because intermediate conditions to meet both low energy costs and
high methane conversions should be obtained (apart from the obvious effects on catalytic
performance in biogas steam reforming).

Equally, the CH4/CO2 ratio in biogas seems to present an influence on catalytic
performance. In that sense, according to recent studies using two different catalysts
(4% Ni/NiAl2O4/Al2O3 and 3.1% Ru/Al2O3), an increase in CO2 implied a decrease in
H2/CO ratio and H2 yield, finding an optimal CH4/CO2 ratio of 1.5/1 [119]. Therefore,
CH4/CO2 ratios above 1 are advisable for a suitable catalytic performance, as explained
in previous studies for Ni-based catalysts, possibly due to a CO2-promoted Boudouard
reaction, implying further coke deposition [120].

At this point, it is essential to consider the optimization and modelling of steam
reforming for any specific case, as will be discussed in future sections.

4.2.3. Membrane Reactors

The use of membrane reactors is another interesting starting point for improving the
performance of hydrogen production from biogas through steam reforming. Thus, the aim
of this technology is to purify the hydrogen obtained during steam reforming using thin
membranes (the selective layer is usually made of Pd and Ag on different kinds of supports,
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like stainless steel or alumina) where H2 permeates, to obtain a final gas with a high purity
(up to 95–99%) [121,122]. Figure 14 shows the different stages that take place during biogas
(or methane, in a simplified form in this case), including the reactant inlet, H2 permeation
through the membrane, and, finally, the retentate and permeate outlets [123].
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It should be noted that the catalyst is usually put into contact with the membrane, in
order to assure that the chemical reactions (and the subsequent products, like H2) are as
close as possible to the membrane.

This way, the chemical balance of the reactions observed in Equations (1) and (2)
could be oriented towards product generation, as hydrogen is rapidly removed from
the reaction medium to be delivered in a highly pure gas stream (permeate), whereas
the rest of the products (mainly CO and CO2, along with unreacted CH4 and H2O) are
separated in another stream (retentate), which can be further treated to obtain higher yields
in hydrogen [124]. This fact is very interesting, as some chemical conditions could be
softened to obtain a higher efficiency during biogas steam reforming.

In that sense, temperature and pressure could be lowered, whereas the catalyst design
can vary (for instance, the active phase in catalysts could be reduced, with the subsequent
savings for this process). Regarding temperature decrease, it could imply a positive aspect
for catalyst deactivation, as sintering effects could be delayed at lower temperatures, and
hydrogen recovery in a membrane reactor is usually improved [125].

However, coke deposition could be promoted at low temperatures, which could
present a reverse impact in methane steam reforming [126]. As in the case of many cat-
alysts, H2S present negative effects in membrane reactors, as Pd poisoning (the most
popular element used in membranes) would provoke a progressive loss in separating
performance [121,122].

4.3. Steps after Biogas Steam Reforming (Hydrogen Purification)

Even though there is not a clear and direct link between purification processes once
biogas is converted into synthesis gas (a mixture of H2 and CO, among other compounds)
and their influence on catalyst performance, some indirect positive effects could be found.

As observed in Figure 15, there are different biogas steam reforming configurations
to carry out hydrogen production with a high purity. In that sense, considering the first
route (Figure 15a), the use of membrane reactors in situ could contribute, as explained
in the previous subsection, to shifting the reaction balance towards product generation,
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with the subsequent possibility of decreasing chemical conditions such as temperature and,
consequently, a delay in deactivation processes such as sintering.
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However, in Figure 15b, the purification process (in this case, PSA, where an adsorbent
is used to bind molecules depending on the gas component, type of adsorbent material,
partial pressure, and operating temperature [25,127]) takes place after the products are
obtained, with no direct effect on the chemical balance.

Also, other configurations (due to economic adaptations of previous steam reform-
ing facilities) could couple membranes after steam reforming to obtain pure hydrogen,
presenting a similar situation compared to the use of PSA.

In these situations, an improvement in chemical conditions can be equally found,
considering the high-quality product obtained (normally >98% hydrogen, which is highly
valuable in the energy market). In this context, lower reaction temperatures or catalyst
concentrations could be used, offsetting the lower conversion with a valuable final product
and with the possibility of recirculating gas waste in the same process or other processes.
Also, biogas can be converted to synthesis gas, which can be used in other processes such
as Fischer–Tropsch, where different H2/CO ratios (even at lower temperatures compared
with normal steam reforming conditions to optimize hydrogen production) can be used
to obtain, for instance, liquid fuels [128]. Under these circumstances, the catalyst could be
less deactivated, especially if these steps are combined with the use of a suitable catalyst
support or the use of promoters, which could equally improve the final conversion of
methane in biogas.

5. Techno-Economic Analyses and Patents Derived from Catalytic Biogas
Steam Reforming

As expected for such a mature technology, its implementation at an industrial level
is highly extended, including research studies and patents for the application of steam
reforming of methane (and biogas) about the feasibility of implementation (paying attention
to techno-economic aspects) of this technology. In that sense, in general, there has been a
considerable increase in hydrogen production patents focused on catalysts, especially at
the beginning of this decade [26].

Firstly, the potential for the production of biogas, electricity, and heat from waste is
important, as a wide range of electricity yields (from 52 to 850 kWh) could be obtained from
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1 ton of biodegradable waste [35]. Previous studies recommend large-scale productions of
biogas (at least 400 tons per day, and not recommending productions below 50 tons per day),
especially for energy consumption due to steam generation [42]. It should be noted that, to
make biogas steam reforming economically feasible, previous and further steps should be
equally considered. As explained in the literature, biogas production and quality can be
interrupted or reduced depending on some problems related to anaerobic digestion, such
as over-acidification or foaming, which could lead to repeated and extended shutdowns of
these units and the subsequent biogas production losses (up to 50%) [4]. Consequently, if
biogas steam reforming is considered as a coupled technology related to biogas production
(for instance, in WWTPs [38]), every aspect concerning the improvement of the stability
and efficiency of biogas production will imply a better economic performance of biogas
treatment on the whole. In that sense, the use of a circular economy (as seen in Figure 2,
where the use of digestate to improve anaerobic digestion could be an interesting way of
reusing waste with difficult management) could be resourceful, as well as the addition of
macro, micronutrients enzymes, or carbon-based materials (for instance, hydrochar). Also,
biogas upgrading should be considered, and an increase in the efficiency of contaminant
removal, as well as an improvement in the service life of adsorbents (for instance), will
have a positive repercussions for biogas steam reforming, allowing for the acquisition of
more advanced equipment if global amortization takes place at an earlier economic stage.

Specifically, when it comes to the direct conversion of methane included in biogas,
many factors are taken into account, especially the role of catalysts in this process, which
will allow for softening some operating conditions (implying, for instance, a decrease in
temperature reaction or steam addition) that could cheapen some permanent operating
costs. Also, technological improvements in SRM are focused on the development of
catalysts to contribute to an increase in hydrogen yield and a decrease in greenhouse gas
emissions, with a reduction in energy consumption [26]. In other words, these works are
devoted to minimize the main challenges related to SRM, like carbon dioxide production
and energy costs [25].

Equally, regarding the treatment of gaseous gas obtained in biogas or methane steam
reforming, there are plenty of choices to valorize biogas steam reforming. Obviously, in
most cases, there must be a considerable initial investment, with the subsequent techno-
logical coupling or upgrading of biogas steam reforming facilities, as observed in Figure 2
in the case of Fischer–Tropsch synthesis, the use of membrane reactors, or PSA coupling
(see also Figures 14 and 15). Nevertheless, the final added-value product (liquid fuels
in the case of Fischer–Tropsch or pure H2 in the case of membrane reactors and PSA)
would offset this initial investment in the long run. Again, and even though these are
technologies not directly related to biogas steam reforming by themselves, they can present
a strong and positive influence, in a comprehensive manner, on the economic performance
of this process.

Finally, a long, useful life of catalysts, as well as low concentrations (when possible),
can positively contribute to an improvement in the economic performance of biogas steam
reforming. As previously explained, the role of promoters is mainly focused on these
purposes, as observed in previous studies where the use of nanosized Ni-Rh bimetallic
clusters allowed for reducing the Ni content to 3% (as the size and distribution of the
active phase was considerably improved compared to traditional Ni-based catalysts), with
a considerable increase in catalytic stability and activity, which could contribute to a fixed
cost reduction [129]. Thus, other works included in Table 7 follow a similar trend, where the
use of promoters or even a change in the reactor disposition can make a reduction in catalyst
addition (as well as other operating conditions like temperature) possible, with subsequent
cost savings. As explained in previous sections, the role of some factors such as the use
of membrane reactors can improve the economic performance of SR systems, including
a reduction in catalyst amount or useful life. It should be noted that the works included
in Table 7 are heterogeneous, dealing with facilities of different sizes (from the laboratory
to semi-industrial level) and focusing on different aspects (from a direct improvement in
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catalysts through the use of promoters to the optimization of membrane reactors). In that
sense, further studies about techno-economic assessments in this field will be really useful,
enriching the current literature. Other works dealing with techno-economic research on
biogas steam reforming are devoted to the use of PSA units [127,130,131], simulations and
their comparisons with plant-scale experiences [132–134], or the whole process in general
(in some cases. from biogas production to biogas steam reforming) [135,136], with an
indirect role of the catalyst.

Table 7. Main techno-economic studies related to biogas steam reforming.

Study Details Comments Reference

Performance and stability of
doped Ceria-Zirconia catalyst

for steam reforming

A quartz microreactor in a ceramic tube
furnace was used, at atmospheric

pressure, 800 ◦C, and 120,000 h−1 space
velocity (GHSV). The gaseous mixture
flows were adjusted for the different
reactions: SR (steam to carbon mole

fraction S/C = 2.5)

Doped catalysts doubled catalytic
activity (from 55 to 100 h) [137]

Performance of Ce-Ni catalyst

T= 600–850 ◦C; P = 1 atm; gas flow rate
= 200 mlN/min; CH4:CO2:H2O:He

mole ratio = 1:0.8:0.4:2.8; 0.5 g of
catalyst with a grain size of 0.3–0.8 mm

was used

At 850 ◦C, 20 wt.%
Ce0.2Ni0.8O1.8/Al2O3-SG catalyst

provided 100% hydrogen yield and full
CH4 conversion, with 85% CO2

utilization, obtaining a more efficient
catalyst

[138]

Catalyst rearrangement for
improving hydrogen

production in biogas SR

Study of hydrogen production through
SR by improving the design of SR
reactor and catalyst (nickel- and

yttria-stabilized zirconia) disposition to
increase efficiency

Higher effectiveness was achieved,
allowing a decrease (above 40%) in the

amount of catalyst used
[139]

Techno-economic analysis of
swine manure biogas through

SR

A complete study of a pilot-scale
installation, covering the analysis of

hydrogen production

After process flow modeling based on
mass and energy balance, the plant

produced 250 kg/h of H2 from
1260 kg/h of biomethane from purified

biogas (4208 m3/h). Biomethane
conversion offsets high investment

costs

[140]

Optimization of a small-scale
hydrogen production plant

The use of membrane reactors using a
rhodium-based catalyst is optimized in

order to assess the efficiency of SR at
different levels

A reduced percentage of active phase
(20%) was required, reducing 80% of

the catalyst cost
[141]

Techno-economic analysis of a
biogas SR plant

Membrane reactors as well as Ni-based
catalysts are considered in the final

configuration of the plant

Compared to biomethane, biogas is
recommended from economic point of

view at the current price
[142]

Design and operational
considerations of a

packed-bed membrane reactor
for SRM

An experimental and computational
study about the design of a membrane

reactor for SRM was carried out,
emphasizing geometrical scale of the

reactor and catalytic activity

The optimum conditions were:
GHSV = 1134 h−1; S/C = 2; P = 30 atm;

T = 773.15 K. The key limiting factor
was catalytic activity, which points out

the importance of improving its
performance

[143]

Techno-economic analysis of
an hydrogen production
system including biogas

reforming

Steam reforming of biogas was carried
out to produce hydrogen from landfill

gas by using PSA and CA

Simulation results were compared in
terms of Levelized Cost of Hydrogen,

which was below 2 €/kgH2 and feasible
according to 2030 horizon

[144]
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Table 7. Cont.

Study Details Comments Reference

Energy and exergy analyses
for hydrogen production from

biogas

Biogas steam reforming and
autothermal steam reforming are

compared

The steam-reforming-based
configuration achieved the best

performance regarding H2 production
energy-based efficiency (59.8%). If

co-production of heat and H2 is
considered, this value increased up to

73.5%

[145]

Technical, economical, and
ecological aspects of biogas
steam reforming to produce

hydrogen

Investment, operation, and
maintenance costs were analyzed

H2 production cost achieved the value
of 0.27 US$/kWh with a payback
period of 8 years. An ecological

efficiency of 94.95% was obtained,
proving the feasibility of the process

[146]

Optimization of biogas steam
reforming

A steam reforming plant is optimized
regarding electricity, freshwater, H2,

and cooling

The plant can generate 86.04 kW,
0.9662 kg/s, 958.2 kW, and

704.573 kg/h of electricity, fresh water,
cooling, and hydrogen, respectively,

with an improvement in exergy (19.9%)
and energy efficiency (24.5%)

[147]

Multi-objective optimization
of biogas steam reforming for

multi-generation system

A design of a multi-generation
integrated energy system powered by
biogas energy is proposed, assessed,

and optimized

The proposed plant generated
108.7 kW, 888.7 kW, and 703.3 kg/h,
power, cooling load, and hydrogen,
respectively. The energy and exergy
efficiencies were 31.51% and 31.14%,

respectively

[148]

Techno-economic modelling
of a poly-generation system

based on biogas

The system is devoted to power, H2,
freshwater, and ammonia production

The system provided 687.4 kW of
power, 0.9662 kg/s of freshwater,

0.15 kg/s of hydrogen, and 1.149 kg/s
of ammonia

[149]

Simulation of steam reforming
of biogas in an industrial

reformer

A simulation of steam reforming and
its comparison with an industrial-scale

performance was carried out

Total molar feed rate of 21 kmol/h,
steam to methane ratio of 4.0,

temperature of 973 K, and pressure of
25 bar, obtaining high

CH4 conversion (>93%) and H2 yield

[150]

Another interesting proof of the feasibility of this process at the industry level is the
proliferation of patents about this subject. As observed in Table 8, there are plenty of
patents whose main objective is the improvement of biogas (or methane) steam reforming
performance, in many cases focused on the role of catalysts, which is to be expected, as
they usually reduce the activation energy of the process, allowing for optimizing methane
conversion into hydrogen. In any case, different aspects related to catalytic performance
should be considered, such as their durability and stability, which would determine the
subsequent stable and efficient hydrogen production. Also, other patents are focused on
the abovementioned technologies to improve SRM performance, like the use of biogas
upgrading through PSA to increase methane concentration, the use of membrane reactors
or PSA for biogas purification or syngas upgrading (which can contribute to a reduced
use of catalysts or an increase in stability, for instance), or possible alternatives for the
produced syngas, like Fischer–Tropsch synthesis to obtain hydrocarbon products. As
observed, practically all the techniques explained in previous sections are directly or
indirectly applied in these patents, which proves the correlation between scientific works
and applied research. On the other hand, these patents are focused on an increase in SRM
efficiency, which usually implies an improvement in economic and energy costs, as well as,
for instance, an improvement in catalytic performance with a higher stability.
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Table 8. Current patents focused on catalytic biogas steam reforming.

Description Comments Reference

Method for preparing
hydrogen from biogas

Use of a reactor filled with catalyst, introducing
biogas and water to obtain H2 and CO. The
catalyst is bifunctional, catalyzing methane
steam conversion and CO2 dry reforming
reaction at the same time.

[151]

Method for producing
hydrogen from biogas

A catalyst is used for steam reforming to
produce syngas obtaining H2 and CO. CO is
oxidized in through carbon monoxide shift
reaction, obtaining pure hydrogen in an
adsorption device through pressure adjustment.

[152]

Biogas conversion to synthesis
gas to produce hydrocarbons

This system offers different alternatives for
biogas steam reforming, with a possible
purification unit and an interesting alternative
like the use of Fischer–Tropsch synthesis unit to
produce hydrocarbons.

[153]

Method for producing
hydrogen from biogas
biomass

A method based on biogas steam reforming,
with previous purification of biogas through
desulfurization and PSA to obtain higher CH4
concentration, and a final H2 purification from
syngas through another PSA system.

[154]

System for biomethane and
syngas production from
biogas stream

A plant for producing biomethane and syngas
from biogas is proposed, with purification units
to purify the biogas stream, steam reforming
unit, and a membrane separation unit to produce
biomethane stream.

[155]

Method for producing
hydrogen from biogas

Production of hydrogen through biogas steam
reforming, purifying biogas and final syngas
produced by using PSA, offering a more efficient
performance.

[156]

Method and plant for the
production of synthesis gas
from biogas

A more economic and efficient biogas steam
reforming system is presented, with a previous
H2S and CO2 removal.

[157]

Efficient use of biogas carbon
dioxide in liquid fuel
synthesis

Biogas is obtained through anaerobic digestion
of different wastes, obtaining synthesis gas
through steam reforming and converting CO2 in
biogas to synthesis gas by combining the CO2
reforming reaction with steam reforming or
partial oxidation.

[158]

Method and system for
coupling biogas reforming
with natural gas combined
cycle based on solar energy
driving

A method and system for coupling biogas
reforming with natural gas combined cycle
based on solar energy driving is presented,
offering a higher efficiency thanks to the support
of combined renewable energies.

[159]

Biogas and solar energy
complementary two-stage
preparation system and
method for synthesis gas

The biogas steam reforming system consists of a
desulfurization unit, and two SR reactor and
heat regenerators, coupled to solar energy.
Consumption of water was reduced, and the
economic efficiency of biogas and solar energy
use was improved.

[160]

6. Conclusions and Future Trends

Biogas steam reforming is a reality for obtaining high yields of hydrogen from wastes
with difficult environmental management such as sewage sludge, with multiple emerging
techniques that might be promising in the near future. Indeed, according to the scientific
interest from many different and multidisciplinary research teams, it represents the future
and, also, the present of biogas and methane processing for obtaining hydrogen.
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In that sense, the role of catalysts is vital to make this process more effective, effi-
cient and, therefore, suitable at an industrial scale. High yields and selectivity values for
hydrogen production have been obtained according to the literature, but there are some
challenges to be solved, especially concerning the durability of these catalysts, which can
be diminished by factors such as poisoning, coke deposition, or sintering.

This way, cutting-edge research works, focused on a wide range of aspects related to
biogas steam reforming, have recently been carried out.

With regard to the catalytic steam reforming of biogas, the use of innovative catalyst
formulations offers a wide range of possibilities, including the use of bi-metallic, multi-
metallic catalysts, or promoters. In that sense, a resistance to coke deposition, sintering, and
poisoning is essential by enhancing the interactions between the active phase and support
surface or improving the catalytic performance of the active phase. Equally, the role of
nano-catalysts, as well as innovative supports such as ceramic foams, are interesting, as
increases in surface interaction and selectivity are usually found.

Also, the optimization of the process is essential, as many factors can influence on the
catalytic performance. In that sense, temperature and steam optimization, as well as biogas
quality control (especially with a low H2S content) should be taken into account.

Finally, concerning techno-economic assessments, recent studies seem to point out
improvements to reduce costs related to catalyst addition (mainly reducing its amount
and increasing its durability and useful life) and its performance (which could allow for
softening chemical conditions, especially temperature). Equally, better hydrogen conver-
sions could imply higher benefits (including softening of chemical conditions), as the final
gas obtained (regardless of the subsequent purification processes) will be highly valued.
Concurrently, patents are focused on similar topics, which points out the relevance of the
catalytic steam reforming of biogas at industrial level.
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Abbreviations

Abbreviation Term
AD Anaerobic digestion
BET Brunauer–Emmett–Teller
CA Chemical absorption
DRM Dry reforming of methane
GHSV Gas hourly space velocity
IWI Incipient wet impregnation
PSA Pressure swing adsorption
PZC Point of zero charge
S/C Steam to carbon ratio
SS Sewage Sludge
SR Steam reforming
SRM Steam reforming of methane
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VFAs Volatile fatty acids
WGS Water–gas shift
WI Wet impregnation
WWTP Wastewater treatment plant
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