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The sorption-enhanced steam methane reforming (SE-SMR) process, which integrates methane steam reforming
with in situ CO, capture, represents a breakthrough technology for clean hydrogen production. This compre-
hensive review thoroughly explores the SE-SMR process, highlighting its ability to efficiently combine carbon
capture with hydrogen generation. The review evaluates the mechanisms of SE-SMR and evaluates a range of
innovative sorbent materials, such as CaO-based, alkali-ceramic, hydrotalcite, and waste-derived sorbents. The
role of catalysts in enhancing hydrogen production within SE-SMR processes is also discussed, with a focus on bi-
functional materials. In addition to examining reaction kinetics and advanced process configurations, this review
touches on the techno-economic aspects of SE-SMR. While the analysis does not provide an in-depth economic
evaluation, key factors such as potential capital costs (CAPEX), operational expenses (OPEX), and scalability are
considered. The review outlines the potential of SE-SMR to offer more efficient hydrogen production, with the
added benefit of in situ carbon capture simplifying the process design. Although a detailed economic comparison
with other hydrogen production technologies was not the focus, this review emphasizes SE-SMR’s promise as a
scalable and flexible solution for clean energy. With its integrated design, SE-SMR offers pathways to industrial-
scale hydrogen production. This review serves as a valuable resource for researchers, policymakers, and industry
experts committed to advancing sustainable and efficient hydrogen production technologies.

1. Introduction

The emission of greenhouse gases (GHG) is a significant global envi-
ronmental issue due to its impact on climate change. On December 12,
2015, the world witnessed the commitment of 197 countries to address
the effects of climate change during the Conference of the Parties of the
United Nations Framework Convention on Climate Change (UNFCCC)
(COP21), with 189 countries having ratified the Agreement. Under the
agreement, the countries are now required to reduce their greenhouse
gas GHG emissions to limit the increase in global temperature to a max-
imum of 2°C, with an aspirational goal of limiting it to 1.5°C by the end
of this century (Antar et al., 2021). Also, in November 2022, the Arab
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Republic of Egypt hosted the 27" Conference of the Parties (COP27). A
key highlight of COP27 was the decision to transition to globally to a low
carbon footprint, addressing the significant challenge posed byclimate
change. Achieving the climate change targets from COP21 to COP27
will require a 60% reduction in carbon emissions from the energy and
industrial sectors, especially considering that fossil fuels currently ac-
count for 80% of the world’s primary energy sources (Masoudi Soltani
et al., 2021).

For decades, implementing carbon capture, utilization and storage
(CCUS) has been recognized as an effective strategy for mitigating green-
house gas emissions in various industries (Farooqi et al., 2023). Broadly,
there are three primary approaches to capturing carbon from fossil-
fuel-fired processes: pre-combustion, oxy-fuel combustion and post-
combustion (Chen & Yang, 2021). Among these, post-combustion car-
bon capture, which employs amine-based solvents is widely utilized in
industries to capture CO, from flue gas streams (Shahid et al., 2020).
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Nomenclature

List of abbreviations

SE-SMR Sorption-enhanced steam methane reforming

CCS Carbon capture and storage

ATR Autothermal reforming of methane

UNFCCC United Nations Framework Convention on Climate
Change

GHG Greenhouse gases

CCUS Carbon capture, utilization and storage
WGS Water gas shift

SMR Steam methane reforming

SEP Sorption enhanced processes

MEA Monoethanolamine absorption

PSA Pressure swing adsorption

GTI Gas Technology Institute

BEIS Business, Energy and Industrial Strategy
TGA Thermogravimetric analysis

HTI Hydrotalcite sorbents

LDH Layered double hydroxide

PXRD Powder X-ray diffraction

TEM Transmission electron microscopy
EDX Energy-dispersive X-ray spectroscopy
DFT Density functional theory
WGSR  Water gas shift reaction

CLC Chemical looping combustion
CLR Chemical looping reforming
PCC Post combustion carbon capture
LCOH Levelized cost of hydrogen

List of symbols

MWth  Megawatt

kWth Kilowatt

PCH, Partial pressure of methane (kPa)
PH,O  Partial pressure of steam (kPa)
PCO, Partial pressure of CO, (kPa)
PH, Partial pressure of H, (kPa)

ap Specific surface area (m2/m?3)

A Cross sectional area (m?2)

r Rate of reaction

Ea Activation energy (kJ/mol)

F Molar flow rate (kmol/h)

k Kinetic constant (1/s)

Ni Moles of species i

Mi Molecular weight of species i

P Pressure (Pa)

XcH4 Conversion of CH,

T Temperature (K)

t Time (s)

\ Volumetric flowrate (m3/h)
AHg Heat of reaction (kJ/mol)

yi Mole fraction of gas species

xi Mole fraction of liquid species

" Viscosity (Pa.s)
A Thermal conductivity (W/m K)
p Density (kg/m?)

€ Volumetric fraction

10) Mass fraction of component

In pre-combustion CO, capture, syngas-composed mainly of CO and H,
are produced through lean oxygen combustion processes. This syngas is
subsequently converted into CO, and H, via the water gas shift (WGS)
reaction (CO+H,0-CO,+H,). One key advantage of pre-combustion
CO,, capture is the presence of CO, at high partial pressures, which sig-
nificantly enhance the efficiency of the capture process (Navik et al.,
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2024). Hydrogen (H,) is one of the most environmentally friendly al-
ternatives to fossil fuels for generating heat and energy (Farooqi et al.,
2022). It is a highly efficient and environmentally friendly energy source
with a high energy density of 120 MJ/kg and a carbon-neutral foot-
print. This ‘carbon-neutral footprint’ means that the production and
use of H, do not contribute to the accumulation of greenhouse gases
in the atmosphere, making it an excellent alternative to meet the in-
creasing energy demands and combat the climate issues caused by CO,
emissions (Farooqi, Yusuf, Mohd Zabidi, et al., 2021; Sikarwar et al.,
2016). In a perfect scenario, the combustion of hydrogen would only
produce water vapor, without any harmful pollutants (Nemitallah et al.,
2021; Osman et al., 2022). Although classified as a low-carbon fuel,
most hydrogen production methods are associated with substantial car-
bon emissions. The steam-methane reforming (SMR) process is the pri-
mary commercial method for hydrogen production; however, additional
methods include electrolysis, thermolysis, biomass gasification, bio-
catalysis, and fermentative processes (Farooqi, Yusuf, Ishak, et al., 2021;
Shamsudin et al., 2019). The hydrogen market is projected to increase
from 70 million tons in 2019 to 120 million tons in 2025 (Atilhan et al.,
2021; Safari & Dincer, 2020).

Hydrogen production plays a critical role in the transition towards a
sustainable and low-carbon energy system. As a promising energy alter-
native, H, has been widely used in fuel cells and iron-making processes
due to its high calorific value, good thermal conductivity, high utiliza-
tion rate and pollutant-free products (Alves et al., 2013; Chen et al.,
2020, 2022; Kovac et al., 2021; Liu et al., 2021; Siirer & Arat, 2022).
The increasing demand for clean energy sources has led to a growing fo-
cus on hydrogen as a viable solution for decarbonization (Oliveira et al.,
2021). However, large-scale hydrogen production presents cost, effi-
ciency, and environmental challenges. Hydrogen possesses significant
potential as a clean energy source, making it suitable for various appli-
cations, including gas turbine combustors where hydrogen can be uti-
lized as a fuel to replace or blend with traditional hydrocarbon fuels
(Aliyu et al., 2016). Additionally, hydrogen can be used to enrich oxy-
methane premixed flames enhancing the reaction rates (Imteyaz et al.,
2018; Nemitallah et al., 2019). These applications highlight the poten-
tial of hydrogen to play a vital role in achieving cleaner and more ef-
ficient combustion processes, contributing to the transition towards a
sustainable energy future.

Several renewable and non-renewable technologies are available for
hydrogen production. However, non-renewable technologies such as
SMR and coal gasification are the most established technologies on a
commercial scale (Shahid & Kim, 2023). The main drawback of these
conventional technologies is the high CO, emissions. In the SMR pro-
cess, methane reacts with steam to produce syngas at high temperatures
in the reformer. The reformer furnace is typically operated by burning
natural gas, resulting in CO, emissions. Additionally, more CO, is pro-
duced as a by-product when the syngas is converted into more hydrogen
via a WGS reaction. To reduce CO, emissions, amine-based CO, capture
systems are integrated with the SMR or coal gasification plants to pro-
duce blue hydrogen, which significantly increase the cost of hydrogen
production (Andrews, 2020; Shahid & Kim, 2023). An alternative ap-
proach, sorption enhancement has been identified for capturing CO,
in the SMR process. This technology offers substantial benefits, allow-
ing a single reactor to perform both SMR and the WGS reaction with
in-situ CO, capture This process promotes the WGS reaction and sig-
nificantly improves the hydrogen yield compared to the conventional
method (Sikarwar et al., 2022).

In recent years, extensive research has focused on sorption-enhanced
processes (SEP), particularly sorption-enhanced steam methane reform-
ing (SE-SMR), to develop effective sorbents, catalysts, and combined
sorbent-catalyst bi-functional materials. Several review articles have dis-
cussed the progress on SEP. For instance, Soltani et al. (2021) provided
an in-depth review of the SE-SMR process, coveringfundamental con-
cepts, kinetics, sorbent development, process configurations, and appli-
cations of artificial intelligence. Similarly, Sikarwar et al. (2022) com-
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prehensively examined SEP advancements, including adsorbent syn-
thesis, kinetics, pilot scale developments and economic evaluations.
Wang et al. (2021) explored various types of sorbents, such as CaO-
based, alkali metal-based and hydrotalcite-based materials, while briefly
discussing their advantages and limitations. Nevertheless, the present re-
view delves deeper into pivotal aspects of hydrogen production, aiming
to enhance understanding and foster innovation within the low-carbon
economy. It addresses critical topics such as hydrogen role as a clean en-
ergy carrier, the fundamental principles of SE-SMR, an investigation into
the different types of sorbents and bifunctional materials to optimize
hydrogen production efficiently, reaction kinetics, SE-SMR innovative
process configurations, techno-economic analysis and key challenges.
Furthermore, it explores future directions, offering valuable insights for
this essential field.

2. Low-carbon economy and hydrogen production technologies

Hydrogen has emerged as a crucial component in the quest for a
low-carbon economy, offering a versatile and clean energy carrier with
the potential to revolutionize multiple sectors. With zero greenhouse
gas emissions and high energy density, hydrogen presents a promising
solution for reducing carbon emissions and mitigating climate change
impacts. Depending on the method of hydrogen production, a com-
monly used classification of the hydrogen obtained is grey hydrogen,
produced by reforming fossil fuels; blue hydrogen, which is produced
using CCUS, and green hydrogen, which is produced using renewable
energy sources like wind, solar, nuclear, geothermal, biomass, and hy-
dropower (Atilhan et al., 2021; Hasnain et al., 2024). To meet the rising
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demand for clean energy, several hydrogen production technologies are
available (Yu et al., 2021). These techniques fall into four categories:
thermochemical (Guban et al., 2020), electrochemical (Dotan et al.,
2019), Biological (Luo et al., 2021), and photocatalytic production
(Pal et al., 2022). Fig. 1 illustrates the various methods for hydrogen
production systems, including thermochemical, electrochemical, biolog-
ical, and photocatalytic production. These methods are widely utilized
in various sectors, such as petrochemicals, refineries, ammonia produc-
tion, and fuel cells.

In thermochemical hydrogen generation systems, hydrogen is pro-
duced through high-temperature reactions with feedstocks. These tech-
niques include biomass gasification (Mishra et al., 2023), auto thermal
reforming (Oni et al., 2022), partial oxidation (Wang et al., 2022), and
steam methane reforming (Ben-Mansour et al., 2023) as shown in Fig. 2.
The most popular technique for producing hydrogen on a large-scale is
SMR. Methane from natural gas is reacted with steam at high tempera-
tures (about 700-1000°C) in the presence of a catalyst, typically nickel-
based (Luo et al., 2021).

Hydrogen can be generated via electrochemical water splitting, an
environmentally friendly and renewable method. This approach in-
volves using an electric current to separate water molecules into hydro-
gen and oxygen. The process occurs within an electrolyzer comprising
an electrolyte solution and two electrodes—an anode and a cathode. The
hydrogen produced through this electrochemical water-splitting process
can be classified as “green” hydrogen since it is generated using renew-
able electricity instead of fossil fuels (Anwar et al., 2021).

Hydrogen can be produced through biological processes us-
ing microorganisms or their enzymes. Compared to traditional
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Fig. 1. Methods for hydrogen production systems
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Fig. 2. The thermochemical hydrogen generation systems

thermochemical and electrochemical approaches, these approaches are
typically more ecologically friendly and sustainable. The processes of
dark fermentation and photo fermentation are frequently used to pro-
duce biological hydrogen. For dark fermentation, a variety of organic
materials can be employed as substrates, including sugars, wastewater,
organic waste, and lignocellulosic biomass (Arun et al., 2022). Volatile
fatty acids generated during dark fermentation or other anaerobic pro-
cesses are frequently used as organic substrates in photo fermentation
(Mishra et al., 2019). By converting organic waste or sunshine into hy-
drogen, biological hydrogen production can contribute to the mix of
sustainable energy sources (Gautam et al., 2023). The agriculture sector
can use biologically produced hydrogen for power generation or as a
feedstock for the creation of biofuels and biofertilizers (Sharma et al.,
2020).

Technologies for producing hydrogen through photocatalysis use
photocatalysts (materials that absorb light) to facilitate the splitting of
water into hydrogen and oxygen when exposed to sunlight. The pho-
tocatalyst material should be stable, have a good bandgap energy, and
be non-toxic. Water splitting using semiconductor photocatalysts is the
most used photocatalytic method for producing hydrogen (Ishaq et al.,
2021). By using sunlight to create hydrogen as a clean energy source,
photocatalytic hydrogen production can support the renewable energy
industry (Hassan et al., 2023; Oh et al., 2022). The generated oxygen
and hydrogen gases are kept separate from one another and in the liquid
state. It is first purified, compressed, or liquefied to prepare the hydro-
gen for storage and transportation.

It is important to note that hydrogen production technologies encom-
pass diverse techniques and procedures for generating hydrogen gas.
Among the various technologies discussed, thermochemical hydrogen
production methods, such as SMR and coal gasification, are the most
established. Nevertheless, these technologies require the retrofitting of
CO,, capture plants to reduce CO, emissions, significantly increasing the
total hydrogen production cost. Therefore, further efforts are required
to improve the CO, capture processes to reduce the H, production cost.

3. Sorption-enhanced steam methane reforming

SE-SMR is an innovative process that combines the principles of
SMR with sorption technology to enhance the efficiency and selectiv-
ity of hydrogen production. The advanced blue hydrogen production
method utilizes sorbents to improve the SMR process by selectively cap-
turing CO, and enhancing the overall performance of the reforming re-
actions (Osman et al., 2021). Compared to traditional hydrogen pro-
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duction methods like SMR, this technique offers a reduction in opera-
tional complexity and an increase in hydrogen yield, along with a lower
cost for gas post-processing. Several earlier reviews have examined SE-
SMR from various perspectives. For instance, Harrison (2008) focused
on sorbent capacity and durability, while (Voldsund et al., 2016) exam-
ined adsorption, absorption, membrane and cryogenic separation tech-
nologies for carbon capture in fossil fuel based hydrogen production.
Hanak et al. (2018) highlighted advancements in calcuim looping tech-
nologies and their application in power production systems, including
sorption enhanced processes. Similarly, Wang et al. (2014) conducted a
techno-economic assessment of these technologies.

This section provides an extensive overview of SE-SMR. It encom-
passes the fundamental concepts and principles of SE-SMR, emphasiz-
ing the integration of sorbents to enhance hydrogen production. The
discussion further delves into the various types of sorbents employed
in SE-SMR, namely CaO-based, alkali-ceramic, hydrotalcite, and waste-
derived sorbents.

3.1. SE-SMR concept and principles

Fig. 3 shows the conceptual diagram of a SE-SMR process consisting
of two interconnected reactors. These reactors operate in two distinct
modes. In the swing mode, reactor (i) functions as a reformer, conduct-
ing SMR while simultaneously saturating the sorbent with CO,, and re-
actor (ii) acts as the regenerator, responsible for regenerating the sor-
bent. Alternatively, in the configuration of interconnected two fluidized
bed reactors, reactor (i) operates as a SE-SMR reformer while reactor
(ii) serves as the sorbent/catalyst regenerator. Notably, there is a grow-
ing trend in both experimental and modeling studies towards investigat-
ing sorption-enhanced processes. The SE-SMR process typically involves
three stages: pre-breakthrough, breakthrough, and post-breakthrough.
The reaction and adsorption process start with the pre-breakthrough
stage, in which the fresh sorbent removes CO, from the reaction mix-
ture and significantly promotes the H, production reaction. Thereby, the
outlet gas contains the least concentration of CO,. A combination of H,
and some CO, is present in the product stream at the reactor exit when a
breakthrough happens, and the rate of CO, capture slows down relative
to the rate of CO, production. The sorbent finally approaches saturation
as the CO,, sorption process progresses, which results in a zero CO, cap-
ture rate. This step, called the post-breakthrough stage, functions in a
manner akin to traditional steam reforming. The process should be kept
at the pre-breakthrough stage for effective SE-SMR. The reactor needs
to be switched to regeneration mode when a breakthrough happens.

Clough et al. (2018) studied this enhancement by employing an in-
situ CO, capture method to produce decarbonized, high-purity H,. This
approach invloved the reaction of hydrocarbon fuel with steam in the
presence of a CO, sorbent and a reforming catalyst. Several configu-
rations combined with SE-SMR have been proposed to produce low-
carbon, high-purity hydrogen aiming to reduce costs and maximize CO,
capture efficiency. When SE-SMR and oxy-fuel combustion are com-
bined, Ochoa-Fernandez et al. (2007) used HYSYS to simulate the pro-
cess. The results showed that SE-SMR with oxy-fuel combustion offers
advantages over traditional steam reforming with monoethanolamine
absorption (MEA) in terms of thermal efficiency, smaller pressure swing
adsorption (PSA) unit, and CO, capture.

SE-SMR presently occupies a technological readiness level (TRL 4).
This is substantiated by the existing literature on process simulations
and experimental research (Anderson et al., 2014; Liu et al., 2024;
Luo et al., 2024; Ochoa-Fernandez et al., 2005). The subsequent stage
in elevating the TRL would be pilot-plant studies. Recently, a 1.5 MWth
pilot plant being built for hydrogen production by sorbent enhanced
steam reforming (HyPER project) at Cranfield University received £7.4
million in funding through the Department for Business, Energy and In-
dustrial Strategy (BEIS), UK. The collaboration includes the US-based
research and development company Gas Technology Institute (GTI) and
Doosan Babcock, an expert in low-carbon technology implementation.



A.S. Faroogi, A.N. Allam, M.Z. Shahid et al.

Compressor

Knock-out drum

Carbon Capture Science & Technology 14 (2025) 100336

Condenser

-

A 4

Spent Sorbent

L
e

N—

Reformer

Evaporator

Fresh Sorbent

Regenerator

Condenser

Fig. 3. Schematic diagram for H, production by SE-SMR process

This HyPER project includes a fluidized bed reactor acting as a reformer
(concurrently functioning as a carbonator) and an entrained flow re-
actor for the calciner (Fig. 4). Compared to commercialized processes
with a tail-end CCS unit operating at 24 bars absolute (bara), the de-
veloped system demonstrated an approximate 20% decrease in the lev-
elized cost of hydrogen (LCOH), alongside a reduction exceeding 50%
in both CAPEX and OPEX, while sustaining a CO, capture efficiency
of around 96% and producing equivalent H, purity. Another plant in
California, USA constructed by GTI has a capacity of 71kWth, which is

©HyPER

H, > 94%, CH,

Sorption Enhanced Reforming (SER
CH, + 2H,0 + Heat(a) —> 4H, + CO,
CaO +CO, —> CaCO; + Heat(b)

CH, +2H,0 + CaO —> 4H, + CaCO,
Heat(b) ~ 95% Heat(a)

Fluidized Bed
Reactor

Sorbent elutriates through reactor to
filter while heavier catalyst remains

CO, absorbed by sorbent forcing
more CO, to form (Water-Gas Shift)

Steam Methane Reforming
produces H,, CO & CO,

gt © ==

CO, CO,, N, ~3%

20 times less than the Hyper project pilot plant in the UK. This process
has been reported to result in an 18% reduction in CO, emissions, 12-
40% in CAPEX and 20% in OPEX compared to the conventional SMR
process.

Selecting an appropriate CO, sorbent is crucial for achieving high-
purity hydrogen production in the SE-SMR process. The idela sorbent
should possess sufficient sorption capacity and efficiently capture CO,
at reforming temperatures. In addition, it must demonstrate stabil-
ity and robust mechanical strength, even after undergoing multiple

o)

CO, Product Gas Stream
J Flue Gas

>98% Purity

Solids Separation System
H, Product (Dry-Basis)

~2.5%

® Catalyst
Sorbent
Sorbent with CO,

Air & Recycled

H, to Burner
Steam/NG/Recycle Gas inlet

Fig. 4. 1.5MWth pilot plant system for SE-SMR process (Hyper project, n.d.)
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carbonization and calcination cycles. Cherbanski & Molga (2018); Ding
& Alpay (2000Db).

3.2. CaO-based sorbents

Various types of sorbents have been studied and developed to im-
prove the performance of SE-SMR (Karimi et al., 2023). These sorbents
play a crucial role in SE-SMR and other hydrogen production methods
by enhancing the conversion of feedstock and selectively capturing or
removing impurities (Ma et al., 2021). Several types of sorbents have
been explored for enhanced hydrogen production. One commonly stud-
ied sorbent is calcium oxide (CaO)-based sorbents, which possess high
CO, capture capacity and can be regenerated through high-temperature
release of captured CO,. CaO offers several advantages, including a high
sorption capacity (78.6 wt.%) and fast sorption kinetics (0.1-0.4g-CO,,
g‘1 min1) (Ji et al., 2020; Pecharaumporn et al., 2019). The CO, sorp-
tion reaction involving CaO is shown below (Eq. 1):

Ca0 + CO, < CaCO; AH,gq = —178 kJ/mol 1)

CaO can be obtained from natural materials like limestone and
dolomite (Gupta & Fan, 2002; Wang et al., 2016; Yan et al., 2016), as
well as from industrial by-products, including marble dust, steel slag,
lime mud and carbide slag (Guo et al., 2017; Li, Liu, et al., 2012; Li, Sun,
et al., 2012; Sun et al., 2016). Additionally, it can be synthesized from
various calcium-based precursors (Martavaltzi & Lemonidou, 2008;
Pecharaumporn et al., 2019; Zhou et al., 2012). Nonetheless, there are
still issues with the sorbent’s conversion and recyclable nature. It has
been well-reported that the sorption capacity of CaO decreases during
several cycles (Erans et al., 2016; Sun et al., 2007). The high tempera-
tures required for regeneration have a harmful effect on the cyclic sta-
bility of the sorbents. The leading cause of this degradation is the low
melting point of the CaCO3, which causes the regenerated CaO particles
to aggregate significantly. As Fig. 5 shows, the increased degree of sin-
tering causes a steady reduction of sorption capacity over the course of
multicycle operations.

By adopting different strategies, the CaO-based sorbents improve the
cyclic stability and initial sorption capacity. These include the applica-
tion of organic acids like citric, oxalic, formic, and acetic acids (Li et al.,
2008; Radfarnia & Iliuta, 2013a; Ridha et al., 2012; Ridha, Manovic,
Macchi, et al., 2013; Ridha, Manovic, Wu, et al., 2013), thermal pre-
treatment (Manovic and Anthony, 2008; Ozcan et al., 2011) reacti-
vation by water or steam hydration (Shokrollahi Yancheshmeh et al.,
2016b), and the integration of thermally resistant inert elements into

100 ————
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60 _.. o
501 @ ]
40 - 0, .
30+ M i
20 + : 0000
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0 L

CaO conversion (%)

15 20 25 30 35 40
Number of cycle
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Fig. 5. Behavior of CaO sourced from limestone over repeated sorp-
tion/desorption cycles in a thermogravimetric setup (Carbonation: 650°C,
15%CO,, 30 min; Calcination: 850°C, 100%/N,, 5 min) (Antzaras &
Lemonidou, 2022).
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Fig. 6. Schematic representation of proposed pore-skeleton model (Manovic &
Anthony, 2008).

the CaO structure (Angeli et al., 2014; Martavaltzi & Lemonidou, 2008;
Radfarnia & Iliuta, 2013b; Zhao et al., 2014). Various synthesis tech-
niques have also been explored to enhance the stability of CaO-
based sorbents, including precipitation, flame spray pyrolysis, dry and
wet mixing, and several modified sol-gel techniques (Angeli et al.,
2014; Martavaltzi & Lemonidou, 2008; Reddy et al., 2014). Li et al.
(2005) added mayenite to the calcium oxide in a 25 to 75 wt.% ra-
tio to improve the cyclic stability. They tested the prepared material
in TGA and found that the CO, capture rate increased for the initial
three cycles, followed by a minimal enhancement. A model was de-
veloped by Manovic and Anthony (2008) to account for the sorbent’s
structural alterations. They used a TGA to evaluate various limestone
samples at temperatures as high as 1300°C. According to their findings,
CaO particles calcined at these high temperatures (1300°C) had substan-
tial sintering and always displayed modest carbonation levels of 1-2 %.
This suggested that the reaction was confined to the particle surfaces.
In contrast, all samples showed a constant rise in conversion when cal-
cination was done at temperatures between 900°C and 1100°C. These
results support the suggested hypothesis, which postulates that the in-
ternal, unreacted CaO skeleton produced during thermal pre-treatment
is responsible for stabilizing and maintaining the porous morphology of
the particle inside the sorbent’s porous structure. In the meantime, the
response happens in the exterior soft skeleton. A schematic depiction of
this approach is shown in Fig. 6. Significant carbonation can also oc-
cur within the hard-internal skeleton’s porous structure. As a result, in
the early cycles, part of the less reactive CaO internal hard skeleton can
be changed into the more reactive exterior soft skeleton, increasing the
pace at which carbonation occurs.

Table 1 provides a comprehensive overview of the various strate-
gies employed in CO, capture technologies, focusing on the sorbents
used, reaction conditions (temperature and pressure), and key findings.
The sorbents reviewed include calcium carbonate (CaCO3), synthetically
produced CaO, calcium-based composites with activated carbon, silica,
or alumina and calcium-based sorbents enhanced with promoters such
as potassium or magnesium. Additionally, modified CaO sorbents incor-
porating elements like magnesium or zirconium are highlighted for their
enhanced performance.

3.2.1. CaO sorbents from different precursors

Various CaO sorbents derived from different precursors have been
extensively investigated. These sorbents play a crucial role in the SE-
SMR process, where they capture and release CO,, a step that en-
hances the overall efficiency of methane reforming. Different precur-
sors, such as calcium carbonate (CaCOj3), calcium oxide (CaO), and
various calcium-containing compounds, have been explored for syn-
thesizing the CaO sorbents. Studies have shown that the choice of
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Table 1
CaO-based sorbents used in SE-SMR process

Catalyst/sorbent
systems

CaO-sorbent
precursor

Feed

Temperature

)

S/C

Outcome

Ref.

Cay,Al; 4045-Ca0O

Ru/CaAl,04-CaO

Ni/CaZrO3-CaO

Ni/Cay Al 404,-Ca0

Ni/hydrotalcite
Ni/Ca0-Al,04

Co;0,/5i0,/Ce0,-
CaO

Ni/Al,0,-Ca0

Pd/Ni-Co-HT-CaO

Ni-Zr-CaO
Ni-Ce-CaO
Ni-La-CaO

NiO/Al,0,/Ca0

Co-Ca0-CeO,
Co-Ca0-Zr0,
Co-CaO-MgO

Co-Ca0-Ca;5Al; 4,045

CeNi-Zr0,/Ca0

Mg-Ni-Al (MNA)
HTc

CaO commercial

Limestone and
Ca(NOs),4H,0

Ca(NO,),4H,0

Ca(CH;C00), xH,0

CaO commercial

Ca(NO,), H,0

Ca(OH),

Dolomite

CaO commercialized

CaO commercialized

Ca(NO,), H,0

Ca(NOs), H,0

CaO commercialized

CaO from waste
eggshell

co,

CH,

CH,

CH,

CH,

CH,

CH,

Biogas

Biogas

Shale
gas

Ethanol

Glycerol

Glycerol

CH,

1023

823

873

923

673-873

823-923

873

873-923

873

923

773

773

923

923-1123

3-9

3-5

The study compares CO, capture kinetics using TGA and a fixed-bed
reactor, concluding that the reactor is superior for kinetic studies due
to better gas-solid contact and the absence of bypass issues.

A Ru/CagAl,04-CaO bi-functional catalyst-sorbent was prepared by a
citrate sol-gel route and demonstrated superior performance in
SE-SMR reaction over Ni-CaO and Ru/limestone. The material’s
stability, attributed to Ca;Al,Og, ensured prolonged pre-breakthrough
and remarkable cyclic stability across multiple regeneration cycles

A sol-gel-prepared Ni/CaO-CaZrO; bifunctional catalyst for SE-SMR
demonstrated improved stability, CO, uptake, and performance. The
catalyst with 15 wt% Ni, around 60 wt% CaO, and 25 wt% CaZrO,
presented optimal performance but showed slow deactivation, which
was recoverable through additional carbonation steps in prolonged
cyclic operation.

The study focuses on a Ni/mayenite-CaO combined sorbent-catalyst
material optimized for SE-SMR through wet mixing and impregnation
methods. The catalyst exhibited stable performance over 205
carbonation/regeneration cycles, demonstrating sustained Ni
catalytic activity and CO, sorption capacity without decline in a
15-day continuous operation.

Ni-CaO/Al, 05 in SE-SMR exhibited superior adsorption and longer
breakthrough times compared to commercial catalyst-sorbent
mixtures. It produced 98.5% H,-rich gas and excellent stability over
16 cycles, highlighting its potential for enhanced hydrogen
production.

SESMR using a cobalt-based oxygen carrier and cerium-promoted
CaO-based sorbent produced highly pure hydrogen (up to 95% H,) at
550°C. The cerium modification improved sorbent morphology,
increased CO, sorption capacity, and enhanced thermal resistance,
demonstrating the potential for efficient CO, removal and hydrogen
production in the SE-SMR process.

SESMR using CaO as an acceptor achieved H, purity above 95%,
surpassing conventional methods (~72% H,). The highest H, purity
(98.4%) and CH, conversion (95%) occurred at 873K, demonstrating
the effectiveness of overcoming equilibrium limitations through
in-situ CO, sorption.

SESR of biogas using a Pd/Ni-Co catalyst and dolomite CO, sorbent
achieved high H, purity (98.4%) and yield (91%), demonstrating its
potential for efficient H, production from renewable biogas sources.
The process effectively removed CO,, maintaining performance
comparable to pure methane reforming with dominant SMR and WGS
reactions.

Zr-Ca0 and Ce-CaO doped sorbents exhibited stable CO, capture
activity over ten cycles in sorption-enhanced steam reforming of
biogas. However, Ni-Zr-CaO and Ni-Ce-CaO showed declining CH,
conversions over five cycles due to pore closure and loss of Ni active
sites.

SESR of shale gas using CaO and NiO/Al,O; achieved cyclic
reduction-oxidation-calcination cycles, producing high-purity H,
(92%) with a 31 wt.% yield, presenting an 80% enhancement over
conventional SMR. The process demonstrated efficiency in cyclically
reducing the oxygen carrier and reforming shale gas at 650°C for 20
cycles.

Cobalt-based hybrid materials with CeO,, ZrO,, and MgO-modified
Ca-based sorbents enabled efficient SESR of ethanol, producing >85
mol% H,. CeO, and ZrO, based catalyst exhibited superior
adsorption capacity and breakthrough time, demonstrating stability
over 20 cycles.

A Co-Ca0-Ca,,Al, 4,043 catalyst for SESR achieved high stability and
catalytic activity, producing 96.4% high-purity H, at 525°C during
the pre-breakthrough stage. The Ca,,Al;,0; spacer effectively
prevented CaO sintering, and Ca;Co,0Oy acted as a dynamic Co
reservoir, enhancing the catalyst’s SESR performance and stability
through 50 cycles.

Ni-ZrO, oxygen carriers are used for SESR of glycerol. Overall,
CeNi-ZrO, maintained a platelet-stack structure, enhancing metal
support interaction and sintering resistance. CeNi@ZrO, exhibited a
high H2 selectivity of 96.3% H, purity after 50 cycles, demonstrating
stability and efficient glycerol conversion.

CaO@MNA bifunctional catalyst exhibited the best performance in
SESMR, with improved H, purity (80%) and reduced CO, (3%) at
923 K. The catalyst showed excellent regeneration capacity and
minimal carbon formation over three cycles

(Rout et al., 2014)

(Kim et al., 2019)

(Zhao et al., 2016)

(Di Giuliano et al.,
2018)

(Dewoolkar &

Vaidya, 2015)

(Hafizi et al., 2019)

(Chen et al., 2020)

(Capa et al., 2020)

(Phromprasit et al.,
2017)

(Adiya et al., 2019)

(Ghungrud &
Vaidya, 2020a)

(Dang et al., 2016)

(Jiang et al., 2018)

(Ayesha et al., 2022)

(continued on next page)
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Catalyst/sorbent
systems

CaO-sorbent
precursor

Feed

Temperature

K)

S/C

Outcome

Ref.

Ni/CaZrO,
Ni/Ca,SiO,

Ni/Al,05-CaO
Ni/Al,05-
Na,CO3/Ca0

Ni/CaO

Ni/CayAl404,-Ca0

Ni/CaZrO5-CaO

Ni-Pb/CaO

Ca(NO5), H,0

Ca(NO,), H,0

CaO commercialize

CaO commercialize

Ca(NO,), H,0

Ca(NOy), H,0

Propane

CH,

Ethanol

Glycerol

Ethanol

Bio-gas

873

823

823-923

823-923

823

823

4.8

3-6

2-4

The addition of Zr and Si to Ni/CaO catalysts improved thermal
stability and minimized CaO sintering, with Ni/CaO-CaZrO5 showing
the best performance in sorption-enhanced steam propane reforming,
achieving over 90% H, yield in the pre-breakthrough period

Sodium doping in CaO sorbent reduced its stability during SE-SMR
cycles, despite achieving 100% CH, conversion and 93.5% H, yield.
The larger crystallite size of Na,CO3-CaO led to increased sintering
and lower CO, capture performance compared to pure CaO.

Ni/CaO catalyst showed increased H, production with temperature
but CO, capture declined at higher temperatures. After 12 cycles, the
catalyst maintained stable CO, capture performance, with only a 7%
reduction compared to the fresh catalyst.

Glycerol steam reforming using Ni/CaO-based bifunctional
sorbent-catalyst materials enhanced hydrogen yield and purity. These
materials exhibited extended pre-breakthrough periods and stable
performance over multiple reaction/regeneration cycles.

The combined catalyst achieved >95% hydrogen purity with a
90-minute pre-breakthrough period during under optimized
conditions. The catalyst showed excellent stability, maintaining 90%
hydrogen purity over 10 cycles.

The Ni-Pb/CaO catalyst significantly improved stability in
sorption-enhanced biogas steam reforming, maintaining 57.6% of its
initial sorption capacity after 20 cycles. It achieved 94.1% hydrogen
purity and 95% CH, conversion, outperforming the non-modified
catalyst.

Granulated Al-modified CaO-based sorbents demonstrated excellent

(Caroline Pereira
Oliveira et al., 2024)

(Santos et al., 2021)

(Cortazar et al.,

2021)

(Olivier et al., 2024)

(Wang et al., 2024)

(Zhou et al., 2024)

Ni/Al,05-CaO CaO commercialize CH, 823

(Wang et al., 2024)

CO, adsorption and mechanical strength, with H, purity reaching
nearly 100% during SE-SMR when mixed with catalyst pellets,
maintaining stability over 15 cycles having continuous high-purity
hydrogen production (>96%) was sustained for 600 minutes.

Ni/Al,053-CaO Ca(OH), and CaCO;  Ethanol 823 4

The CaO spherical sorbents significantly enhanced hydrogen purity

(Xu et al., 2021)

(>90%) during SESRE, with high stability over repeated cycles.
Coupling these sorbents with Ni/Al,O; catalysts demonstrated
effective H, production and long-term stability, making SESRE a
promising process.

precursor significantly influences the performance of CaO sorbents in
SE-SMR (Grasa et al., 2007). For example, CaO derived from CaCO;
has demonstrated high CO, capture capacity due to the decomposition
of CaCO3 during the sorption stage. This decomposition results in the
formation of CaO and the release of CO,, contributing to the overall
SE-SMR reaction (Shokrollahi Yancheshmeh et al., 2016a).

Additionally, researchers have explored alternative calcium-
containing precursors, including calcium acetate, calcium nitrate, and
calcium hydroxide, to tailor the properties of the resulting sorbents.
The selection of precursor materials also impacts the structural and
chemical characteristics of the CaO sorbents, influencing factors such
as surface area, porosity, and reactivity (Hsu et al., 2014). These
properties, in turn, affect the sorption-desorption kinetics and the
overall efficiency of the SESR process. Natural sources of calcium, such
as limestone and dolomite, are widespread and cost-effective. However,
the impurities present in natural minerals are challenging to address
and cause poor cyclic stability to sorbents due to complex phases and
structures. On the other hand, synthetic sorbents can be employed to
produce good-quality sorbents due to negligible impurities (Luo et al.,
2013; Yang et al., 2013).

Synthetic sources result in sorbents with porous morphologies
that enhance anti-sintering performance. Among them, Ca(NOj),,
Ca(CH;CO0),H,0, C;,H,40;5Ca, Ca(OH),, and CaCO5 are commonly
used precursors. Nevertheless, CaO synthesized using calcium acetate
precursor exhibits superior CO, sorption performance, exhibiting bet-
ter specific surface area, and larger pore volume in comparison to
counterparts derived from Ca(NO;),, Ca(OH),, and CaCOj. Studies
have demonstrated that CaO sorbents from calcium acetate promote
high-purity hydrogen production in SESMR reactions. For instance,
Nimmas et al. (2019) utilized calcium acetate and CO(NH,), to pre-
pare CaCO5 sorbents, with CaOp_yrea €xhibiting the highest conversion

rate of 80% at the temperature of 700°C and 15% CO, environment.
This enhanced performance is attributed to the high specific surface
area of 9.83 m?/g, with 0.063 cm?/g pore volume and 27 mm pore size
of CaOpc.yrea- Furthermore, researchers also employed CaOpc_yrea SOI-
bent to prepare a Ni/CaO-Ca;,Al; 4033 bifunctional material through
the sol-mixing method. This bifunctional material effectively promoted
hydrogen production, with approximately 87% H, concentration in the
outlet gas during the pre-breakthrough stage over 10 cycles in SE-SMR
as depicted in Fig. 7.

Zhang et al. (2019) employed a bi-functional material synthesized
using Ni/Hematite catalyst and limestone as a sorbent for tar steam
reforming, exploring their applications in biomass gasification and up-
grading gasification products. Under specific reaction conditions (500°C
~ 600°C moving bed temperature range, Steam/Biomass ratio of 0.4,
and a bed material respectively composed of 20 wt.% Ni/hematite, 60
wt.% calcined limestone, the produced gas exhibited a total content of
H, and CH, exceeding 97%, with H, accounting for 71.5% and CH,
comprising 25.75%. Pecharaumporn et al. (2019) investigated the hy-
drogen generation efficiency of a Ni-CaO-Ca;,Al; 4033 bifunctional cat-
alyst in the SE-SMR process. The catalyst was synthesized using cal-
cium nitrate and D-gluconate as precursors, demonstrated exceptional
performance at 600°C and S/C ratio of 3. Specifically, the catalyst de-
rived from calcium D-gluconate achieved 88% H, purity and exhibited
the longest pre-breakthrough period of 60 min reported in their studies.
The superior performance was ascribed to the enhanced textural proper-
ties of the CaO-Ca;5Al; 4,033 sorbent derived from calcium D-gluconate,
which featured a surface area of 13.8 m?/g, a pore volume of 0.04
cm?/g, and an average pore size of 10.7 nm. In contrast, the sorbent
derived from calcium nitrate showed a slightly lower surface area of
12.4 m?/g, smaller pore volume of 0.02 cm?/g, and reduce pore size of
9.9 nm.
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Fig. 7. Composition of product stream after the SESR of
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3.2.2. CaO sorbents with different morphology

Researchers have developed CaO-based sorbents to improve sorption
efficiency by increasing surface area and enhancing diffusion kinetics
by improving surface properties and morphology. The hollow spherical
structure has proven effective in mitigating the impact of volumetric
changes during sorption/desorption cycles. This structure not only alle-
viates such influences but also facilitates the diffusion of CO,, thereby
enhancing sorption kinetics (Alvarez & Carlos Abanades, 2005). Re-
searchers have explored size control in CaO sorbents, focusing on nano-
sized CaO to enhance performance. The transition from the rapid to slow
reaction stage during carbonation is observed when the CaCO; layer
reaches a thickness of approximately 50 nm. Nano-sized CaO sorbents
facilitate sustained operation in the rapid reaction phase, thereby ac-
celerating carbonation rates and improving CaO conversion efficiency.
Additionally, these nanoscale sorbents exhibit high surface area, provid-
ing abundant active sites for CO, adsorption and significantly enhancing
sorption efficiency (Grasa et al., 2007). Alshafei et al. (2019) prepared
different CaO-based sorbents and studied the effect of synthesis tech-
niques on morphology. The TEM images indicate that the CaO sorbent
prepared from marble comprises large, closely packed and multi-layered
nanoparticles as seen in Fig. 8a. The particle size ranges from approx-
imately 50 to 180 nm. However, the particle size observed was signif-
icantly smaller (approximately 25-120 nm) for CaO sorbents derived
from calcium nitrate (Fig. 8b) and calcium acetate (Fig. 8d) as com-
pared to those in the CaO-marble sample. The CaO sorbent derived from
nanofibers contained nanoparticles with size ranging from 70 to 180
nm; however, they contained microporous intraparticle void volumes
that were substantially larger. These intraparticle spaces are depicted
as void channels (inset of Fig. 8c) and have diameters of approximately
0.5 pm.

Wau et al. (2008) conducted a comparative study between nano and
micron-sized CaCO3/Al,03, revealing that nano-sized exhibited better
performance in terms of the lower regeneration temperature and demon-
strated more stable capacity during cycles. Even after the 50th cycle, it
maintained 68.3% of its original capacity, displaying superior perfor-
mance. Despite the advantages of the hollow structure and nano-sized
CaO sorbents, certain drawbacks persist. Because of the hollow spheri-
cal structure’s fragility and propensity to collapse, nano-CaO often sin-
ters readily during practical use, necessitating intricate preparatory pro-
cedures and higher expenses. While morphology-controlled CaO-based
sorbents are highly successful at capturing carbon, nothing is known
about how well they work to boost hydrogen generation in SE-SMR.

In addition, Alshafei et al. (2019) prepared a CaO-Ca;,Al; 4,053
nanofiber structure using the electrospinning method and evaluated for
SE-SMR performance. The sorbent exhibited a high sorption capacity
of up to 74 wt.% in the CO, sorption test, with rapid sorption kinet-

e i,

ics. In the SE-SMR experiment, approximately 100% H, selectivity was
noted during the pre-breakthrough phase, and the breakthrough time
decreased by 6% after ten regeneration cycles. The nanofiber structure,
which has a greater specific surface area, a larger pore volume, and a
smaller grain size, was attributed to this exceptional performance.

3.2.3. Modified CaO sorbents

Enhancing the effectiveness of CaO-based sorbents offers greater ad-
vantages in improving CO, capture performance than merely altering
calcium sources. Numerous research groups have undertaken studies
focusing on the modification of CaO-based sorbents to enhance cyclic
stability and adsorption kinetics, aiming for sustained and reliable hy-
drogen production (Ji et al., 2018; Stendardo et al., 2013; Zhao et al.,
2014). Multiple approaches have been reported to improve the perfor-
mance of CaO-based sorbents such as mixing with alkali metal salts,
high Tammann temperatures (e.g., Al, Zr, and Mg, as inert constituents)
and CO, active support materials (e.g., La;O3). These serve to impede
or mitigate sintering, thereby improving cycle stability.

Commonly utilized inert components include aluminum, magne-
sium, zirconia and silica-based stabilizers. Among these, the utiliza-
tion of Al-based materials to stabilize CaO has garnered the most at-
tention (Caravella et al., 2009; Yan et al., 2016). It is important to
highlight that during the modification of CaO-based sorbents, careful
consideration must be given to the appropriate amount of the required
stabilizer. While an excess of inert components effectively decreases
the sintering effect in CaO, it concurrently leads to a dilution of the
CaO concentration, resulting in a diminished capacity for CO, sorption
(Armutlulu et al., 2017). An alternative approach involves introducing
the oxides of metal oxides such as Ce and Mn into CaO to improve the
diffusion of CO, via increasing oxygen vacancies in the sorbent material.
It is reported that CaO-based sorbent doped with Ce over varying Ca to
Ce ratios and tested for sorption cycles. It was found that the sorbent
with Ca to Ce molar ratio of 1:4 exhibited the most consistent cyclic
sorption for 18 cycles with a capacity of 59 wt.%. This superior per-
formance was explained based on the anti-sintering properties and the
promotion of the carbonation process by the presence of Ce oxide. Ap-
propriately modified CaO-based sorbents demonstrate outstanding hy-
drogen production capabilities thanks to their enhanced resistance to
sintering (Wang et al., 2015).

In another study, Tan and coworkers utilized the co-impregnation
method to create a Ni/dolomite/La,O5; composite material. They as-
sessed how well this bi-functional material performed in the steam ref-
ormation of tar made from gasified biomass. The material performed
best at 700°C and a steam-to-carbon (S/C) ratio of 1, with a maximum
carbon conversion rate of 77.7 % and a hydrogen yield of 66.2 %. Strong
basicity, high reducibility, and mesoporous structure brought about by
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La, 04 alteration were acknowledged for this increased hydrogen gen-
eration (Tan et al., 2019).

Numerous research groups are currently exploring the simultaneous
doping of multiple metals into CaO-based sorbents to enhance the dif-
fusion of CO, and augment the sorption capabilities of these sorbents.
For instance, Rahmanzadeh & Taghizadeh (2019) incorporated Zr and
Na metals in CaO-based sorbents using a wet mixing technique, result-
ing in a Na-Zr-CaO-like structure. The sorbent was tested for stability in
more than five sorption-desorption cycles, which indicated good stabil-
ity with a sorption capacity of 33.6 wt.% in the final cycle. Further, the
sorption-enhanced steam reforming of ethanol was tested in a fixed-bed
reactor, where the bed contained sequential layers of Na-Zr-CaO sor-
bent and Ce-Ni/MCM-41 catalyst. The results revealed that 94% pure
H, was produced in the pre-breakthrough stage, maintaining approx-
imately 80% even after 210 minutes. In another study, Nawar et al.
(2021) employed waste eggshells and various organic acids to synthe-
size structure-modified CaO, with citric acid modification yielding the
best stability, sintering resistance, and CO, uptake in calcium looping
cycles as presented in Fig. 9. The modifications to CaO based sorbents
were prepared to improve the stability for multiple cycles which offers
a better long-term performance compared to bare CaO.

In addition to utilizing various precursors for CaO-based sor-
bents, manipulating the morphology of material, and employing high-
temperature inert materials for CaO modification, the granulation and
reactivation of spent sorbents represent effective strategies for enhanc-
ing the cyclic stability of CaO. The inherent susceptibility of CaO to
wear and performance deterioration during recycling necessitates effec-
tive measures. Granulation emerges as a highly beneficial process, sig-
nificantly improving the mechanical strength of Ca-based sorbents. This
fortification contributes to sustaining a certain level of stability through-
out prolonged cycling operations. The granulation process yields mul-
tiple advantages; for instance, the incorporation of inert components
(such as Al,03, etc.) stabilizes the structure of the Ca-based sorbent,
while doping with porous materials enhances its specific surface area.

10
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Fig. 8. TEM images of CaO sorbents derived from a) mar-
ble, b) calcium nitrate, c¢) nanofibers, and d) calcium acetate
(Alshafei et al., 2019)

The implementation of these measures proves instrumental in effectively
enhancing the performance of the sorbents for CO, capture (Erans et al.,
2016). Furthermore, the regeneration of used CaO sorbent through hy-
dration plays a pivotal role in improving its CO, adsorption efficacy.
This is attributed to the increase of the sorbent volume due to the for-
mation of Ca (OH), in the hydration process, facilitating the disinte-
gration of CaO particles. Consequently, this process amplifies the pore
size and the surface area of the spent sorbent. Simultaneously, hydra-
tion engenders the creation of larger pores, promoting CO, desorption
and preventing pore blockage (Bui et al., 2018; Memon et al., 2017).

3.3. Alkali-ceramic sorbents

Alkali metal-based sorbents are based on alkali metals, such as potas-
sium or sodium. They are used in SE-SMR for CO, capture. These sor-
bents can chemically react with CO, to form stable carbonate com-
pounds, capturing and removing CO, from the gas stream (Zhao et al.,
2020). Alkali-ceramic sorbents typically contain alkali metal particles
deposited or dispersed on a porous ceramic support material. The ce-
ramic support provides a high surface area and structural stability, while
the alkali metal acts as the active component responsible for capturing
the acidic impurities (Memon et al., 2017). Common ceramic support
materials include alumina, silica, zeolites, and mixed metal oxides. Even
without adding new catalytic sites (like Ni nanoparticles), alkali metal
ceramics can function as a dual-purpose catalyst and sorbent for SE-
SMR.

Alkali metal ceramics provide mechanical stability at high temper-
atures without the need for extra refractory support, which is not the
case with CaO-based sorbents. For this reason, alkali metal ceramics
are appealing as next-generation compounds for bifunctional materi-
als at temperatures higher than 500°C as they can be recycled, have
mechanical stability, and are CO, selective. Binary-metal oxides, such
Li,ZrOs, LisSiO,4, and Na,ZrOs, possess characteristics that enable them
to adsorb CO, at low concentrations (<15% CO,) and high temperatures
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Fig. 9. (a) CaO conversion and (b) CO, uptake against number of cycles (Nawar et al., 2021).

(>500°C). According to m studies, these sorbents have the potential to
produce up to 95% H, in the SESR of ethanol and methane (Aceves Oli-
vas et al., 2014). Their capacity to retain CO, as alkali metal carbonates
at a variety of temperatures has led to extensive investigation into them
as CaO substitute sorbents (Pfeiffer, 2010). Using K,ZrO5 as a CO, sor-
bent, (Duan, 2012) conducted first-principal density functional theory
(DFT) research. The results indicate that K,ZrO5 cannot regenerate eco-
nomically at temperatures beyond 1000°C. Since CO, concentrations in
flue gas streams can be as low as 15%, Li, ZrO5 and Na,ZrOs are suitable
for carbon capture from such streams due to their exceptional selectiv-
ity toward CO, in gas mixtures. The most studied Egs. (2)—(4) are those
that change with temperature and CO, partial pressure throughout the
course of multiple cycles of CO, capture and release.

LiyZrOy ) + COyyy < LiyCO3 () + Zr0, () AHS = —160kJ /mol

@
LiySiOy ;) + COyyy < Li,COs5 () + LiySiOs () AHy = —142kJ /mol

3)
Na,ZrOs ;) + COy,y < NayCOs () + ZrO, ) AHy, = —149kJ /mol

“

Alcantar-Vazquez et al. (2015) reported that alkali metal zirconates,
including Na,ZrO3, are effective at accelerating the conversion of CO to
CO,. Zhao et al. (2020) explored the use of alkali ceramics as catalyst-
sorbent materials to enhance H, production during biomass pyrolysis.
The results showed that these materials promoted CO, capture, leading
to increased H, production and tar-cracking reactions. The alkali ceram-
ics demonstrated bifunctional activity, making them very promising for
renewable energy production from biomass.

A regeneration step is then performed on the alkali-ceramic sorbent
to release and recover the component that it has captured. High tem-
peratures are applied to the sorbent to regenerate it and allow it to
be utilized again. This process returns the sulfide compounds to their
original state. The long-term sustainability and economic feasibility of
alkali-ceramic sorbents are enhanced by their regenerability (Lee et al.,
2006).

Due to their comparatively excellent cycle stability, alkali-metal-
ceramic materials are seen as promising. However, they also have draw-
backs like sluggish sorption kinetics and a poor sorption capacity. Recent
studies have enhanced the preparation process and doped molten salt to
increase the CO, sorption performance of alkali-metal-ceramic materi-
als. Alkali-metal ceramics are typically used in reforming reactions at
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temperatures between 550 and 600 °C because they can trap CO, at a
lower temperature range than CaO.

3.4. Hydrotalcite sorbents

Hydrotalcite-like compounds or layered double hydroxides are an-
ionic clays that have been used for more than 150 years for many appli-
cations, such as catalysts, ion exchangers, fire retardants, and antacids.
Hydrotalcite (HTlc) sorbents can capture CO, and improve heat transfer
during the reforming process, leading to enhanced hydrogen production
efficiency (Dewoolkar and Vaidya, 2015). It is a commonly utilized CO,
sorbent in steam reforming reactions because of its attractive proper-
ties including distinct layered structure, highly alkaline surface sites,
large surface area, reoxidation reduction potential and feasible operat-
ing conditions requirements (Xu et al., 2020). HTlc-based sorbents can
be operated at broad temperature operating conditions (20 °C - 600 °C)
and offer medium CO, sorption capacity over appropriate cyclic stabil-
ity, such as it can retain up to 90% of the original sorption capacity
after multiple carbonization/calcination cycles with lower regeneration
energy requirements (Aschenbrenner et al., 2011).

According to a study by Yong & Rodrigues (2002), the amount and
presence of aluminium in the HTlc sorbent had a significant effect on
CO,, sorption tendency. This is because as its concentration increases
in HTIc, the charge density of the HTlc layer increases which accel-
erates the CO, sorption process. Furthermore, because HTlc is a type
of medium-temperature sorbent, its commercial application is limited
because it will degrade in the reforming reaction of macromolecular
hydrocarbons (>500°C) (Sikander et al., 2017). Improved thermal sta-
bility and active metal dispersion were achieved with the application
of metal salt-modified hydrotalcite materials containing elements such
as Ca, Cu, Ce, and Zr (Debek et al., 2017). The metal-modified hy-
drotalcite also demonstrated great hydrogen production capacity and
improved CO, sorption performance because it can prevent the forma-
tion of coke. Commercially available LDH materials have been used as
a precursor to synthesis for better capacity and kinetics for CO, ab-
sorption. Years ago, Li et al. introduced a sorbent stearate-pillared lay-
ered double hydroxide (LDH) promoted by K,CO3 for a CO, adsorbent
applicable to WGS conditions. This unique precursor is produced by
subjecting commercial hydrotalcite, a kind of LDH, to acid-aided an-
ionic exchange and wet impregnation methods. Including the pillared
stearate compound in the layered double hydroxide (LDH) structure
results in a significant increase in the gallery height extending from 0.28
nm to 3.4 nm when stearate is intercalated into the LDH. This gallery
height increase was confirmed by observing distinct peaks of diffrac-
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tion in powder X-ray diffraction (PXRD) analysis. Further, the distribu-
tion and composition of potassium (K) ions within brucite-like layers
was revealed using transmission electron microscopy (TEM) images and
energy-dispersive X-ray spectroscopy (EDX) analysis. The experimen-
tal results obtained using a thermogravimetric analyzer (TGA) demon-
strated a remarkable CO, capacity of up to 1.93 mmol/g at 300°C. This
capacity is 1.7 times greater than that of a standard K-promoted hydro-
talcite adsorbent over the enhanced kinetics (Li et al., 2013)

Ghungrud & Vaidya (2020b) developed modified HTlc-based sor-
bents by separately incorporating Ca, Cu, and Zn elements using the
co-precipitation technique. The sorbents were then evaluated for their
performance in the SESMR process. The findings revealed that among
all the metal-HTIlc combinations, the Co-Cu-HTlc sorbent demonstrated
the highest efficiency in promoting hydrogen production. HTlc material
is considered favourable catalyst support, particularly in SE-SMR, where
non-noble metal catalysts like Ni and Co are commonly employed, show-
ing promising outcomes. Dang et al. (2016) prepared a range of Co-Ca-
Al-HTlc with various Ca/Al ratios by co-precipitation method to produce
Co-Ca0-Ca;,Al; 4055 bifunctional material.

Dewoolkar & Vaidya (2017b) studied the performance of Pt and
Ru-modified Cu-Al-based HTlc in sorption-enhanced steam reform-
ing. The modified materials achieved high H, concentrations and
demonstrated stability over multiple cycles, attributed to improved
surface area, metal dispersion, and synergistic effects with HTlc sup-
port. Ghungrud et al. (2019) synthesized and investigated the perfor-
mance of Ce-HTlc-based bifunctional materials incorporated with Ni and
Co contents for SESMR process. The materials (Ce-Ni;yCosy/HTlc and
Ce-Niy;Co,y/HTlc) showed improved performance with longer break-
through times, higher CO, sorption capacities, and >90% H, purity.
They also demonstrated stability over multiple cycles. Another study by
Dewoolkar & Vaidya (2017a) in which they synthesized a hybrid mate-
rial (Ni-K-CaO/HTlIc) by mixing CaO, HTlc, and Ni catalyst and investi-
gated its efficacy in the SESR of butanol. During the pre-breakthrough
stage, the material showed stability over 21 cycles, effective synergy
among its components, and an H, concentration exceeding 95%. Addi-
tionally, it demonstrated a high 12.8 mol-CO,/kg CO, sorption capac-
ity. Furthermore, the SESR procedure that encourages hydrogen syn-
thesis uses the majority of HTLC materials made by conventional metal
species.

HTlc materials possess distinctive layered structures and strong sur-
face alkalinity, HTlc is well-suited for the sorption of CO, from acid gas.
Its sorption kinetics are slow, and its sorption capacity is much lower
than that of a sorbent based on calcium oxide. Nevertheless, to enhance
its sorption ability, it is frequently required to modify the materials.
The use of HTlc sorbents in SESR has a temperature range of around
550 °C. The incorporation of metal oxides in HTLc materials improves
the sorption-enhanced performance to achieve>90% H, purity in SESR
with high stability in sorption-desorption cycles. Therefore, to synthe-
size more effective HTlc sorbent materials in the future, more research
on the use of novel metal components in HTlc will be required.

3.5. Waste-derived sorbents

Waste-derived sorbents are derived from biomass, agricultural
residues, or industrial by-products. These sorbents provide a sustainable
approach to hydrogen production (Wang et al., 2019). In some recent
research, solid wastes were recycled to create CO, sorbents to cut costs
and eliminate waste. Waste-derived CO, sorbents provide environmen-
tal benefits by recycling solid waste and reducing its impact. Various
solid wastes, rich in components like Ca, Si, and Al, can be utilized for
low-cost sorbent preparation. In addition, including inert components
in some waste materials enhances sorbent performance, making this ap-
proach an area of active research.

Extensive research has focused on the synthesis of CO, sorbents using
solid waste, demonstrating their effectiveness comparable to sorbents
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developed based on commercial chemicals. Yan et al. (2015) utilized fly
ash from power plants as a modifier and CaO as a calcium precursor to
create a sorbent based on CaO in their work. Amazingly, even after 30
cycles of sorption and regeneration, the sorbent exhibited a stable sorp-
tion capacity of 38 wt. % at the calcination conditions (920°C in an envi-
ronment of pure CO,). The synthesis of an inert component, Ca,Al,SiO,,
within the fly ash-modified CaO-based sorbent was responsible for the
material’s increased sintering resistance. Tian et al. (2015) used Ca-rich
scrap steel slag to synthesize a CaO-based sorbent that is more stable
than bare CaO. The sorbent showed a maximum sorption capacity of 50
wt.% at the pre-breakthrough stage and held 25 wt.% after 30 cycles.
The inclusion of different metal elements such as Al, Mg, and others
in the steel slag was the reason for the production of MgO and Al,04
during the sorbent’s manufacture, as well as the improvement in sinter
resistance and porosity.

In this regard, scientists have attempted to apply CO, sorbents made
from waste in SESR hydrogen production, with promising outcomes.
Wang et al. (2019) utilized rice husk (RH) to prepare a Li;SiO, sorbent
(RHLi,SiO,4) through a solid-state reaction. The sorbent exhibited excep-
tional CO, sorption performance, with a high initial sorption capacity
of 36.57 wt.%. This capacity remained stable over 20 subsequent cy-
cles. Additionally, the RHLi,;SiO,4 sorbent was combined with a sol-gel
prepared Ni/Al,O5 catalyst for the SESR process.

Gao et al. (2020) used a variety of fly ash samples to prepare Ni-CaO-
FA bifunctional composites and CaO-FA sorbents. A sorption capacity
of 30 wt.% was maintained after 20 cycles by 90 wt.% of CaO-FAs.
It was determined that the stability was caused by the particular sur-
face area of CaO-FA5 and the presence of inert elements such as SiO,
and AlgSi;0;3. The 15-weight percent Ni-CaO-FA5 bifunctional mate-
rial demonstrated superior hydrogen production performance in the
SESR experiment. Zhang et al. (2020) increased steam reforming in coke
ovens by utilizing waste steel slag to generate a CaO sorbent, and then
assessed its efficacy and CO, sorption performance. The CaO obtained
from steel slag showed remarkable CO, sorption capabilities, continuing
to hold a 48-weight percent sorption capacity even after 35 cycles. Com-
pared to CaO made from calcium acetate, this capacity was 1.37 times
more.

Researchers have produced hydrogen by biomass gasification and
pyrolysis using waste-derived CO, sorbents, with encouraging results.
Irfan et al. (2019) examined the effectiveness of waste marble as a bi-
functional material in the steam gasification of municipal solid waste.
The study showed how well waste marble-derived bifunctional mate-
rial reforms tar and produces hydrogen-rich synthesis gas. Raheem et al.
(2019) employed eggshell waste to prepare a CaO sorbent used to gasify
lipid-extracted microalgae biomass (LMB). According to the study, both
Chlorella and Spirulina microalgae performed best when gasified and
produced hydrogen at a 50 wt.% concentration of CaO sorbent. In that
order, the obtained hydrogen yields were 252 ml.g’! and 344 ml.g™.

The utilization of the waste material in producing a sorbent is a
promising approach as it simultaneously recycles solid waste and re-
duces the sorbent production cost. A relatively recent area of research
is the use of waste-derived sorbents to increase hydrogen output through
SESMR processes.

3.6. Reforming and regeneration cycles

A key feature of SE-SMR is its cyclic nature, which includes both
reforming and regeneration processes. The cyclic process is crucial for
improving the overall efficiency of SE-SMR process. By alternating be-
tween regeneration and reforming stages, the process optimizes resource
utilization and maximizes the production of valuable outputs, such as
hydrogen and carbon monoxide. During the regeneration phase, the
sorbent material undergoes a critical transformation known as calcina-
tion. This process releases the stored CO, and prepares the sorbent for
the subsequent reforming cycles, which require temperatures exceeding
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Table 2
CaO adsorption-desorption capacities of Fe and Ga sorbents

Sorbent CO, adsorption and desorption tads,000% (MIN) Ly 000, (MiN)
capacity (mmol/g)
Pure CaO 6.9 34 33
1%Fe/CaO 13.0 24 35
5%Fe/Ca0 12.8 25 26
10%Fe/CaO 13.7 22 19
15%Fe/Ca0  12.2 30 29
1%Ga/Ca0O 13.0 21 28
5%Ga/Ca0 13.0 25 24
10%Ga/Ca0  14.2 10 17
15%Ga/Ca0  11.1 34 26

700°C, depending on the type of sorbent material. This phase is essential
for maintaining the sorbent’s efficacy and ensuring a smooth transition
to the reforming stage.

de la Cruz-Flores et al. (2020) investigated the regeneration of a de-
activated active carbon catalyst using CO, as an activating agent under
various regeneration conditions. They found that stability was achieved
after 480 minutes, with a CH, conversion rate of 60% and a H, yield of
75%. The reaction was conducted at a temperature of 850°C. It was
noted that the textural characteristics of the catalyst decreased with
each cycle of deactivation and regeneration, which may be attributed
to the formation of graphitic carbon deposited due to the carbon diox-
ide methanation (CDM) side reaction. This graphitic carbon proved to
be resistant to gasification, resulting in the deterioration of the initial
catalyst after three regeneration cycles.

Al-Mamoori et al. (2019) investigated the capacities and time re-
quired to achieve 90% of the capacity and 90% of the regeneration pro-
cess of doped materials using TGA. They doped CaO with Fe and Ga to
study their effects on the adsorption behaviour compared to bare CaO
at different ratios. Their results indicated that metal doping in CaO can
significantly reduce the regeneration time as shown in Table 2. Further-
more, stability measurements revealed that the loss of CaO capacity due
to particle sintering could be minimized in the presence of the doped
metals.

For SE-SMR to be effective, the regeneration and reforming pro-
cesses must work together harmoniously. This coordinated approach re-
duces energy losses and maximized the output of CO and H,. Fan et al.
(2012) integrated chemical looping technology with the SE-SMR pro-
cess to offer a configuration that increased the process energy efficiency.
The regeneration step of SE-SMR significantly influences the energy dy-
namics of the process, as it involves the activation of both catalyst and
sorbent material. Activation of the catalyst is necessary to initiate the
reforming processes that convert methane and steam into hydrogen and
carbon monoxide. Similarly, the activation of the adsorbent material
is crucial for releasing trapped CO, and preparing the sorbent for the
next reforming cycle. To achieve optimal efficiency and minimize en-
ergy losses in SE-SMR, it is essential to effectively activate both materi-
als.

4. Bi-functional materials (catalyst/sorbent) for enhanced
hydrogen production

Bi-functional materials have become a potentially fruitful direc-
tion for improved hydrogen generation. To maximize the processes in-
volved in producing hydrogen, these materials combine catalytic activ-
ity with sorption abilities. Bi-functional materials can concurrently pro-
mote reforming activities and selectively capture or eliminate reaction
by-products like carbon dioxide by combining catalytic and sorption ca-
pabilities into a single material (Di Carlo et al., 2017; Zhao et al., 2016).

Le Chatelier’s concept is used by SE-SMR to produce high-purity H,.
The generation of hydrogen may be adversely affected by the ineffec-
tive removal of CO, throughout the reaction. The distance between CO,,
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production and capture would be reduced, improving sorption kinetics,
by merging catalytic and sorption sites on a smaller scale and attaining
more uniform dispersion. In order to solve this, scientists have created
bifunctional catalytic materials, which combine adsorption and catalytic
active sites. This has led to a recent surge in interest in the field of SESR
sorbent research. Additionally, research suggests that these bifunctional
materials may maintain a reasonably high partial pressure of CO, close
to the sorption sites, which improves CO, collection and increases the
generation of hydrogen. These properties also assist to reduce operat-
ing costs. Nickel-based catalysts paired with CO, sorbents are one of
the most often researched bi-functional materials. The high activity of
nickel catalysts in SMR reactions is well known, and CO, sorbents cap-
ture and remove CO, from the reforming process.

There are numerous benefits to incorporating bi-functional materi-
als into SMR operations. Increasing the catalytic activity and selectivity
towards hydrogen production increases the process efficiency overall.
Simultaneous CO, adsorption lowers greenhouse gas emissions, which
helps produce hydrogen more cleanly. Ru/CazA;,Og—CaO bifunctional
materials were produced by Kim et al. (2019) via the sol-gel technique.
The material demonstrated exceptional cyclic stability in CO, sorption
experiments, maintaining 92% of its initial capacity after 10 carbona-
tion/calcination cycles, with a sorption capacity of 46 wt.%. This stabil-
ity was ascribed to the formation of a Ca3A;,Og stabilizer, which stopped
the sintering of CaO particles. The material in SE-SMR studies extracted
CO, from the product gas, which caused the reaction equilibrium to
change in favour of hydrogen generation. The produced gas H, purity
surpassed 90% during the pre-breakthrough phase throughout ten cy-
cles, demonstrating the system’s superior efficacy in boosting hydrogen
production.

Ghungrud and Vaidya (2020a) synthesized multiple bifunctional ma-
terials using the sorbent materials of CaO, MgO and ZrO, along with
Co catalyst including, Co-CaO-CeO,, Co—CaO-ZrO,, and Co-CaO-MgO
using the co-precipitation method and were applied in SESRE to en-
hance hydrogen production. At 500°C and an S/C ratio of 10, 20 cycles
of sorption and desorption were carried out. Throughout 13 cycles, it
was shown that Co-CaO/CeO, maintained steady sorption performance,
yielding more than 85% H, with a higher breakthrough time and sorp-
tion capacity of 45 min and 24.7 wt.% respectively.

Shokrollahi Yancheshmeh et al. (2017) synthesized the bifunctional
material CagA;50;3-Ca0/NiO-10CeO, using a wet mixing technique.
Further, the material was evaluated for the performance of CO, sorption
and the SESR using glycerol. After 15 cycles, the CaO conversion rate
declined from 96.5% to 80%. Further, 98% pure H, with 91% H, yield
were obtained from the SESR of glycerol employing this material during
20 cycles (Fig. 10), exhibiting strong hydrogen generation potential.

5. Reaction kinetics in (SE)-SMR

The understanding of catalytic reaction mechanisms along with the
kinetics is a highly important aspect of the SMR process, which has
not been explored adequately in the existing literature. Different ki-
netic models are developed for various catalyst systems since the derived
mechanism and parameters depend on the catalyst composition.

Akers & Camp (1955) were among the first to investigate the
methane and steam reaction rate over a reduced nickel catalyst sup-
ported by kieselguhr in 1955. They found that the reaction rate is first-
order with respect to methane with the rate determining step is the
decomposition of methane. In 1967 and 1968, (Bodrov, 1967, 1968)
found that the rate of reaction was inhibited by the presence of hydro-
gen at 673.15 to 873.15 K and was not inhibited if the temperature
was above 973.15 K. They predicted the mechanism for this reaction is
based on the surface reaction between a chemisorbed oxygen atom and
a chemisorbed CH, radical. This also aligned with the study conducted
by Temkin (1979), which stated that above 1173.15 K, the reaction rate
is simply just a first-order reaction concerning methane; however, be-
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(Shokrollahi Yancheshmeh et al., 2017)

tween 743.15 to 973.15 K, the reaction is limited by the presence of
hydrogen.

Allen, Gerhard and Likins (1975) studied the methane-steam reac-
tion using a commercial nickel catalyst at various pressures (1-18 atm).
They assumed that the controlling steps were the desorption of carbon
monoxide and carbon dioxide. They found that the kinetic models rea-
sonably represented the data at 1 atm.

Numaguchi and Kikuchi (NK) (Numaguchi & Kikuchi, 1988) and (Xu
& Froment, 1989) kinetic models are frequently used in SMR process on
nickel catalysts. The NK model incorporated the Langmuir-Hinshelwood
and power law models to create a combined rate equation for SMR,
with the assumption that the surface response is the governing step.
The model was analyzed at reaction temperatures up to 1160 K and
pressures up to 25 bar. Conversely, Xu & Froment (1989) presented
several possible chemical reactions and generated 21 sets of rate equa-
tions by considering the Langmuir-Hinshelwood reaction mechanism
over the Ni/MgAl,0, catalyst. This became one of the primary refer-
ences for the reaction rate for the SMR kinetics for industries and other
researchers such as Oliveira et al. (2009); Ding & Alpay (2000a); Wei
& Iglesia (2004); Abbas et al. (2017); Quirino et al. (2021), among
others.

In 2001, Hou & Hughes (2001) developed the kinetics of SMR over
a commercial Ni/a-Al,O5 catalyst using the Langmuir-Hinshelwood-
Hougen-Watson (LH-HW) approach by considering six possible reac-
tions. The concept of Freundlich’s non-ideal adsorption approach was
also considered to alter the powers of steam and hydrogen in the rate
equations. The comparison between the experimental data and the re-
sults from the kinetic model was in good agreement. Another kinetic
investigation was also performed by Maestri et al. (2008) on the cat-
alytic mechanism of SMR over Rh/Al,O5 catalyst at 673.15 K, 773.15
K, and 873.15 K. The comprehensive and thermodynamically consis-
tent microkinetic model was used to analyze kinetics. Methane activa-
tion was considered the rate-limiting step, while all the steps involving
the co-reactant were quasi-equilibrated. The kinetic model successfully
predicted the most significant aspects of the experiments. At high tem-
peratures, the overall reaction rate was a first-order dependent on CH,
concentration, while at low temperatures, product inhibition was also
predicted.

Wang et al. (2022) studied the reaction processes of SE-SMR cat-
alyzed by Ni-modified CaO using DFT simulations. After Ni alteration,
the rate-limiting phase of the SE-SMR process shifted from CH dissocia-
tion to CH3 dissociation. This modification led to a drop in the activation

H, purity (%)
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Fig. 11. Potential pathways and relative energy variations of the SE-SMR reac-
tion on a Ni-CaO surface (Wang et al., 2022)

energy barrier from 3.215 to 2.030 eV. Seven potential trajectories of
SE-SMR on a Ni-CaO surface for hydrogen production were identified,
as shown in Fig. 11. Liu et al. (2019) noted that adding Ni and CaO
improved the dissociation of H,O to produce enough O intermediates
for oxidizing C. The presence of Ni and CaO slowed down the diffusion
of C and the formation of C-C bonds, which therefore hindered carbon
deposition. The microscopic investigation of the reaction mechanism of
SESR in the presence of catalysts-modified CaO-based materials has not
been thoroughly investigated yet.

Salcedo et al. (2021) demonstrated the impact of the Ni/CeO, cat-
alyst on the SMR process. The pathway involving COH intermediates
proved effective in preventing carbon build-up and catalytic deactiva-
tion. The interactions between nickel and cerium-based support played
a key role in ensuring efficient SMR performance while avoiding car-
bon formation. Niu et al. (2020) evaluated the catalytic performance
of core-shell (Ni@Pt) catalysts for SMR through both DFT calculations
and experimental kinetics. Their findings revealed that Ni@Pt catalysts
facilitated the creation of potent basic surface OH* species, which en-
hanced reactivity with CHx and improved resistance to carbon build-up.
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Table 3
Overview of reaction kinetics in SMR reaction
Catalyst Temperature (K) Rate of reaction Ref.
Reduced nickel/kieselguhr 609.2-910.9 r =kPcyy (Akers & Camp, 1955)
Nickel a-alumina 673.15-873.15 r =k Pau (Bodrov, 1967, 1968)
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Wang et al. (2017) compared the effects of Ni/Ag alloy and pure Ni cat-
alyst on methane activation in SMR. The substitution of Ag atoms on the
Ni surface greatly impacted the active sites close to Ag, with Ag acting
as a blocking agent to inhibit C-H activation on the active areas of the
Ni surface. As a result, the Ni/Ag alloy successfully limited CH, decom-
position and reduced carbon formation in the SMR process. Overall, a
great deal of research has been done to examine the kinetics of SMR by
analyzing various catalysts, supports, and rate-limiting steps. As a result,
various kinetic expressions have been discovered, and Table 3 gives an
overview of relevant studies.

In the SE-SMR process, the carbonation reaction which is a non-
catalytic gas-solid reaction system is also vital to be observed as the
process involves a sorbent both in the two-pellet design (2-P) or in one-
pellet design (1-P) material. The kinetic rate expression of the carbona-
tion reaction can be expressed generally by a typical model for gas-solid
reactions in Eq. 4.

dx _
5= Kf(P,)F(x) )

Where f(P,) is the partial pressure of CO, and F(x) is a function
of conversion based on the shrinking core model, random pore model,
grain model, and other particle kinetic models (Rusten et al., 2007;
Udemu & Font-Palma, 2023). Johnsen et al. (2006) used the shrinking
core model to describe the kinetics of dolomite and introduced a param-
eter to account for the nonlinear driving force, the carbonation rate (Eq.
6) is as follows.
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Aloisi et al. (2016) successfully modeled the behavior of 1-P material
by combining reaction kinetics developed by NK and a particle grain size
model of the sorbent by Stendardo & Foscolo (2009). The model consid-
ered the influence of temperature and carbon dioxide concentration in
the gas phase on calcium oxide conversion as a function of time, as well
as subsequent carbonation cycles. The governing equation of the model
is given below (Eq. 7).
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Regeneration of the sorbent is also a critical process in SE-SMR as the
cyclic operation mode is applied in this process. Okunev et al. (2008) ap-
proximates the expression for the decarbonation rate of a single particle
as a function of temperature, CO, pressure, sorbent texture, and Sher-
wood number as below. This expression predicts the exponential decay
of the decarbonation rate with increasing CO, pressure by assuming CaO
nuclei formation is the rate-limiting step and employing the differential
particle model (Eq. 8).
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5.1. WGS reaction kinetics in (SE)-SMR
WGS reaction is a mildly exothermic reversible reaction to produce
hydrogen and carbon dioxide from carbon monoxide and steam, usually

assisted by a catalyst (Newsome, 1980). The reaction is given as follows:

20,
COy + H™® & COyy) + Hyy AH), = —41.09kJ/mol ©)
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Due to the exothermic nature of the reaction and its equilibrium
constantly decreasing with increasing temperature, lower temperatures
advance higher conversions. Nevertheless, at lower-temperature condi-
tions, the reaction kinetics are slow (Pal et al., 2018; Smith et al., 2010).
Hence, to balance between the thermodynamics and kinetics, the WGSR
typically is operated as a two-stage process, which is a high-temperature
process, 593.15 K to 723.15 K, followed by a low-temperature pro-
cess, 423.15 K to 523.15 K, with different catalysts (Baraj et al., 2021;
Masoudi Soltani et al., 2021).

Principally, there are two types of kinetic expressions for WGSR: a
microkinetic approach and a macro kinetic approach. The microkinetic
model is employed to recognize critical reaction intermediates and rate-
limiting elementary reactions to approximate the reaction order and ac-
tivation enthalpy theoretically and ultimately predict the possible cata-
lyst to improve the kinetic reactions. On the contrary, the macro kinetic
approach is based on experimental outcomes and is normally expressed
in the Arrhenius model to predict the rate of reaction (Motagamwala &
Dumesic, 2021; Smith et al., 2010).

For the microkinetic approach, the WGSR mechanism for metal oxide
catalysts has generally been categorized into regenerative and associa-
tive mechanisms. Originally proposed in the late 1940s, the regenerative
or redox mechanism is the oxidation-reduction cycle occurring on the
surface of the catalyst where the catalyst surface is oxidized by H,O to
produce H, and is reduced by CO to produce CO, (Baraj et al., 2021;
Smith et al., 2010). The reactions below summarize the regenerative
mechanism (Choi & Stenger, 2005).

H,0 + red — Hyy + Oy (10)

CO(g) + Oy = COyg) +red (11)

The associative mechanism was first presented earlier than the re-
generative mechanism in the 1920s and the surface reaction intermedi-
ate was formate (HCOO). Later, another intermediate was introduced,
which was the formation of carboxyl (COOH). The associative mech-
anism, generally represented by Langmuir-Hinshelwood involves an
adsorption-desorption process in which adsorbed species interact to cre-
ate an adsorbed intermediate, which subsequently breaks down to form
H, and CO, (Ebrahimi et al., 2020; Zhu & Wachs, 2016). The associative
mechanism is represented by the following reaction :

CO +Hy0() — (intermediate) — COyg) + Hyg (12)

Generally, the regenerative or redox mechanism is accepted to de-
scribe the high-temperature WGSR. However, for the low-temperature
WGSR, the mechanism is more challenging due to its unique mecha-
nism for each catalyst. Thus, the associative mechanism is the widely
accepted mechanism for the low-temperature WGSR (Ebrahimi et al.,
2020; Reddy & Smirniotis, 2015).

For the macro kinetic approach, there are many kinetic equations
for the high-temperature WGSR. The most common ones are shown in
Table 3. Opinions on the reaction mechanism and the effect of pres-
sure contributed primarily to the difference in the reaction rate. The
presence of impurities in the gases and different mass-transfer limita-
tions are also the reasons for the variations in those kinetics (Reddy &
Smirniotis, 2015; Twigg & Imperial Chemical Industries, 1989). Podolski
& Kim (1974) conducted experiments in a recycle reactor and used sta-
tistical techniques to differentiate between those models and they con-
cluded that the Langmuir-Hinshelwood model and the power model are
the best models to represent the reaction rate of WGSR that fits with the
data from the experiments.

The majority of the kinetic models from the high-temperature WGSR
can also be applied to low-temperature WGSR (Reddy & Smirnio-
tis, 2015). For instance, Rhodes et al., (1995) discovered a similarity
between high-temperature WGSR and low-temperature WGSR kinet-
ics based on CuO/ZnO/Cr, 05 catalysts. However, the low-temperature
WGSR also has its specific kinetic expressions, which are the most com-
mon ones represented in Table 4 (van Herwijnen & de Jong, 1980).
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Table 4
Kinetic expressions for high-temperature and low-temperature water gas shift
reaction (WGSR) (Reddy & Smirniotis, 2015)

WGSR stage Model Kinetic expressions
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(14K o [COI+Kyy, o [H, 01K o, [CO, 1+Kyy, [H, 11
__kIH,01
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Several researchers have also utilized the power law to fit the re-
action kinetics for different catalysts. The model is also well-suited for
the low-temperature WGS for different catalysts with different parame-
ters (Reddy & Smirniotis, 2015). Smith et al. (2010); Reddy & Smirni-
otis (2015) and Saeidi et al. (2017) combined the more comprehensive
kinetic expressions for both microkinetic and macro kinetic models on
the high-temperature WGSR, low-temperature WGSR, and noble metal
catalysts.

6. Exergy analysis for optimized SE-SMR process configurations

SE-SMR is a promising technology for hydrogen production with
simultaneous carbon dioxide capture. As the need for clean and sus-
tainable energy sources increases, researchers have been exploring
advanced process configurations to enhance the efficiency and envi-
ronmental performance of SE-SMR. This section focuses on several
advanced process configurations for SE-SMR, including the integra-
tion of SE-SMR with chemical looping combustion (CLC), sorption-
enhanced chemical looping reforming (SE-CLR) processes, other
sorption-enhanced steam reforming processes, and renewable energy in-
tegration (Gunawan & Singh, 2022). Exergy analysis is essential to deter-
mine the effective thermodynamic limitations of a process. A few stud-
ies have reported the exergy analysis of the SE-SMR process to evaluate
different process configurations and their performances and compare it
to the conventional SMR process (Rahmat et al., 2023). Tzanetis et al.
(2012) simulated the conventional SMR and SE-SMR using CaO-based
sorbent at 25 bar pressure in Aspen Plus to compute mass and energy
balances for the exergy analysis. In comparison to the traditional SMR
process, SE-SMR is found to be superior in producing pure hydrogen by
17.3%. The optimal operating temperature for reforming in SE-SMR is
found to be 650°C based on the hydrogen yield and reaction enthalpy.
The exergy analysis revealed that the SE-SMR process offers 3.2% more
exergy benefits. Furthermore, it is reported that the exergy benefit of SE-
SMR increased to 10.8% when compared with conventional SMR pro-
cesses including a similar level of CO, capture.

6.1. Integration of SE-SMR with chemical looping combustion

The integration of SE-SMR with CLC is an advanced process configu-
ration that combines the benefits of both technologies. CLC is a combus-
tion process that utilizes oxygen carriers to transfer oxygen from air to
the fuel, enabling efficient fuel conversion with inherent CO, capture.
Fig. 12 shows the schematic diagram of the integrated SE-SMR with CLC
process. By integrating SE-SMR with CLC, achieving simultaneous CO,
capture and hydrogen production. This configuration offers enhanced
process efficiency, reduced energy consumption, and improved overall
carbon capture performance (Zhu et al., 2015)
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Fig. 12. Schematic diagram of sorption enhanced
chemical looping combustion (SE-CLC) process
(Abuelgasim et al., 2021).
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Fig. 13. Scheme 1 and Scheme 2 represent mass and heat-integrated CLC-SESMR and self-sustained CLC-SE-SMR respectively (Alam et al., 2017)

Zhu et al. (2015) performed thermodynamic analysis to evaluate SE-
SMR-coupled with chemical looping combustion process and compared
it to the conventional SMR-based process at similar conditions using As-
pen plus software package. It was found that the SE-SMR base process
showed 95% hydrogen yield at a relatively lower reforming temperature
(665°C) in comparison to the conventional SMR-based process, which
was reported as 77.1% hydrogen yield at 900°C. Alam et al. (2017) also
integrated chemical looping with the SE-SMR process and proposed two
new schemes as shown in Fig. 13. Scheme 1 included the thermal and
mass coupling of the SE-SMR process with a chemical looping system. In
Scheme 2, for the thermal coupling additionally, the depleted air from
the air reactor was also introduced into the regenerated to utilize the
heat in the CaO regeneration process using heat recovery steam genera-
tion. The proposed scheme 2 exhibited improved performance with 98%
pure hydrogen (3.5% more than the base case) and 95.1% CO, capture,
respectively energy and exergy efficiencies of 70.3% and 68.24%.

Yan, Thanganadar, et al. (2020) proposed six process configurations
for the SE-SMR-based hydrogen production process, simulated in As-
pen Plus. The cases were built using the SE-SMR process including the
PSA unit integrated with chemical looping, oxy-fired and hydrogen-
fired calciners. The detailed modelling of the heat exchanger network
was implemented, and thermodynamic analysis was performed to ac-
count for the calculations of waste heat recovery. The effect of pro-
cess variables including S/C ratio, reforming temperature and pressure
on process performance was studied and briefly presented in Table 4.
The cases were compared using the criteria of H, purity, CO, capture
efficiency, methane conversion, cold gas, and net efficiency of a pro-
cess. The net efficiency of a process is calculated using equation 13,

17

Where’ Hz-ﬂow-produced’ CH4-ﬂow-in»CH4-ﬂow-in-additional r espectively are the
mass flowrate of produced hydrogen, feed methane and the additional
methane consumed as a fuel to meet the heating requirements in the
boiler and calciner.

n= HZfInw—praducedXLHHZ (13)

- Utilitygree
(CH4fIaw—in + CH4flow in—additionaI)XLHCH4 + <

NElc

It is reported that the SE-SMR system including the PSA unit inte-
grated with chemical looping (Case 4) can provide almost 100% CO,
removal efficiency, whilst replacing chemical looping with the oxy-fired
system (Case 5) can also result in similar CO, capture efficiency and
hydrogen purity. However, the net process efficiency was reduced by
2.7% compared to case 2. The reduction in net efficiency is observed
as the CO, capture efficiency and H, purity level are increased, this is
attributed to the additional consumption of methane as a fuel and the
increased penalty of electricity in the air separation unit.

6.2. Integration of SE-SMR with amine-based PCC

Davies et al. (2024) considered Yan et al.’s case 2 (discussed in the
previous section) as a base case and modified it by retrofitting it with
the amine-based PCC process to capture CO, from the combustor. The
schematic diagram of the reported process is shown in Fig. 14. Feed gas
contains methane, and steam enters the reforming reactor along with
CaO and purified hydrogen is produced which is separated using knock-
out drums and the PSA unit. The CaO in the reformer converts into
CaCOj3, which is regenerated in the calciner. The heat required in the
calciner is provided by the combustor unit using methane gas and the
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Fig. 14. SESMR Integrated with Amine-based PCC system (Davies et al., 2024)

produced CO, is passed to the amine-based PCC system which captures
CO,, and the loaded amine solvent is further regenerated in the desor-
ber unit. The authors analyzed the process for the exergy evaluation to
determine the true thermodynamic potential of the process. The CO,
capture efficiency and exergy efficiency were respectively determined
as 96.04 % and 69.21 %. The results revealed that the combustion pro-
cess and the PCC system reduce the exergy and process efficiency due to
the highly irreversible nature of the combustion and amine absorption
process. Furthermore, the process was modified by replacing combus-
tion and PCC systems with chemical looping combustion. The results
revealed that the CO, capture rate reached around 100 % and exergy
efficiency also considerably improved (76.31 %).

6.3. Integration of SE-SMR with chemical looping reforming process

Sorption-enhanced chemical looping reforming (SE-CLR) is an inno-
vative process configuration that combines the principles of SE-SMR and
chemical looping reforming (CLR). The schematic diagram of the SE-
CLR process is shown in Fig. 15. SE-CLR integrates a CO, sorbent into
the CLR process, enabling simultaneous CO, capture and reforming re-
actions. The CO, sorbent captures CO, during the reforming stage, and
then, in the reduction stage, the captured CO, is released and utilized as
an oxygen carrier for fuel conversion. SE-CLR offers several advantages,
including improved hydrogen purity, enhanced reforming performance,
and efficient CO, capture and utilization (Udomchoke et al., 2016).

6.4. Integration of SE-SMR with renewable energy

The integration of renewable energy sources into SE-SMR processes
offers opportunities for sustainable hydrogen production. Renewable en-
ergy sources such as solar and wind power can provide electricity for
operating various components of the SE-SMR system, including pumps,
compressors, and CO, sorbent regeneration units. The schematic dia-
gram of SE process integrated with solar energy is shown in Fig. 16. The
use of renewable energy reduces the carbon footprint of the SE-SMR pro-
cess and contributes to the decarbonization of the hydrogen production
sector. Furthermore, the coupling of renewable energy with SE-SMR can
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Fig. 15. Schematic diagram of sorption enhanced chemical looping reforming
(SE-CLR) process (Udomchoke et al., 2016)

enable the production of "green hydrogen" which has zero or low carbon
emissions throughout the entire production process (Song et al., 2022).

6.5. Other sorption-enhanced steam reforming processes

In addition to the integration with CLC and CLR, other sorption-
enhanced steam reforming processes have been investigated. These in-
clude the integration of SE-SMR with Pressure Swing Adsorption (PSA)
(Abd et al., 2023), Membrane Reactors (Anderson et al., 2014), and
Hybrid Systems (Faheem et al., 2021). The integration with PSA in-
volves the use of a CO, sorbent in the PSA unit to capture CO, from
the reformate stream, allowing for enhanced hydrogen recovery and
reduced CO, emissions. Membrane reactors combine catalytic reform-
ing and CO, separation in a single unit, enabling in situ CO, capture
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and high-purity hydrogen production. Hybrid systems integrate mul-
tiple technologies, such as SE-SMR, PSA, and/or membrane reactors,
to achieve synergistic effects and optimize process performance for en-
hanced hydrogen production and CO, capture.

7. Techno-economics of SE-SMR

SE-SMR is increasingly regarded as a transformative technology for
clean hydrogen production, as it integrates hydrogen generation with
in situ carbon capture. To evaluate its feasibility and commercial po-
tential, a comprehensive techno-economic assessment is required. This
section examines the key factors including the economic viability of SE-
SMR, including technical specifications, capital investments (CAPEX),
operational costs (OPEX), and potential revenue generation of SE-SMR
(Bhandari & Shah, 2021). A detailed analysis is essential to determining
whether SE-SMR can be scaled for industrial use and integrated into the
global hydrogen economy.

Recent studies have significantly advanced the techno-economic
analysis of hydrogen production technologies. For example,
Catumba et al. (2023) provided a bibliometric analysis of hydro-
gen generation, highlighting sustainability challenges, while Garcia
& Oliva (2023) evaluated the economic and environmental aspects of
green hydrogen produced via solar and wind energy. Other researchers
have examined hydrogen production from renewable energy sources,
adding valuable insights to the field (Al-Orabi et al., 2023; Hasan &
Geng, 2022; Karayel et al., 2023; Kudria et al., 2021).

The primary metric for assessing the techno-economic feasibility of
hydrogen facilities is the Levelized Cost of Hydrogen (LCOH). LCOH of-
fers a comprehensive analysis of the total costs incurred over the lifespan
of a hydrogen production plant and enables standardized comparisons
across hydrogen production methods. It serves as a critical indicator of
SE-SMR’s long-term financial viability and is a key tool for investors and
policymakers in guiding decisions (Parkinson et al., 2019). The LCOH is
calculated using Eq. 14:

Several factors influence the cost of hydrogen production, including
geographical location, energy source, plant design, raw materials, and
capacity. Table 6 provides a comparative analysis of LCOH for various
hydrogen production methods, adjusted to 2023 Consumer Price Index
(CPI) values to account for inflation. Monte Carlo methods have also
been employed to predict future costs based on technological advance-
ments.

The comparative analysis of hydrogen production methods, as indi-
cated in Table 5 highlights a clear cost advantage for blue hydrogen,
particularly through SMR and its variants, over green hydrogen produc-
tion. While SE-SMR, which incorporates in situ carbon capture, incurs
slightly higher costs than traditional SMR, it remains competitive due to
its dual benefit of hydrogen production and carbon capture, positioning
SE-SMR as a viable solution for reducing CO, emissions with manage-
able economic penalties.

The cost difference between blue and green hydrogen can be at-
tributed to several factors. In blue hydrogen production, natural gas
prices are a major component, contributing 52-69% of operational ex-
penses (OPEX). This reliance on natural gas prices makes blue hydrogen
production more vulnerable to market fluctuations. For SE-SMR, CO,
storage costs typically range between $10 and $20 per tonne of CO,,
adding approximately $0.09 to $0.18 per kg of H, produced. In ana-
lyzed cases, CO, storage alone accounts approximately 8% of total op-
erating expenses (OPEX) (Yan, Manovic, et al., 2020). In contrast, green
hydrogen production relies heavily on renewable energy sources, such
as solar or wind, which have higher CAPEX, contributing to the wider
range of LCOH values for green hydrogen.

In SE-SMR, catalysts play an essential role in CO, capture, though
the costs associated with catalysts, particularly Ni-based catalysts, are
relatively minor in comparison to CO, capture and storage expenses. For
instance, Yan, Manovic, et al. (2020) found that the Ni-based catalyst
cost is about 0.5-1.1% of total OPEX in SE-SMR. This modest contribu-
tion highlights that while catalysts are indispensable for SE-SMR, their

(Net Present Value of Total Cost (CAPEX + OPEX) over the liftime of the plant [$])

LCOH =

(14)

(Total Hydrogen Production over the liftime of the plant [kg])
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Table 5

Sensitivity analysis for multiple cases proposed by Yan, Thanganadar, et al. (2020)
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No. Cases CO, capture  H, purity  Net efficiency =~ Optimal conditions
(%) (%) (%)

1 SE-SMR Air fired calciner 63 98 76 The optimal reforming temperature was found in the range
of 600 to 650°C, whilst pressure and S/C were determined
as 5 bar and 5 respectively.

2 SE-SMR Pressure swing adsorption 69 100 75 The optimal reforming temperature was below 650°C, and
5 bar pressure was found optimal for maximum CO,
capture efficiency, while 25 bar pressure was found for
maximum process net efficiency.

3 SE-SMR integrated with chemical looping combustion 95 98 72 Similar conditions as reported for case 1.

4 SE-SMR Pressure swing adsorption integrated with chemical 100 100 76 The optimal temperature and pressure were reported as

looping combustion below 650°C and 25 bar respectively.

5 SE-SMR Pressure swing adsorption with oxy-fired calciner 100 100 74 Similar conditions as reported for case 4.

6 SE-SMR Pressure swing adsorption with indirect H,-fired 87 100 62 For pressure and temperature conditions the reported

calciner values are similar to case 2. However, an S/C ratio of 5
was found suitable to achieve maximum CO, capture
efficiency and S/C of 3 was optimal to achieve maximum
process efficiency.

Table 6
Comparative analysis of levelized cost of hydrogen (LCOH) across different hydrogen production methods (adjusted to 2023 consumer price index, CPI).

Hydrogen Feed source (Technology) Levelized Cost of Adjusted Cost to Reference

Production Type Hydrogen [$/kg]® 2023[$/kg] *

Blue Natural Gas (SMR/ATR) 0.5-1.7 0.6-1.9 (IEA (2021), Global Hydrogen Review 2021, IEA, Paris Https:

//Www.Iea.Org/Reports/Global-Hydrogen-Review-2021,
License: CC BY 4.0, n.d.)

Blue Natural Gas (SE-SMR) 2.3-3.6 2.7 -4.2 (Yan, Manovic, et al., 2020)

Blue Natural Gas (SMR) 1.8-1.9 2.1-2.3 (Nazir et al., 2021)

Blue Natural Gas (SMR-VPA) 7.4-79 7.6 -8.1 (Lee et al., 2023)

Green Electrolysis (PV/Wind) 3.7-45 3.7-46 (Al-Orabi et al., 2023)

Green Electrolysis (PV /Wind) 7.0 -14.8 7.7 -16.3 (Benalcazar & Komorowska, 2022)

Green Electrolysis (Offshore Wind) 13.8-14.6 14.6-15.5 (Jang et al., 2022)

Green Electrolysis (PV/Wind) 5.0-6.1 59-7.2 (Turkdogan, 2021)

2 Bold text is used to highlight the lower levelized cost of hydrogen (LCOH) for each hydrogen production route.

b PV refers to Photovoltaic

direct economic impact on operating costs is significantly lower than
that of CO, capture and storage.

Research into bi-functional materials, such as Ru/Ca;Al,04—CaO, is
gaining attention for its potential to improve SE-SMR performance by
reducing solid flux and enhancing intra-particle mass transfer. How-
ever, the high cost of ruthenium (approximately $18,560 per kilogram)
(Ruthenium prices, 2024) compared to nickel (around $16.33 per kilo-
gram) (Nickel prices, 2024) presents a significant challenge. While bi-
functional materials show promise in optimizing efficiency, their eco-
nomic feasibility at scale remains a concern. Furthermore, real-world
data on SE-SMR’s economic performance with various catalyst-sorbent
systems, especially in large-scale applications, is limited.

Another important factor influencing the economic performance of
hydrogen production facilities is the CAPEX-to-OPEX ratio. For blue hy-
drogen, this ratio typically stands at 1:1.15 (Yan, Manovic, et al., 2020),
indicating that operational expenses (such as fuel, electricity, and CO,
management) have a greater impact on overall costs than initial capital
investments. This is particularly relevant for technologies like SE-SMR,
where ongoing fuel and CO, storage costs can significantly affect long-
term profitability.

Geographical location also substantially impacts the LCOH, as
demonstrated by marked cost differences across countries. For instance,
the cost of producing green hydrogen in Egypt is three to four times more
expensive than in Poland (Al-Orabi et al., 2023), largely due to dispari-
ties in energy infrastructure, renewable resource availability, and elec-
tricity costs. This geographical variability underscores the importance of
local energy market conditions in determining the economic feasibility
of hydrogen production technologies.
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8. Challenges and future directions

In this section, we will explore the challenges and future directions
of SE-SMR for blue hydrogen production. SE-SMR encounters a range
of technical challenges and limitations that need to be addressed. Addi-
tionally, environmental and economic considerations play a crucial role
in the development and adoption of SE-SMR. Furthermore, policy and
regulatory aspects are important factors that shape the implementation
and success of SE-SMR technologies.

8.1. Technical challenges and limitations

SE-SMR has the potential for hydrogen production but faces many
technical obstacles and restrictions. A key problem involves developing
high-performance sorbents that can effectively capture CO, and remain
stable in the demanding conditions needed for steam methane reform-
ing. Developing and refining the sorbent material requires careful en-
gineering to achieve a balance in adsorption-desorption kinetics, selec-
tivity, and durability. Similarly, development of effective catalyst in the
sorption enhanced reforming environment is also challenging as the op-
erating temperature conditions of the SE-SMR process is different to the
conventional process. In addition, the understanding of sorbent and cat-
alyst is also crucial and the development of stable bifunctional material
that act as both catalyst and sorbent may be the appropriate solution
for effective operations of SE-SMR process. Additionally, incorporating
sorbent beds into the reformer system increases intricacy and expenses,
requiring strong technical solutions to guarantee effective and uninter-
rupted functioning. The energy needs of the process and their effects on
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the efficiency of the reforming process are crucial elements that require
in-depth examination and solutions for mitigation. Scalability and cost-
effectiveness in large-scale implementations are important areas that
need more study and development to promote the broad use of SE-SMR
technology.

8.2. Environmental and economic considerations

Implementing SE-SMR has significant effects on environmental sus-
tainability and economic feasibility. SE-SMR shows potential as a
method to decrease greenhouse gas emissions linked to hydrogen pro-
duction from an environmental standpoint. SE-SMR efficiently captures
CO, during the reforming process, showing promise in reducing CO,
emissions and aiding in climate change mitigation. Yet, the energy re-
quirements of SE-SMR, especially the regeneration of sorbents and the
overall process energy needs, require a thorough life cycle analysis to
evaluate its overall environmental impact compared to traditional SMR
or other hydrogen production techniques. From an economic perspec-
tive, SE-SMR can potentially decrease the expenses related to CO, col-
lection by combining it with hydrogen generation. However, obstacles
remain in enhancing the cost efficiency of sorbent materials, system in-
tegration, and operational costs. The initial expenditure needed to im-
plement SE-SMR technology, which includes research and development
expenses for enhanced sorbents and system design, continues to be a
key factor affecting its economic viability and general acceptance in the
market. Advancements in material research, process optimization, and
creative economic models are necessary to improve the competitiveness
and appeal of SE-SMR in environmental and economic aspects.

8.3. Policy and regulatory aspects

Policy and regulatory frameworks related to energy generation,
emissions reduction, and technology innovation play a crucial role in ef-
fectively implementing and accepting SE-SMR. Government regulations
that promote clean energy sources and decrease carbon emissions are
essential for encouraging the use of SE-SMR. Regulatory mechanisms
including carbon pricing, emission reduction objectives, and subsidies
for low-carbon technology might affect the economic feasibility and ap-
peal of investments in SE-SMR. Yet, a crucial obstacle is ensuring that
these policies are effectively coordinated to promote the advancement
and implementation of SE-SMR. The technology’s distinctive features,
including combining CO, capture with hydrogen production, would ne-
cessitate customized regulatory frameworks that address its particular
qualities while maintaining safety, effectiveness, and environmental sus-
tainability. Collaboration among policymakers, industry stakeholders,
and research institutions is crucial to develop supportive policies, of-
fer funding incentives, and establish a regulatory environment that pro-
motes innovation, scalability, and the widespread use of SE-SMR as a
viable solution for a sustainable energy future.

9. Conclusions

The progress in research on developing SE-SMR process has been
summarized,highlighting the urgent need to mitigate the significant en-
vironmental impact associated with conventional SMR methods. These
traditional methods contribute to nearly half of global hydrogen pro-
duction, with approximately 95% of hydrogen worldwide still derived
fromfossil fuels. This study aims to assess past advancements, current
challenges and future prospects in this critical field. The review delves
into various aspects of the SE-SMR process, including process analy-
sis, catalyst development, reaction kinetics, CO, sorbents, SE-SMR pro-
cess configurations and techno-economic assessments. Among sorbents,
CaO-based materials stand out for their cost-effectiveness and high the-
oretical CO, sorption capacity. However, their efficiency diminshes sig-
nificantly over repeated carbonization/calcination cycles. Strageties to
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enhance their performance include introducing inert components, modi-
fying calcium precursors, and tailoring the microscopic structure. Alkali-
metal-ceramic materials exhibit promise because of their stable cyclic
performance, but are limited by lower sorption capacity and slow kinet-
ics. Recent efforts have focused on refining their preparation methods
and incorporating molten salts to improve CO, sorption. Hydrotalcite
materials, with their layered structure and high surface alkalinity are
also explored for CO, sorption. However, their performance in terms
of capacity and kinetics lags behind CaO-based sorbents, necessitating
modifications to boost efficiency. Additionally, exploring waste derived
sorbents offers a promising avenue for reducing costs while recycling
solid wastes. Bifunctional catalysts, which combine catalytic and sorp-
tive sites in a single particle, are a key focus of recent SE-SMR research.
These bifunctional catalysts improve reaction kinetics and reduce reac-
tor residence time.

SE-SMR technology provides notable benefits, such as a levelized
cost of hydrogen that is approximately 25% lower and a carbon foot-
print that is almost 40% lower than traditional method. Its integrated
design enables its scalability to hundreds of megawatts, making it vi-
able for industrial applications. The future of SE-SMR appears bright,
with advancements in catalyst and sorbent development continuing to
gain momentum Particularly, the rise in interest around bifunctional
materials has spurred innovation, as these materials demonstrate excep-
tional mass transfer efficiency and outstanding performance in hydrogen
production. Waste-derived sorbents also represent a burgeoning area of
research, combining sustainability with economic feasibility. This re-
view not only highlights the current state of SE-SMR technology but
also paves the way to future advancements in the pursuit of a greener
energy landscape.
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