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A B S T R A C T   

Sorption-enhanced steam reforming (SE-SR) offers lower capital costs than conventional steam reforming with 
carbon capture, which arises from the compact makeup that allows reforming and CO2 capture to occur in a 
single reactor. However, the technology readiness level (TRL) of SE-SR technology is currently low and large- 
scale deployment can be expedited by ramping up activities in reactor modelling and validation at pilot scale. 
This work first explores the concept of SE-SR technology, then the experimental activities and pilot tests per-
formed for this technology, followed by the review of progress made on SE-SR modelling. It was found that the 
Eulerian-Eulerian two-fluid model is the most popular approach widely adopted for modelling SE-SR in fluidised 
bed reactors. However, the averaging method used to close equations ignores flow details at particle level and 
simplifies the particle system. Moreover, while hydrogen purity and yield have been predicted within an 
acceptable error, larger errors for CO2 gas output relative to experimental data have been reported for this model 
type. Limitations and future perspectives for reactor designs and the various models and modelling approaches 
are also analysed, to provide guidance and advance research, modelling and scaleup of SE-SR technology.   

1. Introduction 

Each year, significant CO2 emissions resulting from the direct release 
of the flue gas associated with the combustion of fossil fuels are recor-
ded. There is a widespread agreement on the threats of climate change 
caused by CO2 emissions and its severity if disregarded. As a result, 
different nations joined forces and established the historic Paris Agree-
ment that seeks to limit increase in mean global temperature below 2 ◦C, 
ideally 1.5 ◦C, relative to pre-industrial levels by reducing greenhouse 
gas emissions [1]. Economic communities such as the European Union, 
the United States of America and Canada, as well as several business 
establishments have adopted and are highly committed to achieving net- 
zero emissions target [2,3]. To this end, decarbonisation strategies have 
been developed to accelerate progress towards achieving net-zero 
emission; amongst which includes the increased support and deploy-
ment of low carbon technologies such as carbon capture and low-carbon 
hydrogen infrastructure [4]. 

Hydrogen is well-recognised to possess high energy density by 
weight, almost thrice that of gasoline and produces water when com-
busted [5]. Currently, approximately 95 % of the worldwide production 
of hydrogen is from fossil fuels [6]. Alternative hydrogen production 

routes from renewable sources are less efficient and cost-effective at 
large scale, therefore, fossil fuel is still expected to play a significant role 
towards creating a hydrogen economy [7,8]. Moreover, a review carried 
out by British Petroleum, BP, disclosed a surge in the volume of proved 
natural gas reserves from 2000 to 2020, with associating rise in demand 
and consumption over the recent years [9]. However, hydrogen pro-
duction from fossil fuels emits 830 MtCO2 annually [10], with steam 
methane reforming (SMR) identified as the leading hydrogen production 
technology. SMR process is regarded as the most cost-effective tech-
nology for producing high yield hydrogen at commercial scale. 

Recent studies indicate that SMR with carbon capture and storage 
(CCS) technologies can satisfy hydrogen demand in the medium term 
[11]. In addition, an economic and life cycle analysis of clean hydrogen 
production from ten different technologies; including biomass and coal 
gasification, SMR, methane pyrolysis and electrolysis (wind, nuclear and 
solar), showed that SMR with CCS has the lowest cost of low-carbon 
hydrogen production [12]. Currently, there are only three 
commercial-scale hydrogen production facilities integrated with carbon 
capture and storage (CCS) technology, having a combined carbon cap-
ture capacity of ~2.1 million metric tons per year [13]. Port Arthur 
plant combines SMR from an existing facility and post combustion 
capture (PCC) technology employing vacuum swing adsorption for CO2 
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separation. Designed to capture 90 % CO2, hydrogen production reaches 
500 tonnes per day and is majorly used for fuel upgrading in the pe-
troleum refinery. Quest CCS plant produces 900 tonnes of hydrogen per 
day in a petroleum refinery and captures CO2 from the existing SMR 
using amine-based PCC, with CO2 capture rate of 82 % [14]. Port Jerome 
produces hydrogen by SMR for use in the refining industry and inte-
grated with PCC method called CRYOCAP™ where membranes and 
cryogenic separation are adopted for CO2 removal. CO2 capture rate in 
this facility reaches 95 %. However, current SMR plants with CCS ret-
rofits impose a cost penalty (around $76) per tonne CO2 captured, and 
reduce the overall process efficiency (65–70 %) [11,15,16]. Moreover, 
construction of such conventional SMR-CCS systems to service heat and 
transport may not be efficient in terms of cost and high yield hydrogen 
production in the near future, as new and efficient technologies are 
continually emerging [11]. 

With great demand to achieve net-zero by 2050, and an increasing 
discovery of proven fossil fuel reserves, the transition to large-scale low- 
carbon hydrogen will require significant deployment of new low-carbon 
hydrogen plants. Opportunity still exists for the development of sus-
tainable blue hydrogen technologies to meet the hydrogen demand 
necessary to reach net-zero emissions [13]. Accordingly, sorption- 
enhanced steam reforming (SE-SR) is an advanced blue hydrogen pro-
duction technology, in which the reforming steps and CO2 separation 

steps are integrated in a single reactor. This technology offers a reduc-
tion of operational complexity and improves hydrogen yield at low cost 
of gas post-processing, compared with conventional hydrogen produc-
tion technologies such as SMR. At present, investigations on sorption- 
enhanced processes are gaining popularity at both experimental and 
modelling level. Modelling studies are highly useful in understanding 
chemical processes, especially advanced technologies like SE-SR; and its 
successful development will help minimise experimental costs. 

Sorption-enhanced processes have been reviewed in literature, as 
seen in Table 1, based on a broader scope. No review has been devoted to 
modelling studies concerning SE-SR in fluidised bed reactor at the 
reactor level. Therefore, this review not only focuses on highlighting the 
status of SE-SR models, but also its modelling approaches and reliability, 
while providing guidance for future modelling of SE-SR process in 
fluidised bed reactors. In this paper, the sorption-enhanced process by 
steam reforming of methane is mainly described, but also includes 
reforming of other raw materials. The first section will give an overview 
of the technology and provide a brief review of experimental and pilot 
studies conducted in fluidised bed reactors. The second section will 
focus on the models, modelling activities and approaches implemented 
to study SE-SR process. It is worthy to note that this review does not 
consider feedstocks employing solid fuels such as coal and biomass. 

Nomenclature 

Ametal surface Catalyst’s metal surface area, [m2] 
Cd Drag coefficient 
D Diameter of reactor, [m] 
go,ss Radial coefficient 
H Height of reactor, [m] 
K Equilibrium constant [1/Pa] 
k1,k2,k3 Rate constants in R1, R2 and R3, respectively 
kad Adsorption rate constant 
k0

SMR Rate constant for SMR in NK model, [kmol/(kg s atm0.404
)] 

k0
WGS Rate constant for WGS in NK model, [kmol/(kg s atm)] 

M Molecular weight, [kg mol− 1] 
n Parameter in the sorption rate equation 
p Partial pressure, [bar, atm] 
qCO2 CO2 loading in adsorbent, [mol kg-1

CO2] 
q*

CO2 
Adsorbent CO2 loading at equilibrium [mol kg-1

CO2] 
rad Sorption rate, [mol/kg s] 
R Rate of reaction, [kmol/ kgcat

-1 s− 1] 
R1 Steam methane reforming reaction in XF model 
R2 Water-gas shift reaction in XF model 
R3 General steam methane reforming reaction in XF model 
Sh Sherwood number 
T Temperature, [K] 
U Superficial velocity [m/s] 
u Gas velocity [m/s] 
Δwmax Maximum CO2 uptake, [g CO2/g absorbent] 
XCaO,XCarb Fractional conversion of sorbent 
z Vertical coordinate along the reactor 

Abbreviations 
1, 2, 3-D One, two, three dimensional 
BFB Bubbling fluidised bed 
CCS Carbon capture and storage 

CFB Circulating fluidised bed 
CFD Computational fluid dynamics 
COG Coke oven gas 
CSCM Combined sorbent catalyst material 
DEN Denominator 
GM Grain model 
ICFB Internally circulating fluidised bed 
KTGF Kinetic theory of granular flows 
LDF Linear driving force 
MSCFD Million standard cubic feet per day 
RPM Random pore model 
S/C Steam-to-carbon ratio 
SCM Shrinking core model 
SE-SMR Sorption-enhanced steam methane reforming 
SE-SR Sorption-enhanced steam reforming 
SMR Steam methane reforming 
TRL Technology readiness level 
WGS Water-gas shift 

Greek 
β Partial reaction orders for glycerol 
γ Partial reaction orders for steam 
α Transfer coefficient 
ε Porosity 
∊ Voidage 
ρ Density [kg/m3] 
ζ Bulk viscosity [Pa.s] 

Subscripts 
a, b, c Co-efficient of reaction 
ETD Ethanol dehydrogenation 
ACD Acetaldehyde decomposition 
i Gas species  

C. Udemu and C. Font-Palma                                                                                                                                                                                                                



Fuel 340 (2023) 127588

3

2. SE-SR technology 

2.1. Process overview 

The concept of sorption-enhanced reaction for hydrogen production 
was earlier proposed by Gluud et al. [27], in which the steam reforming 
and shift reactions occur in a such a manner that the produced CO2 is 
removed immediately, thereby shifting the equilibrium towards more 
hydrogen and CO2 production, according to Le Chatelier’s principle. The 
steam reforming and carbonation reactions mentioned, occur in the 
reformer/carbonator in the presence of a catalyst and sorbent. To reduce 
the cost of replacing fresh sorbent after each capture cycle, the sorbent is 
regenerated in a calciner or regenerator. In the calciner, the sorbent is 
regenerated by reducing the partial pressure of CO2 below its equilib-
rium either by pressure swing [28] or temperature swing [29]. Various 
reactor concepts have been proposed and reported for sorption- 
enhanced steam reforming (SE-SR), including trickle bed [30,31], 
fixed bed [32–40] and fluidised bed reactors. 

Existing pilot scale configurations for sorption-enhanced steam 
reforming (SE-SR) usually involve single or two interconnected bubbling 
fluidised bed (BFB) reactors. In SE-SR occurring in fluidised bed re-
actors, the fuel and steam are usually introduced through the bottom of 
the reactor at a specified steam-to-carbon ratio, and a flowrate above the 
minimum fluidisation velocity for the binary particles (catalyst and 
sorbent). The reforming and water–gas shift reactions occur inside the 
reactor alongside the sorption reaction, with reaction temperature 
ranging between 550 ◦C and 650 ◦C under atmospheric conditions 
[35,41–44]. This combined reforming/carbonation reaction is consid-
ered to be thermally neutral, which means that the exothermic 
carbonation reaction provides just enough heat for the reforming reac-
tion in the reactor [17]. Accordingly, the carbonation reaction produces 
CaCO3 solids that are regenerated in the calciner operated at or above 
900 ◦C to produce pure CO2 stream, with heat provided directly or 
indirectly. The combined reforming reaction is represented in equation 
(1), while the carbonation/regeneration reaction is given in equation 

(2). 

CaHbOc +(2a-c)H2O⇌
(

2a-c+
1
2

b
)

H2 + aCO2 (1)  

MOa(s) +CO2(g)⇌MCO3(s) (2) 

M denotes alkali or alkaline-earth metals such as potassium, calcium, 
sodium, lithium and aluminium – based materials. Zeolites, metal 
organic frameworks, and hydrotalcites also make up the sorbents [45]. 
Hydrogen concentration at the outlet stream of SE-SR can reach as high 
as 99.31, as observed in the work of Wu et al. [46] using methanol as 
feedstock and hydrotalcite as sorbent; or much lesser at ~94 % [47], 
depending on the feedstock, sorbent and operating conditions. (Fig. 1) 

Catalysts and sorbents play a crucial role in the performance of SE- 
SR. The development and use of solid sorbents is popular due to their 
lower regeneration temperature which reduces the energy penalty for 
CO2 separation [48]. The choice of solid sorbent for CO2 capture in SE- 
SR has been reported to be dependent on a number of other factors 
including: kinetics of adsorption and desorption, adsorption capacity, 
cost, performance and stability after multiple carbonation – regenera-
tion cycles [22]. On the other hand, the criteria for catalyst selection 
include high thermal and mechanical stability, high activity at high 
temperatures, increased life time and efficient heat transfer [49]. Nickel 
catalyst is the most widely adopted catalyst for steam reforming 
compared to other noble metals such as platinum, iridium and rhodium. 
However, due to the tendency of these catalysts and sorbents to sinter at 
high steam-to-carbon ratio, a great deal of development is being made 
towards the improvement of these materials. A more compact material 
made by the combination of sorbent and catalyst is found to be feasible 
for application in SE-SR. These materials are referred to as bifunctional 
catalysts or combined sorbent catalyst materials [21,50], and have been 
widely reported in literature for use in hydrogen production via SE-SR. 
They benefit from the minimisation of particle sintering, low solid 
holdup in the reactor, little or no particle separation, better integration 
of exothermic and endothermic reactions and improved inter-particle 
flow [21]. 

Table 1 
Highlights of review studies concerning SE-SR process.  

Authors Review focus 

Harrison [17] General overview of research activities in sorption-enhanced 
process with emphasis sorbent adoption and durability. 

Voldsund et al. [18] General review of fossil-fuel based hydrogen production 
technologies with carbon capture such as absorption, 
adsorption, membrane, cryogenic separation technologies 

Hanak et al. [19] Review of progress and application of calcium-looping 
technologies in power generation systems including the 
application of sorption-enhanced process in power 
generation 

Wang et al. [20] Detailed review of sorbents for carbon capture including 
techno-economic assessment and sorbent application 
technologies. 

Giuliano and 
Gallucci [21] 

Review of SE-SR of methane with focus on the adoption and 
progress of CaO-based sorbent and Nickel-based catalyst in 
SE-SR of methane. 

Barelli et al. [22] Overview of methods to improve hydrogen production by 
SMR. Review of operating parameters for SE-SR of methane 
including performance of commonly used SMR and 
carbonation kinetic models. 

Wu et al. [23] Brief review on materials and thermodynamic studies of SE- 
SR with focus on developments in adsorptive reactor 
configuration. 

Romano et al. [24] Brief review of calcium-looping technologies modelling 
studies. 

Soltani et al. [25] Reviewed the impact of different process configurations of 
SE-SMR and the application of artificial intelligence in 
optimisation of SE-SMR 

Sikarwar et al. [26] Explored the various dimensions of in-situ CO2 capture 
including sorption-enhanced – gasification of solid fuels, 
reforming of gaseous hydrocarbons, and water–gas shift of 
various feedstock.  

Fig. 1. Schematic diagram of the sorption-enhanced steam reforming process.  
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2.2. Thermodynamics and effect of operating conditions 

A thermodynamic analysis of SE-SR of methane using a calcium- 
based sorbent shows that an equilibrium hydrogen content of >95 % 
can be attained at steam-to-carbon ratio of 4, pressure of 15 atm, and 
temperatures below 750 ◦C [51]. A maximum hydrogen content of 96 % 
can be obtained at 650 ◦C, in addition to a highly efficient carbonation 
reaction. Although hydrogen purity increases with temperature due to 
high methane conversion, the CO2 separation efficiency is highly 
reduced at temperatures above 850 ◦C and desorption occurs. It has also 
been reported that even higher pressures up to 30 bar for SE-SR reduces 
the hydrogen purity and methane conversion but improves the 
carbonation reaction [52]. (Fig. 2) 

Factors such as temperature, pressure, steam-to-carbon ratio are 

known to affect hydrogen production by SE-SR processes in similar ways 
as described by thermodynamics. Temperature is a fundamental quan-
tity that affects hydrogen purity and yield, as well as efficiency. At 
higher temperatures, fuel conversion is favoured due to endothermic 
steam reforming reaction, whereas CO2 removal is inhibited due to the 
exothermic carbonation reaction [35]. Thus, CO2 and hydrogen are 
increased and reduced respectively in the prebreakthrough periods. 
Therefore, an optimum temperature at which hydrogen purity is 
improved whilst reducing outlet CO2 composition, must be determined. 
Barelli et al. [22] divided the typical response from a sorption-enhanced 
reactor into start-up region – period of catalyst reduction and activation; 
prebreakthrough period – equilibrium for SE-SR is reached and 
maximum concentration can be obtained for all components; break-
through period – all sorbent has been converted and H2 begins to reduce; 

Fig. 2. Hydrogen yield at equilibrium with and without CO2 sorbent (reused from Balasubramanian et al. [51], with permission from Elsevier).  

Fig. 3. Reactor response profile for SE-SR of methane (reused from Balasubramanian et al. [51], with permission from Elsevier).  
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and post-breakthrough period – corresponding to the absence of 
adsorption and dominance of steam reforming. (Fig. 3) 

High steam-to-carbon (S/C) ratio has also been known to improve 
hydrogen concentration in the product stream [35]. Experimental trends 
for SE-SR show that the average S/C ratio used in experiments is 3 for 
methane but up to 6 for ethanol and glycerol. This implies that steam-to- 
fuel ratio is entirely subject to the type of feedstock adopted and will 
increase with the carbon content of the feed. However, due to increased 
plant cost imposed by higher steam-to-carbon ratios, an optimum is 
advised. Furthermore, the trend in published works shows that almost 
80 % of the experiments are carried out in fixed bed reactors, possibly 
due to ease of operation at lab scale while a few are performed in 
bubbling fluidised bed reactors. However, it is important to perform 
more SE-SR experiments in fluidised bed reactors, as these are more 
appropriate for large scale applications. This will also improve model-
ling and validation studies and enable understanding the challenges 
associated with continuous operation mode for the process, even at large 
scale. 

2.3. Review of experimental and pilot tests in fluidised bed reactors 

Experiments are important in model validation, to ensure the reli-
ability and accuracy of the model in process analysis. Few experiments 
have been conducted for SE-SR in fluidised bed reactors and main 
achievements are described here. 

2.3.1. Lab-scale fluidised bed reactors 
An experiment conducted by Johnsen et al. [53] is popularly 

employed in model validation of SE-SR of methane in BFB reactors. In 
their work, a lab scale BFB reactor of height (without the expansion 
section) – 0.66 m and inner diameter of 0.1 m was used to study the 
performance of SE-SR of methane within the bubbling regime. Sorbent 
regeneration was also carried out sequentially in the same reactor at 
850 ◦C. Under a catalyst/dolomite mass ratio of 2.5, S/C ratio – 3, 
reforming temperature and pressure of 600 ◦C and 1 atm respectively; 

hydrogen composition reached 98–99 vol% dry basis for up to 180 min, 
after 4 carbonation–calcination cycles. The duration reduces because of 
reduced sorption capacity of the dolomite sorbent caused by the 
increasing number of cycles. Similar results showing reduced sorption 
capacity with increasing carbonation–calcination cycles have also been 
reported by Hildenbrand et al. [54]. 

In the experiment by Hildenbrand et al. [54], the performance of 
natural dolomite sorbent during SE-SR of methane was examined in a 
fluidised bed reactor of inner diameter 25 mm. They reported the exis-
tence of an induction period, during which calcium hydroxide (Ca 
(OH)2) is produced by the reaction of CaO with water vapour. This in-
duction period is found to be dependent on temperature and steam-to- 
carbon ratio, with elevated temperatures and steam-to-carbon ratios 
reducing the induction time. Low hydrogen yield was observed during 
this period, due to the subsequent reduction in steam, following the 
formation of Ca(OH)2. 

Martínez et al. [55] compared the performance of a synthetic CaO- 
based sorbent and reforming catalyst compared with a combined sor-
bent catalyst material (CSCM) under relevant operating conditions. An 
SE-SR experiment was conducted in a batch fluidised bed reactor of 
length – 853 mm, internal diameter – 53.1 mm and distributor plate 
located 586 mm from top reactor. The same reactor was adopted for the 
calcination of the sorbent in a steam-rich environment and in the pres-
ence of small hydrogen. The CO2 sorption capacity of the CSCM was the 
same as that of the separate sorbent particles and H2 purity reached 96 
%. The presence of at least 4 vol% H2 within the calciner was recom-
mended to prevent the deactivation of the catalyst due to oxidation. 
(Fig. 4) 

More recently, García et al. [56] experimentally investigated the 
performance of SE-SR of biogas in an updraft fluidised bed reactor and 
compared the results with the conventional biogas reforming. The 
reactor, which has an inner diameter of 27 mm, was loaded with dolo-
mite sorbent and nickel-based hydrotalcite catalyst materials at a 
sorbent-to-catalyst ratio of ≥ 5 g/g for the experimental runs. Hydrogen 
purity of 98.4 vol% was obtained at 550–600 ◦C before it reduced with 

Fig. 4. Laboratory set-up for SE-SR of biogas (reused from García et al. [56], with permission from Elsevier).  
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an increase in temperature, whereas the hydrogen yield obtained at 
650 ◦C was 93.2 % for methane and 92.7 % for biogas. 

SE-SR is still transitioning to TRL 6; therefore, few pilot test facilities 
are in existence. For example, a 1.5MWth pilot plant is currently being 
developed at Cranfield University, UK to produce blue hydrogen, with 
the major aim of demonstrating SE-SR under high pressure conditions 
(up to 30 bar) while improving the process economics [57]. A brief re-
view of the pilot operations performed in currently existing pilot plants 
will be provided below, with the goal of identifying key operating pa-
rameters and results, useful for modelling studies and validation. 

2.3.2. Pilot test facilities for SE-SR 

2.3.2.1. Institute for energy technology, IFE Hynor. IFE, Hynor operates 
the Hydrogen Technology Centre consisting of a high temperature solid 
oxide fuel cell (SOFC) technology integrated with a hydrogen reformer 
pilot plant. The reformer system is a dual bubbling fluidised bed pro-
totype that produces hydrogen by sorption-enhanced steam reforming of 
methane [58]. The 30kWH2 pilot plant has a reformer/carbonator which 
is a bubbling fluidised bed with freeboard height, freeboard inner 
diameter and bed diameter of 1.20 m, 0.348 m and 0.2545 m respec-
tively, interconnected to a bubbling bed calciner and a riser unit for 
transport. To improve heat integration, a high temperature heat 
exchanger is submerged in the calciner which is dimensioned to account 
for the heating surface for the decarbonation reaction. A riser with 
height, 4.5 m and inner diameter, 0.067 m transports the solids from the 
reformer to the calciner using the reformate gas (contains minor quan-
tities of CO2, CO, unconverted CH4 and N2). The operating conditions for 
the reformer/carbonator and the calciner are 600 ◦C and 850 ◦C 
respectively, at near atmospheric pressure and using dolomite sorbent 
and nickel catalyst. (Fig. 5) 

A first batch test of the plant was run at reformer condition – 600 ◦C, 
fluidisation velocity – 0.29 m/s, steam to carbon ratio – 4 and sorbent to 
catalyst mass ratio of 2.8, using upgraded biogas as the feedstock. A 
stable hydrogen concentration of 95 % vol and high carbon capture rate 
was obtained and temperature distribution across the reactor bed was 

reported to be uniform, validating the feasibility of operating the process 
under such conditions. The regeneration batch test, first powered up by 
electricity before stabilizing with the burner, exhibited a linear and even 
temperature increase across the bed. However, tests are ongoing to 
operate these reactors as a loop, coupling the solid circulation in 
continuous mode. 

2.3.2.2. Gas Technology Institute (GTI) Hydrogen Technology. GTI has 
piloted an SE-SR process termed the compact hydrogen generator 
(CHG), with hydrogen production capacity of 20 MSCFD (~48 kg/day) 
and located at Energy and Environment Research Centre (EERC) in 
Grand Forks, North Dakota [60]. The pilot plant consists of reformer/ 
carbonator fluidised bed reactor loaded with ~11 kg of nickel-based 
catalyst and CaO sorbent that is elutriated through the bed, a stand-
pipe which temporary stores the CaCO3 to be regenerated and an indi-
rectly fired rotary kiln calciner. The reformer is operated at 700 ◦C, 
steam to carbon ratio of 3 and 1–3 atm pressure, whereas the calciner 
temperature is maintained at 850–900 ◦C. Sorbents of small particle 
sizes (<10 µm) is adopted for rapid release of CO2 within a short resi-
dence time in the calciner, to mitigate sorbent decay and sintering 
caused by high temperature exposure. The standpipe is also controlled at 
hydraulic head of about 0.14–0.2 atm to prevent pressure differences 
between the reactor system as well as separate hydrogen product gases 
and burner gases, coupled with a rotary valve at the bottom to direct 
solids into the calciner. (Fig. 6) 

Four tests were carried out in the plant in 2016, with the first test 
riddled with challenges arising from design and installation: rotor 
damage and inability to seal burner hat. However, subsequent tests 
proved successful culminating in ~80–90 % hydrogen purity, 90 % CO2 
capture rate and minimisation of catalyst degradation. The fourth test to 
increase the feed rate to design rate was successful but hydrogen purity 
was reduced due to low sorbent activity. Finally, the total pilot plant 
operational time reportedly reached 88+ hours of SER operation and 
more than 200 h of solids handling operation, achieving >92 % 
hydrogen purity and 90 % carbon capture rate [62]. 

Fig. 5. Design of the dual bubbling fluidised bed SER plant at IFE (reused from Meyer et al. [59], with permission from Elsevier).  
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3. Models for SE-SR process 

Modelling studies are incredibly useful in developing an under-
standing of chemical processes, especially modern technologies like SE- 
SR. Rigorous modelling work will accelerate the deployment of SE-SMR 
technology, as these studies will expose complications and bottlenecks, 
as well as provide solutions, associated with the process at large scale. 
This section aims to provide insights on the status of SE-SR models and 
modelling approaches, highlight model reliability and drawbacks, and 
provide guidance for future modelling works, in order to advance SE-SR 
technology. The increasing interest in SE-SR as a technology for low 
carbon hydrogen production is the main driver for this section. 

The overall mathematical model can vary depending on the scale 
(lab to large), spatial dimension (1D, 2D and 3D) and state (steady and 
dynamic). Modelling of reactive flows like SE-SR in fluidised bed reactor 
incorporates bed fluid dynamics (hydrodynamics) and the chemical re-
action kinetics models. The hydrodynamic models are categorised into 
the conventional fluidisation models and CFD models, while the kinetic 
models depend on the type of sorbent and feedstock employed, which is 
different for each feed and catalyst type. 

3.1. Kinetic models 

In SE-SR, kinetic models are developed for the reforming, carbon-
ation/sorption and decarbonation reactions as described here. 

3.1.1. Steam reforming reactions 
SE-SR of methane using nickel-based catalyst and calcium oxide 

(CaO) as sorbent are predominantly used, due to their natural abun-
dance and well-established kinetics. Several kinetic models have been 
developed to describe steam methane reforming (SMR) kinetics using 
elaborate reaction mechanisms, different kinetic approaches and over 
various catalysts. One of the earlier kinetic studies performed for steam 
methane reforming over nickel reported that the reaction of steam with 
methane is first order relative to methane, with methane decomposition 
being the rate-determining step [63]. This model neglects diffusion 
limitation of the gases in the derivation of the rate equation and could be 
difficult in its prediction of product distribution. A subsequent kinetic 

model proposed that the desorption of carbon monoxide and carbon 
dioxide is the rate determining step [64]. The complexities and con-
flicting description of SMR kinetic models resulted in the development 
of more exhaustive models by other researchers. 

In SE-SR of methane over nickel catalyst, kinetic models by Numa-
guchi and Kikuchi (NK) [65], and Xu and Froment (XF) [66] are 
commonly applied. The NK model considered the Langmuir- 
Hinshelwood and power law type approach to develop a hybrid rate 
equation for SMR, while assuming surface reaction as the rate- 
controlling step. The model was studied for reaction temperatures and 
pressure up to 1160 K and 25 bar, respectively. Conversely, Xu and 
Froment [66] presented a number of possible chemical reactions and 
generated 21 set of rate equations from developed reaction schemes, in 
their kinetic study of SMR over Ni/MgAl2O4 catalyst. They used the 
Langmuir–Hinshelwood approach to describe and formulate the reac-
tion step and rate equation. Their mechanism indicated that CO and CO2 
are formed in parallel out of the methane adsorbed onto the catalyst, 
with the predicted rate reported to be dependent on the partial pressure 
of hydrogen. Although this model has been criticised for being complex 
and misrepresenting the mechanism of methane dissociation [67], it is 
widely adopted to model processes involving SMR on Ni-based catalysts. 
This is probably because all the possible reaction mechanisms involved 
in SMR as well as the diffusion limitations, were considered in the 
determination of the intrinsic rate equation. A summary of the reforming 
reaction applied to SE-SR is presented in Table 2. 

Different kinetic models are developed for different catalyst systems 
because the variation of catalyst composition affects the parameters 
obtained and mechanisms in the kinetic model, thereby creating diffi-
culty in the derivation of a general rate equation applicable for different 
catalysts [70]. Other kinetic models with associated rate expressions for 
SMR on various catalyst systems have been proposed using different 
kinetic modelling approaches. Power law approach was used to develop 
kinetic models for SMR on Rh–Ni/MgAl2O4 catalyst and Ni-YSZ (yttria- 
stabilized zirconia) cermet by Katheria et al. [71] and Sugihara et al. 
[72], respectively. Other kinetic models employing Langmuir- 
Hinshelwood approach have been developed for Ni/a-Al2O [73], 
Nickel/Calcium Aluminate [70] and LaNiO3 perovskite-type oxide [74] 
catalyst systems. 

Fig. 6. Process flow diagram of GTI’s compact hydrogen generator pilot plant (reused with permission from Mays et al. [61]).  
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Table 2 
Rate equations for steam reforming reactions applied to SE-SR.  

Ref. Reactions Rate equations (kmol.kgcat
-1 s− 1) Equation 

Methane [66] R1 : CH4 + H2O ⇌ CO + 3H2R2 : CO 
+ H2O ⇌ CO2 + H2 

R3 : CH4 + 2H2O ⇌ CO2 + 4H2 R1 =

k1

P2.5
H2

[

PCH4 PH2O -
P3

H2
PCO

K1

]

DEN2 R2 =

k2

PH2

[

PCOPH2 -
PH2 PCO2

K2

]

DEN2 R3 =

k3

P3.5
H2

[

PCH4 P2
H2O -

P4
H2

PCO2

K3

]

DEN2 DEN = 1 + KCH4 PCH4 + KCOPCO +

KH2 +
KH2OPH2O

KH2 

3456  

Methane [65] SMR: CH4 + H2O ⇌ CO + 3H2WGS: 
CO + H2O ⇌ CO2 + H2 rSMR =

k0
SMR • exp(-

ESMR

RT
)(pCH4

pH2O-
pCOp3

H2

KSMR
)

p1.596
H2O

rWGS =

k0
WGS • exp(-

EWGS

RT
)(pCOpH2O-

pCO2
pH2

KWGS
)

pH2O 

78  

Ethanol [68] r1 : C2H6O ⇌ C2H4O + H2r2 : C2H4O ⇌ 
CO + CH4r3 : CH4 + H2O ⇌ 
CO + 3H2r4: CO + H2O ⇌ CO2 + H2 

r1 =
kETDPC2H6O

DEN

(

1-
1

KETD
•

PC2H4OPH2

PC2H6O

)

r2 =
kACDPC2H4O

DEN

(

1-
1

KACD
•

PCOPCH4

PC2H4O

)

r3 =
kSMRPH2OPCH4

DEN2

(

1-
1

KSMR
•

PCOP3
H2

PH2OPCH4

)

r4 =
kWGSPH2OPCO

DEN2

(

1-
1

KWGS
•

PCO2 PH2

PH2OPCO

)

DEN = 1 + KCH4 PCH4 + KEtOHPEtOH + KH2OPH2O 

910111213  

Glycerol [69] C3H8O3(g) + 3H2O(g)⇌ 
3CO2(g) + 7H2(g) + 345kJ/mol 

Ri = (νi)Ae-Ea/RTpβ
C3H8O3

pγ
H2OAmetalsurface 14 

(νi = − 1 or +1, if species i is being consumed or produced, respectively). 
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Furthermore, the rate expression for ethanol steam reforming (ESR), 
catalysed by nickel catalyst, is based on Langmuir-Hinshelwood- 
Hougen-Watson kinetic model developed by Wu et al. [68], which 
considers four reaction pathways – ethanol dehydrogenation, acetalde-
hyde decomposition, steam reforming and water gas shift. Other rate 
expressions for ESR often used combine the power rate law-based 
ethanol decomposition developed by Mas et al. [75] with the SMR 
rate expressions of Xu and Froment [66]. In the case of glycerol steam 
reforming, the reaction rate is derived using the power law approach, 
with the main reaction being glycerol decomposition and SMR. 

3.1.2. Carbonation reactions 
Carbonation involves the reaction of CO2 with alkali or alkaline- 

earth metal oxides-based sorbents or any other material such as 
layered double hydroxides, hydrotalcite, zeolites capable of adsorbing 
CO2 [20,76]. Rate expressions for these reactions can be developed 
based on a typical gas–solid heterogenous kinetic models [77]. The 
generic model for carbonation is expressed as [77]; 

dx
dt

= kf(Pa)F(x) (15)  

Where f(Pa) represents the driving force in terms of CO2 partial pressure 
and is based on the order of reaction. The definition of F(x) is a function 
of conversion and is based on any of the particle kinetic models such as 
shrinking core, grain and pore models. According to the shrinking core 
model, the reaction progresses from the surface to the middle of the 
particle, leaving behind a thin product layer. It separately describes the 
surface reaction and product layer diffusion, leading to separate equa-
tions developed for both regions [78]. This model has been used to 
describe the kinetics of dolomite as presented in Table 3 [79]. A 
parameter, n was introduced to account for the nonlinear driving force. 

Alternatively, the grain model considers how grain size distribution 
changes with the reaction [78]. Stendardo and Foscolo [80] used the 

grain model to describe the behaviour of dolomite carbonation, while 
accounting for the dramatic decrease in the rate of carbonation that the 
shrinking core model was unable to explain. Similarly, Sun et al. [81] 
established an intrinsic rate expression for the carbonation of limestone 
and dolomite using a grain model. The rate constants were determined 
for each driving force (based on CO2 partial pressures) less than and 
greater than 10 kPa, respectively. Grain models have also been devel-
oped by a few authors for bifunctional pellets, assuming a constant 
volume and spherical pellets [40,82]. Aloisi et al. [82] successfully 
validated with experimental data, a pellet model developed for a new 
multifunctional catalyst for SE-SR of methane. The model was proven to 
describe the catalytic and sorption considering sorbent decay, with 
sensitivity analysis of sorbent grain size performed to account for 
sintering. 

Pore models assume that the reaction proceeds by initially filling 
small pores before the diffusion process occurs [78]. Its variation, a 
three-dimensional random pore model (RPM), imagines the reacting 
solid surface to be the result of randomly overlaid cylindrical surfaces 
with specified pore size distribution and has been modified for appli-
cations in SE-SR. The RPM for fluid–solid reactions originally proposed 
by Bhatia and Perlmutter [83] has taken on a variety of forms to account 
for sorbent multi-cycling in SE-SR process [84]. 

In addition, apparent kinetic models that describes reaction kinetics 
in a simple and transparent way without the use of morphological 
measurements, can also be employed to describe carbonation in SE-SR 
[85]. Other sorption diffusion kinetics models such as the linear 
driving force (LDF) model have also been proposed [86]. LDF model 
features a driving force based on the linear difference between the 
equilibrium and actual adsorption amounts, as well as a proportionality 
constant, taking into consideration the adsorbent’s intraparticle diffu-
sional resistance. It is worthy to note that the conversion for CaO-based 
sorbent is usually assumed to be below 28 % due to reduced sorbent 
usage and degradation during CaO multi-cycling. 

Table 3 
Rate equations adopted for carbonation in SE-SR.  

Sorbent [Ref.] Kinetic models Rate equations Equation 

Dolomite [79] SCM 

rc =

3
RP

(1 − XCaO)

2
3 1

RT
(
Pco2 − Pco2,eq

)n

1
k4

+
RP

[
(1 − XCaO)

1
3 − (1 − XCaO)

2
3
]

De
+
(1 − XCaO)

2
3

kg 

16 

Dolomite [80], Bifunctional catalyst [82] GM 
rc =

σ0,CaOks(1 − XCarb)
2/3 ( CCO2 − CCO2 ,eq

)

1 +
ksNCa

2DPL
δCaO

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − XCarb

3
√

(

1 −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − XCarb

1 − XCarb + XCarbZ
3

√ )
17 

Dolomite [81] GM rc =
dX
dt

= kC
(
Pco2 -Pco2,eq

)nS(1-XCaO)
18 

kC =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

1.04 × 10-4exp
(

-E
RT

)

at PCO2 -PCO2 ,eq ≤ 10kPa ; n = 1

1.04 × 10-3exp
(

-E
RT

)

at PCO2 -PCO2 ,eq > 10kPa ; n = 0 

19 

Limestone [81] GM rc =
dX
dt

= kC
(
Pco2 -Pco2,eq

)nS(1-XCaO)
20 

kC =

⎧
⎪⎨

⎪⎩

1.67 × 10-3exp
(

-E
RT

)

at PCO2 -PCO2 ,eq > 10kPa; n = 0

1.67 × 10-4exp
(

-E
RT

)

at PCO2 -PCO2 ,eq ≤ 10kPa; n = 1 

21 

Limestone [87] Apparent dX
dt

= kC
(
Cco2 -Cco2,eq

)0.37
(

1 −
XCarb

XU

)2.61 22 

Limestone, dolomite [84] RPM dX
dt

= kC
(
Cco2 -Cco2,eq

)(P/Po)
0.083
(

1 −
XN

XU,N

)2/3 23 

Hydrotalcite [86,88] LDF δqCO2

δt
= KLDF(q*

CO2
− qCO2 )

24 

LiO-based [77] Apparent dX
dt

= K
(
Pco2 -Pco2,eq

)n
(

1-
q

qmax

) 25 

Lithium zirconate [89] Apparent rad =
Δwmax

MCO2

kadCn
CO2

(1-
Δw

Δwmax
)

26  
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3.1.3. Decarbonation/calcination reactions 
SE-SR is ideally operated in a cyclic manner, where regenerated 

sorbent is recycled back to the carbonator, thus affecting the texture of 
the sorbent and in turn the kinetics of the carbonation and calcination. 
Under this condition, Okunev et al. [90] analysed decarbonation rates 
data obtained from experiments for a CaO-based sorbent. A rate 
expression for decarbonation of CaO was formulated in terms of CO2 
pressure, sorbent texture, Sherwood number and temperature. For SE- 
SR process employing CaO-based sorbent, the decarbonation model by 
Okunev et al. [90] is popularly employed and is presented in equation 
(27). 

rdecay =
1

MCO2

2.46 × 104Sspexp
[
− 20474

T

]

[
16 d2

p Sspρp
ε2Sh

]2/3
+ exp

[
7.8
(

PCO2
PCO2,eq

) ]

(

1 −
PCO2

PCO2,eq

)

(27)  

3.2. Hydrodynamic models 

Hydrodynamic models delineate the behaviours and interactions 
between the gas–solid and solid–solid flows for the various fluidisation 
regimes characterised by variations in gas velocity. The original hy-
drodynamic model developed by Toomey and Johnstone [91] and later 
improved by Kunii et al. [92] describes bed dynamics using bubble ac-
tion. Though, hydrodynamic models for fluidised bed reactors have been 
expanded to include the rising CFD models. 

3.2.1. Conventional fluidisation models 
In bubbling fluidised beds, the conventional fluidisation models are 

the two-phase model – postulated by Toomey and Johnstone which was 
later improved by Davidson and Harrison [93]; and the three-phase 
model – developed by Kunii-Levenspiel [92]. These models use bubble 
motion to describe the behaviour of fluidised beds, thus limiting its 
application to bubbling fluidised bed reactor, and are usually empirical 
or non-predictive [94]. Several modifications to the originally proposed 
two and three phase models have gone on to be developed. One of such 
models is the Orcutt model which has been applied to SE-SR of methane 
[79]. 

In this modelling approach, a differential slice (see Fig. 7) is taken 
across any height of the reactor (reformer/carbonator) for the bubble 
and emulsion phases. Mass and energy balances are then written for 
each phase (gas and solid) in the bubble and emulsion phases, with an 
interphase mass transfer coefficient used to represent the mass exchange 

between both phases. The resulting equations are partial differential 
equations which must be solved numerically along with their constitu-
tive correlations. Whilst some of the hydrodynamic parameters 
including minimum fluidisation velocity, bubble rise velocity, bubble 
size and bed voidage are presented in Table 4, more details on these 
variables are available in literature [92–94]. 

Other fluidisation models have also been postulated to describe flow 
structures and transition from the various existing fluidisation regimes. 
For circulating fluidised beds which mostly operate in the fast fluid-
isation regime, these models have been classified into three types: (1) 
models capable of predicting the axial variation in density of solids 
suspension only, (2) models that assume two or more phases to predict 
radial variations, and (3) models that describe gas–solid flow using the 
principles of fluid dynamics [97]. While the Type 2 models have been 
loosely adopted to model SE-SR in a CFB [98], Type 3 models (including 
CFDs) are commonly used in the modelling SE-SR process in fluidised 
bed systems. 

3.2.2. CFD models 
CFD approach employs the conservation law of fluid dynamics to 

predict gas–solid flow behaviour in fluidised beds. This approach has 
been proven to depict bubble formation, growth and decay for a 
continuous flow [99] and can be used for a wide range of fluidisation 
regimes. Modelling of the conservation equations (mass, momentum and 
energy) for the solid and gaseous phases requires that the phases be 
described using any of the following approaches depending on the level 
of detail sought; Eulerian-Lagrangian (E-L) or Eulerian-Eulerian (E-E) 
[100]. E-L approach treats gas phase as a continuum whereas solids are 
treated as discrete phase and particle motion is tracked. Two classes of 
Eulerian-Lagrangian approach exist: discrete element method (DEM) 
and dense discrete phase model (DDPM) [101], with the later recently 
used to model the sorption-enhanced process. However, the Eulerian- 
Eulerian (multi-fluid or two-fluid model) approach is widely applied 
in the literature for the modelling of the SE-SR process, due to its low 
computational cost. In the E-E approach, both phases are described as 
interpenetrating continua, with individual conservation equations 
written and solved for the fluid and/or solid phases. The resulting 
averaged equation produces a set of unknowns that are solved using 
closure laws such as the constant particle viscosity (CPV), particle and 
gas turbulence (PGT), particle and gas turbulence with drift velocity 
(PGTDV), particle turbulence (PT) and kinetic theory of granular flows 
(KTGF). Majorly, the concept of kinetic theory of dense gases is applied 
to the granular solid flows to estimate the necessary constitutive cor-
relations for the solid interfaces such as interphase momentum transfer, 
internal heat and mass transfer, solid pressure, stress tensors (see 

Fig. 7. Schematic of the differential slice for a two-phase fluidisation model.  

Table 4 
Relevant constitutive correlations in conventional fluidisation model.  

Parameters Equations Unit Equation Ref. 

Minimum 
fluidisation 
velocity 

umf = Rep,mf
μg

dpρg
;  

Rep,mf =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
33.72 + 0.0408Ar

√
− 33.7;  

Ar =
1.75
(ε3

mf ϕ)
Re2

p,mf +

150(1 − εmf )

(ε2
mf ϕ2)

Rep,mf 

m/s 28 
[95] 

Bubble voidage 
fraction 

∊b =
u − umf

ub 

– 29  

Bubble rise 
velocity 

Ub = 0.711
̅̅̅̅̅̅̅̅
gdb

√ m/s 30 
[93] 

Bubble size db =

dbm − (dbm − db0)exp
(− 0 • 3z

dt

)
m 31 

[96] 

Interphase mass 
transfer 
coefficient 

kbe = 0 • 75Umf +

0 • 975g0.25D0.5

d0.25
b 

1/s 32 
[92]  
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Table 5 
Governing equations for a CFD model in the Eulerian framework and some constitutive correlations and drag models.  

Principles Equations Equation Ref. 

Continuity ∂
∂t
(εkρk) +

∂
∂xi

(εkρkuk) = Scon 
33 

[103] 

Momentum [ ∂
∂t
(
εkρkuki

)
+

∂
∂xj

(
εkρkukj uki

) ]

= − εk
∂Pk

∂xj
+

∂τkij

∂xj
+ εkρkgi − M + Smomuki 

34 
[103,104] 

Species composition ∂
∂t
(εkρkXkn) +

∂
∂xi

(εkρkXknuki) =
∂

∂xi

(

Dkn
∂Xkn

∂xi

)

+ Ssp 
35 

[103] 

Energy conservation ∂
∂t
(εkρkHk) + ∇ • (εkρkukHk) = ∇(λk∇Tk) + ΔHk + Sen 

36 
[103] 

Granular temperature 3
2

εmρm

[
∂Θn

∂t
+umj

Θ∂m

∂xj

]

=
∂

∂xj

(

κn
∂Θm

∂xj

)

+ τmij
∂Umi

∂xj
+ Πm − γ 

37 
[103] 

Solid pressure Ps = εsρsΘs + 2ε2
s ρsΘsg0,ss(1+ess) 38 

[105] 
Interfacial momentum force M = β(us − uk) 39  
Wen and Yu drag model 

β =
3
4
Cd

εpεgρg
⃒
⃒vp − vg

⃒
⃒

dp
ε− 2.65

g ;  

Cd =
24

εgRep

[
1+0.15

(
εgRep

)0.687
]

40 
[106] 

Gidaspow drag model 
β = 150

εp
(
1 − εg

)
μg

εgd2
p

+ 1.75
ρg
⃒
⃒vp − vg

⃒
⃒

dp
,εg ≤ 0.80;  

β =
3
4
Cd

εpεgρg
⃒
⃒up − ug

⃒
⃒

dp
ε− 2.65

g ,εg > 0.80;  

Cd =

⎧
⎨

⎩

24
εgRep

[
1 + 0.15

(
εgRep

)0.687
]
,Rep < 1000;

0.44,Rep ≥ 1000 

41 
[107] 

Syamlal-O’Brien drag model 
β =

3εpεgρg

4v2
r,pdp

Cd

(
Rep

vr,p

)
⃒
⃒up − ug

⃒
⃒;  

ur,p = 0.5
(

A − 0.06Rep +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
0.06Rep

)2
+ 0.12Rep(2B − A) + A2

√ )

; 

42 
[108] 

Gibilaro drag model 
β =

(17.3
Rep

+0.336
) ρg

⃒
⃒ug − us

⃒
⃒

dp
∊s∊− 1.8

g ReP =
(1 − ∊s)ρg

⃒
⃒ug − us

⃒
⃒dp

μm
g 

43 
[109]  
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Table 6 
Summary of modelling activities for SE-SR in fluidised bed reactors.  

References Reactor 
concept 

Operating conditions Kinetic models Modelling approach Research outcome 

Johnsen et al. [79] Dual BFB 
D = ~0.1 m 

P = 1 bar; 
T = 873 K; 
S/C = 3–4; 
Gas velocity = 0.1 m/s 

SMR Carbonation Calcination Steady-state two-phase model of Orcutt 
et al. [129]  

• To achieve > 90 % capture efficiency, reformer temperature between 
540 ◦C and 630 ◦C is recommended. 

Ref.  
[66]  

Ref. [79] Ref. [79]  

Solsvik et al.  
[114,115,118] 

BFB, CFB 
Small 
D = 0.1–0.2 m; 
H = 1 m 
Large 
D = 0.6 m; 
H = 4 m 

T = 900 K; 
P = 1 and 10 bar; 
S/C = 3; 
Gas velocity = 0.2 m/s 

Ref.  
[66] 

Ref. [81]  CFD: 1-D Eulerian-Eulerian (two-fluid) 
model based on KTGF.  

• Model validation showed wide deviations when internal flow details 
were compared. 

Performance of SE-SR largely depends on reactor temperature.  

Sanchez et al.  
[130] 

CFB 
D = 1 m 

T = 873 K; 
Gas velocity = 0.10 m/s; 
S/C = 4 

Ref.  
[66] 

Ref. [81] Ref. [90] CFD: 1-D Eulerian-Eulerian two-fluid 
model based on Constant Particle 
Viscosity (CPV); 
Gidaspow drag model 

Low reformer temperature and high hydrogen yield was observed at low 
solid circulation rates.  

Di Carlo et al.  
[117] 

BFB 
ID = 0.25 m; 
H = 2 m; 
Bed height =
0.4 m 

T = 923 K; 
P = 1 bar; 
gas velocity = 0.2–0.5 m/s; 
S/C ratio = 3 

Ref.  
[65] 

Ref. [80] and 
Ref. [82] 

– CFD: 2-D Eulerian-Eulerian two-fluid 
model based on KTGF; 
Gibilaro drag model.  

• At 100 % calcined sorbent condition, up to 95 % hydrogen purity can be 
obtained for all superficial velocities whereas at 50 % calcined sorbent, 
less than 85 % purity is obtainable.  

Herce et al.  
[112,113] 

BFB 
H = 1 and 4 m; 
D = 0.1 and 1 m 

T = 600, 800 & 900 K; 
P = 1 & 7 bar; 
Superficial gas velocity =
0.1, 0.2 & 0.5 m/s; 
S/C ratio = 4 

Ref.  
[66] 

Ref. [80] and 
Ref. [81] 

– CFD: 2-D Eulerian-Eulerian two-fluid 
model based on KTGF; 
Syamlal-O’Brien drag model and 
Modified-Wang drag model  

• The effect of heat and mass transfer on SE-SR reaction is more apparent 
at large scale compared to the use of different sorbent. 

Carbonation reaction is the rate limiting step of SE-SMR process.  

Phuakpunk et al.  
[111,131] 

CFB 
Riser 
H = 7 m; 
ID = 0.05 and 
0.2 m 
Regenerator 
D = 1.2 m; 
Bed height =
0.8 m 

Riser 
T = 848 and 938 K; 
P = 1 bar; 
S/C = 4; 
Gas velocity = 4 and 6 m/s; 
Regenerator 
Gas velocity = 1 m/s 

Ref.  
[66] 

Ref. [81] Ref. [90] CFD: 2-D transient Eulerian-Eulerian two- 
fluid model based on KTGF; 
Gidaspow drag model  

• Hydrogen purity is influenced by design parameters other than reaction 
parameters, with gas velocity, the riser diameter and the solid flux 
having the most impact. 

Solid preheating to 950 ◦C is required to achieve CaO conversion of 
~ 0 % when regenerator was scaled up to a double-stage bubbling bed.  

Lindborg et al.  
[119] 

BFB 
H =
0.687–5.496 m; 
D =
0.229–0.916 m 

P = 10 bar; 
T = 848 K; 
Superficial velocity = 0.10 
m/s; 
S/C = 5 

Ref.  
[66] 

Ref. [89] – CFD: 2-D Eulerian-Eulerian two-fluid 
model based on KTGF; 
Gibilaro drag model  

• Bed diameters have little effect on hydrogen production, therefore wide 
reactors are the best choice for high mass throughputs. 

Performance by heat supply through CFB exceeds the batch reactor 
wall heating.  

Chen et al.  
[47,110] 

Ref.  
[66] 

Ref. [77] and 
Ref. [88] 

– CFD: 2-D transient Eulerian-Eulerian two- 
fluid model; three-fluid models based on  

• Under high velocities, large bubble sizes reduce CO2 capture efficiency 
for the hydrotalcite sorbent, not necessarily gas residence time. 

(continued on next page) 
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Table 6 (continued ) 

References Reactor 
concept 

Operating conditions Kinetic models Modelling approach Research outcome 

BFB 
H = 1 m; 
D = 0.1 m 

T = 773 K; 
P = 1 bar; 
Inlet velocity = 0.08–0.3 m/ 
s 

KTGF; 
Syamlal–O’Brien drag model and 
Gidaspow drag model 

High content of CO and H2 in COG feed reduces methane conversion 
For the three-fluid approach, modelling SE-SR of COG with separate 

sorbent-catalyst system predicts product yield more accurately, 
compared with bifunctional catalysts system.  

Di Carlo et al.  
[132] 

BFB 
H = 0.6 m; 
ID = 10 cm; 
Bed height = 4 
m 

T = 900 K; 
Superficial gas velocity =
0.3 m/s; 
S/C ratio = 4 

Ref.  
[66] 

Ref. [79] – CFD: 2-D Eulerian-Eulerian three-fluid 
model based on KTGF; 
Gidaspow drag model and 
Syamlal-O’Brien drag model.  

• Considered intra and external mass transfer across the particles. 
With a dolomite/catalyst ratio greater than 2, a dry hydrogen mole 

fraction of more than 0.93 is predicted.  

Wang et al. [126] BFB 
H = 1.5 m; 
D = 0.3 m 

T = 873 K; 
P = 1 bar; 
Gas velocity = 0.4–0.6 m/s 

Ref.  
[69] 

Ref. [87] – CFD: 3-D Eulerian-Eulerian multi-fluid 
model based on KTGF; 
EMMS drag model  

• Model considered the bubble impact on gas–solid drag force. 
Decreasing both sorbent diameter and operating velocity improve 

hydrogen yield and conversion.  

Dat Vo et al. [133] CFB 
Reformer 
H = 4 m 
D = 0.2 m 
Regenerator 
H = 3 m 
D = 0.2 m 

Reformer 
T = 873–973 K; 
P = 1–10 bar; 
Gas velocity = 0.3 m/s 
S/C = 4.0–5.0 
Regenerator 
T = [1163 + (P-1) ∗ 15] K; 
P = 1–10 bar; 
Gas velocity = 2 m/s 

Ref.  
[66] 

Ref. [81] Ref. [134] CFD: 1-D dynamic Eulerian-Lagrange 
model.  

• Temperature has a significant impact on SE-SMR performance, cost and 
efficiency.In 

comparison to the SMR process, SESMR was found to achieve a high 
energy efficiency of 82.2 % and a 12 % decrease in the cost of producing 
blue H2.  

Wang et al. [127] BFB  

H = 1.0 m; 
ID = 0.063 m 

T = 673 K;  

P = 1 bar; 
Gas velocity = 1 m/s 

Ref.  
[68] 

Ref. [86] – CFD: 3D Eulerian-Lagrange (DDPM) 
model; 
Gidaspow drag model  

• Considering particle size distribution enhanced prediction of bed 
expansion height. 

High pressure favours CO2 sorption over hydrogen production.  

Yang et al. [135] ICFB 
Reformer 
H = 0.7 m; 
D = 0.05 m; 
Regenerator 
H = 1.4 m; 
D = 0.05 m 

T = 673 K;  

P = 1 bar; 
Gas velocity = 1 m/s 
Regenerator  

T = 673 K; 
P = 1 bar; 
Gas velocity = 2 m/s 

Ref.  
[68] 

Ref. [86] Ref. [86] CFD: 2D Eulerian-Lagrange (DDPM) 
model  

• Increasing the regenerator’s velocity and solid loading promotes solids 
circulation but causes gas leakage.  

Zhanghao et al.  
[128] 

BFB 
H = 1 m; 
D = 0.1 m 

T = 823 – 973 K; 
P = 1 bar; 
Gas velocity = 0.15 – 0.3 m/ 
s 

Ref.  
[66] 

Ref. [80] – CFD: 3D Eulerian-Lagrange MP-PIC; 
Gidaspow drag model  

• Studied the interaction and behaviour of flow characteristics including 
bubble evolution and thermal parameters. 

Bed temperature and gas velocities influence product yields.  
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Table 5) [102]. Detailed description of these multiphase flow model 
equations and other corresponding parameters can be found in literature 
[103]. 

The conservation equations of mass, momentum and heat each 
contain the term – S, which can be a sink or source of these quantities. 
For instance, S in the mass conservation equation accounts for the mass 
transfer between the gas and solid phases due to the production and 
consumption of gas species from reforming and carbonation. The 
balanced rate of formation and consumption are derived for each of the 
gas components using the reforming and carbonation reaction rate ex-
pressions and inserted into their respective transport equations. 

Conversely in the momentum equation, the pressure, viscous and 
interfacial forces are accounted for in the solid and gaseous phases. 
Additionally, to complete the momentum equation for the solid phase, a 
solid pressure, Ps, is included to the right-hand side of the equation. The 
interphase momentum force includes a drag function, β – an important 
parameter for describing hydrodynamics in fluidised bed reactors. This 
can be described by various drag models such as the Syamlal-O’Brien, 
Gidaspow, Energy minimization multi-scale (EMMS) and Gibilaro drag 
models; that have been applied to model SE-SR in fluidised bed reactors, 
as presented in Table 5. The energy conservation equation is written in 
terms of specific enthalpy, H and solved for phase k, where ΔHk repre-
sents the heat of reaction. The mathematical models for SE-SR have been 
popularly solved using numerical techniques such as finite volume and 
finite difference methods in Ansys FLUENT, MFIX and MATLAB 
respectively. 

4. Status of modelling activities for SE-SR in fluidised bed 
reactors 

This section highlights and analyses the state-of-the-art in modelling 
works applied to SE-SR and discusses the challenges and limitations 
associated with the models. Different models and modelling approaches 
have been employed to predict the performance of SE-SR in fluidised bed 
reactors. A summary of these modelling studies available in literature, 
including their kinetic model used and modelling approach, is presented 
in Table 6. 

4.1. Two-phase models 

One of the earliest models of SE-SR in fluidised bed reactors was 
developed using the conventional fluidisation model. Johnsen et al. [79] 
applied Orcutt’s two-phase model to simulate SE-SR of methane in a 
bubbling fluidised bed reactor as described in section 3.2. The bubble 
phase was assumed to be without reaction and in plug flow regime, 
whereas the dense phase contains gases that are perfectly mixed. Their 
model applied the SMR kinetic model of Xu and Froment [66], the 
shrinking core model for carbonation/calcination and was implemented 
in MATLAB. Both reactors were solved in an iterative manner by 
guessing the initial temperature of solids input to the reformer until 
steady-state was achieved. Although this model is simple and was able to 
simulate SE-SR of methane, the assumption of stagnant solids, inability 
to account for flow details such as particle size distribution and internal 
circulation, and complex solution procedure restricts the use of this 
model, especially for scaleup studies. 

Johnsen [98] also applied this conventional approach to model CFB 
riser for SE-SR of methane, based on the slip-factor criterion. He 
assumed a steady state plug flow for the catalyst, gas and sorbent in the 
reformer and determined the solid fraction, using the correlation pro-
posed by Pugsley and Berruti [97]. Though the results obtained were not 
validated by any experiments, solid fraction was found to be the key 
parameter influencing the performance of SE-SR of methane, as seen in 
equation 44. Equation 44 represents the design equation for a riser 
model, assuming a constant solid fraction along the height of the reactor; 
where 1 − ∊ is the solid fraction, F and r are the solid molar flow and the 
rate of reaction for species i, respectively. Increasing the solids flow rate 

increases the solid fraction, which inadvertently leads to an increase in 
the reaction rate. 

dFi

dz
= Ac(1 − ∊)ri (44) 

The two-phase model has not been considered for a while in SE-SR 
process modelling. Moreover, technological advancement has acceler-
ated the adoption of computer-based models such as CFD. 

4.2. Two-fluid CFD models 

Current modelling works for SE-SR in fluidised bed reactors, using a 
wide range of feedstocks and sorbents, are dominated by CFD models. In 
the two-fluid model, conservation equations are written and solved for 
two phases: one gas phase and one particulate phase (for both sorbent 
and catalyst) based on the Eulerian framework. This is different from the 
multi-fluid/three-fluid model where conservation equations are solved 
for all the phases involved in the process – one gaseous phase and two 
solid phases (catalyst and sorbent). However, in most cases, the sorbent 
and catalysts are assumed to have the same properties and constant size 
[110–117]. CFD simulation of SE-SR in fluidised bed reactors have been 
carried out based on different levels of model complexities; usually 
based on phase description and spatial dimensions (1D, 2D and 3D) of 
the computational domain. The phase description mentioned here de-
pends on whether it is a two-fluid, three-fluid or E-L model. 

A close inspection of literature reveals that majority of the modelling 
activities originate from a research group in the Norwegian University of 
Science and Technology, Norway. Their central research theme was on 
improving reactor models using codes developed inhouse. Transient 
behaviour studies have been led by Solsvik et al. [114,115,118], which 
was focused on developing a transient 1D two-fluid model and applying 
it to SE-SR process. The 1D two-fluid model was applied to the simula-
tion of SE-SR of methane in a BFB reactor to investigate its performance 
compared with a 2D two-fluid model [118]. Granular temperature, 
which is the kinetic energy that describes the random velocities of the 
particles, was not considered in the model. The finite volume method 
was implemented to solve the model equation in MATLAB and 
FORTRAN programs. Model validation was performed using simulation 
results of species outlet composition obtained for a formulated 2D 
model. However, this 1D model was unable to accurately predict in-
ternal flow behaviours such as bed expansion and gas bypassing 
compared to the 2D model, and relatively small errors in the outlet CO2 
composition compared with experimental data were also observed. 
Fig. 8 shows the disparity in bed expansion between the 1D and 2D 
models. Larger bed expansion was predicted by the 1D model compared 
with the 2D model. The 1D model was also extended to the simulation of 
SE-SR of methane in a CFB reactor, where they discovered that reactor 
performance is largely impacted by the reactor temperature. 

Compared to the one-dimensional model, a two-dimensional models 
can provide a more accurate prediction of gas–solid behaviours. Lind-
borg and Jakobsen [119] applied an axisymmetric 2D two-fluid model 

Fig. 8. Comparison of solid fractions in 1D and 2D modelling of SE-SR of 
methane in a BFB reactor (reused from Solsvik et al. [118], with permission 
from American Chemical Society). 
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to investigate the performance of SE-SR in fluidised bed reactor under 
varying heat supply conditions and reactor widths. The kinetic models 
were incorporated via a user defined function (UDF) to a CFD software 
employing a finite volume method to solve the set of governing equa-
tions. In their work, an ozone decomposition reaction occurring in a BFB 
reactor was first modelled to compare simulation results of the gas–solid 
reaction with laboratory experiments (model validation), before 
applying the model to SE-SR of methane. Though slightly deviating re-
sults for the in-bed concentrations were obtained during model valida-
tion, the impact of different bed diameters on reactor performance was 
successfully demonstrated (see Fig. 9). Fig. 9 shows relatively low 
temperatures as bed diameter increases, whereas decreasing hydrogen 
concentration is observed up to a bed diameter of 0.91 m. However, this 
axisymmetric 2D may not sufficiently provide a very good prediction of 
reactor performance. This is because the resulting flow pattern can de-
pict large concentration of catalyst-sorbent particles at the central axis, 
since particles are unable to pass through the axis, thus negatively 
impacting on the hydrogen output result. 

In a study conducted by Herce et al. [112], 2D two-fluid model based 
on KTGF, combined with the Taguchi method was used to perform a 
sensitivity analysis on variables including bed expansion, CO2 concen-
tration, methane conversion, hydrogen production, pressure drop and 
solid fraction for SE-SR of methane. The model predicted that hydrogen 
production is very sensitive to temperature. Also, increased gas–solid 
residence time, influenced to a great extent by hydrodynamics, was also 
observed to significantly affect hydrogen production. Carbonation re-
action was also established to be the rate limiting step of SE-SR of 
methane, with hydrogen purity reaching 92 %. 

Similarly, Phuakpunk et al. presented a simple 2D two-fluid model to 
simulate SE-SR of methane [111] and ethanol [120] in the riser of a CFB 
reactor. As with some other works, model validation was comparable for 
hydrogen output but showed great deviation for CO2 concentration – 
about 40 %. The model was used in conjunction with a 2k factorial 
design method to perform a sensitivity study and explore the relation-
ship between process variables like catalyst-to-sorbent ratio, tempera-
ture and gas velocity, and the response variables: hydrogen flux and 
purity. While inlet temperature was reported to greatly affect hydrogen 
flux, overall hydrogen performance – hydrogen flux and purity – was 
shown to be significantly influenced by solid flux, gas velocity and riser 
diameter. Further, the response was optimised, and the hydrodynamics 
of the optimum case investigated. Their work represents the first 
attempt at optimising hydrogen production in a newly designed riser 

reactor for SE-SR process. Although, their work did not present 
considerable information on sorbent performance, it has been estab-
lished that only a part of sorbent’s capacity is being utilised during SE- 
SR process in fluidised bed reactors [121]. Therefore, the use of riser 
may impact on equipment size and cost, as the problem of low residence 
time affecting sorbent utilisation in a riser is solved by increasing the 
riser height. 

Conversely, a more elaborate 3D two-fluid model formulated by 
Wang et al. [122] and applied to the same process and particle prop-
erties disclosed the absence of this behaviour for the 3D simulation. The 
steady-state model also presented a more uniform temperature distri-
bution across the bed, indicating complete mixing as shown in Fig. 10. In 
another work using the same model, they successfully investigated how 
hydrodynamic parameters such as the restitution coefficient and gas 
flow rates affect the reactions of SE-SR of methane [123]. It was pointed 
out that the effect of restitution coefficient was less significant compared 
with gas flow rate, as this variable is more apparent and dependent on 
the condition of the gas flow rates. 

Nevertheless, the simplification of the catalyst-sorbent particle sys-
tem neglects the internal transport phenomena occurring at the partic-
ulate level which could impact results of hydrogen evolution and carbon Fig. 9. Influence of bed diameter on outlet hydrogen concentration and tem-

perature (reused from Lindborg and Jakobsen [119], with permission from 
American Chemical Society). 

Fig. 10. Vertical cross-sectional (a) and axial (b) distributions of temperature 
in the reactor (reused from Wang et al. [122], with permission from Elsevier). 

Fig. 11. Comparison of gas products (H2 and CO2) of SE-SMR and SMR ob-
tained from experiment and 2D two-fluid model (reused from Chen et al. [110], 
with permission from Elsevier). 

C. Udemu and C. Font-Palma                                                                                                                                                                                                                



Fuel 340 (2023) 127588

16

capture. Moreover, Chen et al. [110] have revealed that assuming the 
same properties for both catalyst and sorbent particles generated a high 
error percent between simulation and experiments in the prediction of 
CO2 concentration (see Fig. 11). 

4.3. Three-fluid CFD models 

Accordingly, a three-fluid approach, in which the catalyst and sor-
bent particles are considered as separate phases and a particle–particle 
drag term is introduced to couple both particles, is more suitable [20]. 
Such approach can enable the study of phenomena such as particle 
segregation– an indication of mixing behaviour– or separation, since for 
such two-pellet system, catalysts need to be separated from sorbent, for 
sorbent regeneration under high-temperature condition. With this 
approach, it is also possible to explore the impact of phenomena such as 
diffusion limitation on the particle scale, which is often neglected in SE- 
SR modelling. Though, in some steam reforming kinetic models, intra- 
particle and external diffusion limitation is usually accounted for 
using effectiveness factor, while that of carbonation is not often 
addressed. Chao et al. [125] presented a multifluid model for poly-
disperse particles, introducing a semi-empirical frictional parti-
cle–particle drag term to account for the long term frictional contact of 
particles, combined with the collisional particle–particle drag. The 
model was able to demonstrate the segregation of catalyst and sorbent 
particles under varying operating conditions, as well as its impact on 
reactor performance for SE-SR of methane. The authors noted that 
segregation occurs at the start of the process due to the large density 
difference and heavier catalyst particles but becomes well-mixed as re-
action proceeds due to sorbent conversion. Also, solids were reported to 
blend when the bed is run at 0.2 m/s, below which they segregate, with 
this velocity showing no direct impact on the purity of the hydrogen 
produced. 

In an earlier study conducted by Di Carlo et al. [117], a this 
modelling approach was employed to investigate the hydrodynamics of 
SE-SR of methane in a lab-scale BFB reactor and compare results with 
the conventional SMR process. The 2D model considered intra and 
external mass transfer resistances in the development of the kinetic 
models for both catalyst and sorbent, and included a collisional 

particle–particle drag which accounts for short term frictional contact of 
particles. However, model validation results appeared to underpredict 
bubble diameter and overestimate experiment data with a relatively 
large error (24 %) reported for CO2 molar fraction in the output gas. The 
authors emphasised the need for a model to be further validated at a 
higher superficial velocity. The same multiscale reaction approach 
applied to the carbonation model was integrated by Chen et al. [47]. 
They formulated a 2D three-fluid model resembling Di Carlo et al.’s 
[117] to simulate SE-SR of coke oven gas in a BFB reactor. The model 
explored the two types of pellets designs applicable to SE-SR process: 
monofunctional pellets or two-pellet design where the sorbents and 
catalysts are modelled as separate particles, and bifunctional pellets or 
one-pellet design which integrate the sorbents and catalysts as a single 
particle. Modelling of sorbent pellets for SE-SR in fluidised beds was 
achieved by applying the shrinking unreacted core kinetic model which 
incorporates the three resistance terms – chemical reaction, intra- 
particle diffusion and external mass transfer in its rate equation. 
Meanwhile, for the bifunctional pellet, the external diffusion term is 
excluded since it is being accounted for by the effectiveness factor 
assigned to the catalysts. Simulation results were comparable to exper-
imental results generated by the authors. 

An upgraded 3D version of the three-fluid model has also been 
applied for the simulation of SE-SR process. In their work, Wang et al. 
[124,126] presented this 3D model to simulate SE-SR of biodiesel by- 
product and crude glycerol in BFB reactors. The model integrated a 
heterogenous bubble-based drag model to resolve the mesoscale effect 
on the bubbling bed and was implemented in MFIX commercial pro-
gram. Particle properties were assumed to have mean density and 
diameter and the multiscale approach for the chemical reactions was not 
considered. The result was also able to reveal the segregation behaviour 
between the highly dense sorbent particles and catalyst solids and the 
effect of their mixing behaviour on temperature distribution. In addi-
tion, they were able to study the behaviour of each of the solids (cata-
lysts and sorbents) involved in the process, as well as the gas 
distribution, using contour plots. Fig. 12 shows the species and solids 
distribution in the reactor after 20 s simulation time. 

Fig. 12. Distribution of gas and solid concentrations (reused from Wang et al. [126], with permission from Elsevier).  
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4.4. Eulerian-Lagrange CFD models 

E-L modelling approach solves for each individual particle using the 
Newton’s second law of motion, easily accounting for particles of 
different size distribution and densities. Wang et al. [127] formulated a 
3D DDPM model, which is an E-L hybrid model, in Fluent commercial 
code to study the performance of SE-SR of ethanol in a fluidised bed 
reactor. With the model, the particle size distribution was successfully 
used to analyse the bed expansion. Fig. 13 shows the difference in solids 
concentration and bed expansion when particle sizes distribution is 
considered. The influence of hydrogen distribution, outlet gas compo-
sition, temperature distribution, effect of catalyst to sorbent ratio and 
operating pressure on both CO2 sorption and hydrogen production was 

also studied. 
DDPM model is limited to reactors with small number of particles or 

dilute particle flows, due to the computational power required for 
simulation. For larger loadings and process scale, the multiphase 
particle-in-cell (MP-PIC) model is more fitting and has recently been 
applied to simulate SE-SMR in a BFB reactor. In MP-PIC, particles are 
grouped as parcels, thus reducing the number of particles, and are 
modelled in the Lagrangian framework. Zhanghao et al. [128] adopted 
this model to simulate SE-SR of methane, where they analysed the 
impact of particle behaviours and bubble characteristics on the process 
performance. Fig. 14 shows the species distribution across the bubbles in 
the reactor. The concentrations of product gases are seen to increase 
along the bed height, with lower concentration observed for CO2. 

Fig. 13. Catalyst and sorbent distribution with and without particle size distribution (reused from Wang et al. [127], with permission from Elsevier).  

Fig. 14. Bubble distribution in the reactor described by gas species (reused from Zhanghao et al. [128], with permission from Elsevier).  
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4.5. Challenges and future perspectives 

A major challenge in modelling the SE-SR process reactors remains 
the development of models that couple both reactor units in CFB 
configuration. CFB reactors allow for continuous circulation of sorbent 
particles between the reformer and regenerator, which is ideal for 
largescale SE-SR process. To date, no significant contribution has been 
made towards the extensive modelling and studying of a full-loop system 
(reforming/carbonation and calcination) for SE-SR, though this is usu-
ally attributed to the computational challenge of coupling both reactor 
units in the solution procedure. 

For instance, Wang et al. [136] ran separate simulations of reform-
ing/carbonation occurring in the downer (operating in bubbling flow 
regime) and regeneration in a riser using a 3D two-fluid model, without 
considering the solid flux between the reactors. Instead, the sorbent 
regenerator was investigated as a continuous operation where solids are 
allowed to leave and enter the boundaries at the outlet and inlet, 
respectively. Modelling the full-loop system is useful in studying the 
interactions between solid circulation rates and reaction parameters, 
since the conditions of the recycled solids from the calciner change. 
Influence of pressure drops across the reactors, entrainment, sorbent 
attrition and recovery can also be studied. Nonetheless, different stra-
tegies to achieve this coupling have been tried. One is a 3D Eulerian two- 
fluid model based on KTGF developed to model the carbonation/ 
reforming of methane in a downer and sorbent regeneration in the riser 
of a CFB reactor by Wang et al. [137]. In their study, two sets of co-
ordinates were used to simulate both reactors simultaneously in a CFD 
software using the same solid flux and time steps. Simulation results 
obtained at the outlets and inlets of both reactors are exchanged for each 
time step. Clearly, this simulation approach is prone to errors for a large 
simulation time due to its complexity. Alternatively, a simpler 1D two- 
fluid model applied to the simulation of SE-SR coupled in CFB re-
actors. Sanchez et al. [116] developed a 1D two-fluid model based on 
Constant Particle Viscosity closure to analyse SE-SR process in a CFB 
reactor. Both reactor units were coupled with the source terms for the 
solid phase species and energy conservation equations, and same pres-
sure level was assumed for both units. This model was used to assess heat 
integration and solids flux under steady state conditions. However, the 
model was also reported to overestimate hydrogen yield and CO2 
sorption when compared with experimental data. Although simple, the 
use of the 1D model meant inability to study certain flow properties, as 
this model neglects performance along the radial direction. 

There is also a challenge of 1D modelling for the transition zone 
between the dense bed and freeboard regions. Solsvik et al. [114] tried 
to resolve this in their dynamic 1D model of SE-SR in CFB reactors by 
introducing a tolerance condition for void fraction in the governing 
equation. Regardless, the model did not accurately predict bed expan-
sion and other hydrodynamics and larger temperatures were recorded 
when compared with the base 2D model. Alternatively, Dat Vo et al. 
[133] applied the principle of coordinate transformation, where the bed 
height variable is converted to the different coordinate using the coor-
dinate transformation equations. They simulated methane reforming/ 
carbonation and regeneration in a CFB consisting of bubbling bed and 
fast fluidised bed reactors, respectively using a dynamic 1D Eulerian- 
Lagrangian two-phase model. Loss of flow details associated with this 
1D model still makes it undesirable for purposes such as scaleup. 

The low sorbent utilisation observed in fluidised bed reactors creates 
opportunities for studies into new reactor designs for SE-SR. Recently, a 
modelling study on a new reactor design coupling reforming/carbon-
ation and regeneration processes was conducted by Yang et al. [135], 
who simulated SE-SR of ethanol in an internally circulating fluidised bed 
reactor using a 3D DDPM approach. Solid circulation was achieved by 
the transport of carbonated solids influenced by difference in pressure 
between both compartments, and the solids return from the regenerator 
section influenced by the descending velocity of the solids. However, it 
was found that while increased calciner velocity and solid loading 

favours solid circulation, gas leakage between the reactors increases, 
thereby reducing hydrogen yield. 

From previous paragraphs, it can be deduced that the different 
models and modelling approaches applied to SE-SR process can affect 
the prediction of process performance, although extensive modelling to 
compare these approaches is yet to be conducted. For one, drag models 
have been shown to affect the prediction of bed hydrodynamics. Chen 
et al. [110] applied two drag models – modified Syamlal-O’Brien and 
Gidaspow drag models – to simulate SE-SR of methane in a bubbling 
fluidised bed reactor and reported that the modified Syamlal-O’Brien 
overpredicted the bed expansion by 6 % whereas Gidaspow model gave 
a more accurate prediction at 2 % difference but overpredicted the 
minimum fluidisation velocity. Further validation of other drag models 
applied to the simulation of SE-SR process should be considered. 

Some of the experiments used to validate the CFD models do not 
necessarily depict the conditions of the reactor being modelled. For 
instance, Shuai et al. [126] developed a CFD model for SE-SR of glycerol 
in a fluidised bed reactor and validated it with the experiment per-
formed by Dou et al. [138] in a fixed bed reactor. Their model, although 
attributed to the negligence of catalyst deactivation in the model, 
overestimated the hydrogen volume fraction. Additionally, the per-
centage error between the simulated and experimental data for outlet 
methane composition was around 83 %. Therefore, more experimental 
works conducted in fluidised bed reactors are needed to enable valida-
tion of SE-SR reactor models. 

Due to the high capital cost associated with carbon capture plants, it 
is more cost-effective to operate SE-SR at high pressure conditions, to 
reduce the energy penalty of compressing hydrogen downstream. This 
condition has recently been considered and modelled by few authors 
[139,140], but will still require validation with a much larger-scale test 
data. Modelling and validation of the process in fluidised bed reactors 
under such industrial conditions is crucial. 

Solid materials involved in SE-SR in fluidised bed reactors will be 
subject to continuous multi-cycling, implying the need to consider decay 
and sintering of these materials, as well as loss in sorption activity over 
time. However, information on bifunctional materials under this con-
dition is scarce in literature. It is necessary to develop correlations that 
represents the decline in sorbent activity during cycling, specific to these 
kinds of materials. 

Finally, with the current advancement in computational capability 
and performance, opportunity lies in developing high-fidelity models for 
full-loop SE-SR process. This will allow further studies into the optimi-
sation and improvement of heat transfer between both reactors, since 
previous studies have shown that this approach is better than directly 
heating the reformer. 

5. Conclusion 

Operating SE-SR technology in fluidised bed reactors is advanta-
geous for the continuous production of high-purity blue hydrogen on a 
much larger scale. However, its TRL is low and developing a good model 
to predict largescale reactor performance can accelerate its scaleup and 
advancement. In this paper, the status of models and modelling activities 
applied to the study of SE-SR in fluidised bed reactors, is reviewed. Pilot 
tests and experimental activities in fluidised bed scenarios were also 
reviewed, since model validation is not complete without experiments. 

CFD is the most adopted tool for modelling SE-SR in fluidised bed 
reactors, with models reportedly validated with lab scale experiments. 
More work remains to be done in modelling the full-loop SE-SR unit, 
comprising the reformer/carbonator and calciner. That way, it is 
possible to investigate and optimise heat transfer and thermal efficiency 
between both reactors, sorbent circulation rate required to improve CO2 
capture efficiency, and overall system performance. Investigation of SE- 
SR modelling in circulating fluidised bed reactors showed that low usage 
of sorbent sorption capacity is observed, hence, opportunity lies in the 
design and improvement of different configurations for the reformer/ 
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carbonator and calciner. In addition, efforts are required in modelling 
and developing correlations for multifunctional catalyst pellets, as well 
as SE-SR model validation with real pilot scale data. 
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as an energy vector. Renew Sustain Energy Rev 2020;120:109620. https://doi. 
org/10.1016/J.RSER.2019.109620. 

[6] The Royal Society. Options for producing low-carbon hydrogen at scale. 2018. 
[7] Marbán G, Valdés-Solís T. Towards the hydrogen economy? Int J Hydrogen 

Energy 2007;32:1625–37. https://doi.org/10.1016/J.IJHYDENE.2006.12.017. 
[8] International Energy Agency (IEA). Net Zero by 2050 - A Roadmap for the Global 

Energy Sector. 2021. 
[9] British Petroleum (BP). Natural gas – Statistical Review of World Energy. 2021. 

[10] International Energy Agency (IEA). Hydrogen. Paris: 2021. 
[11] Navas-Anguita Z, García-Gusano D, Dufour J, Iribarren D. Revisiting the role of 

steam methane reforming with CO2 capture and storage for long-term hydrogen 
production. Sci Total Environ 2021;771:145432. https://doi.org/10.1016/J. 
SCITOTENV.2021.145432. 

[12] Al-Qahtani A, Parkinson B, Hellgardt K, Shah N, Guillen-Gosalbez G. Uncovering 
the true cost of hydrogen production routes using life cycle monetisation. Appl 
Energy 2021;281:115958. https://doi.org/10.1016/J.APENERGY.2020.115958. 

[13] Page B, Turan G, Zapantis A. Global Status of CCS 2020:2021. 
[14] Collidi G. Reference data and Supporting Literature Reviews for SMR Based 

Hydrogen Production with CCS. 2017. 
[15] Xu G, Jin H, Yang Y, Xu Y, Lin H, Duan L. A comprehensive techno-economic 

analysis method for power generation systems with CO2 capture. Int J Energy Res 
2010;34:321–32. https://doi.org/10.1002/ER.1559. 

[16] World Energy Council Netherlands. Hydrogen - Industry as Catalyst: Accelerating 
the Decarbonisation of our Economy to 2030. 2019. 

[17] Harrison DP. Sorption-enhanced hydrogen production: A review. Industrial and 
Engineering Chemistry Research, vol. 47, American Chemical Society; 2008, p. 
6486–501. https://doi.org/10.1021/ie800298z. 

[18] Voldsund M, Jordal K, Anantharaman R. Hydrogen production with CO2 capture. 
Int J Hydrogen Energy 2016;41:4969–92. https://doi.org/10.1016/J. 
IJHYDENE.2016.01.009. 

[19] Hanak DP, Michalski S, Manovic V. From post-combustion carbon capture to 
sorption-enhanced hydrogen production: A state-of-the-art review of carbonate 
looping process feasibility. Energ Conver Manage 2018;177:428–52. https://doi. 
org/10.1016/J.ENCONMAN.2018.09.058. 

[20] Wang J, Huang L, Yang R, Zhang Z, Wu J, Gao Y, et al. Recent advances in solid 
sorbents for CO 2 capture and new development trends. Energy. Environ Sci 2014: 
7. https://doi.org/10.1039/C4EE01647E. 

[21] Di Giuliano A, Gallucci K. Sorption enhanced steam methane reforming based on 
nickel and calcium looping: a review. Chem Eng Process - Process Intesif 2018; 
130:240–52. https://doi.org/10.1016/j.cep.2018.06.021. 

[22] Barelli L, Bidini G, Gallorini F, Servili S. Hydrogen production through sorption- 
enhanced steam methane reforming and membrane technology: A review. Energy 
2008;33:554–70. https://doi.org/10.1016/j.energy.2007.10.018. 

[23] Wu Y-J, Li P, Yu J-G, Cunha AF, Rodrigues AE. Progress on sorption-enhanced 
reaction process for hydrogen production. Rev Chem Eng 2016. https://doi.org/ 
10.1515/revce-2015-0043. 

[24] Romano MC, Martínez I, Murillo R, Arstad B, Blom R, Ozcan DC, et al. Process 
simulation of Ca-looping processes: review and guidelines. Energy Procedia 2013; 
37:142–50. https://doi.org/10.1016/J.EGYPRO.2013.05.095. 

[25] Masoudi Soltani S, Lahiri A, Bahzad H, Clough P, Gorbounov M, Yan Y. Sorption- 
enhanced Steam Methane Reforming for Combined CO2 Capture and Hydrogen 
Production: A State-of-the-Art Review. Carbon Capture Sci Technol 2021;1: 
100003. https://doi.org/10.1016/J.CCST.2021.100003. 

[26] Sikarwar VS, Pfeifer C, Ronsse F, Pohořelý M, Meers E, Kaviti AK, et al. Progress 
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