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A B S T R A C T   

This study has analysed and optimised a 5-column sorption enhanced water gas shift (SEWGS) pilot unit, set to 
operate for the first time in a waste gasification facility for the production of transport-grade hydrogen and CO2 
streams. Full process simulation was undertaken by developing a one-dimensional model of each reactor, with 
boundary conditions directly informed by real plant operation. From the sensitivity analysis performed, syngas 
flowrate variations were seen to have a minor but temporary, impact on hydrogen product specifications, while 
changes to syngas composition were shown to have a longer-lasting effect on system performance. Based on full 
cycle operation results, the current 5-column SEWGS unit design was concluded to be inadequate for fuel-cell- 
grade H2 production, despite obtaining a high H2 purity of 99.5%, mainly due to its excessive steam con-
sumption. However, the process achieved an exceptionally high CO2 purity of 99.9%, and 88.6% hydrogen re-
covery rate, suggesting its potential use in carbon capture and heat-grade hydrogen production applications.   

1. Introduction 

In 2022 the International Energy Agency (IEA) reported that around 
80% of global energy is provided by fossil fuels [1]. Reducing and 
mitigating the associated CO2 emissions has become a significant 
climate challenge, requiring the transition to renewable energy systems 
as the primary objective of most countries' net-zero agenda. Hydrogen 
represents a promising solution as a clean energy carrier and storage, as 
well as for its zero end-use emissions [2]. However, natural gas 
reforming is still the predominant industrial process for generating 
hydrogen resulting in substantial CO2 emissions due to the fossil nature 
of the feedstock [3]. Carbon Capture and Storage (CCS) technology in-
tegrated into gas reforming is considered the most practical solution to 
reduce emissions for hydrogen production in the short to mid-term [4]. 
However, CCS's current cost and efficiency limitations need to be 
addressed to compete with other emerging technologies in the longer 
term [5,6]. Carbon capture and reduction (CCR) technology is a possible 
different route that has gained interest to directly convert CO2 to value- 
added products [7]. As to hydrogen production, water electrolysis is 
being explored and promoted as an alternative; however, the climate 

benefits of H2 from water splitting would only be real if the electricity is 
supplied solely by renewable energy sources, which are often discon-
tinuous, unpredictable, and geographically constrained [8]. 

Biomass holds great potential as a renewable feedstock for energy, 
fuels, and chemical production (e.g., hydrogen), via thermochemical 
conversion like pyrolysis or gasification [9,10]. Biomass and biowaste 
offer the advantage of being carbon neutral and, combined with CCS in 
what is defined as Bioenergy with Carbon Capture and Storage (BECCS), 
could further enhance climate performance as a carbon-negative tech-
nology [9,11,12]. 

In the production of hydrogen from biomass, also referred to as 
biohydrogen, the choice of feedstock is crucial as it significantly in-
fluences the performances of the process, in particular the processing 
and purification steps required. Hydrogen derived from organic or 
partially organic waste is particularly interesting as it offers a solution to 
both waste disposal issues and the cost/availability of the feedstock 
[13]. The IEA emphasizes the significant potential of biohydrogen in 
reducing greenhouse gas (GHG) emissions and highlights the growing 
interest in producing hydrogen from renewable sources [14–16]. 

The overall process considered in this work is the production of 
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hydrogen from the gasification of refuse-derived fuel (RDF) generated 
from biomass-rich (>60% wt.) household waste. The suitability of pro-
ducing low-carbon hydrogen from the gasification of waste feedstock 
has already been proven at a pilot and demonstration scale in previous 
work by Materazzi et al. [17]. Although the hydrogen synthesis process 
offers numerous environmental benefits, the costs associated with gas 
cleaning and carbon capture plants might hinder its commercial po-
tential [18]. Compared to more conventional fossil based feedstock, 
biomass and waste biomass contain much higher quantities of oxygen, 
which reflect to higher steam and CO2 concentration in the syngas (this 
is especially true in autothermal gasifiers). This factor, together with the 
varying C:H ratio and potential fluctuations in gas composition due to 
heterogeneity of waste, make the product syngas quite distinct from 
other applications, and introduce different challenges in the carbon 
capture systems. In this respect, one of the main challenges lies in the 
operational cost of regenerating solvents used in gas separation 
methods, either physical or chemical based. Furthermore, it should be 
noted that although CO2 absorption using liquid solvents is the most 
mature and commercially available technology for separating CO2, the 
high energy consumption during solvent regeneration and potential 
solvent degradation could lead to process inefficiencies, solvent loss and 
toxic byproducts [19,20]. To make the process economically attractive 
at a low scale, more typical of BECCS, it is essential to reduce capital 
costs by improving compactness and efficiency. Process Intensification is 
a chemical engineering concept based on improving the performance of 
the overall process [21]. In this context, Sorption-Enhanced Water-Gas 
Shift (SEWGS) emerges as a promising pre-combustion carbon capture 
technology. SEWGS combines the Water Gas Shift reaction (WGS) (Eq. 
(1)) with in situ adsorption of CO2 (Eq. (2)), maximizing hydrogen 
production from syngas while simultaneously capturing and separating 
CO2 in a single-unit operation [21–23]. This intensified process utilizes 
Pressure Swing Adsorption (PSA), employing solid material for revers-
ible CO2 adsorption at temperatures ranging from 300 to 500 ◦C and 
pressure around 20–40 bar [24]. 

CO + H2O⇌CO2 + H2 ΔH0
298 K = − 41 kJ mol− 1 (1)  

CO2 + ads⇌CO2 − ads (2) 

Compared to conventional processes, SEWGS offers the advantage of 
reduced process steps and required equipment [24,25]. The benefits of 
SEWGS have been extensively studied and experimentally demonstrated 
[24,26–29]. Hydrotalcite-based materials, and in particular potassium- 
promoted-hydrotalcite (K-HTC), have been the most used in SEWGS 
processes [30–32], due to their chemical robustness, partial catalytic 
activity for the WGS reaction, ability to co-capture other acid gas com-
ponents with CO2, fast sorption kinetics, stable cyclic performances, and 
efficient regeneration through pressure swing [28,33,34]. This enables 
the SEWGS process to obtain a high carbon capture rate and CO2 purities 
in the carbon dioxide effluent stream, making it ideal for CCS applica-
tions [35–37]. TNO research groups extensively studied the SEWGS 
technology in an Integrated Gasification Combined Cycle (IGCC) power 
plant for H2 production and in integrated steelwork for H2 production 
and simultaneous carbon capture. However, no previous studies have 
explored the potential of applying SEWGS in a waste gasification plant, 
and only a few literature papers have focused on the effects of SEWGS 
operational parameters on hydrogen purity (HP) and hydrogen recovery 
ratio (HRR) due to the emphasis on carbon capture over hydrogen 
production [38]. 

This work aims to assess the suitability of a simplified SEWGS system 
to generate fuel-cell grade hydrogen (HP > 99.97%) from waste-derived 
syngas at low pressure (typical of gasification plants), as well as a CO2 
stream suitable for storage (purity >95%). To this end, a numerical 
simulation was developed to explore the integration possibilities of a 
novel 5-column pilot scale SEWGS unit into an existing waste gasifica-
tion plant, and to determine the optimal operating conditions and pa-
rameters for the SEWGS pilot unit design. The efficiency of the process 

was assessed by analysing the recovery rates of each product, along with 
the overall steam consumption, which affects the operational costs and 
the environmental impact of the process. The optimal configuration and 
design parameters are evaluated, such as the time step duration, rinse 
configuration (co-current or counter-current) and steam demand for the 
SEWGS process to achieve the required process specifications. Addi-
tionally, variations in syngas feed flowrate and composition during the 
adsorption step were explored to understand the SEWGS process's 
sensitivity to common disturbances in bioenergy plants when operated 
on waste feedstock, which has high variability in density and composi-
tion due to its heterogeneous nature. Accomplishing these objectives is 
deemed important for understanding the operational performance of the 
low-pressure SEWGS process applied specifically to BECCS for high- 
purity hydrogen production, which is a novel concept from an indus-
trial and literature standpoint. 

2. Material and methods 

2.1. Plant description 

This work focused on the integration of SEWGS into an already 
existing demonstration scale (4.4 MWth input) waste gasification plant 
operated in Swindon UK, originally designed to produce either pure H2 
or bioSNG and CO2 within the Hydrogen Greenhouse Gas Removal (GGR) 
Demonstration project [39]. 

The gasification plant treats approximately 850 kg/h of RDF or waste 
wood into a two-stage thermochemical process for the conversion of the 
solid feedstock into clean syngas. The composition of the fed RDF 
investigated in this work is summarized in Table 1. The two-stage pro-
cess consists of a steam‑oxygen gasifier for syngas generation and a 
plasma reactor for tar reforming. The stream is then passed into a 
cleaning section using conventional technologies, e.g., dry filters, a 
combination of acid and alkaline scrubbers, and ZnO guard beds. In its 
original configuration, the hydrogen fraction of the clean syngas is 
increased via a series of catalytic high and low-temperature water gas 
shift reactors (HTS and LTS). The H2-rich stream is polished of CO traces 
through a methanation step (MTH), followed by a separation stage 
where CO2 is chemically adsorbed, separated and made ready for 
transportation and storage [4]. The hydrogen stream is further purified 
in a PSA to achieve fuel-cell grade purity levels. This study focuses on a 
50 kg/h slipstream of syngas, which is diverted from the plant after the 
high-temperature WGS to the new SEWGS facility for pure H2 and CO2 
production. A flow diagram of the demonstration plant is reported in 
Fig. 1, together with the pilot SWGS unit studied in this work. 

The feedstock characterization and the syngas composition at 
different stages of the process (namely, the clean syngas before HTS and 
the shifted gas after HTS) are reported in Table 1. RDF data are reported 
for the baseline case, and possible variations are registered during plant 
operation. This variation would be reflected in gas composition and 
flowrate ranges, with oscillations typically in the range of +/− 5%. 
Lower oscillations are instead reported for syngas post-HTS, due to the 
buffering effect of the water gas shift step, and the higher dilution in 
steam. 

The SEWGS pilot unit under investigation is composed of five re-
actors (Fig. 2), each with a height of 2.5 m and an internal diameter of 
0.23 m. This configuration and number of columns, although sub- 
optimal, were first selected to assess the potential for a continuous 
generation of hydrogen and carbon dioxide product stream under PSA 
operation. The reactor design parameters are also shown in Fig. 2. 

2.2. Mathematical model description 

A dynamic one-dimensional isothermal model for an axially 
dispersed plug flow SEWGS reactor has been developed. The cylindrical 
reactor is assumed to be packed with a mixture of catalyst and sorbent 
particles (adsorbent/catalyst volume ratio of 5): (i) a commercial 
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Table 1 
RDF and Syngas specifications.  

Proximate analysis [wt% dry ash free (DAF)] Typical Value Lower Limit Maximum Limit Cleaned Syngas Syngas post-HTS 

Composition (mol%) Avg. Composition (mol%) 

Fixed Carbon 8.90 5.5 10.5 H2 34.7 (± 5%) H2 29.5 (± 2.5%) 
Volatile matter 64.7 60.2 70.5 CO 42.6 (±5%) CO 2.30 (± 2.5%) 
Ash 11.8 5.0 19.5 CO2 12.2 (± 5%) CO2 20.0 (± 2.5%) 
Moisture 14.6 6.0 16.6 CH4 0.1 CH4 0.0 
Ultimate Analysis [wt% DAF] Typical Value Lower Limit Maximum Limit H2O 10.1 H2O 47.9 
Fossil C 20.51 20.0 30.0 N2 0.30 N2 0.30 
Biogenic C 36.23 30.0 40.0     
H 6.86 4.5 7.0     
O 31.78 25.6 35.0     
N 4.1 1.5 8.5     
S 0.18 0.1 0.3     
Cl 0.34 0.1 0.4      

Fig. 1. Flow diagram for a demonstration plant for H2 production and newly developed pilot for SEWGS.  

Fig. 2. Configuration and design parameter of the SEWGS pilot unit.  
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iron‑chromium-based material was assumed as the high-temperature 
WGS catalyst and (ii) K-HTC as the CO2 sorbent. 

Other groups have used a similar modelling approach for sorption- 
enhanced processes by packed-bed reactors [24,40–44]. The main as-
sumptions used to develop the model are given below:  

• The reactor is a tubular, packed-bed reactor, operated dynamically 
and isothermally.  

• The flow pattern can be described by an axially dispersed plug flow 
model. 

• The model is one-dimensional, so the radial gradients of the con-
centrations, adsorbent loading, fluid velocity, and pressure are not 
taken into account.  

• The mass transfer between gas and solid is sufficiently fast, making 
interparticle gradients of concentrations and temperature negligible.  

• All gaseous components are considered ideal gases. 

Table 2 
Reactors governing equation.  

Component mass balance Ref. 

εt
∂cCO2

∂t
= −

∂(ucCO2 )

∂z
+

∂
∂z

(

cDax
∂yCO2

∂z

)

+ ρb,catrWGS − ρb,ads
∂qCO2

∂t 
Eq. 3 [40,47,48] 

εt
∂ci

∂t
= −

∂uci

∂z
+

∂
∂z

(

cDax
∂yi

∂z

)

+ ρb,catrWGS i = H2,CO,H2O,N2 . 
Eq. 4  

Overall mass balance Ref. 

εt
∂c
∂t

= −
∂(uc)

∂z
+ ρb,catrWGS − ρb,ads

∂qCO2

∂t 
Eq. 5 [47]  

Equation of State  
pMav = ρgRT Eq. 6   

Momentum balance Ref. 
∂p
∂z

= − KDu − KVu2 Eq. 7 [49]  

CO2 adsorption kinetic Ref. 
∂qCO2

∂t
= kLDF,CO2

(
qeq

CO2
− qCO2

) Eq. 8 [24,41]:  

Table 3 
Parameters of governing equations.  

Parameters of the Momentum balance (Ergun equation) Ref. 

KD =
150μ(1 − εb)

2

d2
p ε3

b
;KV =

1.75(1 − εb)ρg

dpε3
b 

[49,50]  

Axial Dispersion coefficient Dax Ref. 

Dax = 0.73Dm +
0.5udp

1 + 9.49
Dm

udp 

with: Dm,i =
∑n

i=1Dm,iyi 
[21,48]  

Modified Langmuir Isotherm Ref. 

qeq
CO2

=
qs

CO2
KCO2 pCO2

1 + KCO2 pCO2

+
ACO2 V0

vm,CO2 

with 

ACO2 = exp
(
−
[(RT

Ei

)

ln
(

p0,i

pi

)]mi )
,p0,CO2 = pc,CO2

( T
Tc,CO2

)2
,vm,CO2 =

RTc,CO2

8pc,CO2 

in which: 

[24,26] 

qs
CO2

= 0.45 mol • kg− 1 KCO2 = 28 MPa− 1 

ECO2 = 23 kJ • mol− 1 mCO2 = 5.2 

V0 = 74 cm3 • kg− 1   

Mass-transfer coefficient Ref. 

kLDF,CO2 =
15
r2
p

εpDp

εp + ρpRT
(∂qeq

CO2

∂pCO2

) in which Dp = 3.3× 10− 7m2 • s− 2 [24,48,51]  

WGS reaction rate expression Ref. 

rWGS = kpCOpH2O

(
1 −

pH2 pCO2

pCOpH2O

1
Keq

)

with: 

k = 8.689 × 10− 7exp
(
−

32.839
RT

)

Keq = exp
(
− 0.29353Z3 + 0.63508Z2 + 4.1778Z + 0.31688

)
with: Z =

1000
T

− 1 

[52,53] 

physical properties of gaseous species were calculated using Aspe Plus V11   
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• The WGS reaction is the only one taking place in the reactor.  
• An effectiveness factor of unity is assumed for the catalyst particles, i. 

e., intraparticle diffusion limitations are negligible, in line with 
similar studies [46–49]  

• Sorbent is assumed to exhibit no catalytic properties towards the 
WGS reaction and carbon dioxide is the only adsorbed species (i.e., 
water adsorption on the K-HTC sorbent was neglected) [41].  

• The Linear Driving Force (LDF) approximation is used to describe the 
kinetic of carbon dioxide between the gaseous and sorbent phases.  

• A modified Langmuir isotherm is used to describe the equilibrium 
adsorption of carbon dioxide on the sorbent [26]. 

Based on these assumptions, the governing equations that model 
each reactor vessel were obtained. Table 2 shows those governing 
equations, while the related parameters are calculated as summarized in 
Table 3. The model, and its assumptions on sorbent catalyst therein, was 
validated through dedicated adsorption tests on a single tube, lab scale 
apparatus, as reported in Supplementary Material. It is important to 
emphasise that the value chosen for the maximum sorption capacity is 
very conservative (qs

CO2 = 0.45 mol⋅kg− 1, Table 3) compared to those 
reported elsewhere [45,46]. This was assumed on the basis that partial 
deactivation of the sorbent could take place at full regime, upon expo-
sure to trace (undetected) contaminants in a waste gasification plant. 

2.3. SEWGS cycle process description and modelling approach 

The process illustrated in Fig. 2 follows the typical approach of a 
pressure swing multicomponent system. In particular, the whole SEWGS 
cycle for CO2 capture consists of seven distinct steps, performed in 
sequence by each reactor, as schematized in Fig. 3. The cycle steps 
include (Fig. 3): adsorption (A), rinse (R), pressure equalization - 
depressurization (PEd), blow down (BD), purge (P), pressure equaliza-
tion - pressurization (PEp), and repressurization (RP). In each step of 
Fig. 3, details of co-current and counter-current flow pattern are also 

shown. The adsorption step (A) is the only stage that generates H2 
product with this configuration, while the counter-current rinse step (R), 
the blow down step (BD), and the purge step (P) all contribute to the CO2 
product stream. The operating temperature is set to be 350 ◦C at all 
steps. The maximum operating pressure of the SEWGS unit is 12 bar (pH) 
during adsorption and rinse step and the minimum is 1.1 bar (pL) in 
purge step, with an intermediate pressure of 6 bar (pI) at the end of the 
pressure equalization steps. Operating pressure was intentionally 
selected to be relatively low to facilitate plant integration and material 
selection. This is a novel process choice, as a typical PSA system would 
work at much higher inlet pressure. As for the stream available in this 
process, these comprise of a post-HTS clean syngas feed stream, along 
with high-pressure and low-pressure steam utility streams (HP-STEAM 
and LP-STEAM, respectively), and a hydrogen repressurization stream 
(see Fig. 2). The syngas stream is fed at a flowrate of 50 kg/h to the 
adsorption step and is assumed to be free of contaminants (sulphur, 
nitrogen-, and chlorine-based compounds, alkali metals, ash, etc.), as the 
stream has undergone extensive gas cleaning process before entering in 
the SEWGS section. The steam utility stream consists of pure water 
vapour at a pressure of 12 bar for the HP-STEAM and 1.1 bar for the LP- 
STEAM, both fed at 350 ◦C. The hydrogen repressurization stream is 
used to bring the last step (RP) column to its original pressure and is 
assumed to be composed of pure hydrogen gas at 350 ◦C and 12 bar. The 
governing equations (Eqs. (3)–(8), Table 2) for modelling a single bed 
were extended to simulate the SEWGS cyclic process by selecting 
appropriate initial and boundary conditions [41]. The model considers 
multicomponent mass balance (Eqs. (3)–(4), Table 2), overall mass 
balance (Eq. (5), Table 2), Ergun relation for pressure drops (Momentum 
balance, Eq. (7), Table 2), and nonlinear adsorption equilibrium 
isotherm (Table 3) coupled with WGS reaction (Table 3), resulting in a 
system of Partial Differential Equations (PDEs). The variables that can be 
calculated at each cyclic process step include gas-phase component 
molar fraction (yCO₂, yCO, yH₂, yH₂O, yN₂), CO2 captured by the sorbent 
(“CO2 loading”, q), gas superficial velocity (u) and pressure (p). The 

Fig. 3. Base case operating schedule of SEWGS pilot unit (A: adsorption, R: rinse, PEd: pressure equalization depressurization, BD: blow down, P: purge, PEp: pressure 
equalization pressurization, RP: repressurization). 
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Method-of-Line [23,54] is used to solve the PDEs system by initially 
approximating spatial derivatives with algebraic equations, which are 
then transformed into a set of Ordinary Differential Equations (ODEs), 
solvable by dedicated numerical methods. Spatial discretization is ach-
ieved using a uniform grid and finite difference technique in the axial 
direction (z, Table 2). The resulting ODEs system is solved numerically 
with respect to time (t, Table 2) using MATLAB “ode15s” solver. Fig. 3 
depicts the cycle timing for five parallel reactors, which is controlled by 
setting the total cycle time and dividing it into steps based on the 
specified time step duration. A 1/10-time step duration of 90 s is used as 
the first attempt value. 

Simulations were performed using a single bed approach, i.e., 
following the evolution of all consecutive steps of the SEWGS cycle (as 
given in Fig. 3), as experienced by one of the five reactors. At the end of 
each step, the final gas composition expressed as molar fraction, pres-
sure, gas superficial velocity, and (residual) CO2 loading on the sorbent 
were saved and used as the initial conditions of the following step in the 
SEWGS cycle sequence. In the first step, the column was initially purged 
with pure nitrogen gas at 12 bar and 350 ◦C. 

2.4. Performance analysis 

This study aimed to analyse the SEWGS system's operation and 
determine its viability in generating high purity hydrogen, in order to 
understand its potential applications, such as the production of fuel-cell- 
grade hydrogen or CCS-grade carbon dioxide. A parametric analysis was 
carried out, considering three main operating parameters: time step 
duration, steam flowrate in the rinse step (R, Fig. 3), and steam flowrate 
in the purge step (P, Fig. 3). Strict requirements exist for polymeric fuel- 
cell-grade hydrogen regarding CO and CO2 levels, which must be below 
0.2 μmol/mol and 2 μmol/mol, respectively [55,56]. The time step 
duration in the SEWGS process can be evaluated during the adsorption 
step, to ensure that product hydrogen met those requirements. However, 
certain steps may need longer duration than allowed in the scheduled 
cyclic process, disrupting the continuity and preventing a continuous 
flow product, so an optimization exercise is often needed. The steam 
flowrate in the rinse and purge steps is analysed independently to ensure 
optimal H2 and CO2 purities in the respective product stream. The rinse 
and purge steam flowrates are determined by the rinse-to-carbon (R/C, 
Eq. (9)) and purge-to-carbon (P/C, Eq. (10)) ratios. 

R

/

C =

∫tR

0

FSteam,Rdt

(
yCO,Feed + yCO2 ,Feed

)
FFeedtA

(9)  

P

/

C =

∫tP

0

FSteam,Pdt

(
yCO,Feed + yCO2 ,Feed

)
FFeedtA

(10) 

The steam flowrate in these steps influences several efficiency as-
pects of the SEWGS process, as it impacts the recovery of H2 and CO2, as 
well as the economic and environmental aspects related to energy and 
emissions for steam generation. To objectively evaluate the parameter 
influences, key performance indicators (KPIs) were defined for the 
SEWGS pilot unit (Table 4) on integral base with respect to time: 
hydrogen recovery ratio (HRR, Eq. (11)), carbon capture ratio (CCR, Eq. 
(12)), carbon purity (CP, Eq. (14)), and hydrogen purity (HP, Eq. (13)). 
In Eqs. (11)–(14), the letter j denotes steps contributing to the hydrogen 
product stream (j = A, Eq. (11), Eq. (13)), while k denotes the steps 
contributing to the carbon dioxide product stream (k = R/BD/P, Eq. 
(12), Eq. (14)). It is important to note that the purities of H2 and CO2 in 
their respective product stream were determined on a dry basis. 

3. Results and discussion 

3.1. Adsorption step 

The optimal time intervals for the SEWGS model were assessed 
considering the restrictions on CO and CO2 content in the hydrogen 
product stream for transport applications. The amounts of CO2 and CO 
leaving the adsorption step were calculated every 30 s (in micromoles of 
CO2 or CO per total moles of dry hydrogen product, i.e., μmol/mol), as 
shown in Fig. 4a-b. 

As the adsorption time increases, more reactants are fed to the col-
umn, involving a growing amount of sorbent particles into CO2 capture. 
This, in turn, reduces the overall sorption capacity of the bed and in-
creases the concentration of CO2 along the column. As a results, the rate 
of the forward WGS reaction decreases, causing a decrease in the con-
version of CO and a significant rise in the CO impurities content in the 
hydrogen product. Fig. 5 show a clear advancement of the adsorption 
front with longer step duration. As the sorbent progressively becomes 

Table 4 
Description of the KPIs used in this work.  

KPI Definition Formula  

HRR [%] Ratio of actual H2 product recovered to maximum obtainable H2 

HRR =

∑
j

∫tj

0

yH2 ,out,j Fout,jdt

(
yH2,Feed + yCO,Feed

)
FFeedtA

× 100 

Eq. 11 

CCR [%] Ratio of actual CO2 product recovered to maximum obtainable CO2 

CCR =

∑
k

∫tk

0

yCO2 ,out,k Fout,kdt

(
yCO2,Feed + yCO,Feed

)
FFeedtA

× 100 

Eq. 12 

HP [%] Dry-basis H2 product purity 

HP =

∑
j

∫tj

0

yH2 ,out,j Fout,jdt

∑

j

∫tj

0

Fout,jdt −
∑

j

∫tj

0

yH2O,out,jFout,jdt

× 100 

Eq. 13 

CP [%] Dry-basis CO2 product purity 

CP =

∑
k

∫tk

0

yCO2 ,out,k Fout,kdt

∑

k

∫tk

0

Fout,kdt −
∑

k

∫tk

0

yH2O,out,k Fout,kdt

× 100  

Eq. 14  
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spent along the column length, the concentration profile of impurities is 
shifted forward. This shift reduces the available length for CO2 adsorp-
tion and, therefore, hinders the conversion of CO by the sorption- 
enhancing effect. 

For example, Fig. 4a-b shows that the base case adsorption time (180 
s) results in too high levels of CO2 and CO impurities. Lowering the 
adsorption time to 120 s allowed the achievement of the CO specifica-
tion, but the 2 μmol/mol limit for CO2 is only met at 60 s. Consequently, 
the adsorption time was set to 60 s (corresponding to a 30 s time step 
duration), resulting in compositions of 0.705 μmol/mol for CO2 and 

Fig. 4. a) CO2 content in the outlet hydrogen product stream as a function of adsorption time step, along with the 2 μmol/mol limit required for fuel-cell-grade 
hydrogen (dashed black line); b) CO content in the outlet hydrogen product stream as a function of adsorption time step, along with the 0.2 μmol/mol limit 
required for fuel-cell-grade hydrogen (dashed black line). 

Fig. 5. CO2 adsorbed on the sorbent as a function of the column length at 
various adsorption time step. Total reactor length: 2.5 m. 

Fig. 6. a) CO2 adsorbed on the sorbent as a function of the column length at the end of the adsorption step at various feed flowrate; b) CO2 adsorbed on the sorbent as 
a function of the column length at the end of the adsorption step with increased CO2 content in the feed. Adsorption time of 60 s. Total reactor length: 2.5 m. 

Table 5 
CO2 and CO content in the hydrogen product stream resulting from sensitivity 
analyses simulating variations of feed flowrate and feed CO2 content.  

Residual 
content in H2- 
Product 
Stream 

Base Case 
Feed 
Conditions 

5% Increase 
in Feed 
Flowrate 

5% Decrease 
in Feed 
Flowrate 

5% Increase in 
the Molar 
Fraction of CO2 

at the Feed 

CO2 [μmol/ 
mol] 

0.705 1.21 0.375 0.442 

CO2 variation 
compared to 
base case 
[%] 

/ +72% − 47% − 37% 

CO [μmol/ 
mol] 

0.0158 0.0280 0.00839 0.00816 

CO variation 
compared to 
base case 
[%] 

/ +79% − 47% − 48%  
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0.0158 μmol/mol for CO in the hydrogen product stream. 
Further reducing the time step duration would be sensible in prac-

tice, considering the expected increase in these values during continuous 
operation in case of partial sorbent regeneration. However, decreasing 
the time step also reduces the available time for rinse and purge steps, 
imposing higher steam consumption. This significantly impacts the 
process's economics, efficiency, and environmental burden. 

In addition to evaluations of adsorption duration, changes to the feed 

properties were evaluated to assess the system's sensitivity to distur-
bances, which are common in waste fuelled plants. A ± 5% variation 
was imposed to the syngas flowrate to the column and simulated 
(Fig. 6a): no significant changes in the column's adsorption profile 
resulted, with a slight shift forward in the adsorption front for increased 
flow given the higher overall quantity of CO2 fed to the reactor (while 
the reverse occurred for decreased flow). The most significant change 
occurred in CO2 content in the hydrogen product, with values of +72% 

Fig. 7. a) Outlet molar flowrate of components in the rinse step as a function of time in the counter-current configuration; b) CO2 adsorbed along the column in the 
rinse step over time in the counter-current configuration. Rinse time of 60 s. 

Fig. 8. a) Outlet molar flowrate of components in the rinse step as functions of time in the co-current configuration; b) CO2 adsorbed as a function of reactor length at 
several rinse times in the co-current configuration. Rinse time of 60 s. Total reactor length: 2.5 m. 

Fig. 9. a) HRR and mole fraction of CO2 in the hydrogen product stream as functions of various rinse steam flowrate in a co-current configuration; b) CO2 adsorbed as 
a functions of reactor length at several steam flowrate in the co-current configuration. Rinse time of 60 s. Total reactor length: 2.5 m. 
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for higher feed flowrate, and − 47% at lower feed flowrate, all having 
the base case as a reference (Table 5). This is expected, as with increased 
feed flowrate, the residence time available for CO2 to both adsorb on the 
sorbent and react with steam decreases. Since the partial pressures of all 
components were not varied, the WGS reaction rate and the adsorption 
rate of CO2 remain relatively the same as in the base case, explaining the 
minor change observed in the adsorption profile and the increased CO2 
content at the outlet. The opposite effects occur with decreased flowrate. 
These conclusions are further supported by the variation in the CO 
content at the product stream with varying flowrate, which is seen to 
change by a similar degree to that observed with the CO2 mole fraction. 

A sensitivity analysis was performed also concerning the CO2 content 
in the feed, assuming a + 5% increase. Interestingly, the results show a 
significant decrease in CO2 (− 37%) and CO (− 48%) content at the outlet 
compared to the base case (Table 5). However, Fig. 6b reveals a notable 
increase in adsorbed CO2 at the inlet bed portion, possibly due to the 
higher CO2 partial pressure. This leads to enhanced equilibrium 
adsorption isotherm, resulting in increased adsorption rate. Further-
more, the higher amount of adsorbed CO2 results to an increased for-
ward WGS reaction rate, reducing the residual CO in the H2 product 
stream. 

3.2. Rinse step 

The adsorption step achieves only a 46.8% of HRR, with the selected 
counter-current configuration in the base case, significantly compro-
mising the system's efficiency and potentially impacting the CO2 prod-
uct's CP. Ideally, the stream generated in the rinse step should be merged 
with the hydrogen product. However, based on Fig. 7a, it can be 
concluded that is not possible, due to the large amount of CO2 that 
would leave the column. At the end of the adsorption step, the CO2 
content in the gas phase mainly concentrates at the bottom of the col-
umn, due to the higher CO2 concentration in the syngas feed and the fact 
that the sorbent at the bottom might be already saturated. Therefore 
operating with a counter-current configuration in the rinse step, the 
steam flow will not only directly carry the CO2 content in the gas phase 
to the outlet, but also push the front of adsorbed CO2 forward, causing 
the desorbed CO2 to end up in the product stream, as shown Fig. 7b. 

Interestingly, by changing to co-current rinse configuration, the CO2 
content exiting the column become negligible (Fig. 8a). In co-current 
mode, steam is introduced at the concentrated CO2 region (reactor 
bottom), pushing upward both CO2 already in gaseous phase and newly 
desorbed CO2, towards sorbent layers with lower CO2 loading at the end 
of adsorption phase; this resulted in a transient adsorption front, peaking 
along the column (Fig. 8b). This effectively prevents contamination of 
the hydrogen product stream, making unspent bed layers working as an 

additional purification guard. 
The impact of steam flowrate in a co-current rinse configuration on 

system performance was assessed by a sensitivity analysis: the steam 
flowrate was increased in the rinse step by 50% increments (R/C = 1.68, 
2.24, 2.8) compared to the base case (R/C = 1.12) and analysing its 
effects on HRR and CO2 content in the hydrogen product (combining 
adsorption and rinse steps). Fig. 9 shows the results of this sensitivity 
analysis. At the base case (1.12 R/C ratio), the co-current rinse improves 
the HRR up to 77.6% (vs. 46.8 of the counter-current rinse), with a CO2 
content in H2 product of 0.8 μmol/mol (Fig. 9). Higher steam flowrates 
lead to further HRR improvements, eventually plateauing at R/C ratios 
exceeding 2.24. However, the outlet CO2 mole fraction increases more 
than linearly with the R/C ratio, resulting in a significant shift forward 
with respect to the column length of the adsorption front, calculated at 
the end of the rinse step (Fig. 9b). Consequently, at an R/C ratio of 2.80, 
the CO2 content in the hydrogen product exceeds the specified limit, 
making it impractical to incorporate the rinse effluent stream into the 
hydrogen product. 

Therefore, a co-current configuration with a R/C ratio of 2.24 
resulted as the optimal arrangement for the rinse step, which allows for a 
HRR of 97.7%, while maintaining the CO2 mole fraction in the hydrogen 
product at 1.2 μmol/mol, below its limit for PEM fuel cell applications. 
Choosing a higher steam flow would not be advisable since it would 
result in CO2 content approaching or exceeding that limit, without any 
significant gain in HRR that would justify the increased steam con-
sumption costs. A lower value, for example R/C of 1.68 was also 
acceptable, given the relatively high HRR of 92.7% and the lower CO2 
contamination in the hydrogen product (0.9 μmol/mol), along with the 
reduced steam consumption costs. However, it is common practice in 
SEWGS and related processes to aim for a hydrogen recovery rate higher 
than 95% to enhance efficiency, economic returns, and achieve high CO2 
purity for carbon capture and storage applications [25,57,58]. 

3.3. Purge step 

The effect of steam flowrate on CO2 removal and sorbent regenera-
tion was studied during the purge step, by a sensitivity analysis that 
involved increments of steam flowrate by 100% relative to the base case 
(P/C = 1). The impact on sorbent regeneration resulted low, becoming 
negligible for P/C ratio of 3 or higher (Fig. 10a). The main effect of 
steam flow is in rinsing out the gas phase CO2, as shown in Fig. 10b. 
However, the efficiency of gaseous CO2 removal gradually decreases 
with higher flowrates because the lower partial pressure of CO2 along 
the column leads to increased desorption, resulting in more CO2 in the 
gas phase. 

The purge step's inefficiency is even more evident when evaluating 

Fig. 10. a) CO2 adsorbed as a function of reactor length at several steam flowrates; b) Gas phase CO2 content as a function of reactor length at several steam 
flowrates. Purge time of 60 s. Total reactor length: 2.5 m. 
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the CCRs and CPs, as shown in Fig. 11a. There is a minor increase in CCR 
with higher steam flow, but it becomes even more negligible above a P/ 

C ratio of 2. The overall CCR obtained remains low in all examined cases 
(<50%), indicating that approximately half of the fed CO2 remains 
adsorbed even after the purge step. This suggests that the sorbent could 
become saturated after a few cycles, making the purge step impractical, 
despite always achieving high CPs suitable for CCS applications (im-
purities in recovered CO2 always <0.001%). The effect of purge step 
duration on CCR and CP was evaluated at a P/C ratio of 2 over different 
time intervals (Fig. 11b): increasing the purge time improves sorbent 
regeneration. However, to ensure optimal sorbent cyclic working ca-
pacity and minimize impurities content in the hydrogen product, a CCR 

of 95% or higher is required, which is only achieved at a purge step 
duration of 420 s. This presents challenges as it hinders continuous 
hydrogen production by a five-columns-stack and significantly increases 
steam consumption, necessitating an overall P/C ratio of 14. This would 
have a substantial impact on the process economics and environment on 
a full-scale pilot plant. However, for the only sake of pilot plant opera-
tion, this is shown to be the only viable option to meet the required 
product specifications. 

3.4. Fully cycle operation 

Simulations for the full cyclic operation of the process were per-
formed by the single bed approach, to evaluate long-term performance. 
The formulations for HRR and CCR had to be modified, to account for 
the H2 and CO2 gases present in the column and the CO2 adsorbed on the 
sorbent after each cycle, as given by Eq. (15) and Eq. (16), respectively. 

HRRtot =

∑
j

∫tj

0

yH2 ,out,j Fout,jdt

(
yH2,Feed + yCO,Feed

)
FFeed tA +

∫L

0

dNH2 ,0

dz
dz

× 100 (15)   

Based on the previous analyses, the optimal configuration for the 
SEWGS process includes co-current rinse operation, with the stream 
generated during this step directly incorporated into hydrogen product 
stream. Table 6 summarise the design parameters adopted for the sim-
ulations. Six full cycles were simulated in series, the results of which are 
given in Table 7. It should be noted that only the first cycle works with 
fresh sorbent at full capacity. 

Table 7 shows that after an initial drop in performance on HRR from 
Cycle 1, a constant value of 88.5% is obtained from Cycle 2 to Cycle 6. 

Fig. 11. a) CCR and CP in the CO2 product stream as a functions of different steam flowrates. Purge time of 60 s; b) CCR and CP in the CO2 product stream as a 
function of different purge time step, P/C ratio of 2. 

Table 6 
Design parameters adopted for the fully cycle simulation.   

A R PEd BD R PEp RP R/C 
ratio 

2.24 

Step duration 
[s] (tstep - 30 
s) 

60 60 30 30 420 30 30 P/C 
ratio 

2  

Table 7 
Results for the full cycle operation of the SEWGS pilot process.   

Dry Hydrogen Product Dry Carbon Dioxide 
Product 

yCO2 [μmol/mol] HRR [%] HP [%] CCR [%] CP [%] 

Cycle 1 1.25 97.6 99.9 95.2 99.9 
Cycle 2 5.90 88.5 99.5 97.2 99.9 
Cycle 3 7.00 88.5 99.5 97.4 99.9 
Cycle 4 7.24 88.5 99.5 97.5 99.9 
Cycle 5 7.40 88.5 99.5 97.4 99.9 
Cycle 6 7.40 88.5 99.5 97.4 99.9  

CCRtot =

∑
k

∫tk

0

yCO2 ,out,k Fout,kdt

(
yCO2,Feed + yCO,Feed

)
FFeed tA +

∫L

0

dNCO2 ,0

dz
dz +

∫L

0

qCO2 Acρb,ads (1 − εb) dz

× 100 (16)   
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The decreasing in HRR value is caused by the residual CO2 adsorbed on 
the sorbent, which reduces the CO2 adsorption rate, hence lowering the 
sorption-enhancing effect on WGS. The CO2 content in the hydrogen 
product undergoes a gradual increase with each cycle run with a coupled 
decrease of HP, also resulting from the lower CO2 adsorption rate along 
the column. This trend with cycles makes the hydrogen product go 
outside the fuel-cell-grade specifications required, from Cycle 2 and 
beyond, meaning that the process will have to be modified to meet this 
target, either by incorporating an additional hydrogen purification step 
or altering the operating conditions set. Regarding the CO2 product, a 
slight improvement was obtained for CCR, which is associated with the 
greater amount of CO2 adsorbed on the sorbent following Cycle 1, as 
shown in Fig. 12, that results in an increased desorption rate at the blow 
down and purge steps. Moreover, from the convergence in the CCR 
achieved and in the CO2 obtained in the hydrogen product after multiple 
cycle runs, we can conclude that steady state is reached and full sorbent 
saturation is avoided in the process, as can also be deduced from the 

relatively constant adsorption profile displayed in Fig. 12. As for the 
purity of the CO2 product, the fluctuations are negligible over multiple 
cycles. However, extremely high CPs are still generated from the pro-
cess, which exceed the CCS-grade specifications required. 

Table 8: summarizes a comparative investigation between the results 
obtained in this work and those from other SEWGS and related processes 
from literature: the system simulated in this work achieved a superior 
separation of H2 and CO2, obtaining a considerably high purity for both 
products (Table 8, HP = 99.5%, CP = 99.9%), even surpassing the HP 
reached by Zhu et al. (2018) [57] through an elevated-temperature 
pressure swing adsorption (ET-PSA) process, in contrast with the low 
HRR (89.0%. Table 8). However, the high purity always comes at the 
cost of recovery: when fixing the bed number, this phenomenon is 
commonly observed with operating parameters including adsorption 
pressure, adsorption time, feed flowrate, purge rate, purge-to-feed ratio, 
cycle time and adsorbent loading ratio in layered bed [46]. 

Despite the lower HRR, the CP obtained was still extremely high, 
particularly compared with other SEWGS processes that recovered a 
considerably higher percentage of hydrogen (Table 8). This is due to the 
lower hydrogen-to-carbon ratio present in waste syngas feed compared 
to that obtained in syngas streams generated from coal and natural gas 
feedstocks [25,41,59]. These observations may suggest that biomass- 
rich feedstocks could allow for higher HPs (at the cost of having a 
lower HRR), without compromising the purity of the CO2 product. 
Consequently, SEWGS offers greater opportunity to BECCS and low- 
carbon hydrogen production, compared to other solutions. 

Another important point to consider is the large steam consumption 
(Table 8, R/C and P/C ratios) in the current pilot, compared to litera-
ture. This is related to several aspects that must be considered:  

• the lower-than-average number of pressure equalization steps in the 
investigated pilot process, which increases the steam demand in the 
rinse step [24,60]. It has been demonstrated that increasing the 
number of equalization steps enabled the rinse steam to be reduced 
without significantly changing the purge steam, as it reduced the H2 
remaining inside the bed before the blow down step [46,61]; 

Table 8 
Comparison of the results obtained in this work with those achieved by SEWGS and related process from literature, as well as contrasting between the different 
configurations of each process.   

This work Reijers et al. (2011) 
[59] 

Boon et al. (2015) 
[24] 

Najmi et al. (2016) 
[41] 

Wright et al. (2009) 
[25] 

Zhu et al. 
(2018) [57] 

Process SEWGS 
5-column 
7-steps 
(co-current 
rinse) 

SEWGS 
6-column 
8-steps 
(counter-current rinse) 

SEWGS 
9-column 
11-steps 
(co-current rinse) 

SEWGS 
8-column 
11-steps 
(counter-current rinse) 

SEWGS 
8-column 
11-steps 
(counter-current rinse) 

ET-PSA 
8-column 
13-steps 
(co-current 
rinse) 

HP [%] 99.5 93.2a 76.8a 81.1 46.5 97.7 
HRR [%] 88.5 99a 95a – 99 98 
CP [%] 99.9 98.0 99.0 99.3 99.9 – 
CCR [%] 97.4 90 95 95 91 – 
R/C ratio 2.24 0.55 0.03 0.4 0.89 0.56 
P/C ratio 14 1.3 0.08 1.5 1.33 1.0 
tstep Duration [s] 30 – 38 44 – 60 
Adsorption tstep [s] 60 – 156 174 – 90 
Purge tstep [s] 420 – 156 87 – 240 
Set of Pressure Equalization 

Step 
1 1 3 3 3 4 

Operating Pressure Range 
[bar] 

12–1.1 23.6–2.0 24.0–1.1 27.0–1.0 28.0–1.1 30.4–1.2 

Operating Temperature [◦C] 350 400 400 400 400 400 
Feed Composition 29.5% H2 32.6% H2O 0.8% Ar 3.46% CO2 2.6% CO 40% H2 

2.3% CO 34.6% H2 27.6% H2O 22.06% H2 15.2% H2O 1% CO 
20.0% CO2 4.7% CO 3.6% H2 49.33% CO 11.7% CO2 30% CO2 

47.9% H2O 23.8% CO2 7.1% CO 18.17% H2O 32.2% H2  

0.30% N2  54.4% CO2 6.98% N2 38.2% Inert gas    
6.5% N2     

a Hydrogen product results were obtained from Zhu et al. (2018) [57]. 

Fig. 12. CO2 adsorbed as a function of reactor length at the end of the 
adsorption step for the various full cycle simulations. 
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• the adsorption step duration is well below that adopted in any other 
process (Adsorption tstep: 60 s, Table 8). Recall that this step duration 
was reduced to ensure optimal HP and minimal impurities content in 
the hydrogen product, in contrast, the P/C ratio and purge step 
duration had to be increased considerably to enhance sorbent 
regeneration for high-purity hydrogen to be obtained (Table 8);  

• the operating pressure range and operating temperature used in the 
current process are lower than in the literature (Table 8, operating 
pressure range [bar]: 12–1.1, operating temperature [◦C]: 350), 
which limit the cyclic working capacity of the sorbent and may 
contribute to higher steam requirement. 

From this study, it seems that a 5-column SEWGS may not be a viable 
method of producing fuel-cell-grade hydrogen without the incorpora-
tion of an additional hydrogen purification step or a multi-train 
configuration, particularly considering the extreme steam demands 
required to do so. However, the same system is effective in producing 
hydrogen for heating applications, which requires lower hydrogen pu-
rity of 98% and could accommodate higher quantities of other impu-
rities, such as methane, sulphur, etc. [56]. 

4. Conclusions 

The increasing concern with climate change is leading a global 
transition towards renewable and low-carbon energies, in which BECCS 
is expected to play a crucial role in offsetting GHG emissions. Recently, 
with the emerging investment in hydrogen production and CCS tech-
nologies, SEWGS has gained increasing attention as an intensification 
process for simultaneous carbon capture and hydrogen generation, 
aiming to reduce capital costs and energy demands. This study has 
analysed and optimised a 5-column SEWGS pilot unit, set to operate for 
the first time in a waste gasification facility. From the sensitivity analysis 
performed, syngas flowrate variations were seen to have an instanta-
neous, but temporary, impact on hydrogen product specifications, while 
changes to syngas composition were deduced to have a longer-lasting 
effect on performance. Based on full cycle operation results, the cur-
rent SEWGS unit design was concluded to be inadequate for fuel-cell- 
grade H2 production, despite obtaining a high HP of 99.5%, mainly 
due to its excessive steam consumption. Nevertheless, compared with 
literature results, the process achieved an exceptionally high CP of 
99.9%, despite the relatively low 88.6% HRR obtained. This indicated 
that the incorporation of SEWGS in BECCS may allow for higher purity 
hydrogen products to be obtained, whilst meeting CCS product specifi-
cations, in contrast with using fossil-based feedstocks, although mostly 
for heating applications. Overall, this study has contributed towards a 
deeper understanding of SEWGS as a pre-combustion carbon capture 
technology for BECCS and a high-purity hydrogen production method, 
both of which are increasingly important topics, with still limited 
available research. 

Nomenclature 

Abbreviations 

A adsorption step in SEWGS cycle 
BECCS bioenergy with carbon capture and storage 
BD blow down step in SEWGS cycle 
bioSNG bio synthetic natural gas 
CP carbon purity 
CCR carbon capture ratio 
CCS carbon capture and storage 
DMEA dimethylethanolamine 
ET-PSA elevated temperature pressure swing adsorption 
GHG greenhouse gas emission 
HP hydrogen purity 
HRR hydrogen recovery rate 

HTS high temperature shift 
IEA international energy agency 
IGCC integrated gasification combined cycle 
K-HTC potassium-promoted hydrotalcite 
LDF linear driving force 
LTS low temperature shift 
MEA monoethanolamine 
MTH methanation step 
ODEs ordinary differential equations 
P purge step in SEWGS cycle 
P/C purge to carbon ratio 
PDEs partial differential equations 
PEd pressure equalization depressurization step in SEWGS cycle 
PEp pressure equalization pressurization step in SEWGS cycle 
PSA pressure swing adsorption 
R rinse step in SEWGS cycle 
R/C rinse to carbon ratio 
RP repressurization step in SEWGS cycle 
RDF refuse derived fuel 
SEWGS sorption-enhanced water-gas shift 
WGS water-gas shift 

Symbols 

A nanopore-sorbate interaction parameter, −
Ac column cross-sectional area, m2 

c molar concentration, mol m− 3 

dp particle diameter, m 
dr reactor internal diameter, m 
Dax axial mass dispersion coefficient, m2 s 
Dm molecular diffusivity of the gas mixture, m2 s 
Dm,i molecular diffusivity of the gas component i, m2 s 
Dp intraparticle diffusion coefficient, m2 s 
E nanopore-sorbate interaction energy, J mol− 1 

F molar flow rate, mol s− 1 

K surface-sorbate interaction parameter, Pa− 1 

Keq equilibrium constant for the WGS reaction 
KD Ergun equation coefficient, N s m− 4 

KV Ergun equation coefficient, N s2 m5 

k rate constant for the WGS reaction, mol gcat
− 1 h− 1 Pa− 2 

kLDF linear driving force intraparticle mass transfer coefficient, s− 1 

L reactor length, m 
Mav average molar mas of gas mixtures, kg mol− 1 

m pore-size distribution parameter, −
Ni mole number of chemical species i, mol 
p pressure, Pa 
pi partial pressure of species i, Pa 
pc critical pressure, Pa 
pH high pressure in cycle simulation, Pa 
pI intermediate pressure in cycle simulation, Pa 
pL low pressure in cycle simulation, Pa 
p0 saturation pressure, Pa 
q solid phase adsorption capacity, molCO2 kgad

− 1 

qeq equilibrium solid phase concentration, mol kg− 1 

qs maximum concentration adsorbed, mol kg− 1 

R universal gas constant, J mol− 1 K− 1 

rwgs water-gas shift reaction rate, mol gcat
− 1 h− 1 

T temperature, K 
t time, s 
Tc critical temperature, K 
u superficial gas velocity, m s− 1 

vm molar volume, cm3 mol− 1 

V0 limiting nanopore volume per mass of sorbent, cm3 kg− 1 

yi gas phase mole fraction of species i, −
z column axial coordinate, m 
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Greek 

εb bed void fraction, −
εp adsorbent porosity, −
εt total bed porosity, −
ρb,ads bulk density of adsorbent, kg m− 3 

ρb,cat bulk density of catalyst, kg m− 3 

ρp particle density, kg m− 3 

ρg gas-phase density, kg m− 3 

μ viscosity of the fluid, Pa s 

Subscribes 

0 initial 
i generic chemical species 
j step contributing to hydrogen product stream 
k step contributing to carbon dioxide product stream 
out outlet 
tot total 
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