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a b s t r a c t 

Hydrogen has a key role to play in decarbonising industry and other sectors of society. It is important to develop 

low-carbon hydrogen production technologies that are cost-effective and energy-efficient. Sorption-enhanced 

steam methane reforming (SE-SMR) is a developing low-carbon (blue) hydrogen production process, which en- 

ables combined hydrogen production and carbon capture. Despite a number of key benefits, the process is yet 

to be fully realised in terms of efficiency. In this work, a sorption-enhanced steam methane reforming process 

has been intensified via exergy analysis. Assessing the exergy efficiency of these processes is key to ensuring the 

effective deployment of low-carbon hydrogen production technologies. An exergy analysis was performed on an 

SE-SMR process and was then subsequently used to incorporate process improvements, developing a process that 

has, theoretically, an extremely high CO2 capture rate of nearly 100 %, whilst simultaneously demonstrating 

a high exergy efficiency (77.58 %), showcasing the potential of blue hydrogen as an effective tool to ensure 

decarbonisation, in an energy-efficient manner. 
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. Introduction 

.1. Research background 

Reduction of greenhouse gas (GHG) emissions by 2050 is of ever-

ncreasing importance. Increasing GHG emissions across the previ-

us two centuries has led to a changing climate that has seen in-

reasing temperatures, rising sea levels and extreme weather events

 Guardian, 2023 ). Climate change is a grand challenge faced within

ur society that requires significant investment from key stakeholders

uch as policymakers, scientists and people within industry to ensure

hat a transition away from GHG is done in a fair and just manner

 Wang and Lo, 2021 ). A major shift in policy has occurred within the last

ecade since The Paris Agreement, in which governments have devel-

ped policy frameworks which further commit countries to ensure only

 °C of temperature rise by 2050 in comparison to pre-industrial levels

 IEA, 2021 ). Within the UK, this has been outlined by the Build Back

reener and the development of low-carbon industrial clusters across

he country ( DESNZ and BEIS, 2021a ). 
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Low-carbon hydrogen is an integral part of transitioning away from

n economy previously centred on the extraction of oil and gas as well

s the release of subsequent CO2 into the atmosphere ( DESNZ and BEIS

021b ). Hydrogen has been identified as a clean-energy carrier, capable

f decarbonising a vast range of industries such as maritime ( Fu et al.,

023 ), transport ( Singh et al., 2015 ) and steel ( Marocco et al., 2023 ).

here has been increasing interest in the production of low-carbon

ydrogen as currently, the main methods of hydrogen production in-

olve the release of significant quantities of CO2 emissions (i.e. the

onventional grey and black hydrogen production) ( IEA, 2022 ). There

re several hydrogen production methods which are often referred to

s the “colours of hydrogen ”. Three of these methods known as blue,

reen and turquoise hydrogen have been identified as key to develop-

ng low-carbon hydrogen production process. Blue hydrogen involves

he capture and storage of CO2 emissions (CCS) during hydrogen pro-

uction from fossil fuels, whereas green hydrogen production involves

he splitting of water via electrolysis from ideally renewable electric-

ty ( George et al., 2022 ). Turquoise hydrogen involves the pyrolysis

f methane to produce two-high value products: hydrogen and carbon
ebruary 2024 
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Fig. 2. Average LCOH of different hydrogen production methods in 2021 

( IEA, 2022 ). 
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Nomenclature 

ATR autothermal reforming 

BEIS department for business, energy and industrial 

strategy 

CCS carbon capture & storage 

CLC chemical-looping combustion 

CND condenser 

GHG greenhouse gas emissions 

HX heat exchangers 

KPIs key performance indicators 

LCOH levelised cost of hydrogen 

MEA monoethanolamine 

PCC post-combustion carbon capture 

PSA pressure swing adsorption 

SE-CL-SMR sorption-enhanced chemical-looping steam 

methane reforming 

SE-SMR sorption-enhanced steam methane reforming 

SE-SMR-CLC sorption-enhanced steam methane reforming with 

chemical-looping combustion 

SE-SMR-PCC sorption-enhanced steam methane reforming with 

post-combustion carbon capture 

SMR steam methane reforming 

TRL technology readiness level 

WGS water gas shift 

lack ( Chew et al., 2023 ). The hydrogen economy must incorporate low-

arbon hydrogen production to ensure the mitigation and reduction of

he effects of climate change ( Ishaq et al., 2022 ), and at the same time,

acilitate a smooth transition into net zero. As of 2021, 94 million tonnes

Mt) of hydrogen were produced globally; the breakdown of how the hy-

rogen is produced is shown in Fig. 1 ( IEA, 2022 ). 

Currently, hydrogen production produces over 900 Mt of CO2 a year

lobally ( IEA, 2022 ). The majority of this is produced via the Steam

ethane Reforming (SMR) or Autothermal Reforming (ATR) processes.

ithin the SMR process, the feedstock (i.e. methane and steam) are

eated, pressurised and then introduced into a reformer (i.e. a reac-

or) where reactions ( R1 ) and ( R3 ) take place. The products are then

ransferred into a Water Gas Shift (WGS) reactor where reaction ( R2 )
ig. 1. Global hydrogen production routes as of 2021, data taken from 

 IEA, 2022 ). 
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akes place. The H2 and CO2 gases are then transferred into a Pressure

wing Adsorption (PSA) unit where the produced H2 is further purified

o meet specific product specifications. 

H4( 𝑔) + H2 O( 𝑔) ↔ CO( 𝑔) + 3H2( 𝑔) Δ𝐻298K = 206 . 2 kJ mo l−1 (R1)

O( 𝑔) + H2 O( 𝑔) ↔ CO2( 𝑔) + H2( 𝑔) Δ𝐻298K = − 41 . 2 kJ mo l−1 (R2)

H4( 𝑔) + 2H2 O( 𝑔) ↔ CO2( 𝑔) + 4H2( 𝑔) Δ𝐻298K = 165 . 2 kJ mo l−1 (R3)

Global blue and green hydrogen production rates are currently

xtremely low, accounting for 0.74 Mt and 0.042 Mt, respectively

 IEA, 2022 ), as grey hydrogen dominates (blue hydrogen but without

he CCS). However, this is projected to change by 2030 as blue and

reen hydrogen production is expected to increase to 10 Mt and 14 Mt

espectively ( IEA, 2022 ). Within the UK, there has been a recent policy

y the Department for Business, Energy and Industry (BEIS) in which

ew hydrogen production projects must capture 95 % of CO2 produced

 EA, 2023 ). Low-carbon hydrogen production has a key role in reducing

HG emissions. Currently, green hydrogen production is a much more

xpensive option with a higher levelised cost of hydrogen (LCOH), while

lue hydrogen production has a lower LCOH, as shown in Fig. 2 . This

ignifies the importance of timely scale-up of blue hydrogen production.

Sorption-Enhanced Steam Methane Reforming (SE-SMR) is a rela-

ively new process configuration with potential to replace the more con-

entional (SMR/ATR + carbon capture) processes. SE-SMR incorporates

 high-temperature sorbent like CaO in the SMR reformer, the sorbent

hen captures CO2 in-situ within the reformer as described by reaction

 R4 ). The CaCO3 is then transferred into the calciner via an intercon-

ected fluidised bed system ( HyPER, 2019 ). This process intensifica-

ion aims to develop a process that is significantly more economical

n comparison to conventional blue hydrogen production. Furthermore,

ntroducing CaO into the reformer helps to increase H2 purity together

ith increased CH4 conversion rates due to the Le Chateliers principle

 Tzanetis et al., 2012 ). As described by reaction ( R4 ), the carbonation

f CaO is exothermic and therefore, the liberated energy can drive the

ndothermic reforming reaction. The lowering of the reforming temper-

ture also provides a reduction in the sintering and coking of catalysts

 a key issue within the SMR processes ( Masoudi Soltani et al., 2021 ). 

a O( s) + CO2( 𝑔) ↔ CaC O3( 𝑠) Δ𝐻298K = − 178 . 8 kJ mo l−1 (R4)
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Fig. 3. Simplified SE-SMR + PSA process flowsheet of process (Case 2), adapted 

from ( Yan et al., 2020b ). 
Currently, SE-SMR is at technology readiness level (TRL) five. Re-

ent work has focused on elevating this TRL through the HyPER project

 HyPER, 2019 ) . Furthermore, to facilitate a more confident scale-up

pproach, process modelling is required to identify optimum operating

onditions that aim to enhance the key performance indicators (KPIs)

f the process. Analysis of these process models is important to en-

ure that an optimum process configuration and process performance

s achieved ( Davies et al., 2023 ). One such method is exergy analy-

is which is defined as the maximum amount of useful work available

ithin a system as it is bought into equilibrium with reference envi-

onment ( Simpson and Lutz, 2007 ). Exergy analysis combines both the

econd law of thermodynamics with the conservation of mass and heat

ransfer to provide a realistic insight into the true thermodynamic effi-

iency of a process ( Tzanetis et al., 2012 ). It can significantly facilitate

he identification of inefficiencies within the process and can identify

here thermodynamic losses occur within the process in comparison to

onventional energy analysis which is based on the first law of thermo-

ynamics. 

.2. Literature review 

As mentioned above, there has been a vast array of literature on

he process modelling and subsequent thermodynamic analysis of blue

ydrogen production process. ( Yan et al., 2020b ) assessed the perfor-

ance of six different process configurations of SE-SMR using five KPIs

CH4 conversion, H2 purity, cold gas efficiency, net efficiency, CO2 cap-

ure efficiency) and found that incorporating Chemical-looping Com-

ustion (CLC) (iron oxide chosen as the O2 carrier) into the process

rovided the best performance with respect to the pre-defined KPIs.

ntzara et al. (2015) performed a thermodynamic analysis on a novel

orption-enhanced Chemical Looping Steam Methane Reforming (SE-

L-SMR) process and assessed the thermodynamic performance in com-

arison with both SE-SMR and SMR process and found that the SE-CL-

MR process reduces the energy requirements up to 55 % in comparison

o SMR. 

Although an energy analysis is useful to gauge an idea of the thermo-

ynamic efficiency of the whole process, as mentioned earlier, exergy

nalysis provides a more in-depth analysis of the process. Exergy anal-

sis has been applied to the SMR process. Simpson and Lutz (2007) car-

ied out an exergy analysis of SMR and assessed the impact of key oper-

ting parameters of the reformer and their impact on exergy efficiency.

n another study, Hajjaji et al. (2012) analysed the exergy of the SMR

rocess and found that by implementing a heat recovery system, they

ere able to increase both the thermal and exergy efficiency by about

 %. This showcases the effective use of exergy analysis as a tool for

rocess improvement. Tzanetis et al. (2012) focused on a comparison

etween SMR and SE-SMR. It was realised that SE-SMR performed sig-

ificantly better than SMR in terms of exergy analysis, both with and

ithout a carbon capture unit. This highlights the fact that the incor-

oration of in-situ CO2 capture provides improved thermal and exergy

fficiency in comparison to retrofitting CCS. In their work, however, the

ncorporation of process improvements was overlooked. 

.3. Paper motivation 

There is a considerable amount of scientific work assessing the per-

ormance of blue hydrogen production and the integration of CCS tech-

ologies into hydrogen production. These works, however, have mostly

ocused on thermal and energy efficiency. As of today, there is little re-

earch done on the exergy analysis of blue hydrogen production, specif-

cally SE-SMR. To the best of the authors’ knowledge, there has been

o reported exergy analysis on SE-SMR with post-combustion carbon

apture (PCC) looking into process improvement. 

Based on the above discussion, this paper aims to advance the litera-

ure by identifying an optimum process configuration for the SE-SMR
3

rocess via exergy analysis. By assessing the process through an ex-

getic lens, inefficiencies are better pinpointed within the process and

an, therefore, improve the process design. The next section outlines

he methodology of the study, in which the process modelling together

ith the exergy analysis methodology have been detailed. This is then

ollowed by a comprehensive discussion of the results which then delves

nto the identification of process improvements within the system, why

hese inefficiencies occur and the subsequent process improvements of

he said inefficiencies. The paper concludes with a discussion of future

esearch opportunities in this area. 

. Methodology 

.1. Conceptual process design 

A steady-state thermodynamic-based model was developed in Aspen

lus (version 12.1), based on previous work done by ( Yan et al., 2020b ).

rom this previous work case two was selected, shown in Fig. 3 , as the

onventional/baseline case due to its competitive performance with CLC

hilst using a conventional combustion system. The baseline case pro-

ides a viable process for low-carbon hydrogen production with a fur-

her techno-economic analysis. It has shown that this process is a theo-

etically viable commercial process that can capture CO2 and produce

2 in a cost-effective manner ( Yan et al., 2020a ). This system can have

n amine scrubbing system retrofitted to the combustion system to de-

elop a low-carbon hydrogen production process in line with the current

ommercial approach to PCC. 

The process was adapted to remove the heat exchanger (HX) net-

ork to develop a baseline case. A PCC unit (i.e. an amine scrubber with

0 wt.% monoethanolamine (MEA)) was added to the process. Fig. 4

emonstrates the simplified process flowsheet of this SE-SMR process.

he process involves CH4 and H2 O being heated and pressurised. These

treams enter the reformer (with CaO entering the reformer via the cal-

iner), where ( R1 )–( R4 ) occur. The H2 that forms, leave the reformer

nd is then purified via a knockout drum and a PSA unit. The CaCO3 

roduced in the reformer, enters the calciner in which the reverse of

 R4 ) occurs. The heat required for the calciner is provided by the com-

ustion unit, which uses CH4 as the reactant. The flue gas produced

s then transferred into the PCC system where MEA absorbs the CO2 .

his CO2 -rich MEA is then transferred to the desorber where the CO2 is

tripped off. 

Table 1 highlights the operating conditions and design assumptions

or each equipment/unit operation. Peng–Robinson was used as the

hermodynamic package for the SE-SMR process, with ( R1 )–( R4 ) tak-

ng place in the reformer and calciner. The operating conditions were
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Fig. 4. Simplified process flowsheet of SE-SMR process 

with PCC. 
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Table 1 

Operating conditions of unit operators within the process. 

Stream/Block Components Temperature (°C) Pressure (bara) 

CH4 in 100 % CH4 25 1 

Flow rate: 228 kmol/h 

H2 O in 100 % H2 O 25 1 

Flow rate: 1138 kmol/h 

Amine in MEA (30% wt) 40 1.1 

H2 O (70% wt) 

CO2 Loading (0.21) 

Compressor Isentropic (83 %) 338 25 

Mechanical (98 %) 

Pump Pump (83 %) 25 25 

Heater One (H1) Heater 540 25 

Heater Two (H2) Heater 545 25 

Heater Three (H3) Heater 600 1 

Heater Four (H4) Heater 250 1 

Cooler One (C1) Heater 40 1 

Cooler Two (C2) Heater 40 2 

Cooler Three (C3) Heater 250 25 

Cooler Four (C4) Heater 250 Inlet: 1 

Outlet: 1 

Condenser One (CND1) Flash2 25 25 

Condenser Two (CND2) Flash2 25 1 

Condenser Three (CND3) Flash2 20 2 

PSA Separator 25 25 

Reformer RGibbs 640 25 

Calciner RGibbs 900 1 

Desorber Radfrac 90–124 2 

Absorber Radfrac 40–58 1 

Heat Exchanger MHeatX Hot stream: 124–94 2 

Cold stream: 58–90 

Combustor RGibbs 1000 1 
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ased off of ( Yan et al., 2020b ) in which the optimal operating condi-

ions were found. The reformer and calciner were modelled using the

Gibbs reactor which aims to minimise the Gibbs free energy of all the

hemical species within the system. The PSA unit is designed so that the

SA off-gas is recycled into the combustion system. 

For the amine scrubber, E-NRTL was used as the thermodynamic

ackage. MEA was chosen as the solvent for the PCC unit. Reactions

 R5 )–( R9 ) describe the reactions that take place between CO2 and MEA.

or the PCC system, radfrac columns were selected as the absorber and

tripping columns. 

H2 O ↔ H3 O+ + OH− (R5)

O2 + H2 O ↔ H3 O+ + HCO 

− 
3 (R6)

CO 

− 
3 + H2 O ↔ H3 O+ + CO 

2− 
3 (R7)

2 O +MEACO O− ↔ MEA + HCO 

− 
3 (R8)

EA + H3 O+ ↔ H2 O + ME A+ (R9)

The model assumptions include: steady-state operation, zero pres-

ure drop, no temperature gradient within the reactor and no pressure

rop within the process. These were selected to reduce the model com-

lexity without significantly affecting the results which have been vali-

ated with experimental data. 

.2. Exergy analysis 

Exergy analysis was done via Microsoft Excel and Aspen Plus (version

2.1). In order to calculate the exergy of individual streams, Eq. (1) is

sed. 

𝑠𝑡𝑟𝑒𝑎𝑚 = 𝐸𝑝ℎ + 𝐸𝑐ℎ + 𝐸𝑘𝑒 + 𝐸𝑝𝑒 (1)
5

here 𝐸𝑠𝑡𝑟𝑒𝑎𝑚 is the exergy of a stream within the system, 𝐸𝑝ℎ is the

hysical exergy, 𝐸𝑐ℎ is the chemical exergy, 𝐸𝑘𝑒 is the kinetic exergy,

nd 𝐸𝑝𝑒 is the potential exergy. In this work, the kinetic exergy and

otential exergy are assumed to be negligible. To calculate the physical

xergy Eq. (2) is used. 

𝑝ℎ =
(
ℎ − ℎ0 

)
− 𝑇0 

(
𝑠 − 𝑠0 

)
(2) 

ℎ and ℎ0 are the enthalpy of the system and the enthalpy of the sys-

em at the reference environment, respectively. 𝑇0 is the temperature of

he reference environment, 𝑠 and 𝑠0 are the entropy of the system and

he entropy of the system at the reference environment, respectively.

he reference temperature and pressure are 298.15 K and 1 atm, re-

pectively. To calculate the chemical exergy, Eq. (3) is used. 

𝑐ℎ =
∑
𝑖 

𝑥𝑖 𝐸𝑐ℎ,𝑖 + 𝑅𝑇0 
∑
𝑖 

𝑥𝑖 𝑙𝑛 ( 𝑥𝑖 ) (3)

𝑥𝑖 is the mole fraction, 𝐸𝑐ℎ,𝑖 the standard chemical exergy of com-

ound 𝑖 (kJ mol− 1 ) and R is the universal gas constant. In order to cal-

ulate the chemical exergy for non-ideal liquid streams, Eq. (4) is used.

𝑐ℎ =
∑
𝑖 

𝑥𝑖 𝐸𝑐ℎ,𝑖 + 𝑅𝑇0 
∑
𝑖 

𝑥𝑖 𝑙𝑛 ( 𝛾𝑖 𝑥𝑖 ) (4)

here 𝛾𝑖 is the fugacity of the stream. The chemical exergy of an indi-

idual component has either been taken from literature or calculated

ia Eq. (5) . 

 =
∑
𝑖 

𝑣𝑖 
(
𝐸𝑐ℎ,𝑖 − 𝑔𝑓,𝑖 

)
(5) 

here 𝑣𝑖 is the stoichiometric coefficient, and 𝑔𝑓,𝑖 is the standard Gibbs

ree energy of formation of compound 𝑖 (kJ mol− 1 ). This can be rear-

anged to calculate the exergy of individual components of the reaction

s shown through Eqs. (6) –(9) . 

 = 𝑣𝑗 
(
𝐸𝑐ℎ,𝑗 − 𝑔𝑓,𝑖 

)
+
∑
𝑖 

𝑣𝑖 
(
𝐸𝑐ℎ,𝑖 − 𝑔𝑓,𝑖 

)
(6)

∑
𝑖 

𝑣𝑖 
(
𝐸𝑐ℎ,𝑖 − 𝑔𝑓,𝑖 

)
= 𝑣𝑗 

(
𝐸𝑐ℎ,𝑗 − 𝑔𝑓,𝑖 

)
(7) 
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Table 2 

Chemical exergy values of individual components. 

Name of 

compound 

Chemical exergy 

value (kJ/mol) References 

N2 0.72 ( Szargut, 1989 ) 

O2 3.97 ( Szargut, 1989 ) 

CO 274.71 ( Szargut, 1989 ) 

CO2 19.48 ( Szargut, 1989 ) 

CaCO3 16.30 ( Szargut, 1989 ) 

CaO 127.3 ( Szargut, 1989 ) 

H2 236.09 ( Szargut, 1989 ) 

H2 O (g) 9.5 0 ( Szargut, 1989 ) 

CH4 831.20 ( Szargut, 1989 ) 

Fe2 O3 12.40 ( Szargut, 1989 ) 

Al2 O3 15.00 ( Szargut, 1989 ) 

SiO2 2.2 ( Szargut, 1989 ) 

Fe 374.3 ( Szargut, 1989 ) 

Fe3 O4 116.30 ( Szargut, 1989 ) 

Ni 232.70 ( Szargut, 1989 ) 

NiO 23.00 ( Szargut, 1989 ) 

MEA 1544.88 ( Mohamadi-Baghmolaei et al., 

2021 ) 

MEAH+ 1246.95 Calculated 

MEACOO− 1818.47 Calculated 

CO3 
2− − 23.10 Calculated 

HCO3 
− 16.89 ( Mohamadi-Baghmolaei et al., 

2021 ) 

OH− 1.23 Calculated 

H3 O
+ 942.79 Calculated 

H2 O (l) 0.90 ( Szargut, 1989 ) 

−  

𝐸  

 

T  

T

 

E

𝐸  

 

p  

I  

w  

(

𝐸  

𝐸  

 

t

𝐶  

𝐻  

𝑇
 

 

c  

u

𝐸

w  

d  

E

𝐸  

w  

𝑊  

e

𝐸  

w

i  

s

𝐸  

w  

t

3

3

3

 

i  

r  

T  

t  

s

 

w

3

 

K  

C  

w

 

m

3

 

w  

t  

T  

t  
1 
𝜈𝑗 

∑
𝑖 

𝑣𝑖 
(
𝐸𝑐ℎ,𝑖 − 𝑔𝑓,𝑖 

)
= 𝐸𝑐ℎ,𝑗 − 𝑔𝑓,𝑖 (8)

𝑐ℎ,𝑗 = 𝑔𝑓,𝑗 −
1 
𝜈𝑗 

∑
𝑖 

𝑣𝑖 
(
𝐸𝑐ℎ,𝑖 − 𝑔𝑓,𝑖 

)
(9)

With 𝐸𝑐ℎ,𝑗 being the chemical exergy of the unknown component.

he calculated individual chemical exergy values are shown in Table 2 .

he values were either taken from the literature or calculated. 

To calculate the exergy in a stream with respect to heat transfer,

q. (10) is used. 

𝑞 = 𝑞 ×
( 

1 −
𝑇0 
𝑇 

) 

(10)

𝐸𝑞 is the exergy via heat transfer, 𝑞 is the heat duty, 𝑇0 is the tem-

erature at the reference environment and 𝑇 is the stream temperature.

n order to calculate the exergy destruction and exergy efficiency of the

hole process (i.e. two of the KPIs studied in this work), Eqs. (11) and

12) are employed. 

 𝑥𝑒𝑟𝑔𝑦 𝐷𝑒𝑠𝑡𝑟𝑜𝑦𝑒𝑑 =
∑
𝐸 𝑥𝑒𝑟𝑔𝑦 𝐼𝑛 −

∑
𝐸𝑥𝑒𝑟𝑔𝑦 𝑂𝑢𝑡 (11)

 𝑥𝑒𝑟𝑔𝑦 𝐸 𝑓 𝑓 𝑖𝑐 𝑖𝑒𝑛𝑐 𝑦 =
𝐸𝑥𝑒𝑟𝑔𝑦 𝑂𝑢𝑡 𝐻2 𝑆𝑡𝑟𝑒𝑎𝑚 

𝑇 𝑜𝑡𝑎𝑙 𝐸𝑥𝑒𝑟𝑔𝑦 𝐼𝑛 
× 100 (12)

The other three KPIs in this work (i.e. CO2 capture rate, H2 purity,

hermal efficiency) have been defined via Eqs. (13) –(15) , respectively. 

 𝑂2 𝐶 𝑎𝑝𝑡𝑢𝑟𝑒 𝑅𝑎𝑡𝑒 =
𝑛𝐶𝐻4 𝑖𝑛 

− 𝑛𝐶𝐻4 𝑜𝑢𝑡 
− 𝑛𝐶𝑂 𝑜𝑢𝑡 − 𝑛𝐶𝑂2 𝑜𝑢𝑡 

𝑛𝐶𝐻4 𝑖𝑛 
× 100 (13)

2 𝑃 𝑢𝑟𝑖𝑡𝑦 =
𝑛𝐻2 𝑜𝑢𝑡 

𝑛𝐻2 𝑜𝑢𝑡 
+ 𝑛𝐶𝐻4 𝑜𝑢𝑡 

+ 𝑛𝐶𝑂 𝑜𝑢𝑡 + 𝑛𝐶𝑂2 𝑜𝑢𝑡 
× 100 (14)
Table 3 

comparison of gas concentration leaving the reformer. 

H2 (% dry) CH4 (% dry) 

This study 98.3 0.146 

( García et al., 2020 ) 98.4 ∼0.2 

( Johnsen et al., 2006 ) 98 1 

6

 ℎ𝑒𝑟𝑚𝑎𝑙 𝐸𝑓 𝑓 𝑖𝑐 𝑒𝑛𝑐 𝑦 =
𝑛𝐻2 𝑜𝑢𝑡 

× 𝐿𝐻𝑉 𝐻2 

𝑛𝐶𝐻4 𝑖𝑛 
× 𝐿𝐻𝑉 𝐶𝐻4 + 𝑊𝑐𝑜𝑚 + 𝑊𝑝𝑢𝑚𝑝𝑠 + 𝑄𝑟𝑒𝑏𝑜𝑖𝑙𝑒𝑟

(15) 

For the exergy destruction and exergy efficiency within individual

omponents, Eqs. (12) and (16) have been used. Eq. (16) can also be

sed to calculate the exergy efficiency of the whole process as well. 

𝑥𝑖𝑐 =
1 − 𝐸𝑥𝑒𝑟𝑔𝑦 𝐷𝑒𝑠𝑡𝑟𝑜𝑦𝑒𝑑 

𝐸𝑥𝑒𝑟𝑔𝑦 𝐼𝑛 
× 100 (16) 

here 𝐸𝑥𝑖𝑐 is the exergy efficiency of individual components. In or-

er to account for exergy destruction within the pump and compressor,

q. (17) is used. 

 𝑥𝑝 ∕𝑐 =
∑
𝐸 𝑥𝑒𝑟𝑔𝑦 𝐼𝑛 −

∑
𝐸𝑥𝑒𝑟𝑔𝑦 𝑂𝑢𝑡 + 𝑊𝑐∕𝑝 (17)

here 𝐸𝑥𝑝 ∕𝑐 is the exergy destruction of the pump or compressor, and

𝑐∕𝑝 is the work of the compressor or pump. In order to account for the

xergy destruction of heaters or coolers, Eq. (18) is used. 

 𝑥ℎ ∕𝑐 =
∑
𝐸 𝑥𝑒𝑟𝑔𝑦 𝐼𝑛 −

∑
𝐸𝑥𝑒𝑟𝑔𝑦 𝑂𝑢𝑡 + 𝐸𝑞 (18)

here 𝐸𝑥ℎ ∕𝑐 is the exergy destruction within a heater or cooler, and 𝐸𝑞 
s the exergy of the heat transfer. In order to calculate the exergy de-

truction of the combustion chamber, Eq. (19) is used. 

 𝑥𝑐𝑜𝑚𝑏 =
∑
𝐸 𝑥𝑒𝑟𝑔𝑦 𝐼𝑛 −

∑
𝐸𝑥𝑒𝑟𝑔𝑦 𝑂𝑢𝑡 + 𝐸𝑓𝑢𝑒𝑙 (19)

here 𝐸𝑥𝑐𝑜𝑚𝑏 is the exergy destruction in the combustor, and 𝐸𝑓𝑢𝑒𝑙 is

he chemical exergy of the fuel. 

. Results & discussion 

.1. Validation of the baseline system 

.1.1. Validation of SE-SMR system 

To validate the SE-SMR model, the concentrations of gases leav-

ng the reformer were calculated and compared with experimental data

eported in the literature ( García et al., 2020 ; Johnsen et al., 2006 ).

he model was run under the following conditions: reformer tempera-

ure = 600 °C, S/C ratio = 6, reformer pressure = 1 atm. The results are

hown in Table 3 . 

As shown in Table 3 the SE-SMR process shows excellent agreement

ith previous experimental work. 

.1.2. Validation of amine scrubbing system 

To validate the PCC process, experimental data from

wak et al. (2012) was used. The regeneration energy for a 90 %

O2 capture rate was compared at different L/G ratios for each process,

ith Fig. 5 below showcasing the results. 

As shown in Fig. 5 , there is a good agreement between the experi-

ental data and the data the model has produced. 

.2. Exergy analysis of SE-SMR: a new comparative baseline 

The exergy analysis of the SE-SMR process shows that across the

hole process, most of the exergy entering the system comes from

he methane inlet which is then subsequently reformed as shown in

able 4 and Fig. 6 . The main contribution of exergy leaving the sys-

em is a result of the H2 being produced and exergy being destroyed, as
CO (% dry) CO2 (% dry) 

0.31 0.853 

∼0.2 ∼1 

0.5 0.5 
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Table 4 

Exergy entering and leaving the system. 

Exergy analysis of the whole system 

Exergy streams entering the system Exergy in values (kW) Exergy streams leaving the system Exergy out values (kW) 

Methane (reforming) 52,550.19 Hydrogen (Product) 50,447.15 

Water (reforming) 284.51 Carbon Dioxide (Calciner) 1052.09 

Methane (fuel) 13,107.80 Water (Condenser) 1967.79 

Heat Duty 5771.13 Carbon Dioxide (Desorber) 457.69 

Compressor 886.50 Clean Gas (Absorber) 15.75 

Pump One 17.47 Exergy Destruction 24,001.88 

Air 32.41 

Reboiler Duty 5200.00 

Pump Two 2.59 

Recycled Water 11.71 

Recycled MEA 78.02 

Fig. 5. Validation of the PCC system by comparing the 

change in regeneration energies at different L/G ratios. 

Table 5 

KPI comparison with previous literature. 

Reference Process 

H2 purity 

(%) 

CO2 capture 

rate (%) 

Thermal 

efficiency (%) 

Exergy efficiency via 

Eq. (12) (%) 

Exergy efficiency via 

Eq. (16) (%) 

This paper SE-SMR 99.99 96.04 71.97 64.67 69.21 

( Simpson and Lutz, 2007 ) SMR N/A 0 66.70 62.69 N/A 

( Hajjaji et al., 2012 ) SMR N/A 0 70 N/A 73.32 

( Hajjaji et al., 2012 ) SMR N/A 0 73.9 N/A 74.77 

( Tzanetis et al., 2012 ) SE-SMR 89.4 N/A N/A N/A 78.07 

( Tzanetis et al., 2012 ) SMR 89.4 0 N/A N/A 75.6 
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hown in Fig. 6 . A comparative assessment of the five KPIs of this process

ith the literature data has been made and summarised in Table 5 . 

The table highlights the comparable exergy and thermal efficiency of

his process in comparison to SMR. The in-situ CO2 capture via calcium

ooping allows for an improved process efficiency, making it competi-

ive even with conventional SMR without any additional carbon capture

nits retrofitted to the process. Some processes have a greater efficiency

ith respect to exergy, although they overlook the inclusion of CO2 cap-

ure technology on the combustion unit. Although this process has a high

hermal and exegetic efficiency with an improved CO2 capture rate, ex-

rgy destruction still occurs. Table 6 showcases the exergy destruction
7

nd efficiency of individual components within the process, with Fig. 7

roviding an illustrative comparison of the exergy destruction taking

lace within the process. 

Most of the exergy destruction occurs in the heating and cooling,

ombustion, and PCC systems as summarised in Table 6 . There is contri-

ution via the reforming process as well. Within the reforming process,

he overall reaction is described via ( R10 ). 

H4( 𝑔) + 2H2 O( 𝑔) + Ca O( 𝑠) ↔ CaC O3( 𝑠) + 4H2( 𝑔) ΔH298K = −13 . 6 kJ mo l−1

(R10) 



W.G. Davies, S. Babamohammadi, Y. Yan et al. Carbon Capture Science & Technology 12 (2024) 100202

Fig. 6. Breakdown of exergy entering the system (a) and leaving the system (b). 
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Table 6 

Exergy destruction and efficiency of individual components. 

Individual 

component 

Exergy 

destruction (kW) 

Exergy 

efficiency (%) 

Contribution to 

total exergy 

destruction (%) 

Combustor 5961.62 57.52 24.84 

C1 3472.68 30.83 14.47 

C3 2632.87 96.04 10.97 

Desorber 1935.25 98.35 8.06 

H2 1788.17 86.66 7.45 

Mixer 1575.56 98.07 6.56 

CND1 1523.46 97.62 6.35 

Absorber 1315.65 98.93 5.48 

Reformer 1174.24 98.54 4.89 

HX 760.86 99.66 3.17 

CND3 462.18 52.95 1.93 

Air Heater 392.02 60.81 1.63 

C2 286.48 99.73 1.19 

Fuel Heater 174.57 99.26 0.73 

C4 133.45 96.11 0.56 

CND2 133.33 88.75 0.56 

PSA 101.25 99.83 0.42 

Compressor 92.47 99.83 0.39 

H1 39.83 99.93 0.17 

Mixer 21.34 99.91 0.09 

Calciner 11.55 99.94 0.05 

Mixer 9.70 99.99 0.04 

Pump 1 1.72 99.43 0.01 

Pump 2 1.62 100.00 0.01 

Separator 0.00 100.00 0.00 
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The exothermic nature of the reaction occurring within the reformer

ccounts for the exergy destruction as heat is being released into the

nvironment. As well there is an increased entropy within the system as

ore gaseous products are produced, accounting for some of the exergy

estruction also. Although the exergy destruction is high, it is an exeget-
8

cally efficient unit with an exergy efficiency of 98.5 %. This increase

n efficiency is due to the incorporation of the solid sorbent, the overall

emperature of the sorption-enhanced reactor is reduced in comparison

o a conventional reforming reactor. 

The main contribution to the exergy destruction within the process

s the heating and cooling of the reactants and products, the contribu-

ion of this system to the overall exergy destruction is 40.29 %. This

igh exergy destruction value is a result of the phase change of the H2 O

rom a gaseous to a liquid state and vice versa at increased pressure; the

hemical exergy of the gaseous and liquid H2 O is 9.5 and 0.9 kJ/mol,

espectively. This noticeable difference in chemical exergy accounts for

he exergy destruction observed. Although these phase changes at high

ressures account for exergy destruction, the high pressure drives the

eaction to favour hydrogen production (i.e. increased product yield). 
Fig. 7. Comparison of exergy destruction 

within the process. 
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Fig. 8. SE-SMR-CLC simplified process flow diagram. 
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Within the combustion system, there is a high level of exergy de-

truction (5961.62 kW). This unit is not particularly exergy efficient

57.51 %) either. It is in fact, the unit with the greatest contribution

o the exergy destruction (24.83 %) in the process. This is due to the

rreversible nature of the combustion reaction of methane as shown in

 R11 ) as well as the incomplete combustion. The process is almost an

rreversible process; this is realised by considering how exothermic the

rocess is and the difference in the chemical exergy of the reactants

CH4 = 831.2 kJ/mol) and the products (CO2 = 19.2 kJ/mol). 

H4( 𝑔) + 2O2( 𝑔) ↔ CO2( 𝑔) + 2H2 O( 𝑔) Δ𝐻298K = −891 kJ mo l−1 (R11)

When using an amine scrubber, the cooling of the flue gas before

ntering the absorber is extremely exegetically inefficient with an ex-

rgy efficiency of only 7 %. Amine scrubbers are, however, essential to

eeting a 95 % CO2 capture rate. These additional processes result in

 decrease in the exergy efficiency of the overall process, with the ma-

ority of such inefficiencies linked to the absorber and desorber. Within

he absorber, exergy destruction is associated with temperature change

ithin the reformer as a result of the exothermic nature of the absorption

f CO2 in the MEA solution. The exothermic nature of the absorption of

O2 and the formation of ions explain the exergy destruction in the ab-

orber. The impact of CO2 loading is a key factor in the efficiency of

he process. As reported by Soltani et al. (2017) , a CO2 loading of 0.21

llows for a reduced energy required for the amount of CO2 captured. 

There is a higher exergy destruction occurring in the desorber due

o the increased heat requirement for the process of stripping the CO2 

rom the MEA. The increased heat and slight increase in pressure are ad-

antageous for this process. The heat is generated by the reboiler which

s effectively used for three purposes: 

1. Latent heat of vaporisation of water; 

2. Heat required for the stripping of the CO2 from the MEA; 

3. Temperature change across the desorber. 

The temperature change within the desorber and the phase change

f the water accounts for the exergy destruction within the desorber. In

he sorption-enhanced steam methane reforming with post-combustion

arbon capture (SE-SMR-PCC), there are three main areas in which the

rocess can be improved. The heating and cooling system, the combus-

ion system and the PCC system. 

.3. Retrofitting CLC to SE-SMR 

.3.1. Conceptual process synthesis and design 

As highlighted in Section 3.1 , most of the exergy destruction within

he process occurs in the combustion system followed by the PCC unit.

tilising a conventional combustion system, a PCC system is required

o ensure the CO2 produced is captured and stored. However, this pro-

ess is highly irreversible meaning a reduced exergy efficiency. As well,

he extra steps to separate the CO2 , consume a large amount of energy.

hese reasons mean that it contributes to high exergy destruction and

ignificantly lowers the efficiency of the process. 

To improve the efficiency of the process, a CLC unit was added to the

rocess, whilst removing the combustion and PCC to form the sorption-

nhanced steam methane reforming process with chemical-looping com-

ustion (SE-SMR-CLC). The process block diagram is shown in Fig. 8 .

able 7 highlights the operating conditions in this process. An exergy

nalysis was performed on the process to assess the relative perfor-

ance. 

The CLC process uses iron oxide as the oxygen carrier. This is selected

ue to the lower cost of iron oxide in comparison to alternatives such as

ickel or cobalt. In this process, reduced iron oxide (Fe3 O4 ) is oxidized

y interacting with air in the air reactor. The oxidized iron oxide (Fe2 O3 )

s then sent to the fuel reactor in which the iron oxide is reduced using

H4 . Due to the use of the PSA off-gas (including CO and H2 ), there are

ompeting reactions in which H and CO act as reducing agents. The
2 

9

eaction scheme for the fuel reactor when CH4 , CO and H2 are used as

he reducing agents is described through reactions ( R12 )–( R14 ). 

H4 + 12Fe2 O3 ↔ 8Fe3 O4 + CO2 + 2H2 O ΔH 

O 
298 = 126 . 38 kJ mo l−1 (R12)

2 + 3Fe2 O3 ↔ 2Fe3 O4 + H2 O ΔH 

O 
298 = 16 . 10 kJ mo l−1 (R13)

O + 3Fe2 O3 ↔ 2Fe3 O4 + CO2 ΔH 

O 
298 = −25 . 10 kJ mo l−1 (R14)

R15 occurs in the air reactor when Fe3 O4 and Fe2 O3 are used as

xygen carriers. 

Fe3 O4 + O2 ↔ 6Fe2 O3 ΔH 

o 
298 = −534 . 54 kJ mo l−1 (R15)

CLC is a method of combustion in which oxygen is introduced to

he fuel via an oxygen carrier. This process is exegetically and thermally

fficient compared to conventional combustion ( Fan et al., 2016 ). The

rocess has been shown to be more economical, although that is depen-

ent on the choice of the oxygen carrier ( Yan et al., 2020a ). Another

dvantage of using a CLC system is that it separates the oxygen from

he nitrogen in the air, meaning that when combustion occurs no NOx 

missions are produced theoretically, only CO2 and H2 O are produced.

his cleaner combustion alleviates the need for further separation of

O2 from the flue gas. 

.3.2. Exergy analysis of SE-SMR with CLC 

Exergy analysis of the system highlights the improved process ef-

ciency by incorporating CLC into the process. Table 8 compares the

E-SMR-CLC with the SE-SMR-PCC process. 
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Table 7 

Design assumptions for SE-SMR-CLC process. 

Stream/Block Composition Temperature (°C) Pressure (Bara) 

CH4 in 100 % CH4 25 1 

Flow rate: 

224.724 kmol/h 

H2 O in 100 % H2 O 20 1 

Flow rate: 

1123.62 kmol/h 

Compressor Isentropic (83 %) Inlet: 25 25 

Mechanical (98 %) Outlet: 316 

Pump Pump (83 %) 20 25 

Driver (98 %) 

Air Reactor RGibbs 1300 1 

Fuel Reactor RGibbs 1341 1 

Reformer RGibbs 597 25 

Calciner RGibbs 900 1 

Heater One Heater 500 25 

Heater Two Heater 550 25 

Heater Three Heater 600 1 

Heater Four Heater 600 1 

Cooler One Heater 160 1 

Cooler Two Heater 170 25 

Cooler Three Heater 250 1 

Condenser One Flash 2 25 1 

Condenser Two Flash 2 25 1 

PSA Separator 25 25 

Table 8 

Comparison of KPIs of SE-SMR-CLC and SE-SMR-PCC system. 

Process H2 purity (%) CO2 capture rate (%) 

Thermal efficiency 

(%) 

Exergy efficiency 

(%) via Eq. (12) 

Exergy efficiency 

(%) via Eq. (16) 

Exergy destroyed 

(kW) 

SE-SMR-CLC 99.99 100 76.99 67.68 70.48 22,007.67 

SE-SMR-PCC 99.99 96.04 71.97 64.67 69.21 24,001.86 

Table 9 

Exergy destruction and exergy efficiency of individual processing units in the SE-SMR-CLC process. 

Processing unit Exergy destruction (%) Exergy efficiency (%) 

Contribution to exergy 

destruction (kW) 

Fuel Reactor 3931.58 98.10 17.86 

C1 3694.83 7.53 16.78 

C2 3176.18 95.07 14.43 

H2 1880.04 85.95 8.54 

Reformer 1796.89 97.72 8.16 

Mixer 1557.81 98.06 7.07 

CND1 1481.49 97.58 6.73 

C3 1347.21 79.09 6.12 

H4 1239.25 98.33 5.63 

CND2 1076.46 98.55 4.89 

Mixer 233.98 96.67 1.06 

H3 173.63 99.28 0.78 

Air Reactor 159.90 99.91 0.72 

Compressor 107.43 99.79 0.48 

PSA 56.36 99.91 0.25 

Calciner 42.52 99.76 0.19 

H1 35.04 99.93 0.15 

Mixer 14.84 99.93 0.06 

Pump 1 2.16 99.23 0.01 
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The above comparison of the processes underlines the improved per-

ormance of the process with respect to the KPIs when CLC is imple-

ented. What is particularly noticeable is the higher CO2 capture rate,

hilst simultaneously boasting an increased thermal and exergy effi-

iency. This increased efficiency with respect to the thermal and exergy

fficiency is the removal of the PCC unit, and more specifically, the re-

oiler which accounts for a high energy input into the system. The CLC

s a more efficient combustion system as shown in Table 9 and Fig. 9 .

ithin the SE-SMR-CLC system, the sum of the exergy destruction in the

ir and fuel reactors sums to 4090 kW a reduction in comparison to the

961 kW of exergy destruction occurring in the conventional combus-
10
ion unit in the SE-SMR-PCC with a further about 4000 kW of exergy

estruction in the PCC system. This improved exergy efficiency within

he combustion unit is a result of an increase in the combustion effi-

iency of the process, due to the reversibility of the redox reaction that

akes place in the combustion units. By utilising a reusable oxygen car-

ier, the process is reversible hence, an improvement in efficiency. 

The fuel reactor is the processing unit with the highest contribution

o the total exergy destruction within the system (17.86 %). This exergy

estruction occurs as a result of the high temperature of the fuel reactor

nd the conversion of Fe2 O3 to Fe3 O4 which is not fully reduced. There

s still some Fe O leaving the fuel reactor and with the higher exergy
2 3 
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Fig. 9. Comparison of exergy destruction of individual processing units in SE-SMR-CLC process. 
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Fig. 10. Grand composite curve for SE-SMR-CLC process. 
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alue of the reduced form of the iron oxide, a higher conversion rate is

equired to reduce the exergy destruction in the combustor. The use of

2 as the reducing agent allows for a reduction of temperature in the

uel reactor, potentially reducing the exergy destruction in this process

 Spreitzer and Schenk, 2019 ). 

Although a further assessment of the design of the combustion sys-

em can be made, the majority of the exergy destruction is seen in the

eating and cooling system ( Table 9 ). As discussed previously, the cur-

ent heating and cooling system accounts for a high exergy destruction

nd low exergy efficiency. Within the SE-SMR-CLC process the heating

nd cooling within the process accounts for over half of the total ex-

rgy destruction (52.43 %). Designing an efficient HX network is key to

nsuring the waste heat can be repurposed in order to design a more

nergy and exergy-efficient process. 

.3.3. Process heat intensification: heat integration via pinch analysis 

As mentioned, the heating and cooling system is an area in which

 large exergy loss has been seen within both processes. In order to

vercome this issue, a pinch analysis was implemented on the SE-SMR-

LC system to design an HX network that aims to recover energy within

he system and consequently, improve the energy and exergy efficiency

n the process. The HX developed was implemented on the system and

hen an exergy analysis was done to assess the process performance.

n approach ΔT of 10 °C was selected in the analysis. The pinch point

ccurs at 21.3 °C with a minimum heat requirement of 1436.9 kW. A

rand composite curve was developed as shown in Fig. 10 . Based on

his, a HX network was designed and implemented within the process

nd is shown in Fig. 11 . Table 10 summarises the design assumptions. 

The simulation was run, and an exergy analysis was performed with

he results shown in Table 11 . 

A further assessment of the system shown in Table 12 and Fig. 12

ighlights the exergy destruction within individual components. The de-

elopment of the HX network reduces the total exergy destruction by a

ignificant amount, and the repurposing of waste heat provides a sig-

ificant increase in the exergy efficiency of the process. Table 12 and

ig. 12 show the exergy destruction and efficiency of individual com-

onents in the system as well as individual units’ contribution to the

xergy destruction. 
11
Assessment of the process shows a significant improvement in the

eating and cooling system with a greater exergy efficiency and a re-

uction in exergy destruction. The greatest contribution to the exergy

estruction is in the fuel reactor. The use of H2 as the reducing agent

ould reduce the exergy destruction within the fuel reactor by increasing

he efficiency of the combustion process. 

.3.4. Impact of H2 recycling on the efficiency of the CLC system 

The use of H2 as a reducing agent in the CLC can improve the com-

ustion efficiency to ensure a more efficient system. Hydrogen is recy-

led from the pure H2 stream into the fuel reactor to be used as the

educing agent at prescribed percentages (i.e. 1 %, 5 %, 10 % molar).

he result of this is shown in Table 13 . 

Recycling the H2 produced as the reducing agent to the fuel reactor

ill slightly improve the exergy efficiency. This is due to the reduc-
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Fig. 11. Simplified process flow diagram of SE-SMR-CLC 

process with HX network. 

12
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Table 10 

Design assumptions for SE-SMR-CLC system. 

Stream/Block Components Temperature (°C) Pressure (Bar) 

CH4 in 100 % CH4 25 1 

H2 O in 100 % H2 O 25 1 

Reformer RGibbs 600 25 

Calciner RGibbs 900 1 

Air Reactor RGibbs 1000 1 

Fuel Reactor RGibbs 1100 1 

Heat Exchanger One MHeatX Cold stream inlet: 316 Cold stream pressure: 25 

Cold stream outlet: 600 

Hot stream inlet: 1100 Hot stream pressure: 1 

Hot stream outlet: 842 

Heat Exchanger Two MHeatX Cold stream inlet: 20 Cold stream pressure: 25 

Cold stream outlet: 199 

Hot stream inlet: 570 Hot stream pressure: 25 

Hot stream outlet: 230 

Heat Exchanger Three MHeatX Cold stream inlet: 200 Cold stream pressure: 25 

Cold stream outlet: 223 

Hot stream inlet: 977 

Hot stream outlet: 200 

Hot stream pressure: 1 

Heat Exchanger Four MHeatX Cold stream inlet: 25 Cold stream pressure: 1 

Cold stream outlet: 600 

Hot stream inlet: 1092 Hot stream pressure: 1 

Hot stream outlet: 977 

Heat Exchanger Five MHeatX Cold stream inlet: 25 Cold stream pressure: 1 

Cold stream outlet: 600 

Hot stream inlet: 843 Hot stream pressure: 1 

Hot stream outlet: 79 

Pump Pump efficiency: 83 % Inlet temperature: 20 Inlet pressure: 1 

Outlet temperature: 20 Outlet pressure: 25 

Compressor Isentropic efficiency: 83 % Inlet temperature: 25 Inlet pressure: 1 

Outlet temperature: 316 Outlet Pressure: 25 

PSA Separator 25 25 

Heater One Heater 600 25 

Table 11 

Comparison of KPIs for SE-SMR-CLC with HX network, with previous processes. 

Process H2 purity (%) CO2 capture rate (%) 

Thermal efficiency 

(%) 

Exergy efficiency via 

Eq. (12) (%) 

Exergy efficiency via 

Eq. (16) (%) 

Exergy destruction 

(kW) 

SE-SMR- CLC with 

HX network 

99.99 100 77.02 72.43 76.31 16,332.27 

SE-SMR-CLC 99.99 100 76.99 67.68 70.48 22,007.67 

SE-SMR-PCC 99.99 96.04 71.97 64.67 69.21 24,001.86 

Table 12 

Exergy destruction and exergy efficiency of individual processing units in the SE-SMR-CLC with HX network. 

Processing units Exergy efficiency (%) Exergy destruction (kW) 

Contribution to exergy 

destruction (%) 

Fuel Reactor 97.98 3955.97 24.22 

CND1 94.98 3111.46 19.05 

HX2 (B19) 95.69 2873.25 17.59 

Reformer 97.72 1767.31 10.82 

Mixer 1 (B5) 97.88 1599.11 9.79 

HX5 80.94 1065.83 6.53 

Heater 99.48 399.61 2.45 

CND2 80.50 379.74 2.33 

HX4 (B2) 99.05 277.71 1.70 

Mixer 3 96.73 215.64 1.32 

HX1 (B21) 99.67 193.49 1.18 

Air Reactor 99.90 175.84 1.07 

HX3 (B17) 97.96 159.44 0.98 

Compressor(B12) 99.83 88.49 0.54 

Calciner 99.65 63.99 0.39 

OSA 99.99 2.42 0.01 

Pump (B6) 99.36 1.77 0.01 

Mixer 2 99.99 1.09 0.01 

13
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Fig. 12. Comparison of exergy destruction of individual processing units in the SE-SMR-CLC process. 

Table 13 

Exergy efficiency and destruction of SE-SMR-CLC process at different H2 con- 

centrations in the fuel reactor. 

Process 

Exergy efficiency via 

Eq. (16) (%) Exergy destruction (kW) 

SE-SMR-CLC (0 %) 76.31 16,332.27 

SE-SMR-CLC (1 %) 76.74 15,765.57 

SE-SMR-CLC (5 %) 77.58 14,371.54 

SE-SMR-CLC (10 %) 77.02 14,026.56 
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ion in both the fuel and air reactor temperatures, providing a more

fficient combustion process. After 5 % H2 recycling there is a reduced

xergy efficiency. This is due to the increase in H2 O that is generated

ue to the combustion of H2 . An increase of water vapour within the

uel reactor inhibits the reduction of Fe2 O3 by blocking the active sites

 Spreitzer and Schenk, 2019 ). As well as the cooling of H2 O involves a

igh exergy destruction due to the change in the chemical exergy value

hen H2 O is in a gaseous (9.5 kJ mol− 1 ) and liquid (0.9 kJ mol− 1 ) state.

urther analysis is required to assess the impact of H2 recycling on the

verall costs, especially as this impacts the overall hydrogen production

ield. 

The conceptual process configuration presented in this work offers a

igh CO2 capture rate due to the combined use of heat integration, cal-

ium looping and CLC. The baseline case although is competitive with

iterature cases, has a reduced exergy efficiency due to the poor effi-

iency of the combustion system with PCC, the increased energy input

equired for the PCC system significantly reduces the exergy efficiency

f the process. Integrating CLC into the process improves the combus-

ion efficiency by developing a cyclic combustion process. 

As well as changing the combustion system designing an efficient HX

etwork is key in improving the exergy efficiency of the process. The re-

ycling of H2 to be used as the reducing agent offers a slight increase

n exergy efficiency. The optimised process offers a higher thermody-

amic performance in comparison to conventional SMR. Simultaneous

O2 capture and H2 production can be done in an energy-efficient man-

er by integrating the CCS technology within the process. For example,
14
y integrating a calcium looping system within the reformer, the CaO

nteraction provides heat whilst capturing the CO2 , meaning there is a

eduction in the reformer temperature in comparison to the SMR pro-

ess. This consequently reduces the contribution of the reformer to the

otal exergy destruction of the process. 

Further investigation is required to assess how this process may

volve over time, including the long-term performance of CaO sorbents

nd various types of oxygen carriers, and the ways these would impact

he overall exergy efficiency of the process. Furthermore, within the

evelopment of this novel process configuration, further optimisation

s required with respect to the operating conditions. Future work will

ook to incorporate machine learning to determine the optimal operat-

ng conditions for the process. 

. Conclusion and future work 

Blue hydrogen production will play a part in the decarbonisation of

ultiple industries such as steel, shipping and refineries. Ensuring the

eployment of blue hydrogen production is of paramount importance

o ensure it makes an immediate and significant impact with respect

o net-zero. Assessment of the integration of these CCS technologies is

f paramount importance, specifically, the exergy analysis of processes

an provide the true thermodynamic efficiencies of a process. An exergy

nalysis was performed on an SE-SMR process with an amine scrubbing

nit as a PCC system with a high CO2 capture rate (96.04 %), and a

omparable exergy efficiency (69.21 %). A breakdown of the exergy de-

truction highlights that the exergy destruction occurs within the com-

ustion and PCC systems. The development of an HX network and a CLC

nit to replace the previous units yields an improved CO2 capture rate,

nd exergy efficiency (76.31 %). Further assessment revealed that inte-

ration of a 5 % (molar) of produced H2 from the process results in an

mproved exergy efficiency (77.58 %). Due to the cyclic nature of CLC

nd calcium looping, it is important to assess the materials’ performance

ver time and therefore, future work should focus on the development

f a dynamic model to shed light on how the exergy efficiency could be

mpacted over time. The recycling of the H2 must be further assessed

ia a techno-economic analysis of this process to fully understand the

iability of the proposed conceptual design at scale. 
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