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A B S T R A C T   

Chemical looping integrated with reverse water gas (CL-RWGS) shift is presented in this study using Cu-based 
oxygen carrier (OC) supported on Al2O3 has been used to convert the CO2 and H2 mixture stream into a syn
gas stream with a tailored H2 to CO ratio and relevant conditions. The results demonstrated consistent break
through curves during redox cycles, confirming the chemical stability of the material. In 10 consecutive cycles at 
600 ◦C and 1 bar, bed temperatures increased by 184 ◦C and 132 ◦C across the bed during oxidation and 
reduction stages respectively. The cooling effects during RWGS showed a decline in solid temperatures 
demonstrating the effectiveness of the heat removal strategy while attaining a CO2-to-CO conversion close 
>48%. The outlet gas maintains a H2/CO ratio above 2, confirming the material’s dual role as OC and catalyst. 
During complete CL-RWGS cycles, varying temperature from 500 ◦C to 600 ◦C at a constant H2/CO2 molar ratio 
(1.3) and pressure (1 bar) reduces the H2/CO molar ratio from 3.14 to 2.35, respectively with a remarkable 
continuous CO2-to-CO conversion > 40%. The decrease in H2/CO molar ratio with the increase in temperature is 
consistent with the expected results of equilibrium limited conditions. Additionally, in CL-RWGS cycles, pressure 
insignificantly affects product molar composition. The study showed the capability of Cu material in converting 
CO2 into syngas through the CL-RWGS technique.   

1. Introduction 

In the recent past, the awareness of global warming has led policy
makers to modify the energy and environmental plan to meet the 
ambitious target of net zero by 2050. This includes the reduction of CO2 
emissions by 50% to its level in 2005 [1]. Industry roughly produces 15 
GtCO2 of direct CO2 annually, constituting approximately 40% of all 
CO2 emissions from energy-related sources. Energy-intensive industries 
like iron and steel, cement, refineries and other petrochemical industries 
are the major CO2 production sources and annually contribute around 
10 GtCO2 to the atmosphere [2]. Carbon capture and storage (CCS) is 
among the key solutions to reduce CO2 from the atmosphere [3]. Apart 
from permanent CO2 storage carbon capture and utilization (CCU) is 
among solutions to produce values added chemicals like liquid fuels or 
methanol [4]. On the other hand, liquid fuels annual consumption is 
around 3 billion tons which is equivalent to approximately 9Gt CO2 to be 
used for production, an approximately 30% reduction of total CO2 

emission [5,6]. In combination with green hydrogen produced by 
renewable energy, CCU could unlock carbon neutral fuels. 

The reverse water gas shift (RWGS) process is one of the widely 
known techniques for the conversion of CO2 to CO which can later be 
used for the production of valued added chemicals like liquid fuels 
through a well-known synthesis gas (CO and H2) conversion techniques, 
such as Fischer-Tropsch Synthesis (FTS) [5]. 

As an endothermic reaction, the RWGS requires high temperature (>
800◦C) heat which is the main energy penalty and would generate 
additional CO2 emissions if combined with conventional thermochem
ical technologies. Therefore, several process and reactor concepts have 
been proposed lately which could make more efficient and environ
mentally friendly syngas generation from CO2. Externally heated RWGS 
concepts have already found a route to commercialisation with major 
companies already developing the technology (Johnson Matthey [7], 
Topsoe [8] among others). Other developments include the intensifi
cation of the process to achieve higher efficiency. This is the case of 
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RWGS membrane reactor using zeolite membranes for the selective 
separation of H2O which would shift the CO2-to-CO conversion further 
the equilibrium [9], fully electrified reactors to reduce the reactor size 
and footprint [10] and plasma-assisted process to activate the catalyst 
and enhance locally the CO2 conversion [11] to CO or even further to 
methanol [12,13]. A more comprehensive review of the process from a 
process system engineering perspective has been published by 
Gonalez-Castaño et al. [14]. 

The application of chemical looping to RWGS has been studied pri
marily in terms of CO2-to-CO reduction [15–17]. Makiura et al. [18] 
tested Co–In2O3 showing a high CO2 splitting rate in the 
mid-temperature range (723–823 K). Daza et al. [19–21] studied 
LaSrCo-based perovskites to alternate H2 oxidation and CO2 reduction as 
material to decouple RWGS, while Lee et al. [22] developed a core-shell 
catalyst based on La0.75Sr0.25FeO3-encapsulated Co3O4-NiO to enhance 
the stability of the material while Orsini et al. [23] succesfully tested the 
activity of Sr2FeMo0.6Ni0.4O6-δ double perovskite. All these materials 
suffer from a low oxygen transport capacity which depends on the ox
ygen vacancies created in the perovskite lattice. To increase it, Bulfin 
et al. [24] have operated a 1 m counter-current unit at 800◦C using 
CeO2-δ which could increase the conversion up to 88% (compared to the 
thermodynamic limit of 58%). Despite the growing effort to develop 
more stable and active materials for direct CO2-to-CO conversion, the 
application of direct chemical looping for CO production has not yet 
been demonstrated; in addition, the effect of gas velocity, temperature 
and pressure dependence on the performance and actual process foot
print is unknown and requires further development and effort from the 
scientific community and industry. An alternative approach to combine 
chemical looping and RWGS consists of using the heat generated during 
the combination of reduction-oxidation of the oxygen carrier and then 
allowing the H2 and CO2 conversion to CO-rich syngas while cooling the 
bed. This approach has been widely demonstrated for the chemical 
looping reforming with packed bed reactors [22,25,26] and some initial 
evidence of the process where reported by De Leeuwe et al. [22]. In this 
case, the RWGS is kept as a catalytic reaction and the CO2-to-H2 con
version exclusively depends on the reactor operating conditions and 
material that would catalyse the reaction, typically Cu, Ce, Ni, Fe-based 
and multicomponent metal oxides [5,27–31]. Moreover, this concept 
enables the use of any sort of offgas at the reduction (blast furnace 
offgas, liquid waste stream, flare gases, PSA offgas, etc.) without inter
fering with the RWGS reaction. 

In this work, CL-RWGS for the intensified conversion of CO2 and H2 

to syngas has been carried out in packed-bed reactors. As illustrated in  
Fig. 1, the packed-bed reactors are dynamically operated to carry out the 
three main reaction stages: Cu-oxidation with air or O2-rich stream, CuO 
reduction using low-grade fuel and the RWGS by feeding a mixture of H2 
and CO2. The main chemical reactions that take place in the CL-RWGS 
process are tabulated in Table 1. Such a process could rely on the 
existing knowledge generated over the past 20 years on oxygen carrier 
materials thus facilitating the scale-up and implementation while 
removing a critical bottleneck. 

This study presents a founding demonstration of a pseudo- 
continuous CL-RWGS process in a lab-scale packed bed reactor, oper
ating under high-pressure and flowrate conditions, marking the first of 
its kind in the literature. Moreover, it verifies several previously 
formulated hypotheses by testing gas-solid looping beyond atmospheric 
pressure and flowrate, while also investigating process operation using 
existing materials, thereby laying the groundwork for further scale-up 
and demonstration. Furthermore, no prior study has shown the ther
mal integration of RWGS with chemical looping, underscoring the 
importance of our comprehensive evaluation at temperatures and bed 
capacities relevant to lab-scale setups, as well as under high pressure, to 
guarantee the production of syngas of adequate quality for downstream 
FTS. By focusing on reactor engineering principles and offering a thor
ough examination of the process’s thermal dynamics, these discoveries 
are crucial for advancing the technology to larger scales while opening 
up new possibilities for RWGS applications. The novelty and timely 
innovation of this work relies on demonstrating the feasibility of the CL- 
RWGS under relevant conditions over the three key stages. The experi
mental campaign has been focused on high temperature, high pressure, 
high feed flow rate and composition (H2/CO2 = 0.2 – 2.0). In addition, 
the process has been tested for 10 continuous cycles of oxidation/ 
reduction and RWGS with controlled heat losses. This work is therefore 
informative for the industry to identify new transition technology with 
efficient thermal management, inherent CO2 utilisation, offgas recovery 
and syngas generation. 

2. Material and methodology 

2.1. Lab-scale experimental setup 

The experimental campaign of CL-RWGS process has been carried 
out the at University of Manchester (Fig. 2a–c). The setup consists of 
fully integrated miniplant with dry gas feeding (H2, N2, He, CH4, CO, 
CO2, and air), a packed-bed reactor, manufactured by Array industries B. 
V, having 1050 mm length and 35 mm inside diameter Fig. 2(b) which is 
heated by Carbolite® furnace and equipped with a K-type multipoint 
thermocouple (10 measuring points), manufactured by Endress+Hauser 
Ltd. The gas composition is measured using CO analyser (Siemens) and a 
Hiden QGA mass spectrometer (MS). The P&ID of the experimental 
setup has been shown in Fig. 3. Further details of the setup are reported 
in Argyris et al. [32]. 

2.2. Oxygen carrier material 

250 g of Cu-based OC (Fig. 4) supplied by Johnson Matthey was 
crushed to get an average particle size of 1.5–2 mm using Pulverized Ball 

Fig. 1. Schematic diagram of the CL-RWGS process for the CO2 conversion to 
syngas proposed in this study. 

Table 1 
Chemical reactions considered in the CL-RWGS process.  

Process Reaction   

Oxidation 2 Cu(s) + O2(g) → 2 
CuO(s) 

ΔH298 K =

− 310.4 kJ mol− 1 
(R1) 

Reduction (with H2) CuO(s) + H2(g) → Cu(s) 

+ H2O(g) 

ΔH298 K =

− 86.6 kJ mol− 1 
(R2) 

Reverse Water gas 
shift (RWGS) 

H2(g) + CO2(g) → CO(g) 

+ H2O(g) 

ΔH298 K =

41.2 kJ mol− 1 
(R3)  
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mill has been packed inside the reactor, 400 mm bed length, with the top 
and bottom part of the reactor fully packed with inert material (Al2O3). 
Further details regarding the utilized material can be found in the 
literature [33,34]. Inert material at the top and bottom of the reactor is 
used to make sure that OC is firmly packed inside the reactor throughout 
the CL-RWGS experimental campaign. Throughout the inlet and outlet 
of the reactor, heating lines are used to make sure that no condensation 
takes place at any stage during the process. More details about the 
material used in this study are reported in other studies [25,35,36] in 
which pre and post-testing characterisation, redox kinetics and 
long-term stability are extensively discussed for the relevant conditions 
used in this study. Since the gas-solid reactions and particle behaviour 
do not differ from previous works, it was not addressed in this 
manuscript. 

2.3. Design of the experiments 

During the first stage, Cu oxidation stage, diluted air feed (10% O2 in 
feed) is used to oxidize the Cu-based particles through the Cu-oxidation 
reaction (R1) at high pressure (1 – 5 bar) and moderate temperature 

Fig. 2. The packed bed reactor assembly at the University of Manchester having (a) FC-1 consists of gas feeding system and mass flow controllers; (b) FC-2 where 
packed bed reactor enclosed in a furnace has been and (c) schematic diagram of the packed-bed reactor unit. 

Fig. 3. P&ID of the experimental setup located in University of Manchester.  

Fig. 4. Image of the C-based oxygen carrier (OC) used in this experi
mental study. 
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(500 – 600 ◦C). This results in an O2-depleted stream leaving the reactor 
and a highly exothermic oxidation reaction (ΔH298 K =

− 310.4 kJ mol− 1) causes a considerable rise in reactor temperature. 
Once Cu is completely oxidized, in the second reaction stage, the reactor 
is fed with a fuel mixture to reduce the solid bed at the same operating 
temperature and pressure as that of the oxidation stage. The exothermic 
nature of CuO reduction with H2 (R2, ΔH298 K = − 86.6 kJ mol− 1) pro
vides the necessary heat for the final stage of the CL-RWGS process 
(RWGS stage). In the final stage, RWGS stage, H2 reacts with CO2 (R3) 
and produces H2/CO gas (syngas). The experimental campaign and 
operating conditions are tabulated in Table 2. In between the reaction 
stages, the reactor was purged with N2 to remove the unwanted gases 
from the reactor in order to avoid any undesired reaction to take place in 
the reactor. Purging with N2 also prepared the reactor for the next re
action stage. 

3. Results and discussion 

3.1. Material activation 

Prior to the CL-RWGS comprehensive testing campaign, 10 consec
utive cycles of oxidation-reduction (redox) were conducted to activate 
the material before further testing for the CL-RWGS process. The acti
vation was carried out in the same reactor used for subsequent testing. 
After 10 cycles, steady cycling behaviour was seen in the outlet gas 
composition, with cycles 8, 9 and 10 being indistinguishable from each 
other. This demonstrates that the material has been activated and is 
prepared for subsequent testing. Fig. 5 (a) shows the O2 breakthrough 
curve over 10 consecutive cycles of oxidation at 600 ◦C, 1 bar and 10% 
O2 in feed. It can be seen that the O2 breakthrough curves are quite 
reproducible (approximately 6 minutes), hence showing that the mate
rial reached a stable behaviour. Cu oxidation causes a rise of 184 ◦C in 
temperature across the packed bed reactor as can be seen in Fig. 6 (a). 
Similarly, the Cu-based OC is tested for reduction cycles. Fig. 5 (b) shows 
the H2 curves during the first cycle of reduction at 600 ◦C, 1 bar and 20% 
H2 in feed. The reduction of CuO using H2 as a reducing gas is also an 
exothermic reaction (ΔH298 K = − 86.6 kJ mol− 1) and it causes a rise of 

132 ◦C across the bed as shown in Fig. 6 (b). 
For both oxidation and reduction, the cycle time to breakthrough is 

identical since stoichiometric feed gases (O2/H2 mol ratio = 0.5) are fed, 
thus the system behaves as a stochiometric combustor. 

The breakthrough time obtained during the oxidation cycles helped 
to set the cycle time for oxidation during the complete cycle of CL-RWGS 
process. 

In Abbas et al. [40], the morphology and the degradation of the 
Cu-based material via SEM technique were observed and the material 
did not show any degradation after testing for over 100 hrs of operation 
at severe temperature (~950 ◦C) and pressure (~8 bar) conditions. 

3.2. Reverse water gas shift stage 

As indicated in Table 2, Cu-based OC is tested for RWGS process 
under various conditions. Fig. 7(a – b) illustrates the product gas 
composition (on dry basis) and temperature across the reactor during 
the RWGS at 900 ◦C, 1.0 bar and a feed gas composition of H2/CO2 
molar ratio of 1.0. The product molar composition stayed steady 
throughout the RWGS process and shows a H2/CO molar ratio of 1.4. 
The results in Fig. 7(b) show also a solid temperature drop across the 
reactor length which indicates that the reaction is endothermic (RWGS 
ΔH298 K = +41.2 kJ mol− 1). 

The H2/CO value showed that operating conditions (temperature, 
pressure and H2/CO2 molar ratios) need to be varied to get the H2/CO 
ratio suitable for FTS. Fig. 8(a) shows the effect of temperature and H2/ 
CO2 molar ratio in the feed over the H2/CO molar ratio obtained in the 
product gases. It can be seen that for a constant H2/CO2 ratio, higher 
temperature (900 ◦C), causes a drop in H2/CO molar ratio as compared 
to lower temperature (750 ◦C). For a H2/CO2 molar ratio of 1.3, H2/CO 
molar ratio at 750 ◦C and 900 ◦C is 1.94 and 1.75 respectively. On the 

Table 2 
The lab-scale conditions used during the CL-RWGS process.  

Process 
conditions 

Oxidation 
stage 

Reduction stage Reverse water gas 
shift stage 

Temperature [◦C] 600 600 650 – 900 
Pressure [bar] 1 – 5 1 – 5 1 – 8 
H2/CO2 molar 

ratio 
—— —— 2 – 0.2 

Feed gas 
composition (vol 
%) 

10% O2 in 
Air 

20% H2, 10% He 
and 70% N2  

1) 25% H2, 12.5% 
CO2, 12.5% He and 
50% N2  

2) 33.3% H2, 25% 
CO2, 8.3% He and 
33.3% N2  

3) 14.3% H2, 14.3% 
CO2, 14.3% He and 
57% N2  

4) 18.2% H2, 36.4% 
CO2, 9% He and 
36.4% N2  

5) 11% H2, 33.3% 
CO2, 11% He and 
44.4% N2  

6) 10% H2, 40% CO2, 
10% He and 40% 
N2  

7) 9.1% H2, 45.5% 
CO2, 9.1% He and 
36.4% N2 

Total volumetric 
flow (NLPM) 

10 10 10 – 16  

Fig. 5. (a) Evolution of O2 curves during the Cu oxidation and (b) CuO 
reduction over 10 cycles. 
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other hand, higher H2/CO2 molar ratio causes H2/CO molar ratio higher 
than 2.0 in the product gases. 

To further explore the effect of temperature on H2/CO molar ratio, a 
wide range of temperatures (650 – 900 ◦C) is studied in Fig. 9 and results 
are compared with the equilibrium values obtained through Gibbs 
reactor simulation using Aspen PLUS® software (and neglecting the 
formation of CH4). It can be seen that H2/CO molar ratio during the 
experiments is always higher than the equilibrium values, showing that 
the feed conversion during the experiments is always less than the 
equilibrium values. But, as the temperature is increased from 650 ◦C to 
900 ◦C, the experimental results move closer to the equilibrium values 
but at the expense of lower H2/CO ratio in the product. The results show 
that a H2/CO2 molar ratio in the range of 1.0 – 1.3 and an operating 
temperature of 700 – 800 ◦C is favourable for a H2/CO molar ratio close 
to 2.0. Additionally, by increasing the temperature CO2/CO ratio in
creases (Fig. 8(b)) confirming the behaviour of the material to operate 
close to chemical equilibrium conditions and therefore with high fidelity 
in the performance and control of the syngas composition at different 
operating conditions. 

In Fig. 10 (a), the effect of pressure (1 – 8 bar) over H2/CO molar 
ratio in the product has been studied. It can be seen that higher pressure 
slightly favours the H2/CO molar ratio in the product but H2/CO molar 
ratio decreases as temperature increases from 650 to 900 ◦C. In Fig. 10 (c 
and d), the impact of temperature on CO2 and H2 conversion within the 
product during the RWGS process, maintaining a H2/CO2 molar ratio of 
1.3 in the feed has been observed. The experimental findings have been 
compared against equilibrium predictions. Notably, the peak CO2 and 
H2 conversion, reaching 60% and 45% respectively at equilibrium, 

occurs at 900 ◦C. However, during experimentation under identical 
operating conditions, the achieved CO2 and H2 conversion rate is 
slightly lower, at 50% and 30% respectively. The unconverted CO2 could 
be recovered before or after the FTS and re-used in the RWGS thus 
reducing the CO2 import, or it can act as a dry reforming agent for the 
light hydrocarbons (C1-C4) which generates in the FTS reactor. None
theless, both the equilibrium and experimental results exhibit a similar 
overall trend. 

Finally, the CO2-to-CO conversion is plotted in Fig. 11 as measured at 
different conditions. The materials could achieve up to 50% of CO2-to- 
CO conversion at 850 and 900◦C and 1.3 H2/CO2 molar ratio and 
resulting H2/CO of 1.9. this number is approximately 80% of the ex
pected conversion at thermodynamic equilibrium. Therefore, this result 
represents the expected performance of the system which should be used 
to assess the quality fo the process overall and used as terms of com
parison with respect to other processes. 

3.3. Complete cycle of CL-RWGS 

A complete cycle of CL-RWGS using Cu-based OC has been per
formed at pseudo-adiabatic conditions. Repeated cycles of the material 
under real CL-RWGS conditions are assessed for the first time under 
continuous operation. This demonstrated the validity of the concept in 
terms of gas production (H2/CO ratio, CO2 conversion) and thermal 
management. The conditions used for the Cu-oxidation, CuO reduction, 
RWGS and purge stages have been tabulated in Table 3. The pseudo- 
adiabatic conditions were achieved by fixing the furnace temperature 
to minimum values (500 ◦C, 550 ◦C and 600 ◦C) to avoid the reactor 

Fig. 6. (a) Evolution of temperature profile during the Cu oxidation with 10% 
O2 feed and (right) CuO reduction with 20% H2 feed gas at 600 ◦C, 1.0 bar and 
a feed composition of 10% vol. O2 in N2. 

Fig. 7. a) The product gas molar composition and b) temperature profiles 
during the RWGS stage at 900 ◦C, 1.0 bar H2/CO2 equal to 1. 
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solid temperature going lower than that value. Lab-scale reactors are 
dominated by heat losses, therefore, a thermal input is required to limit 
the cooling of the system. On the other hand, industrial-scale (adiabatic) 
reactor presents limited heat losses (to avoid loss of efficiencies) given 

their large diameter therefore the minimum temperature of the reactor 
is dictated by process feeding conditions and the interaction between 
reactions and heat axial and radial fronts. In this experimental 
campaign, the furnace temperature set point indicated the minimum 
temperature of gas reactants. Therefore any additional heat generated in 
the bed (by Cu-CuO redox reactions) is then removed by catalytic RWGS 
and the inevitable heat losses that are generated when the solid tem
perature is > the furnace setpoint. 

Despite the RWGS is barely affected by pressure on the H2/CO ratio, 
to provide a full understanding of the process, continuous multiple cy
cles have been carried out at 1 bar and 5 bar. This comparison is rele
vant from fundamental and design perspectives because: i) syngas 
generation is likely to operate at high pressure therefore to reduce costs 
of compression given the conventional operating conditions of liquid 
fuel synthesis of chemical transformation; ii) chemical looping at at
mospheric pressure has been widely discussed and presented with flui
dised bed reactors but continuous operation at high pressure has never 
been achieved unless packed bed reactors of gas switching reactors [32, 
37− 39]; iii) at constant gas flowrates, increasing the operating pressure 
reduces the superficial gas velocity and the residence time and has some 
negative impact on Cu kinetics [40–43]. 

Fig. 12 (a – b) shows the single stage molar composition and tem
perature profile across the reactor at 600 ◦C, 1 bar and H2/CO2 molar 
ratio of 1.0. During the oxidation stage, diluted air (10% O2 in feed) was 
fed in the reactor at 600 ◦C and 1 bar for 324 s with the main product 
being N2 and He as can be seen in Fig. 12 (a). This oxidation caused a rise 
of max 184 ◦C in the bed. The supply of air was turned off at 324 s before 
the O2 breakthrough. After the oxidation, the reactor was purged for 
140 s using 4 NLPM of pure N2 to remove the O2 from the reactor before 
starting the next reaction stage. During the reduction and RWGS stages, 
a gas mixture of H2/CO2 was fed in the reactor for 320 s. In the initial 
phase of this reaction stage, H2 in the feed reduced the CuO therefore 
only CO2 is detected at the outlet (on a dry gas). After 162 s of this stage, 
once the reduction is finished, H2 and CO2 reacts through the RWGS 
reaction (R3) and produce syngas (H2/CO molar ratio = 2.0). The results 
show that a H2/CO molar ratio of 2.0 has been achieved in this case. 
Once a steady state composition of syngas is obtained, 8 NLPM of pure 
N2 were fed for 140 s to remove the syngas from the reactor before the 
start of second oxidation stage. 

The experiment has been designed to retain a significant amount of 
heat during the initial stages of the RWGS process, as shown in Fig. 12 
(b). The maximum temperature within the bed is observed at the 
conclusion of the reduction phase, specifically at a bed length of 
135 mm, corresponding to 785 ◦C. This condition leads to enhanced feed 
conversion and a reduced release of H2 in the resulting product gases. It 
must be noted that the end of oxidation and the end of the reduction 
almost overlaps while, under adiabatic (or limited heat losses) the bed 
would have further increased its solid temperature. Instead, during 
purge, the bed already exhibits a partial cooling. Throughout the process 
of RWGS, a substantial portion of the heat is extracted, leaving only the 
final segment of the bed at 673 ◦C. This particular section of the bed 
corresponds to the point where the molar ratio of H2/CO in the product 
attains a value of 2.0. 

In order to assess the stability of the material and ensure the repli
cability of experimental outcomes, a comprehensive investigation 
involving the execution of five complete cycles of CL-RWGS was con
ducted. The experimentation was carried out under controlled opera
tional parameters, specifically at a temperature of 600 ◦C, 1 bar, and a 
H2/CO2 molar ratio of at 1.0, as depicted in Fig. 13. The consistent and 
repeatable outcomes show the validity of the process under relevant 
conditions and the material’s suitability to operate as an OC and a 
catalyst within the context of the CL-RWGS process. 

To investigate the sensitivity of the CL-RWGS process across a range 
of temperatures (500 – 600 ◦C), pressures (1 – 5 bar), and H2/CO2 molar 
ratios (1.0 – 1.3), experimental studies were carried out, and the 
resulting graphical representations are presented in the Supplementary 

Fig. 8. The effect of feed composition (H2/CO2 molar ratio) and temperature 
on the a) H2/CO and b) CO/CO2 molar ratio in the product gases during the 
RWGS process. 

Fig. 9. The effect of feed composition (H2/CO2 molar ratio) and temperature 
on the H2/CO molar ratio in the product during the RWGS process. Experi
mental results are compared with the equilibrium findings. 
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Data. A concise summary of these sensitivity analyses is provided in  
Table 4. The consecutive cycles of CL-RWGS under various temperature 
and pressure conditions demonstrated that this system is suitable for 
further scale up and can be implemented at industrial scale. 

As the temperature falls below 600 ◦C at 1 bar pressure and a H2/CO2 
molar ratio of 1.3, there is a significant increase in the resulting H2/CO 
molar ratio which exceeds the optimal value of 2.0 for FTS. This higher 
ratio at lower temperatures, specifically 3.14 at 500 ◦C, is not ideal. This 
decrease in H2/CO molar ratio is mainly due to a rise in ΔT for both the 
oxidation and reduction stages. This leads to more conversion of H2 
during the RWGS stage, resulting in a lower H2/CO molar ratio at higher 
temperatures. Furthermore, as the H2/CO2 molar ratio in the feed is 
reduced from 1.3 to 1.0, under the 600 ◦C and 1 bar operating condi
tions, the resulting H2/CO molar ratio decreases from 2.35 to the desired 
value of 2.0 for FTS. This shows a direct connection between the 
composition of the feed and the resulting gas product, emphasizing the 
importance of carefully controlling operational parameters for opti
mizing the product composition and at the same time the flexibility in 
tailoring the process for different uses. 

While the breakthrough times for oxidation and reduction stages 
remain quite similar across temperatures (500 – 600 ◦C) at 1 bar pres
sure, at higher pressures (5 bar) the breakthrough time increases in both 
oxidation and reduction. This can be explained by a lower superficial gas 
velocity and increased residence time that facilitates the O2 and H2 to 
reach more Cu/CuO sites in the particle. While the effect on RWGS is 
marginal, higher pressure is relevant to increase the cycle time and Cu 
utilisation during the redox cycles. Finally, as anticipated in the previous 
section, the multiple cycle tests can achieve up to 48% CO2-to-CO con
version for a 200 s, approximately 90% of the total time on stream 
during the RWGS stage considering that the RWGS occurs under dy
namic operation with a temperature change along the bed from 750◦C 
(end of the reduction) to 650◦C (end of the RWGS) as reported in Fig. 12 
(b) for the entire period of the RWGS stage. To the author’s knowledge, 

Fig. 10. Effect of temperature and pressure on the a) H2/CO, b) CO/CO2 molar ratio in the product, c) CO2 conversion and d) H2 conversion during the RWGS process 
at H2/CO2 molar ratio of 1.3 in the feed. Experimental results are compared with the equilibrium findings. 

Fig. 11. Effect of temperature and pressure on the CO2-to-CO conversion 
during the RWGS process at H2/CO2 molar ratio of 1.3 in the feed. 

Table 3 
The inlet conditions for the complete cycle of CL-RWGS (furnace temperature at 
500 – 600 ◦C and pressure at 1 – 5 bar).  

Conditions Oxidation Purge – I Reduction þRWGS Purge – II 

Flow rate [NLPM] 10 4 16 8 
Feed time [s] 324 140 320 140 
Mole fraction [%]     
N2 79.5 100 47 – 50 100 
O2 10.5 __ __ __ 
He 10 __ 6 __ 
H2 __ __ 24 – 25 __ 
CO2 __ __ 19 – 24 __  
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better CO2-to-CO conversion are reported in literature using direct 
reduction of CO2 (e.g. Bulfin et al. [24] claimed a 80% CO2 conversion), 
however, those results are limited to a peak conversion and very 
dispersive results using 80 g of CeO2 reactor size and feeding gas of 0.3 
SLPM with 5% of CO2 which is approximately 200 times lower than the 
case presented here. Finally, the 200–300 seconds RWGS cycle allowed 
for continuous syngas production before transitioning to CL-RWGS, 

crucial for maintaining oxygen carrier capacity and avoiding tempera
ture decrease due to the endothermic RWGS process. 

CL-RWGS offers significant engineering advantages over externally- 
heated RWGS systems. While externally-heated RWGS requires low- 
carbon fuels (e.g. H2) or additional post-combustion capture for 
carbon-neutral product generation, CL-RWGS facilitates the production 
of pure or concentrated CO2, which is readily recoverable at a low cost. 

Fig. 12. a) Molar composition and b) axial temperature profile during one complete cycle of CL-RWGS process at 600 ◦C, 1 bar and H2/CO2 molar ratio of 1.0 in 
the feed. 

Fig. 13. Molar composition profile during five complete cycles of CL-RWGS process at 600 ◦C, 1 bar and H2/CO2 molar ratio of 1.0 in the feed.  
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Moreover, CL-RWGS operates within a refractory-lined high-pressure 
vessel, significantly reducing fabrication expenses compared to the 
exposed RWGS tubes in externally-heated systems. This process also 
shows flexibility in accommodating low-quality feedstocks during the 
reduction stage and enables modular plant design, as plant size is not 
limited by performance or engineering constraints. By optimizing ma
terial formulation, higher CO2 conversion rates can be achieved. Despite 
the tested material’s design not being specific to this process, CO2 con
version can reach up to 60% at equilibrium for the H2/CO2 molar ratio 
studied. Additionally, there is potential for exploring novel configura
tions where CL-RWGS is aided by CO2-to-CO thermochemical reduction, 
a chemical looping process, presenting the opportunity for even higher 
CO2 conversion rates, although this technology is still in the develop
mental phase. 

4. Conclusion 

In this work, the CL-RWGS process using Cu-based OC has been 
studied under various relevant conditions of temperature and pressure. 
The analysis carried out on individual reaction stage have confirmed the 
high performance of Cu/CuO pair a stable and highly selective oxygen 
carrier in chemical looping. At the same, the reduced Cu as a catalyst for 
RWGS exhibited up to 48% of CO2-to-CO conversion and high flexibility 
to tailor the syngas composition by changing feed gas composition and 
reaction operating temperature. For the case FTS application, an H2/CO2 
feed composition between 1.0 and 1.3 is suitable to obtain a H2/CO ratio 
close to 2.0. The multiple cycles of CL-RWGS gave stable and repro
ducible results in terms of H2/CO molar ratio in the product. Despite 
being a lab-scale reactor, the process at pseudo-adiabatic conditions 
demonstrated that continuous CO2-to-CO conversion of 48% is acheiv
able when operating the reactor with a minimum temperature of 600 ◦C, 
1 bar and H2/CO2 molar ratio 1.0. CL-RWGS provides engineering ad
vantages, enabling cost-effective CO2 production in a high-pressure 
vessel and enhancing flexibility with low-quality feedstocks. Despite 
the unoptimized material, CO2 conversion rates can reach 60% at 
equilibrium, with potential for further improvement through future 
advancements. While further studies are required to understand the 
optimal conditions, further developments will include the scale-up the 
technology, expected economics, and overall process assessment under 
different scenarios. 
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