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Experimental demonstration of the Ca-Cu looping process 
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A B S T R A C T   

In this work an experimental proof-of-concept of the Ca-Cu process has been carried out. The Ca-Cu process 
combines sorption-enhanced steam reforming of methane with a Ca-based sorbent with chemical looping of a Cu- 
based oxygen carrier to provide the energy for the sorbent regeneration. Each process step has been studied 
separately for different operating pressures and inlet gas compositions, and addition complete cycles (including 
all three consecutive process steps, viz. the sorption-enhanced reforming step, oxidation step and regeneration 
step) have been performed to evaluate the technical feasibility of the complete process. The pressure influences 
the sorption-enhanced reforming step negatively, while the steam-to-carbon ratio does not influence the average 
outlet H2 (dry) fraction. When increasing the inlet O2 concentration during the oxidation step, the amount of CO2 
released increases, whereas increasing the pressure decreases the amount of CO2 released. In the regeneration 
step, increasing the H2 fraction in the feed increases the amount of sorbent that is regenerated, reaching 70 wt% 
of the sorbent in the bed with 60 vol% H2 in the feed. More than 285 complete cycles were performed, the solids 
were still chemically performing well, and the results were still reproducible. Simulations with a pseudo- 
homogeneous reactor model were performed for all the separate steps. The model does not describe the 
experimental data well, which was attributed to problems with the packing of the bed at the bottom of the 
reactor (solids maldistribution), which was confirmed after opening the reactor after the experimental campaign. 
The problems with the packing of the bed was caused by problems with the chemical–mechanical stability of the 
oxygen carrier, which became a powder after the experiments due to the high mechanical stresses it was exposed 
to.   

1. Introduction 

The Ca-Cu looping process is a promising pre-combustion CO2 cap-
ture technology which allows carrying out the energy-intensive sorbent 
regeneration with a moderate energy penalty and which was proposed 
by Abanades et al. [1–3]. As stated by the “Paris Agreement” adopted on 
12th December 2015 [4] the carbon dioxide emissions to the atmo-
sphere must be reduced as soon as possible in order to limit global 
warming to 2 ◦C above pre-industrial levels. This can be done, together 
with many other strategies, using Carbon Capture and Storage (CCS) 
technologies, using hydrogen as energy carrier together with reducing 
energy penalties and costs of the processes. 

The Ca-Cu looping process consists of the high-temperature CO2 
capture during the production of hydrogen via sorption-enhanced 
steam-methane reforming using CaO as sorbent. This is coupled with a 
Cu/CuO chemical loop to supply the energy needed for the CaCO3 
calcination. A conceptual scheme of this process is shown in Fig. 1, 

which was proposed to be carried out in a series of fixed bed reactors 
operating in parallel at different pressures and temperatures to fully 
exploit its inherent advantages. The first step of the process consists of 
the production of a hydrogen-rich stream through sorption-enhanced 
reforming (SER) feeding a mixture of natural gas with steam to the 
reactor (step A in Fig. 1). Reforming, water–gas-shift and carbonation 
reactions occur simultaneously in the reactor, which operates at 
elevated pressures. Ni is used as a catalyst for the reforming and 
water–gas-shift reactions. The subsequent step (indicated as B in Fig. 1) 
consists of the oxidation of Cu to CuO by feeding pressurized diluted air 
to the reactor. The maximum temperature achieved during this 
exothermic step is kept below a reasonable limit to avoid undesired 
reactions or agglomeration of the Cu-based oxygen carrier material 
present in the bed, and to minimize CaCO3 decomposition before the 
next step. Finally, the calcination of CaCO3 formed during the SER step 
of the process occurs thanks to the energy released by the reduction of 
CuO, which is carried out by feeding a fuel gas containing H2, CO and/or 
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CH4. This step of the process (referred to as C in Fig. 1) is performed at 
low pressure with the aim of limiting the temperature needed to pro-
mote CaCO3 calcination. The Ca/Cu ratio of the material present in the 
fixed bed is chosen such that the energy released by CuO reduction re-
actions during step C allows reaching the desired temperature and sus-
taining the CaCO3 calcination reaction. In step B and C the Ni catalyst is 
also oxidized and reduced respectively, but due to the small amount 
present in the bed (around 4 wt%) the influence that it has on the 
behavior of the process is negligible. 

In our previous work [6] the Ca-Cu process was successfully 
demonstrated experimentally at medium scale. All the experiments were 
performed at atmospheric pressure and the bed temperature was regu-
lated by ovens placed around the reactors. Industrially, no external heat 
to the reactor bed would be supplied, but only the inlet gas would be 
heated up to the desired temperature. Moreover, in order to achieve a 
high H2 production yield during the sorption-enhanced reforming step 
[7] and to limit the CO2 release during the oxidation step, high pressures 
are required [8]. In all the experimental works presented in the 

Fig. 1. General scheme of the Ca/Cu chemical looping process [1,5].  

Fig. 2. Picture (a) and schematic overview (b) of the packed bed reactor setup and schematic overview of the cross section (c).  
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literature [9–11], external heat was supplied in order to perform the 
experiments. Grasa et al. [11] studied the SER step at pressures between 
3 and 9 bar, while Diez-Martin et al. [10] performed complete cycles at 
10 bar. However, all these studied were performed at small scale and 
none of the works presented in the literature has been done in reactors 
bigger than 3.8 cm in diameter. 

In this work a proof-of-concept of the Ca-Cu process is provided 
under industrially more relevant conditions. Each step has been studied 
at different pressures and inlet gas compositions. Moreover, complete 
cycles were performed to evaluate the feasibility of the entire process. 
Finally, with the help of the 1-D pseudo-homogeneous model an eval-
uation of the performance of the solids was carried out. 

2. Materials and method 

2.1. Experimental setup 

The experimental device used in this work is a tubular packed bed 
reactor (1.6 m long, outer and inner diameters 0.4 and 0.063 m, 
respectively) constructed by Array Industries BV and the reactor can be 
operated with a maximum temperature of 1200 ◦C and a pressure of 10 
bar without external heat supply. A picture and schematic overview is 
provided in Fig. 2. The solids are packed in an Inconel tube (liner) with a 
wall thickness of 6 mm. The outer carbon steel reactor wall is used to 
allow operation at higher pressures. To decrease heat losses a thick layer 
of insulation material (Isofrax 160 kg/m3) surrounds the liner and the 
reactor wall is heated with tracers at 300 ◦C. Moreover, the bottom 
flange of the reactor was completely covered with vermiculite. 

To allow dilatation due to the different temperatures between the 
liner and the reactor shell (insulation side) the liner is not welded at the 
top of the reactor. To avoid that the reactant gases enter the reactor 
shell, and to equalize the pressure between the two zones in the reactor, 
a small N2 flow of 2 Nl/min is fed to the shell and mixed with the reactor 
gases at the reactor exit. A schematic representation of the reactor cross 
section is given in Fig. 2c. As can be appreciated in this scheme, there is a 
tube (0.7 m long, and outer diameter of 0.014 m) inside the reactor with 
20 K-type thermocouples (Rössel, 1.5 mm thermocouples) to measure 
the temperature at different axial positions in the bed. The thermocou-
ples are surrounded by an Inconel protection layer (2 mm) and some air 
is present between the protection layer and the thermocouples. Func-
tional solids are placed in the zone where the axial temperature is 
monitored (up to 80 cm), whereas in the rest of the reactor (i.e., below 
and above the functional materials) an inert material (clay granules) has 
been used. 

The feed gas flow rate and its composition are controlled by the 
corresponding mass flow controllers. The feed gas is heated up to the 
desired feed temperature by two 2.2 kW electric ovens, which are 
installed in series upstream of the reactor, as indicated in Fig. 2. For the 
steam production, demineralized water is pressurized by a HPLC pump 
and mixed with the gas stream in the oven. The pipe between the oven 
and the reactor is traced with high-temperature tracing to minimize the 
temperature decrease of the feed gas between these components. The 
reactor outlet gases are cooled through an air cooler (pipe with fins) and 
a water cooler, where steam is condensed and separated from the gas 
phase. A digital back pressure regulator is used to control the system 
pressure. Downstream the pressure regulator, the dried gas is sent to an 
infrared SICK analyzer and a CO and O2 paramagnetic analyzer (Siemens 
Ultramat 23) working in parallel. The residence time in the ovens, 
coolers and lines to the analyzers is about 1 min, which is subtracted 
from the experimental data. All the setup is automated and can be run 
24 h per day for more than 500 cycles. 

2.2. Experimental procedure 

The packed bed reactor described above was used to prove the 
feasibility of the Ca-Cu process at larger scale (TRL5) under industrially 

relevant operating conditions. For these experiments a Ca-based solid 
supplied by Carmeuse (11 wt% active CaO), a commercial Ni-catalyst 
(17 wt% of Ni on Al2O3) supplied by Johnson Matthey PLC and a Cu- 
based material developed by Johnson Matthey PLC (65 wt% Cu on 
Al2O3) [12] were utilized respectively as CO2 sorbent, reforming catalyst 
and oxygen carrier. The reactor was filled with 2.6 kg of a mixture of 
these solids with a particle size of around 3 mm. The composition of the 
bed was calculated to have 4 wt% of Ni and a Cu/CaO molar ratio of 2.1 
and it results in 23.5 wt% of catalyst, 54.5 wt% of CO2 sorbent and 22 wt 
% of oxygen carrier. 

Before performing the experiments, the catalyst was activated by 
running some cycles of oxidation/reduction with O2 and H2 diluted in N2 
respectively, and the sorbent was aged with some cycles of carbonation/ 
calcination with CO2 diluted in H2. To activate the catalyst a tempera-
ture of around 900 ◦C during the reduction was required. Although the 
maximum initial bed temperature reachable is only around 600 ◦C, due 
to the absence of external heating around the reactor, 900 ◦C was 
reached inside the reactor exploiting the exothermicity of the reduction 
reaction of the CuO. 

The performance of the sorption-enhanced reforming step was 
studied by feeding mixtures of CH4 and steam both at 2 and 7 bar. A 
constant CH4 flow rate of 4 Nl/min, which corresponds to 1.7 kg CH4 h− 1 

kg cat− 1, was used and the steam flow rate was varied in order to change 
the steam-to-carbon ratio. Although higher space velocities (up to 
around 2.5 kg CH4 h− 1 kg cat− 1) are allowed, as seen from the studies at 
lower scale in our previous work [6], in this case the flow rate was 
limited by restrictions of the setup, where the production of higher 
steam flow rates was difficult. Before starting the SER step, the bed was 
heated to around 600 ◦C with a flow rate of N2 of 100 Nl/min, and after 
that steam is sent to the reactor together with a small amount of H2 to 
avoid the oxidation of the catalyst. If the experiment is carried out at 
high pressure, during the heating up also the pressure is built up. To 
regenerate the CaCO3, oxidation and reduction steps were carried out 
with 100 Nl/min of 5 vol% of O2 in N2 and 40 vol% of H2 in N2, 
respectively. 

To study the oxidation step, a total flow rate of 100 Nl/min with 
different vol% of O2 were fed to the reactor. In order to start always with 
the same conditions and with the same amount of CaCO3, after the 
oxidation step the bed was reduced by feeding 100 Nl/min of 20 vol% of 
H2 in N2 and then the sorbent was carbonated with 100 Nl/min of a 
mixture of CO2 and N2 (10 vol% CO2). Even when the oxidation step was 
investigated at high pressure (2 bar or 7 bar), both reduction and 
carbonation steps were carried out at 2 bar. 

The regeneration step was investigated by feeding 100 Nl/min of a 
mixture of H2 and N2 in different proportions. Afterward, the Cu and the 
Ni were oxidized with 5 vol% O2 in N2 and 100 Nl/min and subse-
quently, the CaO was carbonized with 10 vol% CO2 in N2 and 100 Nl/ 
min. 

While in the experiments described above the duration of the step 
was set longer than the breakthrough time, complete cycles were per-
formed switching the steps at the breakthrough time in order to study 
the process at industrial conditions. During the SER 16 Nl/min were fed 
to the reactor with a steam-to-carbon ratio (S/C) of 3, 100 Nl/min with 
5 vol% of O2 in N2 were used for the oxidation step and the regeneration 
step was carried out using 100 Nl/min of a mixture with 40 vol% of H2 in 
N2. Between each step a purge of 2 min with 100 Nl/min of N2 was used. 

In all cases and for each condition studied more than 10 cycles have 
been performed in order to reach steady state and to be able to compare 
the data at different operating conditions. 

The experimental error is calculated over the complete cycle of an 
experiment using Eq. and values between 5 and 10% were found for all 
the experiments reported in this work. These values are higher than in 
the experiments carried out at smaller scale [6] due to the higher 
complexity of the setup but deemed quite acceptable for a proof-of- 
concept. 
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Error % =
Net Carbon In − Net Carbon Out

Net Carbon In
× 100 (1)  

3. Model description 

The one-dimension pseudo-homogeneous model (PHM) used in this 
work to describe the performance of the packed bed reactor, has been 
previously described and used [6,8,13]. In this case no oven is placed 
around the reactor, hence the heat losses needed to be taken into ac-
count. Two energy balances were therefore included in the model to 
describe the temperature inside the reactor as described by Hamers et al. 
[14]. The first energy balance, given in Eq. , is solved to calculate the 
evolution of the axial temperature profile of the gas and solids inside the 
reactor (and the thermocouple), while the second energy balance Eq. is 
solved for the axial temperature profile of the liner. Heat transfer be-
tween the reactor and the liner is accounted for with αrl = 90 W/m2/K 
and between the liner and the surroundings with αls = 4.5 W/m2/K. 

(εgρgCp,g + εsρsCp,s + εTCρsteelCp,steel)
∂T
∂t =

− ρsvgCp,g
∂T
∂x +

∂
∂x (λeff

∂T
∂x) + εgriΔrH − αrl

4
dr
(T − Tw)

(2)  

(εlinerρsteelCp,steel)
∂Tw

∂t =

∂
∂x (λsteel

∂T
∂x) + αrl

4
dr
(T − Tw) − αle

4
dr+liner

(Tw − Tenviroment)

(3) 

The thermocouple has a significant heat transfer resistance and due 
to this, there is a delay in the temperature measurement of around 45 s. 
Because of this response time and the presence of heat losses, the 
maximum temperature reached in the reactor is never actually 
measured. This is taken into account in the model via Eq. [14]. 

TTC = exp
[

−
Δt
τTC

]

Tt− 1
TC +

(

1 − exp
[

−
Δt
τTC

])

T (4)  

4. Experimental results and discussion 

The main objective of the proof-of-concept is to perform more than 
100 complete cycles, meaning consecutive SER, oxidation and reduction 
steps. First each step has been studied separately, and then complete 
cycles have been performed to prove the technical feasibility of the 
process. 

4.1. Sorption enhanced reforming step 

Sorption-enhanced reforming has been studied under three different 
steam-to-carbon ratios (S/C 3, 4 and 5) and two different pressures (2 

and 7 bar). In Fig. 3a the gas and temperature outlet profiles of the SER 
step at 2 bar and S/C 3 are shown for different cycles. As can be seen, all 
the curves of the different experiments are perfectly matching which 
means that indeed steady state is reached after a few cycles. The SER 
equilibrium was reached during the operation of this hydrogen pro-
duction stage, and H2 contents of 97.5 vol% (on dry basis) were reached. 
The temperature change in the bed is quite small (around 30 ◦C), as can 
also be seen in the axial temperature profiles (Fig. 3b), and this is caused 
by the high heat losses present in the bed. 

Fig. 4 shows the results of the experiments under different S/C ratios 
and operating pressures. At both pressures, the S/C ratio does not in-
fluence the H2 outlet composition. This is in disagreement with what 
was found in the previous work [6], where an increase in the S/C ratio 
resulted in an increase in the H2 fraction. As can be observed in Fig. 4, 
the temperature decreases with an increase in the S/C ratio, and 
therefore the positive effect of the S/C ratio on the H2 fraction is 
cancelled by the temperature decrease. This is because in this case to 
produce the steam the water is sent to the oven where the gas is heated 
up, so it takes sensible heat, which is higher, the higher the amount of 
steam to be produced. Increasing the pressure, the SER is less favored, as 
expected by thermodynamics and the H2 content in the outlet gas 
decreased to 93.6 vol%. The gas composition stabilizes at 93.6 vol% H2, 
5.9 vol% CH4, 0.17 vol% CO and 0.33 vol% CO2 (on dry basis) when 
operating with S/C = 3 at 7 bar, which are similar conditions to those 
tested at smaller scale by Diez-Martin et al. [10]. The breakthrough is a 
bit retarded for the case at high pressure, since the CO2 produced by 
steam reforming and water gas shift is lower. 

4.2. Oxidation step 

The oxidation step was studied under different concentrations of 
oxygen: 3 vol%, 5 vol%, and 10 vol%, and two different pressures: 2 bar 
and 7 bar. Fig. 5a shows the gas and temperature outlet profiles of the 
oxidation step of different cycles at 2 bar and 3 vol% O2. Also in this case 
steady state is reached, since both the temperature and the gas profiles 
are the same for all the cycles. Full conversion of oxygen is reached, 
while some CO2 is released due to the high temperatures reached in the 
bed and the low pressure. From the axial temperature profiles inside the 
bed (Fig. 5b) it can be seen that the temperature is increasing due to the 
oxidation reaction and a heat plateau is formed. This is because the 
reaction front is faster than the heat exchange front. In the first part of 
the bed, the temperature is quite constant and lower than in the rest of 
the bed. This is attributed to the non-uniformity of the solid’s distribu-
tion in the bed and this will be discussed further in Section 3. 

In Fig. 6 comparison between the experiments with different con-
centrations of oxygen at 2 bar and 7 bar is shown. At both pressures, 
when increasing the O2 concentration in the feed gas, the maximum 
temperature reached within the solid bed increases due to the increase 

Fig. 3. Gas and temperature outlet profile of 6 consecutive experiments (a) and axial temperature profile inside the bed (b) for the SER step with S/C = 3, 600 ◦C, p 
= 2 bar. 
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in the rate of reaction heat released. Hence, the higher the O2 concen-
tration, the higher the amount of CO2 released, whereas when increasing 
the pressure, the amount of CO2 released decreases in accordance with 
what was found in a previous work of the authors [8]. A lower amount of 
O2 would decrease the amount of CO2 released, but this cannot be 
achieved with the current setup due to limitations of the mass flow 
controllers. 

The results obtained are in accordance with literature [10,15], where 
the same step was studied in smaller reactors under similar conditions. 

4.3. Regeneration step 

The aim of the reduction step is to release the highest amount of CO2 
possible. This can be done by increasing the temperature inside the 

reactor, working at low pressure and varying the inlet composition. Due 
to the fact that the reactor is not heated by ovens but only with hot gas, 
and that the heat losses are relatively high, the maximum temperature 
that can be reached in the bed before starting the reaction is around 
650 ◦C. The lowest pressure that can be achieved in the reactor is 2 bar, 
due to the pressure drops of the reactor itself and of all the tubing 
downstream. The only operating condition that can be varied is the gas 
composition. Although the reaction that gives the higher amount of heat 
is the reduction of CuO with CO, H2 was used as reacting gas since it was 
not possible to feed high flow rates of CO in the setup. To be able to 
calcine the CaCO3 the stochiometric Cu/CaO molar ratio is 1.8 if 
hydrogen is used. In this case a Cu/CaO molar ratio of 2.1 was chosen 
considering the relatively high heat losses 

Experiments with a H2 fraction of 20 vol%, 40 vol% and 60 vol% 

Fig. 4. Gas and temperature outlet profiles for the SER step with different S/C at 2 bar (a) and 7 bar (b).  

Fig. 5. Gas and temperature outlet profile of 6 different experiments (a) and axial temperature profile inside the bed (b) for the oxidation step with 3% of O2, 650 ◦C, 
p = 2 bar. 

Fig. 6. Gas and temperature outlet profiles for the oxidation step at different O2 concentrations at 2 bar (a) and 7 bar (b).  
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have been carried out. Fig. 7a shows the gas and temperature outlet 
profiles of the regeneration step of different cycles at 2 bar and 40 vol% 
of H2. As can be seen, steady state is reached also in this case, H2 is fully 
converted during the pre-breakthrough and CO2 is released as expected. 
Around 58 wt% of the sorbent is regenerated under these conditions. 
From the axial temperature profiles (Fig. 7b) the reaction front can be 
seen moving towards the end of the bed. A peculiar behavior is observed 
in the first part of the bed and this is again attributed to a problem of 
non-uniform solids distribution of the reacting bed, as will be discussed 
in more detail later. 

In Fig. 8 the results for different H2 compositions are compared. 
When increasing the hydrogen fraction, more CO2 is released, since the 
temperature reached in the reactor is higher. With 20 vol% of H2 53 wt% 
of the sorbent is regenerated, while with 60 vol% of H2 almost 70 wt% of 
the sorbent is regenerated. Moreover, the breakthrough is sharper, and 
the amount of CO2 released before the H2 breakthrough is higher. 
Further increasing the H2 fraction would result in a higher amount of 
CO2 released. But, also in this case, this condition could not be tested in 
the current setup, due to a limitation in the mass flow controller. 

4.4. Complete cycles 

Complete cycles have been carried out by switching the steps at the 
breakthrough, in order to mimic the industrial situation. Fig. 9a shows a 
complete cycle at 2 bar. Compared to the single steps described in the 
previous sections, in this case the temperature reached is higher than in 
the previous cases, since the bed is not cooled down by unreactive gas. 
Therefore, at 2 bar the H2 fraction during SER is lower than in Fig. 3a 
where the temperature is more than 150 ◦C higher, but the H2 fraction is 
still above 90%. At 7 bar, the outlet temperature is lower compared to 
the case at 2 bar because of the pressure build-up and release. As can be 
seen in Fig. 9b the temperature is decreasing during these two moments 
(PI and PD). 

Comparing Fig. 9a and b, it can be clearly seen that at higher pressure 
the steam reforming is the limiting reaction, since unconverted CH4 is 
present in the outlet stream, while in the case at low pressure the 
water–gas-shift and carbonation reactions are the limiting reactions due 
to the high temperatures reached in that case. Regarding the oxidation 
step, also in this case, confirming what was found above, less CO2 is 
released at higher pressure. The reduction step was carried out in both 
cases at 2 bar, and similar behavior was found for both cases. 

It can be concluded that the process is feasible, since the sorbent is 
regenerated successfully enabling to carry out the sorption-enhanced 
reforming with production of hydrogen fractions on dry basis higher 
than 90 vol%. 

4.5. Reproducibility 

The total number of complete cycles that was carried out was more 
than 250. Fig. 10 and Table 1 show a comparison between the results for 
different cycles (cycles 100, 185 and 285) both for the SER and regen-
eration steps. As can be seen in the case of SER, after 285 cycles the H2 
produced before the breakthrough is still above 95 vol%. At cycle 100 
the breakthrough happens later than for the other two cases because 
more CaO is available. This can be due to fact that the capacity of the 
sorbent decreased with the number of cycles or because of maldistri-
bution of the solids in the bed leading to a lower amount of accessible 
CaO. Regarding the reduction step, the pre-breakthrough and the 
breakthrough curves are very similar for all the three cycles. At cycle 
100 more CO2 is released, and therefore the maximum temperature is 
lower, for the same reason as explained above. 

It can be concluded that after 285 cycles, the solids are still chemi-
cally performing well, and the results are still reproducible. 

5. Modeling results and discussion 

Simulations have been performed with the pseudo-homogeneous 
model for the different steps. Fig. 11a compares the experimental and 
calculated outlet profiles for the SER step. As can be seen only in the first 
5 min the simulation results match quite nicely the experimental data, 
although the simulated hydrogen fraction is 2.5% lower than in the 
experiment. After the breakthrough the hydrogen fraction calculated by 
the model is much lower than the one found in the experiment (55 vol% 
compared to 70 vol%), since the methane conversion is very low due to 
the low temperature reached in the bed (400 ◦C). The maximum 
calculated temperature is around 720 ◦C, which is around 50 ◦C higher 

Fig. 7. Gas and temperature outlet profile of 7 consecutive experiments (a) and axial temperature profile inside the bed (b) for the reduction step with 40% H2, 
650 ◦C, p = 2 bar. 

Fig. 8. Gas and temperature outlet profiles for the reduction step at different 
H2 concentrations and 2 bar. 
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than the one reached during the experiment. In addition, it can be noted 
in Fig. 11a, that the pre-breakthrough in the simulation is about 10 min 
longer than in the experiment, suggesting that most probably the 
experimental bed is shorter than what was assumed in the simulations. 

To better understand why the model does not describe the experi-
mental data for the SER step adequately, simulations of only the 

carbonation step have been carried out and the results have been 
compared with the experimental results. Fig. 11b shows the comparison 
for the case with 10 vol% CO2 at 2 bar. When using a particle efficiency 
of 0.6 for the carbonation, the outlet profiles of CO2 match quite well, 
although some slip of CO2 is present in the case of the simulation, while 
in the experiments full conversion of CO2 is reached in the first minute. 
The temperature calculated by the model is around 100 ◦C higher than 
the experimentally observed temperature. Decreasing the reaction rate 
by reducing the efficiency, the temperature slightly decreases (around 
10 ◦C), but the temperature is still much higher than the one observed 
during the experiment. Moreover, in this case the CO2 slip is higher than 
the previous case. From this evaluation it seems that the discrepancy is 
caused by an underestimation of the simulated heat losses in comparison 
to the actual heat losses present in the reactor. This could be an expla-
nation why the outlet gas profiles calculated by the model for the SER do 
not match the experimentally determined profiles. 

Oxidation and regeneration steps have been simulated with the 

Fig. 9. Gas and temperature outlet profiles of a complete cycle at 2 bar (a) and 7 bar (b). P: purge; S: steam build-up; PI: pressure increase; PD: pressure decrease; 
SER: S/C = 3, 16 l/min; Ox: 5 vol% O2, 100 l/min; Red: 40 vol% H2, 100 l/min. 

Fig. 10. Gas and temperature outlet profiles for the SER step (a) with S/C 3 and 2 bar and reduction step (b) with 40 vol% H2 and 2 bar for different cycles.  

Table 1 
Comparison between different cycles. Conditions SER: S/C = 3, 2 bar, 16 l/min; 
Conditions reduction: 40 vol% H2, 2 bar, 100 l/min.  

Cycle number 100 185 285 

% H2 during pre-breakthrough in SER 97.4 97.5 95.6 
Pre-breakthrough time in SER, min 8 5 5 
Tmax,out in SER, ◦C 666 669 668 
Pre-breakthrough time in Reduction, min 3 3 3 
Tmax,out, in Reduction, ◦C 760 773 772  
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model as well. Fig. 12 shows the comparison between the outlet profiles 
calculated by the model and measured during the experiments. The 
main difference is found in the amount of CO2 released: the calculated 
amount is much higher than the one found in the experiments. In the 
case of the oxidation step (Fig. 12a) the amount of CO2 released calcu-
lated by the model is around 4 times higher than the one found in the 
experiments. By decreasing the calcination reaction rate (using an effi-
ciency of 0.3) the amount of CO2 released decreases slightly, but the 
maximum temperature is increased. The breakthrough of the O2 calcu-
lated by the model is sharper than the experimentally observed, sug-
gesting that most probably the oxidation kinetics used in the model is 
overpredicting the actual kinetics. Simulations with slower kinetics 
(with an efficiency of 0.3) have been performed. A lower temperature, 
slightly less CO2 released and O2 slip at the beginning are found. The 
same trends have been found for the regeneration step (Fig. 12b). This 
indicated that the kinetics of oxidation and reduction are well repre-
sented in the model, since full conversion is reached during the pre- 
breakthrough. 

In all cases the breakthrough in the experiments starts before the 
breakthrough in the simulations. Moreover, after the breakthrough 
some reaction is still occurring in the experiments carried out. This could 
be due to the maldistribution of the solids caused by the packing of the 
bed at the bottom of the reactor. 

To verify this hypothesis, the reactor was opened after the experi-
ments and the material inside was investigated. Fig. 13a shows a picture 
of the reactive bed from the top of the reactor. As can be seen, particles 
can no longer be discerned, but instead a compact bed is found. A drill 
was used to remove the material and towards the end of the bed (at the 
bottom of the reactor) chunks as the one pictured in Fig. 13b were found. 
The shape suggests that the material melted around the thermocouple. 
The gas was therefore flowing in preferred channels instead of 

homogeneously across the bed. This explains the peculiar behavior 
observed in the axial temperature profiles in the experiments and 
described in Section 5.4. The temperature in that part of the bed was 
lower due to the higher gas velocity caused by the maldistribution of the 
packing of the bed. Additionally, this confirms the hypothesis of the 
increase in mass transfer limitations, since the solids within the chunk 
were not easily accessible to the reactive gas. 

The cause of the problems with the packing of the bed is attributed to 
the chemical–mechanical stability of the oxygen carrier. As shown in 
Fig. 14d, both the Ni catalyst and the CO2 sorbent (CaO) are in the same 
state as the fresh material (Fig. 14a and b) whereas the Cu-based par-
ticles can no longer be found separately. A red powder (due to the 
conversion of Cu to CuO) is found instead. This behavior was not 
observed in the experimentations at smaller scale [6]. In the bigger 
reactor a larger amount of solids was used, causing the solid particles to 
be subjected to higher stresses, together with high temperatures, high 
pressure and large number of cycles performed. 

6. Discussion and conclusions 

In this work a proof-of-concept of the Ca-Cu process was aimed for. 
Each process step has been studied at different pressures and inlet gas 
compositions, and a large number of complete cycles were performed to 
evaluate the technical feasibility of the Ca-Cu process. 

An increase in pressure negatively influences the sorption-enhanced 
reforming step, decreasing the purity of H2 in the outlet stream, while 
the S/C ratio does not influence the average outlet H2 fraction. For the 
oxidation step an increase in the inlet O2 concentration increases the 
amount of CO2 released, whereas an increase in the pressure decreases 
the amount of CO2 released. In the regeneration step, a higher H2 frac-
tion in the feed increases the amount of sorbent regenerated, reaching 

Fig. 11. Gas and temperature outlet profiles during SER step (a) and carbonation (b) compared with the simulations results. SER: S/C = 3, 2 bar. Carbonation: 10 vol 
% CO2, 2 bar. 

Fig. 12. Gas and temperature outlet profiles during oxidation (a) and regeneration (b) steps compared with the simulations results. Oxidation: 10 vol% O2, 2 bar. 
Reduction: 60 vol% H2, 2 bar. 
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70 wt% of the sorbent in the bed with 60 vol% H2 in the feed. 
The complete cycles prove the feasibility of the process since the 

sorbent is regenerated successfully enabling to carry out the sorption- 
enhanced reforming with hydrogen production with fractions of 
hydrogen in the product stream higher than 90 vol% on dry basis. After 
285 cycles the solids are still chemically performing well, and the results 
are still reproducible. 

Simulations with the pseudo-homogeneous model were performed 
for all the steps. The model does not describe the experimental data 
adequately. This is attributed to a maldistribution of the packing of the 
bed at the bottom of the reactor, which was confirmed after opening the 
reactor after the experimental campaign and checking the solids inside 
it. The problems of the packing of the bed was attributed to the limited 
chemical–mechanical stability of the oxygen carrier, which became a 
powder due to the high mechanical stresses the material was exposed to. 

Although the material was still chemically performing well, it is not 
suited for industrial purposes. This could lead to high pressure drops and 
losses in energy efficiency or even safety problems. An oxygen carrier 
with higher chemical–mechanical strengths is therefore needed for this 
process. A possible solution could be to decrease the amount of CuO in 
the oxygen carrier particles. Thus, also the melting point of the material 
is increased, increasing the strength at high temperatures. Alternatively, 
other supports could be used, such as silica [15]. Moreover, additional 
investigation should be conducted on all the functional materials to 
obtain solids with sufficient mechanical and chemical stability after 
prolonged use (i.e. thousands of cycles) under different temperatures, 
pressures and redox atmospheres. It is also needed to better understand 
the response of the system when the chemical properties of the materials 
(kinetics, sorbent capacity, etc.) are partially lost [16]. 

As for the lab-scale validation of the Ca-Cu process, the different 
steps of the process should be tested under industrially relevant condi-
tions (i.e., adiabatic reactors, SER step at pressures above 20 bar, con-
ditions that allow assessing the effect of the CaO hydration on process 
performance, etc.). The setup used for the experiments in this work can 
be further improved to reach operating conditions closer to the indus-
trial ones. Until now a pressure of 7 bar is reached due to the limitation 
in the pressure of the gas supply line, although the setup can reach up to 
10 bar. A solution could be to connect bottles directly to the setup and a 
compression system for air and N2, since high flow rates are needed. 
Also, the production of steam should be improved increasing the number 
of ovens or their power. Another problem that has been encountered is 

associated with the heat losses. Further insulation or more high- 
temperature tracings around the reactor are needed. 

Regarding the catalyst, Ni-based materials were used for this process, 
because of their relatively low cost. The use of Rh- or Ru-based catalysts 
could be studied due to their activities which are twice as large as the 
activity of the Ni-based catalyst [17]. This would allow performing the 
SER step at lower temperatures [18], thereby enhancing the carbonation 
reaction. Moreover, due to the double activity, the amount of catalyst 
could be halved, which results in higher quantities of sorbent and oxy-
gen carriers that can be used in the reactor or alternatively to smaller 
reactors. This is beneficial in terms of energy saving, production rates, 
and capital investment of the integrated reactors. 
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[11] G. Grasa, M.V. Navarro, J.M. López, L. Díez-Martín, J.R. Fernández, R. Murillo, 
Validation of the H2 production stage via SER under relevant conditions for the 
Ca/Cu reforming process practical application, Chem. Eng. J. 324 (2017) 266–278, 
https://doi.org/10.1016/j.cej.2017.04.134. 

[12] L. Díez-Martín, G. Grasa, R. Murillo, M. Martini, F. Gallucci, M. van Sint Annaland, 
Determination of the oxidation kinetics of high loaded CuO-based materials under 

suitable conditions for the Ca/Cu H2 production process, Fuel. 219 (2018) 76–87, 
https://doi.org/10.1016/j.fuel.2018.01.064. 

[13] M. Martini, I. Martínez, M.C. Romano, P. Chiesa, F. Gallucci, M.V.S. Annaland, 
Increasing the carbon capture efficiency of the Ca/Cu looping process for power 
production with advanced process schemes, Chem. Eng. J. 328 (2017) 304–319, 
https://doi.org/10.1016/j.cej.2017.07.048. 

[14] H.P. Hamers, F. Gallucci, G. Williams, M. Van Sint Annaland, Experimental 
demonstration of CLC and the pressure effect in packed bed reactors using NiO/ 
CaAl2O4 as oxygen carrier, Fuel. 159 (2015) 828–836, https://doi.org/10.1016/j. 
fuel.2015.07.034. 

[15] J.M. Alarcón, J.R. Fernández, J.C. Abanades, Study of a Cu-CuO chemical loop for 
the calcination of CaCO3 in a fixed bed reactor, Chem. Eng. J. 325 (2017) 208–220, 
https://doi.org/10.1016/j.cej.2017.05.070. 

[16] I. Martínez, J.R. Fernández, M. Martini, F. Gallucci, M. van Sint Annaland, M. 
C. Romano, J.C. Abanades, Recent progress of the Ca-Cu technology for 
decarbonisation of power plants and carbon intensive industries, Int. J. Greenh. 
Gas Control. 85 (2019) 71–85, https://doi.org/10.1016/j.ijggc.2019.03.026. 

[17] P. van Beurden, On the catalytic aspects of steam-methane reforming a literature 
survey, Ecn. (2004). 

[18] M.H. Halabi, M.H.J.M. de Croon, J. van der Schaaf, P.D. Cobden, J.C. Schouten, 
Low temperature catalytic methane steam reforming over ceria-zirconia supported 
rhodium, Appl. Catal. A Gen. 389 (1-2) (2010) 68–79, https://doi.org/10.1016/j. 
apcata.2010.09.004. 

M. Martini et al.                                                                                                                                                                                                                                

https://doi.org/10.1016/j.cej.2020.128351
https://doi.org/10.1016/j.cej.2020.128351
https://doi.org/10.1016/j.ces.2012.07.050
https://doi.org/10.1016/j.ces.2012.07.050
http://refhub.elsevier.com/S1385-8947(21)01092-5/h0040
http://refhub.elsevier.com/S1385-8947(21)01092-5/h0040
http://refhub.elsevier.com/S1385-8947(21)01092-5/h0040
https://doi.org/10.1021/acs.iecr.5b04073
https://doi.org/10.1021/acs.iecr.5b04073
https://doi.org/10.1016/j.apcatb.2006.01.014
https://doi.org/10.1016/j.apcatb.2006.01.014
https://doi.org/10.1016/j.cej.2017.04.134
https://doi.org/10.1016/j.fuel.2018.01.064
https://doi.org/10.1016/j.cej.2017.07.048
https://doi.org/10.1016/j.fuel.2015.07.034
https://doi.org/10.1016/j.fuel.2015.07.034
https://doi.org/10.1016/j.cej.2017.05.070
https://doi.org/10.1016/j.ijggc.2019.03.026
http://refhub.elsevier.com/S1385-8947(21)01092-5/h0085
http://refhub.elsevier.com/S1385-8947(21)01092-5/h0085
https://doi.org/10.1016/j.apcata.2010.09.004
https://doi.org/10.1016/j.apcata.2010.09.004

	Experimental demonstration of the Ca-Cu looping process
	1 Introduction
	2 Materials and method
	2.1 Experimental setup
	2.2 Experimental procedure

	3 Model description
	4 Experimental results and discussion
	4.1 Sorption enhanced reforming step
	4.2 Oxidation step
	4.3 Regeneration step
	4.4 Complete cycles
	4.5 Reproducibility

	5 Modeling results and discussion
	6 Discussion and conclusions
	Declaration of Competing Interest
	Acknowledgements
	References


