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Abstract 

This work proposes the integration into a NGCC of a novel H2 production process based on a double chemical Ca-Cu 
loop. This H2 production process is based on the Sorption Enhanced Reforming process including a CaO-based solid 
as a high temperature CO2 sorbent. The addition of a second CuO/Cu loop provides the energy required to carry out 
sorbent regeneration. The coupling between this process and a combined cycle is discussed in this paper, and an 
efficiency assessment of the whole plant is accomplished. 9.5 percentage points of efficiency penalty has resulted 
from the integration proposed in this work, which is in the range of those penalties reported for the ATR, POX or 
SEWGS integrated with a combined cycle. Ca-Cu looping performance is prone to be improved if less exigent 
conditions were chosen, which added to the inherent advantages of cheaper reactor design, feasible solid materials 
and less process units make the Ca-Cu looping process emerge as a potential pre-combustion CO2 capture 
technology. 
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Despite the low specific emissions characteristic of a Natural Gas Combined Cycle (NGCC), CO2 
capture in these systems is a necessary condition to achieve the ambitious targets for climate change 
mitigation. The alternatives proposed for NGCC with nearly zero emissions are: (1) removal of CO2 from 
the exhaust gas of the gas turbine of the NGCC using chemical absorption by amines; (2) burning a H2-
based fuel in the combustion chamber of the combined cycle to obtain an exhaust flue gas free of CO2-
emissions; (3) using CO2 as the main working fluid in the NGCC, which requires of pure O2 as oxidizing 
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agent in the combined cycle and forces to accomplish important modifications in commercial turbines; (4) 
chemical looping combustion systems operating at high pressure upstream of a gas turbine (much less 
mature than the previous options). The CO2 capture option by using amine solutions does not require of 
important modifications in the existing NGCC and, therefore, it is usually taken as a reference for 
comparison with the other NGCC zero emissions options. 

The main aim of this work is to propose a NGCC based power plant incorporating a pre-combustion 
CO2 capture scheme, where a H2-rich fuel is obtained through a novel process based on the Sorption 
Enhanced Reforming (SER) concept, but incorporating a second CuO/Cu chemical loop to carry out the 
sorbent regeneration more efficiently. The exothermic reduction of CuO with a fuel gas (CH4, CO or H2) 
provides the necessary heat for sorbent calcination, and a CO2-rich gas suitable for purification, transport 
and storage is obtained as a product. Additionally, an assessment of the integrated combined cycle has 
been carried out with reference to other technologies for power generation based on emerging or 
commercial processes such as the Autothermal Reforming (ATR), Partial Oxidation (POX) or the 
Sorption Enhanced Water Gas Shift (SEWGS).  

2. Process description 

2.1. H2 production process 

The general Ca-Cu looping process was firstly proposed by Abanades and Murillo [1, 2]. The pre-
combustion version of the process can be orientated to produce H2 and/or electricity. Fernandez et al. [3] 
proposed to carry out this process under a fixed-bed reactors configuration, modifying pressure and 
temperature in order to achieve highly efficient H2 production and high CO2 capture efficiency. A 
complete process scheme for the H2 production option was proposed and mass and energy balances for 
each step were solved, providing detailed considerations about the optimal range of operating conditions. 
A slightly modified flow diagram from Fernandez et al. [3] is proposed in the present work for the 
process in order to be integrated with a NGCC to produce power with low CO2 emissions (see Figure 1). 

The first step of the process (A in Figure 1) consists in producing H2 from CH4 and steam via the SER 
in the presence of a CaO-based sorbent (reactions 1, 2 and 3), a Ni-based reforming catalyst and a Cu-
supported material. The use of high temperatures would allow higher CH4 conversions in reforming 
reaction but CO2 capture efficiency would decrease. However, as the overall reaction during SER step 
(sum of reactions 1, 2 and 3) is almost thermally neutral, H2 production would not be significantly 
affected by temperature [4]. The optimal temperature to carry out the SER must be around 650ºC to 
maximize H2 yield and promote carbonation reaction [5]. The reaction rates of reforming and carbonation 
reactions were considered to be fast enough to approach equilibrium when the operation is performed at 
the operating conditions normally employed in SER process. The H2-rich product obtained in this step 
(stream 2 in Figure 1) needs to be cooled down to around 300ºC before being sent to the combustion 
chamber of the gas turbine (E in Figure 1). This fuel temperature has been considered reasonable to not 
fall into operational issues of handling hot-H2 fuel in the gas turbine, and because small thermodynamic 
benefits would result for further heating beyond this value [6].  
 

224 3HCOOHCH     H298K=206 kJ/mol  (1) 
 

222 HCOOHCO     H298K=-41 kJ/mol  (2) 

 

32 CaCOCOCaO      H298K=-178.8 kJ/mol  (3) 
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Once the CaO in 
the fixed bed has 
been depleted, the 
next step of the 
process (B) starts. 
In this step, diluted 
air is fed into the 
solid bed to oxidize 
Cu, and produce the 
CuO necessary for 
subsequent sorbent 
regeneration (stage 
C). The high 
exothermicity of Cu 
oxidation allows the 
generation of a 
product gas at high 
temperature and 
high pressure 
(stream 4) suitable 
to be efficiently 
expanded in a gas 
turbine and 

generate power. However, the maximum temperature achieved in this stage (Tmax,B) should be carefully 
controlled to minimize the loss of CO2 by partial CaCO3 calcination, and also to avoid that Cu and Ca-
based materials could sinter and lose their activity. High operating pressures and suitable gas space 
velocities during oxidation stage allow total conversion of O2, and therefore flue gas from stage B will 
contain mainly N2. The key parameters to regulate Tmax,B are the O2 content and the temperature in the gas 
fed into the reactor. Low concentrations of O2 and low gas temperatures limit the appearance of 
undesirable hot spots during oxidation performance. A large part of the flue gas can be recycled and 
mixed with compressed air coming from the compressor of the gas turbine (unit D in Figure 1) and from 
an auxiliary air compressor (unit F). High recirculation ratios of around 0.85, which lead to an O2 content 
in the feed of around 3.5-4 %(vol.), and a gas temperature inlet of around 150ºC limit Tmax,B to a 
reasonable value below 850ºC [3]. The recirculation ratio must be a reasonable trade-off between the need 
to obtain a flue gas at high temperature to enhance energy efficiency, and the purpose of minimizing not 
only the carbon loss by sorbent calcination but also the piping cost. According to the specifications of the 
gas turbine chosen (General Electric 9371FB), air compressor (D) should work with a pressure ratio of 
18.5 and combustion chamber should have certain fuel overpressure. Then, operating pressures selected 
for stages A and B are 2200 and 1850 kPa, respectively. 

Due to the low content of O2 in the gas feed, the gas-solid heat exchange front advances faster than the 
reaction front during stage B. Once the Cu-based material is completely oxidized, the solid bed has been 
cooled down by the gas feed at its inlet temperature of 150ºC, which is too low to initiate a fast sorbent 
regeneration in a subsequent stage. On the other hand, since the flue gas is released at the highest 
allowable temperature to be efficiently expanded in a gas turbine, it is necessary to cool down the 
recycled gas before being mixed with air to be fed again into the oxidizing reactor (stage B). Then, an 
additional heat exchange step (stage B' in Figure 1) needs to be included to extract the heat excess from 
the recycled gas (stream 5) and to raise the temperature of the oxidized bed, reducing in this way the heat 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. General scheme of the H2 production process based on the Ca-Cu chemical 
loop integrated with a combined cycle (D and E are the compressor and the expansor, 
respectively, of the NGCC; and F is an auxiliary air compressor) 
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requirements in the calcination stage (through the reduction of CuO to Cu). To compensate for the 
pressure loss in the fixed bed, a new fan at the exit of stage B' has to be placed to force gas (stream 5') to 
go through solid bed in stage B.  

In the next step of the process (stage C), the calcination of the CaCO3 formed in stage A is performed 
by means of the exothermic reduction of the CuO formed in stage B with a fuel gas. By coupling an 
endothermic and exothermic reaction in the same solid bed, higher heat transfer efficiency is achieved 
and lower equipment costs are required, since the heat is directly transferred from the metal to the 
carbonate. Pressure in stage C must decrease to atmospheric pressure to allow the CaCO3 calcination 
occurring at reasonable temperatures (below 900ºC). Once step C finishes, most of the solid bed is left at 
a temperature around (850-870ºC) that impedes the optimal performance of a new SER step. Fernandez et 
al. [3] proposed including an additional step C' that involves a conventional steam reforming (SMR) to 
reduce solid bed temperature while producing a flue gas with high content of H2 and CO. In this case, the 
steam-to-methane molar ratio of the gas fed into stage C' is the key design parameter to reach a suitable 
content of H2 and CO that minimizes the amount of Cu required to accomplish the sorbent regeneration 
[3]. Lower steam-to-methane molar ratios in stage C’ (around 1.5-2) limit the drop of temperature in the 
bed by the endothermic SMR up to a temperature around 650ºC, which is suitable to perform the SER, 
and also reduce the formation of CO2, which could partially carbonate the CaO regenerated in stage C.  

2.2. Integrated combined cycle with the Ca-Cu looping process 

Switching from NG to a H2-based fuelled gas turbine requires from some modifications in the 
operating parameters of the original gas turbine, because H2-based fuel leads to a variation in the enthalpy 
drop in the expansion, modifies the flow rate at the inlet, and involves a different coefficient of heat-
transfer in the blades of the turbine [7]. These modifications usually imply reducing the temperature at the 
inlet of the gas turbine, so that blade temperature is maintained at a reasonable level, and reducing the air 
mass flow for maintaining the pressure ratio. General Electric heavy duty gas turbines (concretely 9FB 
model) allow working with a fuel with a H2 content up to 60 % without major changes [8]. In this work, it 
has been assumed a temperature at the inlet of the gas turbine of about 1345ºC and the pressure ratio of 
18.5 of the gas turbine chosen has been maintained following reference [6].  

As mentioned above, it was considered the need of including an auxiliary air compressor in the 
integrated combined cycle. There is a maximum percentage of air that can be derived to a pre-combustion 
process from the compressor of the gas turbine to not affect negatively the gas turbine performance. 
Compared to the values adopted in the literature [6, 9, 10] of around 12 % for this maximum percentage 
of air derived from the gas turbine compressor, operating restrictions imposed in the Ca-Cu looping 
process forced to include an auxiliary air compressor because more than 18 % of air from the air 
compressor is required into stage B for CuO oxidation. Polytropic and mechanical-electric efficiency 
assumed for this auxiliary air compressor are 89 % and 96 %, respectively. 

Integration between the H2 production process and the combined cycle is made through the H2-rich gas 
obtained from stage A, that is cooled down to 300ºC before being fed to the combustion chamber of the 
gas turbine, and through the not recycled flue gas from stage B, mainly composed by N2, which is led to 
the gas turbine. Figure 2 shows a schematic picture of the integration proposed. Air compressor in the gas 
turbine delivers air at 1850 kPa that is split into two: a 12 % is sent to stage B through several cooling 
stages, and the rest is fed to the combustion chamber of the gas turbine.  
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Heat recovery steam generator (HRSG) coupled to the gas turbine has been designed considering that 
high pressure steam at 12500 kPa can be externally generated, thanks to the heat recovered from the H2-
rich gas at 650ºC from stage A and the O2-depleted air from stage B’ (as depicted in Figure 2). The 
energy efficiency of the Ca-Cu looping process scheme depicted in Figure 1 ranges between 0.60 and 
0.75 LHV of the H2 obtained in stage A divided by LHV of the total CH4 fed into stages A and C', under 
typical operating conditions of steam-to-carbon ratio of 3-5 in stage A at 650ºC and calcination at 870ºC 
with low steam-to-carbon ratio in stage C'. This means that great part of the energy introduced in the Ca-
Cu looping process is obtained as high temperature gas streams which need to be cooled down because of 
process restrictions, and can be effectively used for high pressure steam production. A three-pressure 
level + reheat design turned out the most appropriate for the HRSG in the integrated combined cycle, 
whose main characteristics are summarized in Table 1, together with those relevant parameters 
considered for the whole plant. Steam cycle intermediate pressure (IP) of 2200 kPa was chosen to match 
the operating pressure of the steam introduced into stage A of the Ca-Cu looping process. In this way, 
steam required in stage A is diverted from the IP steam exiting the reheater of the steam cycle at 566ºC 
(see Table 1), and it is sent to further preheating up to 650ºC to be mixed with CH4 and introduced into 
stage A (Figure 2).  

As a result of the integration proposed in Figure 2, more than a half of the high pressure steam at 
12500 kPa expanded in the steam cycle is generated externally to the HRSG of the combined cycle as 
explained before. Steam required in stage C' comes from external feedwater that is evaporated and 

 
Figure 2. Simplified layout of the integrated combined cycle with the Ca-Cu looping process  
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superheated thanks to the heat recovered from the CO2-rich gas stream arising from stage C (see Figure 
2). 

Table 1. Main assumptions for the integrated combined cycle power plant modeled in Aspen Hysys 

Gas turbine 
Fuel temperature to combustion chamber 
Gas turbine temperature inlet 
Compressor pressure ratio 
Pressure of the exhaust gas  
Auxiliaries energy consumption 
Mechanical efficiency 
Generator efficiency 

 
300ºC 
1345ºC 

18.5 
104 kPa 

0.3 % of the net power 
99.6 % 
98.5 % 

Steam cycle 
Superheater/Reheater temperature 
Evaporation pressure levels 
Condensation pressure 

 
565ºC/566ºC 

12500/2200/400 kPa 
104 kPa 

Temperature differences in the HRSG 
Gas-steam 
Gas-liquid 
Pinch point gas-boiling liquid 

 
25ºC 
10ºC 
10ºC 

Temperature differences in heat exchangers 
Gas-gas 
Gas-boiling liquid or liquid phase 
Liquid-liquid 

 
25ºC 
10ºC 
10ºC 

 
CO2 compression up to 15000 kPa has been also included in the model developed, although it has not 

been depicted in Figure 2 for the sake of simplicity. A three-staged intercooled compressor up to 8000 
kPa with an intermediate temperature of 28ºC has been modeled, with a final pumping of dense CO2 up to 
the final pressure [11]. Specific consumption for the CO2 compressor resulted to be around 90 kWh/t CO2 
captured. 

As a reference power plant without CO2 capture using NG, it has been considered a NGCC with a 
three-pressure level + reheat design for the HRSG. Assumptions for the steam cycle and the gas turbine 
are the same as those made for the integrated combined cycle with the Ca-Cu looping process (Table 1), 
and NG is fed into the combustion chamber of the gas turbine at 185ºC. An electric efficiency of 57.4 % 
was obtained for this NGCC without CO2 capture, with specific emissions of 357.3 gCO2/kWh. 

3.  Results 

The integrated combined cycle and the reference plant have been implemented in Aspen Hysys. As a 
base for comparison, it has been considered the same air flow entering into the air compressor of the gas 
turbine in both cases, and 10 kg/s of CH4 entering into the stage A for the integrated combined cycle. 
Operating conditions chosen for the Ca-Cu looping process to be integrated with the combined cycle are: 
(1) for stage A, a steam-to-carbon molar ratio of 5 and operating temperature of 650ºC; (2) for stage B, a 
maximum allowable temperature (Tmax,B) of 830ºC; (3) for stage C, a maximum allowable temperature of 
870ºC (Tmax,C); and (4) for stage C’, a steam-to-carbon molar ratio of 1.5. These conditions are similar to 
those proposed by Fernandez et al. [3] to maximize H2 production and reduce CO2 emissions, but with the 
three pressures mentioned above (2200, 1850 and 101.3 kPa in stages A, B and C respectively). Main 
results obtained under these conditions are summarized in Table 2 and Table 3, together with the results 
obtained for NGCC without CO2 capture simulation.  
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Table 2. Summary of the results obtained for the integrated combined cycle with the Ca-Cu looping process and for 
the reference NGCC without CO2 capture 

 NGCC without CO2 capture Integrated combined cycle 
with the Ca-Cu process 

Electric power (MW)   

Gas turbine 
Gas turbine auxiliaries 
Steam turbine 
Steam cycle pumps 
Auxiliary Compressors 
Auxiliary pumps 
CO2 Compressor 
Net power 

224.5 
-0.7 

111.1 
-1.2 

- 
- 
- 

333.7 

299.1 
-0.9 
99.4 
-0.9 

-17.0 
-0.8 

-12.0 
366.9 

Thermal input (MWth, based on the LHV) 581.3 765.3 

Net efficiency (%) 57.4 47.9 

CO2 emissions (gCO2/kWh net) 357.4 41.3 

Global CO2 capture ratio (%) - 88.6 

Table 3. Temperature, pressure, flow and composition of the main process streams shown in Figure 2 

Stream 
M 

(kg/s) 
T (ºC) 

P 
(kPa) 

Composition (%vol) 

CH4 CO CO2 H2 H2O O2 N2 

1 427.8 15.0 101.3      21.0 79.0 

2 427.8 417.9 1874.5      21.0 79.0 

3 480.2 1345.5 1823.8   0.5  23.7 8.1 67.7 

4 480.2 621.0 104.0   0.5  23.7 8.1 67.7 

5 27.7 25.0 101.3      21.0 79.0 

6 5.2 20.0 101.3 100.0       

7 10.0 20.0 101.3 100.0       

8 56.2 105.5 101.3   44.4  55.6   

9 62.2 830.0 1800.0   1.6    98.4 

10 41.5 650.0 2200.0 1.3  0.1 52.6 46.0   

11 100.1 693.0 1750.0   1.6    98.4 

 
An efficiency of 47.9 % (based on the LHV of CH4) has been obtained for the integrated combined 

cycle with the Ca-Cu looping process, 9.5 percentage points less than the efficiency of the NGCC without 
CO2 capture but emitting 12 % of the specific emissions of this reference plant. A higher gas turbine 
power output has been obtained mainly because the flue gas expanded has greater steam content and 
therefore, higher enthalpy drop along the expansion. Steam cycle power output is quite similar in both 
cases even though steam bleed for stage A could represent nearly half of the total steam expanded (in 
cases where high steam-to-carbon ratio in stage A is established). This fact is due to the additional high 
pressure steam produced from heat recovery in the Ca-Cu looping process and to the O2-depleted air from 
stage B that is sent to the gas turbine.  

Main penalization comes from the larger thermal input in the integrated combined cycle with respect 
to the reference NGCC (765.3 MW vs. 581.3 MW), mainly because the fuel fed into stage C' is not going 
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to contribute to power generation since the gas leaving stage C is at atmospheric pressure. Other 
penalizations come from the auxiliary compressors and the CO2 compressor, which represent 2.2 and 1.6 
percentage points of penalization, respectively, to the efficiency of the reference plant. 

Performance results obtained for the integration developed in this work can be compared with 
competitive technologies based on ATR, POX or SEWGS. Efficiencies published for NGCC based on 
ATR range from 8 to 14 percentage points of penalty with respect to a NGCC without capture, with 
specific CO2 emissions in the range of 33.2-60.4 gCO2/kWh [6, 9, 12]. This variability is due to the 
different assumptions made for the CO2 absorption plant, the combined cycle and the ATR process. 
Similar efficiency penalties, in the range of those reported for ATR process, have been assessed in the 
literature for NGCC based on POX and SEWGS (7.6 and 8.3 percentage points, respectively) [13, 14]. It 
is noticed that the efficiency penalty assessed in this work for the novel Ca-Cu looping process is in the 
range of the penalty accomplished for the ATR, and slightly higher than for the POX and the SEWGS 
options. However, this efficiency penalty is prone to reduction if less exigent operating conditions were 
chosen (less steam-to-carbon ratio in stage A or less maximum temperatures in stages B and C). 
Compared with the pre-combustion technologies mentioned, Ca-Cu looping process relies on cheaper 
reactor design, less process units (a shift reactor or an absorption unit are not needed) and feasible solid 
materials widely used in other processes currently under development. These inherent advantages would 
contribute to lower capital costs and allow that Ca-Cu looping process emerges as a competing pre-
combustion technology. 

4. Conclusions 

The design of an integrated combined cycle with a novel H2 production process based on a double Ca-
Cu chemical loop with inherent CO2 capture has been developed in this work. For the operating 
conditions chosen to maximize H2 yield and reduce CO2 emissions, an efficiency penalty of around 9.5 
percentage points has been assessed with respect to a NGCC without capture, while having 12 % of the 
emissions of this reference plant.  

Compared with other pre-combustion technologies focused on power production assessed on literature, 
similar efficiency penalties and CO2 capture rates derive from this integrated layout. However, inherent 
advantages of the Ca-Cu looping process like cheaper reactor design, less operation units or feasible 
materials, make this novel H2 production process emerge as a potential pre-combustion CO2 capture 
technology.  
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