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Abstract 

This paper focuses on the techno-economic comparison of gas-fired combined cycle power plants with CO2 capture and two 

reforming methods, chemical looping reforming (CLR) and gas-switching reforming (GSR). The overall processes are denoted as 

CLR-CC and GSR-CC respectively. The net electrical efficiency of the CLR-CC and GSR-CC is 42.1% and 46.2% respectively. 

Anyhow, with improvements in the gas turbine configuration, the net electrical efficiency improves by 2.5%. GSR-CC has a 

higher CO2 avoidance (>95%). The levelised cost of electricity (LCOE) for CLR-CC is lower than that of GSR-CC for based 

load operation of the power plant. Anyhow, GSR-CC provides flexibility in terms of output, electricity or pure H2. The capital 

requirement in the GSR-CC is higher due to the requirement of multiple standalone reactors to maintain a steady flow of the 

syngas produced from the GSR. The LCOE of both the processes is sensitive to the fuel cost. Further improvements in the GSR-

CC process can make the process competitive to post-combustion capture. 

  

Keywords:Chemical looping reforming; gas-switching reforming: pre-combustion capture; combined cycle power plants: techno-economics 
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Nomenclature 

 

CC         Combined cycle 

CCS               CO2 Capture and Sequestration 

CF                  Capacity Factor 

CLR         Chemical Looping Reforming  

FC                  Fuel Cost 

FCF                Fixed Charge Factor 

FOM              Fixed Operating and Maintenance 

GSR          Gas-switching Reforming 

GT                 Gas Turbine 

HP                 High Pressure  

HR                 Heat Rate 

HRSG            Heat Recovery Steam Generator 

LCOE            Levelised Cost of Electricity 

LHV               Lower Heating Value 

LP                  Low Pressure  

MP                 Medium Pressure 

NG                 Natural Gas 

NGCC           Natural Gas Combined Cycle 

PSA               Pressure Swing Adsorption 

ST                  Steam Turbine 

TCR               Total Capital Requirement 

VOM             Variable Operating and Maintenance                

WGS             Water-gas Shift 

η                    Net Electrical Efficiency 

1. Introduction 

Global warming is one of the major concerns of the current century. Alarming levels of CO2 in the atmosphere 

have been identified as the most significant reason for global temperature rise. Emission reduction targets were set at 

the COP 21 meeting in Paris 2015 to limit the global temperature rise within 2 °C [1]. Fossil fuels supply nearly 80% 

of the current energy demands and fossil fuel based power plants are large single point CO2 emitters [2]. CO2 capture 

and Sequestration (CCS) has been identified as one of the technological methods which can reduce the CO2 

emissions in fossil fuel based power plants [2]. A detailed discussion on different CCS methods (post-, pre- and oxy-

combustion) have been presented by Boot-Handford, Abanades [3] and Kenarsari, Yang [4]. Although post-

combustion capture methods seem to be more mature, pre-combustion capture through chemical looping systems 

exhibits inherent air separation and lower capture penalty. A detailed review on chemical looping systems have been 

presented by Adanez, Abad [5]. The current paper focusses on comparison of two different reforming methods, 

chemical looping reforming (CLR) and gas-switching reforming (GSR), integrated with natural gas (NG) based 

power plants and CO2 capture. 

 

Figure 1 shows the schematic of the CLR and GSR. In CLR, the NG is reformed in the fuel reactor with the 

oxidized oxygen carrier (metal oxide) in the presence of steam to produce syngas. The reduced oxygen carrier is re-

circulated to the oxidation reactor where it is reacted with air. A depleted air stream (N2-rich stream) is also 

produced in the oxidation reactor of the CLR. In GSR, the oxygen carrier is not circulated externally between the 

reactors, but is kept inside one reactor and the gaseous streams are alternatively switched between the oxidation, 

reduction and reforming steps. The oxygen carrier is oxidized with air whilst producing a N2-rich stream in the 

oxidation step of the GSR. The oxidized oxygen carrier is reduced with pressure swing adsorption (PSA) off-gas and 
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produces a stream with CO2 and H2O during the reduction step of the GSR. The oxygen carrier then acts as a catalyst 

for the steam-methane reforming in the reforming step of the GSR. Separating the reduction and reforming steps in 

the GSR allows a smoother integration of a PSA to produce high purity H2. 

    

For CLR, scientific literature is available on choice of oxygen carrier [6] and reactor-scale studies [7-10]. A gas-

fired combined cycle power plant integrated with CLR and CO2 capture, denoted as CLR-CC [11], has been 

proposed and a detailed techno-economic study has been presented [12]. The proof of concept for the GSR concept 

was presented by Wassie, Gallucci [13]. Francisco Morgado, Cloete [7] compared the performance of CLR and GSR 

and concluded that CLR is suited for power generation whereas GSR is suited for H2 production. A detailed techno-

economic analysis of the power plant with GSR and CO2 capture, denoted as GSR-CC, revealed that GSR could be 

used efficiently for power production as well [14]. This paper focuses on comparing the techno-economic 

performance of the CLR-CC and GSR-CC, the challenges and proposed improvements in the processes for higher 

efficiency. The results are also compared against a natural gas combined cycle (NGCC) plant without CO2 capture. 

The remaining paper contains the process description and methodology, results and discussions followed by 

concluding remarks.  

 

2. Process description and methodology 

Figure 2 shows the schematic of the CLR-CC process. The process configuration is similar to the one proposed in 

Nazir, Bolland [15]. The syngas from the fuel reactor of the CLR is passed through a two-step water-gas shift 

(WGS) at 400 and 200 °C. The low temperature shift product is cooled and sent to CO2 capture section that uses a-

MDEA (45% MDEA with 5% piperazine by mass) amine to absorb the CO2. The regenerator uses low pressure (LP) 

steam from the steam cycle of the power plant and regenerates the amine by desorbing the CO2. The CO2 is 

compressed to 110 bar before making it transport and storage ready. The H2-rich fuel from the absorber is sent to the 

power plant. The power plant configuration is similar to the reference NGCC plant described in the European 

Benchmarking Taskforce report (EBTF) [16]. The power plant contains two GE 9371FB series gas turbines (GT) 

Figure 1: (a) Schematic of chemical looping reforming; (b) Schematic of gas-switching reforming 
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with two heat recovery steam generators (HRSG) connected to a single steam cycle. The steam cycle is a three-

pressure level with reheat. The steam turbine system has one high pressure (HP), one medium pressure (MP) and a 

two-flow low pressure (LP) turbine. The steam pressure levels are 166/33/4 bar for the HP/MP/LP steam at the inlet 

of the respective ST. Nearly 12% of the air is bled from the compressor discharge in the GT and is used in the 

oxidation reactor of the CLR. The remaining air is compressed in a separate air compressor (polytropic efficiency 

90.9%). The N2-rich stream (at 1100 °C) from the oxidation reactor of the CLR is expanded in a turbine (polytropic 

efficiency 90%) before being cooled. The fraction of the N2-rich stream equal to the amount of air bleed from the GT 

system is compressed and added as a diluent in the GT system. Saturated HP and LP steam is produced by 

recovering heat from the syngas and N2-rich stream and is sent to the HRSG.  

 

Figure 3 shows the schematic of the GSR-CC process. The syngas from the reforming step of the GSR is cooled 

and is directly sent to the PSA to separate the H2. The PSA recovers 86% H2 with 99.99% purity [17, 18]. The H2-

rich fuel from the PSA is sent to the GT system. The PSA off-gas is compressed and sent to the reduction step of the 

GSR. Hence, GSR-CC does not require a WGS step and allows easy integration of a PSA, which can produce high 

purity H2. The product from the reduction step in the GSR is a high temperature stream containing CO2 and H2O, 

which is cooled to condense the H2O. The CO2 stream is then compressed and made ready for transport and storage. 

The N2-rich stream treatment and the power plant configuration of the GSR-CC is similar to that in CLR-CC. Both 

the CLR and GSR operate at 18 bar since this pressure is close to the compressor discharge pressure in the GT and 

was identified as an optimum for the processes [15].  

Figure 2: Schematic of the CLR-CC 
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A 1-D phenomenological model was used to simulate the conditions in the CLR [7], whereas a 0D model was 

used for GSR. The WGS step and the amine absorption section are simulated using Aspen Hysys V8.6. The PSA is 

modeled as a “black box” with 86% H2 recovery and 99.99 purity [18]. The power plant is modeled using the 

Thermoflex component of the Thermoflow suite V26. The technical assumptions in the process were taken from the 

EBTF [16] report. The economic analysis of the processes were carried out based on the methodology laid out by 

GCCSI [19]. Net electrical efficiency (η) and CO2 avoided are the main technical performance parameters, whereas 

levelised cost of electricity (LCOE) is used to assess the economic behavior of the process.   

 

 

            

                                                                                                         (1) 

 

 

                          (2) 

 

 

 

                                                                                    (3) 

 

 

 

Table 1 shows the definition of terms used to calculate the LCOE. The assumptions to estimate the TCR, fixed 

(FOM) and variable (VOM) operating and maintenance costs are the same as in Nazir, Cloete [14]. Anyhow, the NG 

price is assumed to be 7 $/GJ-LHV, which is close to the price in Europe. 

Figure 3: Schematic of the GSR-CC 
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                             Table 1: Definition of parameters used to calculate the LCOE in Eq 1 [12, 14, 19] 

Parameter Definition Unit 

TCR Total Capital Requirement in the base year of the analysis $ 

FCF Fixed Charge Factor as defined in equation 7 fraction 

FOM Fixed O&M costs $/year 

MW Net power output of the plant MW 

CF Capacity Factor – availability of the plant Fraction 

VOM Variable O&M costs excluding the fuel costs $/MWh 

HR Net power plant heat rate MJ/MWh 

FC Fuel Cost per unit of energy $/MJ 

 

 

3. Results and discussions 

The main results for techno-economic comparison of CLR-CC and GSR-CC are shown in Table 2. Table 2 also 

shows the techno-economics of the reference case NGCC power plant without CO2 capture. The steam to carbon 

ratio is higher in GSR-CC since the reforming step involves a steam-methane reaction as opposed to CLR, where the 

reforming in the fuel reactor also involves partial oxidation of methane with oxygen being carried by the oxygen 

carrier. The GT performance is dependent on the LHV of the fuel entering. The %-LHV of the fuel entering the GT 

in CLR-CC and GSR-CC is less than that in reference NGCC, since the NG fuel is converted to H2-rich fuel. The 

power produced in ST in CLR-CC is less than reference NGCC since steam is extracted from the HRSG for the 

reboiler to regenerate the amine in CO2 capture section. In GSR-CC, the power produced by ST is higher than in 

reference NGCC and CLR-CC, since the capture section doesn’t need steam from the HRSG to be extracted. In 

addition, higher quantity of saturated HP steam is produced in heat recovery from syngas, N2-rich stream and the 

CO2 stream. The N2-rich stream turbine generates more power in CLR-CC than in GSR-CC since the oxidation step 

outlet temperature is higher in CLR-CC. GSR-CC uses more air than CLR-CC to cater to the complete reduction of 

the PSA off-gas in the reduction step. Hence, the air compressor power in GSR-CC is higher than in CLR-CC. The 

CO2 stream from the reduction step of the GSR is at a higher pressure when compared to the CO2 stream from the 

regenerator of the CLR-CC, and hence the CO2 compression work in CLR-CC is more. The efficiency penalty in the 

CLR-CC with respect to the reference NGCC plant is ~16.3 %-points, whereas GSR-CC has an efficiency penalty of 

~12.2 %-points. GSR-CC has ~4 %-points higher net electrical efficiency than the CLR-CC. Since GSR-CC 

completely converts the NG through two steps of reduction and reforming, resulting in a carbon neutral fuel to enter 

GT system, the CO2 avoidance is higher in GSR-CC.  

 

The total capital requirement (TCR) in the CLR-CC is nearly 2 times that of the reference NGCC plant whereas it 

is 3 times for the GSR-CC. The main capital costs are due to the additional unit operations as well as the reactors 

costs. GSR-CC needs a cluster of 10 standalone GSR reactors to maintain a steady flow required in the power plant. 

Hence, the capital requirement in GSR-CC is the highest with the reactor costs accounting for nearly 35%. Anyhow, 

the cost of the reactor is still uncertain since it is benchmarked against the cost of a fluidized catalytic cracker (FCC) 

in this study. The LCOE is ~30 $/MWh and ~35 $/MWh more than the reference case NGCC in the CLR-CC and 

GSR-CC respectively. Fuel cost is the highest contributor to the LCOE in the processes. Figure 4 shows the LCOE 

for the processes at different fuel costs, 7 $/GJ-LHV that is closer to the European price and 3 $/GJ-LHV that is 

closer to the USA price. The LCOE for the CLR-CC reduces by 35% when the NG price is changed from 7 to 3 

$/MWh, whereas it reduces by 30% for the GSR-CC. It also worth noticing that when the NG price is 3 $/WMh, the 

TCR becomes the largest contributor to the LCOE for the GSR-CC process.   
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       Table 2: Techno-economic comparison of CLR-CC and GSR-CC 

 Cases Units  Reference NGCC CLR-CC GSR-CC 

Steam/Carbon in reforming mol/mol - 0.9 1.6 

Gas Turbine %-LHV 37.7 27.3 27.3 

Steam Turbine %-LHV 21.9 17.8 23.8 

N2-rich Stream Turbine %-LHV - 8 7.8 

Diluent N2 Stream Compressor %-LHV - -4.4 -4.3 

H2 rich fuel Compressor %-LHV - -0.8 -0.8 

Air Compressor %-LHV - -2.9 -3.2 

Pump for Regenerated Amine %-LHV - -0.1 - 

PSA off-gas compressor %-LHV - - -2.2 

CO2 Compressors and Pump %-LHV - -1.7 -1.0 

Auxiliaries %-LHV -1.3 -1.1 -1.2 

LHV Input MW 1513 2224 2215 

Net Electrical Efficiency %-LHV 58.4 42.1 46.2 

CO2 Avoidance % - 75.9 96.4 

H2 purity in H2-rich fuel mol% - 92.1 99.99 

Economic Analysis 

Total Capital Requirement (TCR) M$ 676 1255 2132 

Levelised Cost Of Electricity (LCOE) $/MWh 67 96 102 

 

 

It is clear from the results that the LCOE of the CLR-CC and GSR-CC is very sensitive to the fuel costs. Hence, 

efficient conversion of fuel, i.e. improving the net electrical efficiency will bring down the LCOE. One of the main 

limitation in improving the efficiency of the process is the gas turbine design. The standard GE 9371FB gas turbine 

uses the ratio of fuel pressure and the compressor discharge as 1.65. Considering a generic gas turbine model with 

the ratio of fuel pressure and compressor discharge as 1, allows the N2-rich stream from the oxidation step to be 

directly sent to the GT system. This process configuration reduces the unit operations like N2-rich stream turbine, 

heat exchangers and diluent N2-rich stream compressors. The net electrical efficiency of the CLR-CC and GSR-CC 

improves by 2.5 %-points. 
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4. Conclusions 

Combined cycle power plants with two different reforming methods, CLR and GSR, were compared on a techno-

economic basis in this paper. The net electrical efficiency of CLR-CC is ~42% and GSR-CC is ~46%. Both 

configurations can achieve an efficiency gain of 2.5 %-points using an improved gas turbine configuration. Fuel pre-

heating could significantly improve the efficiency further and make the GSR-CC process outperform the post-

combustion capture methods that have a net electrical efficiency of ~50% [20]. The net electrical efficiency of the 

improved GSR-CC is better than other pre-combustion capture methods with steam-methane reforming (46.3%) [21] 

and auto-thermal reforming (46.9%) [22]. The CO2 avoidance in the GSR-CC is 96%, whereas only 76% is achieved 

by CLR-CC.  

 

Despite its higher efficiency, the LCOE of GSR-CC is greater than that of CLR-CC due to high reactor capital 

costs. However, GSR-CC offers flexibility in the output in terms of electricity or pure H2. From an economic point 

of view, the ability of GSR-CC to export H2 during times of low electricity demand will ensure that the expensive 

H2-production components of the plant are used at the maximum capacity factor (~90%), even though the power 

cycle will be used at a lower capacity factor typical of a load-following plant (~50%). This high utilization of the 

most expensive part of the plant will shorten the investment payback time of a load-following GSR-CC plant. On the 

other hand, operating the CLR-CC plant under load-following conditions will enforce a lower capacity factor for all 

plant components, making the payback time longer. Practically, operating the CLR system as well as the 

downstream syngas processing units under variable load will also be difficult to achieve. CLR-CC would therefore 

Figure 4: LCOE for NGCC without capture, CLR-CC and GSR-CC at different NG prices 
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work best as a baseload plant, but the fuel costs are far too high for cost-effective baseload operation. Despite its 

higher LCOE, GSR-CC will therefore be more attractive as a load-following plant in a power system with increasing 

shares of wind and solar power than CLR-CC. 
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