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Abstract: 

Natural Gas Combined Cycle (NGCC) are presently the most efficient fossil power 

generation units. The efficiency penalty resulting from integration of carbon capture and 

storage (CCS), is however, a major challenge. The present study a oxyfuel NGCC integrated 

with Chemical looping syngas production (OXY-CC-CL), for power generation with CCS. In 

this system, the chemical looping CO2/H2O dissociation (CL) for production of syngas (CO 

and H2 with methane reduction step in redox cycle) from recycled exhaust gas within the 

power plant. The aim of the present work is to assess the thermodynamic (both energetic and 

exergetic), economic and environmental performance of the integrated chemical looping unit 

oxyfuel NGCC power plant with carbon capture. A 500MW scale plant was modelled and 

compare with a conventional NGCC and oxyfuel NGCC plant with carbon capture (OXY-

CC). The net efficiency penalty of the proposed OXY-CC-CL unit was 4.2% compared to an 

efficiency penalty of 11.8% of the OXY-CC unit with a 100% carbon capture. The energetic 

efficiency obtained hence was 50.7%, together with an exergetic efficiency of 47.1%. 

However, system optimization with heat integration via revealed the possibility to increase 

the system efficiency by up to 56%. Sensitivity analyses were performed with regards to 

system operational parameters to identify relative impacts. The specific capital cost of the 

proposed OXY-CC-CL was obtained as 2455 $/kW, with a corresponding LCOE of 128 

$/MWh without carbon tax. The cost of CO2 capture was obtained at 96.25$/tonneCO2, 



   

 

   

 

comparable to state of the art CCS processes. The environmental impacts of the system were 

also evaluated, with the water and land footprints being higher than conventional NGCC.   

 

Keywords: Oxyfuel combined cycle, Chemical looping syngas production, Thermodynamic 

Analysis, Techno-economics, Carbon Capture and Storage  

 

 Introduction 

Burning fossil fuels, resulting in anthropogenic carbon dioxide (CO2) emissions are presently 

recognised as the primary contributor to climate change, with 36.2 Gt being emitted in 2016 

[1–3]. Notwithstanding substantial investment and decline in prices of renewable energy, 

fossil fuels continue to play an indispensable role in the World’s energy landscape [4]. 

Indeed, even though the trend is on a decline, such technologies continue to play a major role 

as the primary energy source, especially in developing countries [5]. Hence, it is expected 

that the relevance of fossil fuels in the primary energy mix will continue to a significant 

extent in the considerable future.  

Carbon capture and storage (CCS) technologies have been shown to have considerable 

potential to reduce such anthropogenic CO2 emissions as part of the global transition towards 

a low carbon energy system [2,6,7]. These technologies are typically categorized into three 

categories: pre-combustion, post-combustion, and oxy-combustion [8,9], the common idea 

being the CO2 capture and subsequent storage from the complete or partial combustion of 

fossil fuels from either the power or industrial sectors. The captured CO2, nevertheless, needs 

to be subsequently compressed to approximately 110 bar prior to transportation via pipeline 

to a storage site [2,10,11]. However, in recent studies, recycle and re-use of the captured CO2 

via innovative methods such as chemical formation for subsequent use [12–14], has also 

received much attention as an alternative to storage. .  

The oxy-fuel combustion is currently one of the most promising alternatives among the 

portfolio of all the low-emission technologies (LETs) [15,16]. In this technology, the fuel 

(coal or natural gas or bio-methane) is burnt in an oxygen (O2) rich environment (near 

stoichiometric O2 flows), instead of air, thereby improving combustion efficiency [17] and 

eliminating NOx emissions and generating only CO2 and H2O as the product of combustion 



   

 

   

 

unit. The oxygen is supplied via an air separation unit (ASU). Burning fuels under these 

conditions generate combustion gases, which after condensation yields a very high purity of 

CO2 exhaust. Oxy-combustion can also be applied to natural gas combined cycle (NGCC), 

however, subject to the redesign of gas turbines, because alternation in the physical properties 

of the metal occurs due to the increased CO2 concentrations in the flue gas [11,17]. 

Nevertheless, ease and ability to retrofit existing systems at low cost are the primary 

attractions towards such systems [16], together with the high efficiency of 96-99% carbon 

capture [18].  

Similar to LETs, technical challenges exist for the oxy-fuel combustion process. The most 

critical limitations lie in the higher energy penalties associated with air separation unit (ASU) 

for O2 production and CO2 processing unit (CPU) for CO2 purification and compression 

[2,19,20] after the combustor unit. The existing commercialized technology for air separation 

for utility-scale application is the cryogenic air separation process (CASU). It works on the 

principle of the cryogenic distillation via compression of air to its liquefaction stage, followed 

by the fractional distillation of its constituent components, such as N2, O2, Ar and other rare 

gases. The primary advantage is that this process can produce liquid or gaseous streams of N2 

and O2 as per the specification of the end user and for large-scale requirements also. Indeed, 

O2 production, via such a process of cryogenic distillation of air, demanding 160 to 250 kWh 

per ton of O2 produced [21,22] is acknowledged as the bottleneck [2,16]. The efficiency loss 

after integrating the ASU unit to make the oxy-fuel combustion power unit would be 13% 

compared to the conventional NGCC unit without carbon capture [23]. The penalties incurred 

by the use of ASU could easily offset any advantages gained by oxyfuel combustion 

prompting many researchers to investigate the use of alternative air separation systems. 

However, to date, none of the alternative technologies for air separation have been able to 

produce high purity oxygen at large utility scale, either due to high costs, such as for 

adsorption processes, or the technology is still under development or in demonstration stage, 

as for membrane technologies such as oxygen transport membranes [24,25]. State of the art 

of ASU can consume between 10 and 40% of the gross power output after retrofitting a 

conventional coal-fired power, resulting in a net energy penalty as high as 8-13 percentage 

points [7,26]. True, with a lower purity of O2 of about 95%, if acceptable for such oxy-fuel 

applications, the energy requirement for oxygen production with ASU can be further reduced, 

together with the energy penalty [16].  



   

 

   

 

Several studies of different schemes have been proposed to increase the efficiency for carbon 

capture. Improving the efficiency through a novel chemical looping air separation technology 

has been proposed by Moghtaderi [22]. From a system perspective, chemical looping 

combustion has been shown to have considerable potential for a relatively high efficiency of 

power production together with carbon capture. For a pulverized coal power plant, around 

39% efficiency was calculated while ensuring a CO2 capture efficiency of almost a 100% 

[27]. Innovative system integration has shown further possibility to decrease the energy 

penalty of carbon capture.  

Natural gas combined cycle (NGCC) power plants are among the most efficient fossil fuel-

fired power plants, able to reach net efficiencies of up to 57% based on the Lower Heating 

Value (LHV) of the fuel [28]. Correspondingly, the specific CO2 emissions are low as well 

compared to other fossil fuel power generation units, at around 350 gCO2/kWh, besides 

having much less SOx and NOx emissions due to the lower Sulphur and Nitrogen content of 

the fuel [28]. Addition of CCS units to considerably decrease the specific CO2 emissions to 

much below 100 gCO2/kWh have therefore been studied and presented in multiple literatures 

via diverse technologies [28–30]. Like solid fuel power units, the primary motivation of such 

studies included the decrease in the energy penalty of the capture process, thereby increasing 

the efficiency of the power plant alongside keeping the capture efficiency to its maximum 

potential.  

Chemical looping for thermo-chemical dissociation of the captured CO2 has received 

considerable interest in the last couple of years after the initial success of the thermochemical 

water splitting [31]. In fact, the simultaneous splitting of CO2 and H2O, resulting in the 

formation of a syngas has great potential to improve the system efficiency by providing 

additional fuel with high calorific value leading to CO2 recycling. Chemical looping 

CO2/H2O splitting, like chemical looping combustion (CLC) cycles, use metallic oxygen 

carriers to convert the thermo-chemical energy into chemical energy [32]. The cycle can 

either be driven by concentrated solar energy or through the chemical energy of methane, the 

latter having multiple benefits, besides a low-temperature reduction of metal oxide than direct 

thermal reduction [33,34]. A basic schematic of the methane driven Chemical Looping 

CO2/H2O splitting is shown in Figure 1. 
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Figure 1 Conceptual scheme of the chemical looping syngas production through methane 

reduction and corresponding splitting of water and carbon dioxide, usually present in waste 

gas from industrial applications  

In the reduction step (eq. 1), the metal oxide is reduced in the presence of methane, either up 

to stoichiometric or a non-stoichiometric extent, δ. The δ moles of oxygen released from the 

MeOx forms CO and H2 by partial oxidation of CH4. In the subsequent reaction steps, usually 

exothermic, (eq. 2), MeOx-δ reacts with CO2 and/or H2O to reincorporate oxygen into the 

metal oxide lattice, while reducing the CO2 and/or H2O into a stream of syngas (CO or H2 

respectively). Reactions (2a) and (2b) can be intrinsically assumed to result in complete 

oxidation at thermodynamically favourable temperatures depending on the metal oxide redox 

pairs. The oxygen production during the first step depends on the reduction extent and the 

metal cation highest valence that be reduced. Highest possible dissociations are in principle 

sought, the higher the oxygen released during dissociation the higher oxygen taken from CO2 

and H2O during oxidation. 

 x 4 x 2Methane reduction : MeO  CH  MeO  CO H           (1) 

x 2 x 2Water splitting(WS): MeO  H O  MeO  H                    (2a)

2 x 2 xCO splitting(CDS): MeO  CO  MeO  CO                   (2b) 



   

 

   

 

In this regard, multiple studies have been reported in the literature to identify the most 

suitable metal oxide redox pairs [34–36] and reactor scale experimental analysis for reactor 

modelling [32,34]. These include volatile metal oxide/metal system such as ZnO/Zn; SnO/Sn 

or non-volatile metal oxide/metal oxide pairs such as Fe3O4/FeO; Mn3O4/MnO; CeO2/Ce2O3, 

etc. Other metals oxides tested are ferrites with different valences, Co3O4, Nb2O5, WO3, SiO2, 

In2O3, CdO to name few [32,37–41].  

Cerium (IV) oxide (CeO2) is extensively studied for thermochemical redox application 

due to its strong ability to undergo cyclic redox reactions having retain its chemical and 

structural properties aside from resilience to mechanical stress and agglomeration, attrition 

resistant [42]. Rapid kinetics, together with the very minimal effect of sintering at high 

temperature with good attrition resistance and mechanical strength makes ceria the state of 

the art among the non-volatile redox pairs for H2O splitting application, which can be further 

exploited for large-scale applications. The stoichiometric redox system of Ce2O3/CeO2 was 

explored and found to have a high temperature for reduction of 1650 K. However, non-

stoichiometric reduction of ceria (CeO2 CeO2-δ) occurs at a relatively lower reduction 

temperature of 1673 K [40]. Ceria is reported to have favourable oxidation kinetics, but it has 

the drawback of poor thermal reduction ability at lower temperatures. Therefore, it is 

suggested to reduce with fuel such as methane undergoing partial oxidation producing syngas 

during both reduction and oxidation step, thereby improving the syngas production and 

lowering operating temperature. 

Plant scale analysis of chemical looping combustion coupled with NGCC for carbon capture 

has been analysed with a net electrical efficiency of 43%, an energy penalty of 14%-points 

with respect to the NGCC plant without capture [43]. However, till date, as per the 

knowledge of the authors, no complete system analysis of the NGCC power system with the 

chemical looping (CL) CO2/H2O splitting unit has been studied for utility-scale applications. 

Furthermore, existing literature, comparative evaluation of individual capture technologies is 

difficult due to variations in modelling assumptions regarding the type of fuel used, the scale 

of power output and efficiencies of individual process units. In the present work, an Oxy-fuel 

combustion power plant integrated with a chemical looping CO2/H2O dissociation (OXY-CC-

CL) unit has been proposed and evaluated. The results have been compared with a 

conventional NGCC without carbon capture and an Oxyfuel-combustion power plant (OXY-

CC) with carbon capture technology through simulation studies via common modelling 



   

 

   

 

assumptions and considerations. The two capture technologies were analysed against a 

conventional NGCC process without capture to estimate and compare, besides the energy 

penalty associated with CO2 capture, economic and other environmental impacts as well. An 

overall exergetic performance comparison was also performed for the NGCC, OXY-CC and 

OXY-CC-CL processes to compare the plant performance. A detailed exergetic study was 

carried out for the proposed system separately to identify the sources of irreversibility in each 

process, and hence, the scope for improvement and optimization. Power production, power 

consumption, electrical efficiency, CO2 capture efficiency, exergy, economic performance, 

land and water footprint are the key parameters investigated and their variation is reported in 

the present work. 

 Methodology 

The present study performs a techno-economic and sustainability assessment of the proposed 

Oxyfuel-chemical power plant with Carbon Capture integrated with chemical looping CO2 and H2O 

splitting (OXY-CC-CL) compared to state of the art NGCC and oxyfuel-CC with carbon capture. 

Based on the literature reported CeO2 is selected as oxygen carrier.  

In this process, to integrate the system with a traditional oxyfuel power plant, methane 

reduction of ceria has been considered as an alternative to thermal reduction. Ceria reduction, 

even though non-stoichiometric, tends to approach stoichiometric conditions at temperatures 

beyond 1400oC when reduced with methane. Recently one experimental study reported that 

CeO2 reduced to Ce2O3 above 900oC completely when reduced with methane [44]. Though 

this claim is subject to investigation based on the size of the material and quantity of the 

material chosen and microstructural studies were missing.  In the present study, a 

thermodynamic redox pair of CeO2/Ce2O3 for stoichiometric reduction of ceria for maximum 

redox pair utilization was considered to evaluate the highest possible performance of the 

integrated system. Accordingly, the CeO2/Ce2O3 redox pair with reduction of CeO2 in the 

presence of methane, and subsequent oxidation with CO2/H2O was utilized, as described by 

the equations (3-4).  

2 4 2 3 2Methane reduction: 2CeO  + CH Ce O  + CO + 2H                 (3) 

2 3 2 2 2Water-splitting(WS): Ce O + H O  2CeO  + H
               

(4a) 

2 2 3 2 2CO -splitting (CDS): Ce O + CO  2CeO  + CO                (4b) 



   

 

   

 

In the reduction reactor, the methane reduces the metal oxide at a higher oxidation state 

(CeO2) to a lower oxidation state (Ce2O3), while itself getting oxidized to CO and H2 via 

reaction (3). The reduced ceria is then recycled back to the higher oxidation state through 

reactions (4a) and (4b). In both the reactors, syngas was generated, however, with varying 

H2/CO fractions.  

Based on the above selections, the system performance and techno-economic assessments of 

the OXY-CC-CL power plant were carried out as per the methodology, depicted in Figure 2. 

It should be stressed that several alternative plant configurations, differing in strategies for 

integration of the CL unit to the traditional system and subsequent mode of utilization of the 

syngas generated from the oxidation reactor were conceptualized and examined. However, all 

possible combinations of interest could not be presented within the scope of the present work. 

The assessments presented herein were performed using a combined Aspen Plus model and 

an in-house spread-sheet developed specifically for the current study. 

 

Figure 2 Methodology for Techno-economic and Sustainability Assessment  

The process evaluation, techno-economic study and sustainability assessments summarized in 

this paper does not include considerations of retrofitting existing state of the art NGCC or 

oxyfuel NGCC power plants. This is due to considerable complexity identified for such 

integrations, which can be found within the explanations of the subsequent sections.  

The process simulation models and corresponding technical analyses were developed in 

Aspen Plus®, version 8.4. to investigate the performance of the proposed system (OXY-CC-

CL) in comparison to the traditional plant configurations (NGCC and oxyfuel combustion 

base NGCC (OXY-CC)). The key technical performance indicators evaluated are (i) plant 



   

 

   

 

thermal efficiency, (ii) plant thermal efficiency penalty, and (iii) relative efficiency gain, (iv) 

plant exergetic efficiency and (v) plant-specific emission savings.  

The economic assessment of the proposed OXY-CC-CL unit with the corresponding 

comparison with NGCC and OXY-CC with Carbon capture was performed based on the 

different cost data available in the literature. The key economic performance indicators being 

evaluated are (i) power plant capital cost, (ii) operating costs, (iii) Levelized Cost of 

Electricity (LCOE) and (iv) cost of CO2 avoided as Levelized Cost of CO2 Savings. Besides 

techno-economic assessment, sustainability assessment through water and land footprint 

assessment was performed based on existing methodologies available in the literature.  

 Process Description and Plant Configuration 

Figure 3 presents the block diagrams of the conventional NGCC, OXY-CC and the novel CL 

coupled Oxyfuel (OXY-CC-CL) process. The process description of the traditional NGCC 

and OXY-CC are outside the scope of this text and can be found in multiple kinds of 

literature [29,43]. A complete CL integrated novel Oxyfuel NGCC power plant (OXY-CC-

CL), comprising several operating units including the reduction reactor (RED) and the 

oxidation reactor (OXI), as integral parts of the CL unit, together with traditional units of an 

oxyfuel power plant including cryogenic ASU has been proposed and described in the 

following section.  

The heart of the proposed OXY-CC-CL plant is the chemical looping CO2/H2O splitting unit 

(CL). The CL unit works at a considerably lower pressure than that of the natural gas supply 

of around 70 bars from the gas networks from the outside battery limit (OSBL). Therefore, 

the gas needs to be expanded to the working pressure of the CL unit. Pre-heating of the inlet 

natural gas by the process heat of the power plant can considerably improve the net work 

obtained by such expansion. The expanded methane is further pre-heated and supplied to the 

reduction reactor (RED) where it is partially oxidized into CO and H2, producing syngas, 

while reducing the cerium (IV) oxide to cerium (III) oxide as per equation (3). The selection 

of the operating temperatures is crucial to prevent the complete oxidation of the methane to 

CO2 and water, simultaneously preventing carbon deposition through methane cracking.  

The reduction reaction is highly endothermic, requiring a large amount of supplemental heat 

to maintain the reforming temperature and drive the reaction forward. The metal oxide 

reduction by methane is preferably operated at elevated temperatures of above 900
o
C to 



   

 

   

 

ensure more than 99% conversion of the methane to CO and H2. However, it has been 

observed from thermodynamic studies that around 40% to 60% excess flow of methane is 

necessary to ensure complete reduction of metal at temperatures below 950
o
C. As also 

deduced from the same study the most suitable methane to ceria (CH4/CeO2) flow ratio was 

0.7, higher than the stoichiometric ratio of 0.5, and was hence selected for the present system 

deployment. As for the pressure, multiple advantages and disadvantages exist for systems 

working at higher pressures. While solids handling is a major challenge for higher pressure, 

the previous study by Harrison [45] revealed the economic advantage of methane conversions 

at a higher pressure between 5-25 atm. Nevertheless, commercial relatively low-cost 

technologies were found to increase the metal oxide pressure to 6 bars [46], together with the 

thermodynamic constraints limiting the very high operating pressures for reduction step of 

thermochemical redox cycle.  

In the present power plant, instead of combusting the natural gas, combustion of syngas in the 

form of partially oxidized methane has been proposed. Being an oxyfuel power plant, the 

combustion is done by near stoichiometric oxygen (5% excess) generated via a cryogenic 

ASU, that adds to considerable power penalty to the conventional NGCC. A part of the 

captured CO2 is re-circulated back to the combustor to maintain the temperature of the outlet 

combustion gases into the turbine of the Gas turbine cycle.  

The partial oxidation of methane in reduction reactor (RED) is highly endothermic, requiring 

around 50kW of heat per mol of Ce2O3 reduced. A large amount of heat has been proposed to 

be supplied by heat integration with the combustor of the gas turbine cycle as shown in 

Figure 3. An annular rector design is hence necessary whereby, the inner reactor would be the 

reduction reactor of the chemical looping unit, while the outer reactor would perform the 

work of the combustor. Such a reactor design, however, exist in literature, whereby detailed 

information on such reactor design concept can be obtained [47]. Modulating the quantity of 

CO2 for recirculation within the reduction reactor, the net duty of the reduction reactor can be 

controlled, so as to provide the necessary heat required to drive the reduction reaction. 

A part of the exhaust from the gas turbine has been proposed to be utilized for CO2/H2O 

splitting within the oxidation reactor (OXI) of the CL unit. A complete reaction would not 

only generate additional fuel in the form of syngas, that will then be utilized to produce 

additional power, adding to the system capacity further, but also oxidize the metal oxide back 



   

 

   

 

to the higher valence state (CeO2), that can then be recirculated back to the reduction reactor 

(RED) to continue the chemical looping cycle. However, auxiliary consumptions from 

compression for syngas and CO2 for recycling would necessitate system optimization and 

identify suitable operating conditions. The oxidation reactions, as presented in equation (4) 

are essentially exothermic, which provides benefits of system control and improvement of 

efficiency by allowing generation of additional steam, as shown in Figure 3 (c). This would 

also simplify the recycling of the metal oxide between and RED and OXI reactors by 

eliminating the need of an additional heat exchanger for heating the oxidized metal oxide, 

and hence requiring lower heat duty for the reduction step. Higher the metal oxide 

temperature lower would be needed for supplementary heating. Therefore, an outlet 

temperature of around 1300-1400
o
C from the oxidation reactor (OXI) would provide a 

significant advantage, requiring no intermediate heating needs for the oxidized metal oxide 

and increasing the mass flow of the exhaust gas due to higher recirculation of CO2.  

The exhaust gases from the gas turbines at elevated temperatures of over 800
o
C would then 

be utilized for steam generation within the heat recovery steam generator (HRSG). Being an 

oxyfuel power plant and having natural gas as fuel, the impurities in the exhaust gas, 

especially SOx, NOx and particulates are negligible, allowing the gas to be cooled down to 

near ambient temperatures of around 50
o
C, providing considerable advantages to the system 

efficiency, unlike traditional NGCC, where it is limited to about 140
o
C to prevent acid 

condensation. Carbon capture methodologies are followed from traditional oxyfuel units, 

where, due to the high purity of the flue gas, simple water condensation leads to more than 

99% pure CO2. Besides the recirculated fraction of CO2, the rest was sent for storage after 

compressing to a pressure of 110 bars.  

In general, due to the addition of the CL unit, that recycles and utilizes a part of the exhaust 

gases within and for the system, a net improvement of the system efficiency has been 

envisaged. The novelty of this layout is, therefore, to improve the efficiency penalty through 

the addition of the CL unit to the conventional oxyfuel combined cycle with carbon capture 

while maintaining the same effectiveness of carbon capture by a typical oxyfuel unit of close 

to 100%.   



   

 

   

 

 

Figure 3 Block Diagram of NGCC, OXY-CC and the novel OXY-CC-CL process 



   

 

   

 

 Process Simulation and Assumptions  

In this section, the detailed schematic of the conventional NGCC, OXY-CC and the proposed 

novel OXY-CC-CL are simulated using Aspen Plus® (v 8.8) and its corresponding existing 

functions and built-in modules. To predict the thermodynamic data and phase behaviour of a 

material stream, especially for systems for gas processing, it is recommended to use the PR-

BM method which utilizes the Peng-Robinson cubic equation of state with the Bostone 

Mathias alpha function [48]. Therefore, in all the three processes, the PR-BM method was 

selected for the simulations.  

The assumptions considered in the three processes based on Aspen Plus are summarized 

below: 

 The heat losses in the reduction reactor (RED) and combustion process were 

neglected, while a pressure drop of 0.1 bar was considered in the combustion 

chambers (COMB1 and COMB2).  

 A loss of 1% in the high-temperature gas lines were considered, especially for gases 

being transferred between components.   

 The excess air number was considered as 1.05 for the oxy-combustion process. 

 Equilibrium reactions have been considered in reduction (RED) and oxidation reactor 

(OXI), as well as the combustion chambers (COMB1 and COMB2), where the 

reaction residence time was long enough to achieve chemical and phase equilibrium. 

 Steady-state simulations were performed, and the results hence obtained are not 

applicable to start-up or transient operations.   

 Ambient temperature was assumed as 25oC. Also, it was assumed to comprise 79% 

N2 and 21%O2 on a volume basis. 

 Minimum approach temperature in heat exchangers was taken as 10
o
C [48].  

 The isentropic efficiency and mechanical efficiency for compressors and turbines 

were considered as 0.9 and 0.98, respectively. The pump efficiency was assumed to 

be 0.85 and 0.9, for isentropic and mechanical efficiency respectively. 

  In actual scenario, natural gas instead of pure methane would be fed to reduction 

reactor (RED). Even though the purity of natural gas with respect to the sulphur 

content is considerably high, typical clean-up processes would be required. However, 

the removal of sulphur from the specific application was not considered within the 



   

 

   

 

specific layout. Nevertheless, since  no catalyst exists within the entire process, the 

purity on natural gas would not be a major concern, especially with respect to the 

operation of the CL unit.   

 The primary objective of the present study is to recognize the potential efficiency gain 

from the combination of the chemical looping unit in a conventional oxyfuel plant, 

then the turbines and the HSRG were modelled as simple units, without reheating or 

multi-pressure systems. Indeed, by increasing the model complexity, the net 

efficiency can be gained considerably by process optimization for all the three cycles.  

Moreover, design assumptions with respect to individual units of the NGCC, OXY-CC and 

OXY-CC-CL units, that were considered, have been shown in Table 1. Indeed, it has to be 

mentioned that the new system is not a retrofit, as it has been designed considering a separate 

entity, not being limited by parameters of a conventional NGCC.  

Table 1 Design assumptions used for developing the process flowsheet models in Aspen plus 

Unit  Applicable to Parameters 

ASU OXY-CC and 

OXY-CC-CL 

O2 purity: 99.9% (by volume) 

ASU O2 and N2 delivery pressure: 1.2 bars 

O2 compression pressure: 26 bars for COMB-1 and 18 

bars for COMB-2 

No use of N2 was considered 

Turbo 

Expander 

OXY-CC-CL Feed Pressure of Natural Gas from OSBL: 70 bars 

Expansion Ratio: 35 

Inlet Temperature of NG: 325o C  

Combustion 

Chamber 

All Excess Air factor: 182% 

Excess Oxygen factor: 5% 

Combustor Pressure Drop: 0.1 bar 

Combustor working pressure: 18 bars 



   

 

   

 

Reduction 

Reactor (RED) 

and 

Combustion 

Chamber, 

COMB-1 

OXY-CC-CL Reactors were modelled separately with complete heat 

integration 

 

 

Working pressure: 26 bars in Combustor Side and 2 bars 

in Reducer Side 

Methane Conversion: 99% 

Oxidation 

reactor (OXI) 

OXY-CC-CL Reactor Type: Adiabatic, jacketed for high-temperature 

steam generation 

Outlet Product Temperature: 1380oC 

Working Pressure: 2 bars 

 

CO2 Drying 

and 

Compression 

OXY-CC and 

OXY-CC-CL 

Delivery pressure: 110 bars 

Delivery temperature: 40oC  

Compressor isentropic efficiency: 90% 

Compressor mechanical efficiency: 98% 

Gas Turbine/ 

Expander 

All Isentropic efficiency: 90% 

Maximum pressure ratio: 18:1 

Discharge pressure: 1.04 bar  

Turbine inlet temperature (TIT): 1273oC (1550K) for 

NGCC and Oxy-CL and 1373oC (1650K) for Oxy-Cl-CC 

Steam Turbine 

and HRSG 

All Single level pressure  

Turbine Isentropic efficiency: 90% IP  

Steam Pressure: 120 bars for NGCC and OXY-CC and 

150 bars for OXY-CC-CL 

Condenser pressure: 0.04 bar  

Pump Isentropic Efficiency: 0.8 

All of steam generated in gasification island, chemical 

looping and syngas cooling unit were expanded together 

Minimum Approach Temperature: 10oC, no pressure drop 

A detailed description of the OXY-CC-CL cycle as simulated within the ASPEN Plus 

environment is described as per depicted in Figure 4. Natural Gas (as per composition shown 



   

 

   

 

in Table 2) is fed into the system at 20oC and 70 bar pressure from outside battery limit 

(OSBL) [49].  

Table 2 NG Composition Assumed  

Component Value (% Mole Fraction) 

Methane 94.00% 

Ethane 4.20% 

Propane 0.30% 

CO2 0.50% 

N2 1.00% 

Total 100.00% 

This natural gas is preheated with the syngas from the reduction reactor (Stream 4) before 

being expanded through a turbo-expander (TURBO-EXP) to the operating pressure of the 

chemical looping (CL) unit of 2 bars. The natural gas is then further pre-heated, where it is 

then fed to the reduction reactor (RED) at a temperature of approximately 890oC. The 

oxidized Ceria, in the form of Ceria (IV) Oxide, Ce2O3, (Stream 44), is fed at a temperature 

of 1375oC to the reduction reactor. Based on the thermodynamic results, the methane to ceria 

(CH4/CeO2) feed flow ratio of 0.7 is maintained for complete reduction of metallic ceria, to 

increase its effectiveness as an oxygen carrier. The heat of the reaction in the reduction 

reactor (RED) is provided directly by the heat of oxy-combustion of the syngas. The syngas, 

after exiting the reduction reactor at around 906oC, is used for methane heating, as well as, 

preheating of oxygen to around 140oC before entering the combustion chamber (COMB-1). 

The cooled syngas, compressed to 26 bars by COMP-1 is fed to the combustion chamber, 

COMB-1. The Combustion outlet temperature and hence the Turbine Inlet Temperature (TIT) 

is directly regulated by the flow of recycled CO2, which, however, is also dependant on the 

heat needed to carry the reduction reactor forward in RED. The oxygen supplied for 

combustion is produced via a cryogenic air separation unit (ASU). A cryogenic pump was 

employed (O-PUMP) to increase the pressure of liquid oxygen, removing the need for an 

oxygen compression, thereby significantly reducing the plant auxiliary consumption.  

Due to the ongoing technology development and considerable time being envisaged in future 

for such systems, as proposed to be practically employed, a turbine inlet temperature (TIT) of 

1650K was assumed. To take advantage of the fact that the CL unit operates at a pressure of 2 



   

 

   

 

bars, the turbine inlet pressure to the primary gas turbine was set at 26 bars to maximize the 

system outputs. The expanded gas (Stream-10) from the first gas turbine (GT1-1), around 

1115
o
C is split into two streams. One stream is fed to the oxidation reactor (OXI) for CO2 and 

H2O splitting to produce syngas as a fuel, while the remaining flue gas (Stream-12) is fed into 

the second gas turbine (GT1-2), where it is expanded to a near atmospheric pressure of 1.04 

bar.  
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Figure 4 Process simulation flowsheet of OXY-CC-CL unit 

The CO2/H2O splitting reactions are highly exothermic, and the metal oxide exit temperature 

is controlled via jacketed cooling. The product exit temperature of oxidation reactor (OXI) is 

set as being equal to the feed temperature of the reduction reactor (RED), which is around 

1380oC. The hot raw syngas at around 1380oC from OXI (Stream-16) is cooled to around 

50oC in a heat recovery steam generation unit (HRSG-2). The cooled raw syngas is 

compressed to 18 bars (COMP-2) before being fed into the second combustion chamber 

(COMB-2) and subsequently into the Gas turbine at 1650K, 18 bars (Stream 19). The exhaust 

gases from the two combustion chambers (Streams 13 and 20) are then mixed and fed into the 



   

 

   

 

HRSG (HRSG-1) for heat recovery steam generation by the downstream steam cycle. Being 

high purity gas, composed primarily of CO2 and water, the gas was cooled down to near 

ambient temperatures of 50oC. A live steam of 150 bars and 596oC was generated for power 

production via the steam cycle from both the HRSGs Stream-38 and 39). The flow of steam 

was calculated accordingly. As mentioned, a simple single turbine Rankine cycle was 

modelled. The expanded steam at 0.4 bars is passed through a condenser (ST-COND) and 

pump (ST-PUMP) to subsequently complete the steam cycle.  

The clean and cool exhaust gas from HRSG-1 (Stream-21), at 50 oC and 1.04 bar is fed into a 

flash chamber (COND-3), where the water is separated and almost 99% pure CO2 is obtained. 

This CO2 is therefore split into two streams. One stream (Stream-26) is further compressed 

and recycled back into the combustion chambers for temperature control as mentioned 

before. However, the other stream (Stream-24) is compressed to 110 bars by COMP-SEQ and 

sent for sequestration outside the battery limit of the designed power plant. Besides the 

discussed heat exchangers, no additional heat integration was considered. Indeed, a pinch 

analysis would be necessary thus to understand the heat availability in the unit and 

subsequently an improved design with better and improved location of heat exchangers can 

be developed in future.  

The syngas composition exiting the two reactors of the chemical looping unit is shown in 

Table 3. The noticeable differences lie in the relative fraction of the H2 and CO compositions 

of the two streams. While the H2/CO ratio in the RED is 1.9, the corresponding value for the 

OXI is 0.16. Due to the supply of excess methane to the RED, the methane content in the 

outlet stream of the Reduction reactor is considerable. However, no methane is produced 

during the splitting reaction in the OXI. The content of water and CO2 forms about 1.2% in 

the reduction reactor, while the corresponding value is higher in the OXI since excess 

reactants were passed to ensure complete reaction.  

Table 3 Syngas composition from the Reduction Reactor (RED) and the Oxidation Reactor (OXI) of 

the Chemical Looping Unit 

Mole Fraction (%) From RED FROM OXI 

CO 28.43 61.4 

H2 54.23 9.84 



   

 

   

 

CO2 0.85 18.87 

H2O 0.35 9.63 

CH4 15.71 Trace 

N2 0.43 0.26 

Total  100 100 

 System Performance Evaluations  

 Thermodynamic Performance 

To obtain the comparative thermodynamic system performance of the proposed novel power 

plant with respect to the traditional power plants, the present analysis has been performed 

based on both the first and second laws of thermodynamics.  

5.1.1 Energy Analysis 

The energy analysis is based on the First Law of Thermodynamics and considers the principle 

of conservation of energy applied to a prescribed system. Assuming steady-state operations, 

together with kinetic and gravitational potential energies being negligible, the energy balance 

can be written as a rate equation [50] 

i i e e

. .

CVCV

i e

0 = Q - W m h  m h                                                                                           (5) 

Where
.

CVQ and 
.

CVW are the specific heat required and work output from the selected control 

volume respectively, while the following two terms represent the net change in enthalpy of 

the between the outlet and the inlet streams of the same.  

However, this simplified approach fails to provide appropriate system evaluation, especially 

concerning the correct evaluation of hest flows (in heat exchangers and other components 

where significant heat transfer is designed to occur). 

5.1.2 Exergy Analysis 

Exergy analysis or availability analysis, based on the second law of thermodynamics, is used 

to measure the maximum theoretical work. The exergy value, unlike the energy value of a 

stream, is based on its temperature, pressure and compositions as the stream passes from a 

given state to a state in equilibrium with the environment. Therefore, exegetic evaluation of 



   

 

   

 

each material or energy stream is directly related to the assumed environmental state, which, 

in the present study was considered as o

0T 25 C and 0P 1atm .  

For steady state operations of an entire process, the total exergy destruction ( destrEx ) can be 

calculated via exergy balance as written by the following equation (7): 

destr in outEx Ex Ex            (7) 

where Ex represents exergy, the subscripts ‘in’ and ‘out’ representing the inlet and outlet, 

respectively. The overall inlet exergy of an NGCC or an oxyfuel NGCC cycle is derived 

directly from the exergy contained within the fuel ( FEx ). For the OXY-CC-CL plant, 

individual components like compressors, pumps, the energy required are derived directly 

from the energy generated within the system. As for heat needed for the reduction reactor of 

the CL unit, the system is designed to be self-sufficient due to the integration of the reduction 

reactor (RED) and the combustion chamber (COMB). Therefore, no additional external input 

is necessary for the proposed system in terms of exergy besides the fuel. The outlet exergy 

including the desired output in the form of electricity (W), material streams in the form of 

exhausted gas ( exhaustEx ) and available heat (
Q,avEx ), can be represented as per equation (8). 

 

out exhaust Q,avEx W Ex Ex             (8) 

The un-used exergy of the system ( lossEx ) is defined as the sum of the amount of exergy 

destroyed ( destrEx ) and the amount of exergy wasted in the exhaust stream ( exhaustEx ) as 

shown in the following equation (9) 

loss exhaust destrEx Ex Ex            (9) 

A considerable amount of heat might also be available (based on system optimization and 

pinch analysis) from the proposed system, which adds benefits over the traditional NGCC or 

the oxyfuel unit Q,ph(Ex ) . Hence, the net system output from the proposed OXY-CC-CL unit 

can be written as per the following equation (10) 

destr in outEx Ex Ex                        (10) 

In general, the heat exergy is obtained as per the temperature of the available heat, given by 

the following equation (11).  



   

 

   

 

Q 0Ex Q(1 (T / T )) 
                      (11) 

where Q is the amount of heat and T represents the temperature at which the heat is available.   

For a multicomponent material stream, the exergy ( mEx ) is often divided into three 

components of exergy, namely, the physical exergy (
phEx ), chemical exergy ( chEx ) and 

mixing exergy ( mixEx ) and written as per the following equation (12)  

m ph ch mixEx Ex Ex Ex                         (12) 

The physical exergy is defined as the maximum work that can be extracted from a stream 

when it is made to pass from its current working conditions to the state of equilibrium with 

the environmental atmosphere [51,52]. The physical exergy is, therefore, dependent on the 

physical parameters, primarily temperature and pressure and can be calculated by Eq. (13), as 

obtained through the simulation results.  

ph 0 0 0Ex (H H ) T (S S )                          (13) 

where H and H0 are the enthalpy flow and S and S0 are the entropy flow of a material stream 

at working and environmental state respectively. 

Chemical exergy is defined as the maximum work which can be obtained when a substance is 

brought from the environmental state (physical equilibrium) in a state of further chemical 

equilibrium with the so named “dead state” by a reversible process which involves only heat 

transfer and exchange of substances with the environment [53]. The chemical exergy of pure 

components can be obtained from Bejan’s reference environmental model [54], where the 

chemical exergy of a material stream is given by equation (14) as follows.  

0 0

0, 0, , 0, 0, ,

1 1 

 
  

 
 

n n
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ch L i ch i V i ch i

i i

Ex F y y Ex y y Ex        (14) 

where F is the molar flow rate of a material stream, 0,Ly and 0,Vy denote the liquid and vapour 

mole fractions, respectively, 0,i,Ly and 0,i,Vy denote the mole fraction of component I in the 

liquid and vapour phases, respectively and denote the standard chemical exergy of 

component I in liquid and vapour phases, respectively. 

The standard chemical exergies of pure solids, on the other hand, are mostly covered by the 

values provided by Kotas [55] and Szargut [51] in their respective works. Even though the 

standard chemical exergy of elementary Cerium (Ce) and CeO2, as the most abundant form of 

ceria available in nature is available, the standard chemical exergy of Cerium (III) oxide 



   

 

   

 

(Ce2O3) is not a reference subject in any readily available literature. However, it can be 

formed through the reaction of two moles of Ce and 1.5 moles of O2 with known chemical 

exergies according to the reaction between Ce and O2 as per the following equation (15)  

2 2 32Ce + 1.5O Ce O                      (15) 

Subsequently, the chemical exergy of Ce2O3 can be calculated as per the following equation 

(16). 

2 3 2 Ce O2 3

0 0 0 0

ch,Ce O ch,Ce ch,OEx 2Ex 1.5Ex G                    (16) 

where 
2 3

0

ch,Ce OEx , 
0

ch,CeEx  and 
2

0

ch,OEx are the standard chemical exergy of Ce2O3, Ce and O2, 

respectively; 
Ce O2 3

0G  represents the Gibbs free energy for the formation of Ce2O3 as per 

Ce/O2 reaction shown in equation (15).  

Finally, the mixing exergy, which always has a negative value, and can be estimated by 

equation (12) as per the following equation [48] 

mix mix 0 mixEx H T S                         (17) 

where mixH and mixS are the enthalpy and entropy change due to mixing, respectively. 

Hence, the common exergetic efficiency II( ) of the power plants is given as the ratio of the 

useful exergy output from the system and the necessary exergy input to the process as follows 

from equation (18). On the other hand, the total exergy destruction from the individual 

components of the overall system is given as the summation of all the individual component 

exergy destruction as per equation (19). 

Q,av

II

F

W Ex

Ex


                         (18) 

destr destr,i

i

Ex EX                        (19) 

where destr,iEX refers to the exergy destruction of ith component.  

 

 Economic Performance 



   

 

   

 

To evaluate the economic performance of the proposed OXY-CC-CL unit, the most 

important economic parameters such as the capital cost (including specific investment costs), 

Operational and Maintenance (O&M) costs, levelized cost of electricity (LCOE) and 

levelized cost of CO2 savings/avoided have been focused. In addition, not all the costs of all 

component were available up to date. In this regard, the costs would need to be updated for 

present day calculation. Chemical plant cost indexes were employed to transfer the literature 

values as per the present day values [56]. Also, a currency conversion factor of 1.23 

USD/EUR was employed besides such considerations.  

In order to determine the total Capital cost of the plant (CAPEX), the capital cost of each 

module or equipment is first estimated by utilization of the component scaling factor 

exponent, which is shown as the following equation 

M

E B refC C (G / G )                      (20) 

where CE and CB represent the equipment cost with a capacity of G and Gref, respectively; M 

being the equipment scaling factor exponent, varying between the range of 0.6 – 1, depending 

on the type of component [49,57]. The summary of the scale factors for the different 

components of the plant is presented in the following Table 3.  

Table 4 Summary of the Different Plant Component Scale Factors [49,58–60] 

Plant Component  Scale factor f  

Gas turbine, generator and auxiliaries  1 

HRSG, ducting and stack 0.67 

Steam turbine, generator and auxiliaries, 0.67 

Cooling Water System and Balance of Plant 0.67 

CO2 Compressor and Condenser - Compressor 1 0.67 

Chemical Looping, Combustor and Oxy Reactor 1 

Turbo Expander 0.67 

Other Heat Exchangers 1 

 

To assess further costs related to setting up of the power plant including installation and other 

direct and indirect costs related to the project development, a bottom-up approach following 



   

 

   

 

the work of the CAESER project [49] was selected and is briefly described as follows and is 

shown in Table 4.  

The Total Equipment Cost (TEC) is the sum of all module costs in the plant. Besides this, 

additional installation costs are incurred due to additional expenses required while integrating 

the individual modules into the entire plant, including costs for piping or valves, civil works, 

instrumentations, electrical installations, insulations, paintings, steel structures, erections and 

other outside battery limit (OSBL) activities.  

Total Direct Plant Cost (TDPC) is then obtained as the sum of the Module/Equipment Costs 

and the Installation Costs. Indirect Costs have been fixed to 14% of the TDPC for all the 

three technologies [49], which include the costs for the yard improvement, service facilities 

and engineering costs as well as the building and sundries.  

Engineering, Procurement and Construction Costs (EPC) was calculated as the sum of the 

Total Direct Plant Cost and Indirect Costs. Finally, the Owner’s Costs and Contingencies 

(OCC) were included as the owner’s costs for planning, designing and commissioning the 

plant and for working capital, together with contingencies, and were fixed to 15% of the total 

EPC cost for all the technology options as per literature [49]. In addition, the cost of initial 

metal oxide loading also adds an important consideration to the overall system CAPEX. 

Therefore, the overall CAPEX or Total Plant Cost (TPC) of the project could be obtained as 

per the following equation based on the explanation above. 

TPC = EC + Installation Costs + Indirect Costs + OCC + Metal Loading Costs             (21) 

In parallel, the O&M costs mainly comprise two aspects, namely fixed O&M costs and 

variable O&M costs. Fixed O&M costs comprise five components, i.e. general annual 

maintenance cost including overhead cost, property taxes and insurance and direct labour 

cost. On the other hand, variable costs are connected with the costs associated with power 

generation, include the cost of water (including both process water and make-up water), cost 

of a metal oxide for make-up, and fuel costs [49].  

Table 5 presents the basic parameters used for calculating economic indicators of the 

proposed power plant including those discussed in the previous sections.  

Table 5 Basic economic assumptions [49,61,62]  

Item Assumption 

Natural gas price 0.04 $/kWh  



   

 

   

 

Ceria oxide price 49 $/kg 

Process Water  7.43 $/m3 

Make-up Water 0.43 $/m3 

Erection, Steel structures and Painting 49% of Equipment Cost 

Instrumentation and Controls  9% of Equipment Cost 

Piping 20% of Equipment Cost 

Electrical Equipment and Materials 12% of Equipment Cost 

Indirect Costs, including Yard Development, Building, etc.  14% of TDPC 

Owner’s Costs 5% of EPC 

Contingencies   10% of EPC 

Annual operational time 7450 hours 

Property Taxes and Insurance 2% of TPC 

Maintenance Cost 2.5% of TPC 

Labour Cost (Million Euro) $100 per kW 

Operational Life of Plant 30 years 

Discount Factor  10% 

Carbon Credits  
None of the base case 

evaluation 

Electricity Price 58.3 $/MWh 

 

The levelized cost of electricity (LCOE) provides the “break-even” value for producing a unit 

of electricity, often employed as a parameter to compare different electricity production 

technologies from the economic point of view. The LCOE is expressed as the following 

expression (equation 22), based on the investment cost at time period t (It), O&M Costs at 

time period t (Mt), Fuel Cost at time period t (Ft), the electricity generated at time t (Et ) and 

the interest rate r.  

t t t

t

t

t

I M F

(1 r)
LCOE

E

(1 r)

 









         (22) 

The levelized cost of CO2 capture (LCOA), on the other hand, is calculated based on the 

corresponding formula as presented by the equation (23). The calculation is based on the 



   

 

   

 

discounted expenses of operating the power plant including the investment costs with respect 

to the emissions saved in comparison to a conventional NGCC.  

t t t

t

2

I M F

(1 r)
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         (23) 

 Environmental Performance 

The environmental performance of the OXY-CC-CL in comparison with the conventional 

NGCC and the oxyfuel combustion units was evaluated based on multiple criteria. The 

fundamental criteria selected were the CO2 savings. Indeed, this forms the single most 

interesting criterion for such assessments. However, other criteria were studied to observe the 

broader picture with respect to the sustainability of a technology. 

Water availability will become a critical issue in future and especially for plants with carbon 

capture [63]. In this regard, an analysis of the water requirement with respect to conventional 

technologies was evaluated after the method proposed by Martin, 2012 [64]. The specific 

water needs (I) for the present system in terms of litre/kWh was calculated based on the 

following equation (24) accounting for the water needed for both cooling and process 

applications [64]. An assumption of employing wet cooling tower was considered and 

corresponding values were selected from the literature. 

I A (HR B) C                        (24) 

Where A is a constant depending on the type of cooling = 5.03*10-4 litre/kJ based on wet 

cooling [64]; HR represents the heating rate and B represents the net output of the system, 

both with respect to useful energy in electricity or heat and system losses. Hence, (HR-B) 

represents the amount of cooling load necessary. C represents the process water needed by 

the system other than the cooling system. It is to be noted that the Chemical looping unit 

demands no additional water beside cooling. Therefore, the water need for a conventional 

NGCC with CCS remains constant also in this case = 0.2 Litre/kWh [64].  

Land footprint assessment is another additional sustainability criterion, important to analyse 

the system viability. Indeed, additional systems with increased system complexity would 

increase the need for space required to accommodate additional units. Florin and Fennel [65] 

proposed an alternative to the linear model of spatial footprint assessment due to its over-



   

 

   

 

simplistic approach leading to inaccurate evaluations. A suggestion was made to take a 

modular approach and scale footprint with respect to the number of capture trains. Berghout 

et al [60] proposed to evaluate the capacity increase of process equipment as the third power 

of the size (determined by volume) while the capital costs would increase in a quadratic way 

(based on the surface area). Therefore, the spatial footprint of the capture components for 

plant scale k (m2) was assessed as follows from the following equation 25.  

i i

i ,ref

S SF

k i,ref Si
A [A ( ) ]                     (25) 

where i,refA represents the space requirement for component i for the reference capacity (m2), 

iS  refers to the capacity of component i for plant scale k (unit as per the component), i,refS

being the reference capacity of component i for plant scale k (unit as per the component), and 

iSF  refers the scaling factor for component i. As per Berghout et al [60], a scaling factor of 

0.67 (or 2/3) was used. An additional 20% margin was added to the computed physical 

footprints considering space requirements for installation and maintenance.  

 Thermodynamic Evaluation of the OXY-CC-CL Unit.  

 Energy Analysis of OXY-CC-CL  

Table 6 lists the detailed technical assessment results for the proposed OXY-CC-CL power 

plant. The results are expressed in terms of power generation from gas and steam turbines, 

overall plant thermal efficiency, total energy penalty, net CO2 emission savings and relative 

efficiency gain.  

Table 6. Global Energy Flow and Energetic Efficiency of the Proposed OXY-CC-CL Unit 

Plant data Units OXY-CC-CL 

Fuel Energy Input, LHV (A) MWth 990.708 

Net GT Output MWe 484.233 

GT Output from CO2 recycling MWe 110.039 

ST Output MWe 255.937 

Gross Electric Power Output (B) MWe 750.206 

ASU Consumption + O2 compression MWe 63.383 



   

 

   

 

CO2 Capture and Compression MWe 19.222 

Power Cycle Pumps MWe 3.287 

Air/ Recycled CO2 Compression MWe 142.879 

Syngas Compressors MWe 17.188 

Total Parasitic Power Consumption (C) MWe 245.959 

Net Electrical Power Output (D=B-C) MWe 504.247 

Gross Electrical Efficiency (B/A*100) % 75.72% 

Net Electrical Efficiency (D/A*100) % 50.7% 

CO2 Capture Efficiency % 100% 

CO2 captured t/h 178.658 

Electric Power Output per tonne of CO2 Captured  MWh/t 2.822 

As can be observed from Table 6 a considerable share of the generated electrical energy is 

used up for oxygen separation in the ASU and also for recycling the carbon dioxide for being 

fed into the combustion chamber for temperature control. Some fraction, around 3.8% is also 

used for compressing the captured CO2. The extra energy needed for carbon capture and 

storage is known as the energy penalty with respect to the conventional base case NGCC 

without carbon capture. These, in addition to the auxiliary power requirement, become the 

two major penalties for the conversion of energy from the chemical energy of natural gas to 

electricity. However, generation of around 110 MW of electricity from the recycling of the 

waste gas through splitting of CO2 and H2O in the oxidation reactor (OXI) to produce syngas 

results in considerable improvement of the net power output, even with almost 100% Carbon 

Capture. An impressive energy efficiency of 50.7% with carbon capture is obtained. This 

correspondingly aids the lowering of the net energy penalty due to CCS in a conventional 

oxyfuel NGCC. Additionally, generation of heat by integration of the power plant units might 

result in energy savings and decrease the overall penalty by working the power plant on a 

combined heat and power mode.   

 Exergy Analysis of OXY-CC-CL 

The exergy flow of the proposed OXY-CC-CL unit is depicted in Table 7. As can be clearly 

observed, due to both electricity and heat self-sufficiency of the system, the input fuel, 

namely natural gas contributes entirely (100% of the total exergy input) to the net exergy 

input to the system. The work consumed for compressors and pumps comprise a relatively 



   

 

   

 

small contribution to the entire input exergy (4.83%). However, the ASU alone would 

consume around 3.04% of the net input exergy of the entire system.  

The exergy consumed for capturing CO2 represents a large fraction of the total exergy input 

(7.27%), which includes the net exergy destruction related to water condensation and 

compressing the CO2 to 110 bars for the sequestration.  

On the other hand, the majority of the system output is electricity (393.75 kJ/mol of CH4). 

The exergy exhausted in gas contributes 24.4% of the process inlet exergy. Approximately 

28.5% of the exergy was destroyed due to irreversibility within the system. Indeed, the 

system optimization would considerably improve upon the net exergy destroyed by 

decreasing the unused fraction of exergy amounting to 52.9% of the net input exergy.  

Table 7. Global Exergy Flow and Efficiency of the OXY-CC-CL unit 

 

Exergy (kJ/mol CH4)  % of total Exin 

Net Exergy into the Plant 835.34 100 

Exergy in Methane 835.34 100 

Wcompressors  40.31  4.83 

Wpump 0.23 0.03 

WASU 25.43 3.04 

CO2 Capture including CO2 compression 60.73 7.27 

Exergy Out 597.66 71.55 

Exhausted gas 203.92 24.41 

Exergy destroyed  237.68 28.45 

Exergy un-used 441.59 52.86 

Exergy efficiency (4) 393.75 47.14 

To evaluate the primary reasons of exergy destruction caused in the simulated OXY-CC-CL 

process, an exergy analysis of each component was performed, as listed in Table 8. The 

methane preheating, occurring between HX-1 and HX-3 before the turbo-expander and HX-2 

and HX-4 (hot side and cold side respectively) after the turboexpander is referred to as FPH-1 

and FPH-2 respectively as two separate heat exchangers. Also, for physical processes 

occurring in heat exchangers, pumps, compressors, etc., the chemical exergy is not involved 

in the energy transformation process, and the component exergy efficiency II,comp  can be 



   

 

   

 

predicted by equation (18). The final column depicts the relative irreversibility of each 

component with respect to the net irreversibility of the entire process, that is, reports the 

component exergy destruction percentage ( destr,iEx ) with respect to the total exergy 

destruction ( destrEx ).  

Clearly, compressors (COMP-1, COMP-2 and RECCOMP 1 and 2) and pump work represent 

a minor fraction of total destrEx . Turbines, heat exchangers and the reactors contribute a higher 

percentage of exergy destruction. The heat exchangers contribute 21.27% of destrEx , which 

are inherently destroyed exergy due to the heat transfer across a finite temperature difference 

[66]. However, the mixture, from the mixing of the two gases from turbine outlets plays the 

most significant role in the net exergy destruction of the proposed power plant, contributing 

to over 37% of the same. 

A significantly high exergetic efficiency can be observed in the combustion chamber due to 

oxyfuel combustion and also the assumptions of no heat losses. The CO2 separation unit in 

the form of the water separator and corresponding CO2 compression contributes to a 

significant fraction of the total exergy losses, accounting for over 8% of the total destrEx .  

Therefore, as can be observed from the exergy analysis of each of the component of the 

OXY-CC-CL a better integration of the entire power plant through design optimization would 

lead to a considerable decrease in exergy losses.  

Table 8. Exergy balance in OXY-CC-CL break-down by component 

Type Component  Exin,i(MW)  Exout,i(MW) Exdest,(MW) 
Component 

ηII (%) 

Exdestr 

% of 

Total  

Physical process 

FPH-1 2043.98 2031.8 22.47 99.404 1.33 

TURBEXP 1082.35 1078.34 12.18 99.629 0.438 

FPH-2 2138.06 2089.36 4.01 97.722 5.314 

CMP-1 976.05 975.76 48.7 99.97 0.031 

RECCOM

P-1 
323.83 303.55 0.29 93.735 2.214 

GT1-1 1007.57 932.69 63.05 92.569 8.17 



   

 

   

 

GT1-2 859.54 848.36 74.87 98.699 1.221 

HRSG-2 292.64 254.88 36.59 87.098 4.12 

COMP-2 222.67 221.8 37.76 99.612 0.094 

RECCOM

P-2 
125.54 95.38 0.86 75.971 3.292 

GT2 319.38 287.27 3.17 89.945 3.504 

HRSG-1  628.37 547.73 343.82 87.166 8.801 

ST-COND 25.78 9.63 80.65 37.373 1.762 

ST-PUMP 12.9 12.6 16.14 97.698 0.032 

COND-3  351.95 301.19 0.3 85.579 5.539 

COMPSEQ  73.87 46.87 50.76 63.447 2.947 

Physical and 

Chemical 

Processes 

ASU 63.19 40.73   64.447 2.452 

RED & 

COMB-1 
2653.46 2590.42 20.29 97.624 6.88 

OXI 561.58 524.99 11.18 93.484 3.993 

COMB-2 322.55 319.38 30.17 99.018 0.346 

Mixture 960.75 616.93 32.11 64.213 37.52 

  Total 1069.55 501.65 27 7 100 

 

 Effect of key operating parameters 

The impact of key process variables, viz., temperature, pressure, system size, etc. on the 

process performance characteristics of the OXY-CC-CL process was systematically 

examined through a comprehensive series of simulations using the proposed power plant 

integration scheme. The variation of the outputs from the gas turbines, the steam turbine, the 

net power output and the system efficiency have primarily been analysed. Results of these 

analyses are presented in this section from Figure 5 through Figure 8.   



   

 

   

 

 

Figure 5. Impact of the variation of a) pressure of the CL unit and b) molar flow rate of 

Cerium Oxide (CeO2 ) at a constant natural gas flow and on the power generating 

components, the net power produced and the efficiency of the OXY-CC-CL power plant. 

Figure 5(a) represents the effect of operating pressure of the CL unit on the defined 

parameters. A minimal rise in the net power output from the entire plant is observed with 

increase of pressure in the CL unit. While there is a proportional increase and decrease of the 

power output from GT1-1 and GT1-2 respectively, due to varying pressure ratios, the power 

outputs from the steam turbine and that of WGT2 remains constant. However, at a pressure of 

1 bar, the compression ratio of the produced syngas from the CL unit for power generation is 

the highest, 22, leading to the efficiency recorded as lower than 50%. Indeed, with a rise in 

the operating pressure of the CL unit, the compressor work for syngas compression decreases 

considerably. However, beyond 5 bars, the conversion of methane in the reduction reactor 

drops, together with a slight decrease in compression ratio of syngas and a low power output 

from the turbo-expander. These factors combined lead to a drop in the efficiency of the power 

plant beyond 5 bars to around 50.5% at 15 bars operation pressure of the CL unit.  

The performance study of the system with respect to the variation of the circulating metal 

oxide indicated similar trends in efficiency of the plant. At lower CeO2 flowrates in the CL 

unit, the combustion in the COMB-1 is with natural gas, since no partial oxidation takes place 

in the reduction reactor (RED). All other parameters remaining constant, this results in a 

power output similar to traditional OXY-CC, and hence a corresponding low efficiency. 

However, with higher CeO2 flow in the CL unit, the production of syngas in the OXI and 

subsequent power production through exhaust gas recycling increases not only the efficiency, 



   

 

   

 

but also the net power output of the system. However, with higher CeO2 flow rates, and 

therefore, with correspondingly higher fraction of exhaust being sent to the OXI, the net yield 

from WGT1-2 decreases, with no net increase in the efficiency. This leads to a drop in 

efficiency at very high CeO2 flow rates (5 times the CH4/CeO2 stoichiometry for metal oxide 

reduction) to as low as 46%. Interestingly, the highest efficiency, around 51% occurs at a 

CH4/CeO2 stoichiometric ratio of around 0.8.  

The variation of fraction of exhaust gas (mixture of CO2 and H2O) from the WGT1-1 to the 

oxidation reactor (OXI) for syngas production through splitting was investigated. It was 

observed that a peak system efficiency of 50.7% occurs at a split fraction of 0.1. At lower 

split fractions, the net utilization of the circulating CeO2 is low, thereby producing low 

syngas for power production in WGT2. However, a higher split fraction, even though 

increases the power generated from WGT2, lowers the power output from WGT1-2 

nonetheless, while simultaneously increasing the auxiliary power consumption of COMP-2. 

This results in the net efficiency to be lowered to around 48.5% with 25% recycling of 

exhaust gas to the oxidation reactor as seen in Figure 6(a). 

 

Figure 6. Impact of the variation of a) fraction of the exhaust gas from GT1-1 recirculated 

into the oxidation reactor (OXI) of the CL unit for production of syngas and b) temperature of 

the CeO2 at the inlet of the reduction reactor (RED) of the CL unit at constant natural gas 

flow on the power generating components, the net power produced and the efficiency of the 

OXY-CC-CL power plant. 

 



   

 

   

 

The temperature of the CeO2 (oxygen carrier) inlet to the reduction reactor (Toc) has a 

significant impact on the system efficiency as shown in Figure 6 (b). An optimal value of 

about 50.7% is reached at a temperature of around 1375oC. This is directly related to the fact 

that the endothermicity of the reaction needs to be maintained through variation of the 

recycled CO2 in the combustor (COMB-1). This is due to the fact, that with higher oxygen 

carrier temperature, the endothermicity of the reaction (equation (3)) drops, requiring more 

carbon dioxide to be recycled to the combustor to maintain the TIT to its desired level. 

Consequently, an increase in the GT1-1 output power is noticed, however, beyond 1375oC, a 

steep drop in the system efficiency is observed. Due to an increased reaction endothermicity, 

the system performance is adversely affected, both with respect to the power produced and 

auxiliary consumptions. Therefore, an efficiency, as low as around 47.5% is obtained at a Toc 

of 1500oC.  

The variation of the Turbine inlet pressure of the Gas turbines was also studied.  Commercial 

scale stationary gas turbines are usually limited to a working pressure ratio of 18:1 [67]. 

Considering an operation pressure of the CL unit of 2 bars, the inlet pressure of GT1-1 was 

varied between 15 bars and 30 bars. As can be seen from Figure 7(a), the inlet pressure 

primarily increases the power output from GT1-1, and therefore, the net system power output, 

and the efficiency. However, it correspondingly also increases the compression ratio of 

COMP-1, lowering the net benefit of increased power output to some extent. At a turbine 

inlet pressure of GT1-1 of 30 bars (pressure ratio 15) an efficiency of 51.2% was obtained.  



   

 

   

 

 

Figure 7. Impact of the variation of a) GT1-1 inlet pressure and b) Turbine Inlet Temperature 

(TIT) for both the turbines (GT1-1 and GT2) at constant natural gas flow on the power 

generating components, the net power produced and the efficiency of the OXY-CC-CL 

power plant. 

Turbine Inlet Temperature (TIT) of the gas turbines critically impacts the system efficiency. 

All the gas turbines have been assumed to be kept at the same TIT. A lower TIT results in a 

lower efficiency, more specifically, around 48.5% at 1250K, which is subsequently improved 

to around 51% for a TIT of 1750K as shown in Figure 7(b). Hence, the efficiency of the 

OXY-CC-CL unit, proposed for operation at 1650K TIT, can be increased further. Interesting 

to note, that even if the absolute power output from the individual turbines, besides the steam 

turbine, decreases, the net power output and the efficiency increases. This can be explained 

by the fact, with a higher TIT the CO2 recycled into the combustion chambers (COMB-1 and 

COMB-2) decreases, thereby considerably improving the overall power output from the 

system. However, at temperatures beyond 1750K, the power output from the all the gas 

turbines (GT1-1, GT1-2 and GT2) decreases, with subsequently lower gain from decreased 

CO2 compression. This results in a drop of efficiency to about 50.75% at a TIT of 1850K. 



   

 

   

 

 

Figure 8. Impact of the variation of natural gas flow rate on the system capacity (net power 

produced) and the efficiency of the OXY-CC-CL power plant  

Finally, the impact of scale on the system efficiency is depicted in Figure 8. For a 500MW 

power plant, the efficiency obtained was 50.7% corresponding to a natural gas flow rate of 

73.75 tonnes per hour. Indeed, the impact of the scale was obtained to be limited towards the 

net system efficiency till around 10 MW. As can be seen, the efficiency of the system above 

10 MW is constant around 50.7%. However, below such size, the efficiency drops 

significantly to about 46% for a size of 1MW, limiting downsizing of such systems beyond 

certain limits as shown in Figure 8.  

 Comparative Performance Evaluation of State of the Art NGCC, Oxyfuel NGCC 

with Carbon Capture and OXY-CC-CL unit. 

 Thermodynamic Performance  

The performance of the NGCC, OXY-CC and OXY-CC-CL plants are compared on the basis 

of net electrical efficiency and CO2 emissions for thermodynamic evaluation. Detailed 

simulation results for both cases are summarised in Table 9. The base case, without any CO2 

capture, emits 178.65 t/h of CO2. In contrast, both the OXY-CC and the OXY-CC-CL with 

CO2 capture does not emit any significant quantity of CO2, leading to near 100% capture of 

CO2. As per the developed ASPEN plus model, the non-optimized base case NGCC has an 

efficiency of 54.65%, agreeable to efficiencies of state of the art NGCC, as available in the 



   

 

   

 

literature [29,68]. However, this considerably drops due to the addition of the ASU and CO2 

sequestration compressor for the OXY-CC power plant, which has a much lower efficiency 

of 43.25%. Therefore, an efficiency penalty of more than 11 percentage points can be seen. 

Indeed, as predicted with the above analysis, the novel OXY-CC-CL unit, with an efficiency 

of 50.7% was able to improve the efficiency of the power plant by around 7.5 percent points 

due to internal recycling of a part of the exhaust gases that can be termed as CO2 recycling.  

This also decreases the corresponding total parasitic load of the power plant due to a relative 

increase in the net work output from the proposed unit.  

Table 9. Plant performance indicators for State of the Art NGCC, oxy-fuel NGCC, and the 

oxyfuel NGCC with CL unit (OXY-CC-CL) processes obtained by Aspen plus simulations 

Plant data Units NGCC OXY-CC  OXY-CC-CL 

Fuel Energy Input, LHV (A) MWth 910.764 1155.267 990.708 

Net GT Output MWe 693.332 570.372 484.233 

ST Output MWe 160.400 259.042 255.937 

Gross Electric Power Output (B) MWe 853.732 829.414 750.206 

ASU Consumption + O2 compression MWe 
 

113.507 63.383 

CO2 Capture and Compression MWe 
 

26.523 19.222 

Power Cycle Pumps MWe 1.880 3.067 3.287 

Air/ Recycled CO2 Compression MWe 351.759 186.664 142.879 

Syngas Compressors MWe 
  

17.188 

Total Parasitic Power Consumption (C) MWe 353.639 329.762 245.959 

Net Electrical Power Output (D=B-C) MWe 500.093 499.652 504.247 

Gross Electrical Efficiency (B/A*100) % 93.74% 71.79% 75.72% 

Net Electrical Efficiency (D/A*100) % 54.91% 43.25% 50.70% 

CO2 Capture Efficiency % 
 

100% 100% 

CO2 Emissions t/h 178.658 
  

CO2 specific Emissions t/MWh 0.505 
  

Figure 9 shows the relation between power produced and consumed in different units for 

three cases studied. The net power output from the three cases was kept constant to develop a 

comparative evaluation. The net thermal energy input from the natural gas, is, however, 

different in the three different cases resulting in the variation of the net energy efficiency 



   

 

   

 

from the three units. In the base case NGCC, the overall heat is completely produced in a 

single combustion chamber, whereby, the natural gas is combusted with an excess of air in 

the combustion chamber, the exhaust gases of which being first fed into the gas turbine for 

electricity generation and then in HRSG for heat recovery. Similar to this, OXY-CC also 

combusts the natural gas in a single step, however, with 5% excess of oxygen and recycled 

CO2, reducing the power output by 77 MW. Unlike to the previous two cases, a mixture of 

CO, H2 and CH4 is burned in 5% excess oxygen and over 90% recycled CO2, lowering further 

the net power output from the gas turbine. Indeed, for the OXY-CC-CL, the net power output 

from the gas turbines include two-step expansion, one from 26 bars to 2 bars and 

subsequently up to 1.04 bar after exhaust gas separation for splitting, together with the gas 

turbine output from the split exhaust gas containing syngas. This lowers the contribution from 

the gas turbine, however, increasing the contribution from the steam cycle, comparable to that 

of OXY-CC unit. Nevertheless, the gross power of the OXY-CC-CL unit is significantly 

lower by around 100 MW from the base NGCC and 80 MW from the OXY-CC power plant. 

However, interestingly, the parasitic load of the proposed OXY-CC-CL unit decreases by 

more than 105 MW and 85 MW respectively than base NGCC and OXY-CC unit, thereby 

showing better energetic performance than the traditional OXY-CC system.  

 

Figure 9. Comparison between GT, ST, gross, parasitic and net power output for base NGCC, 

OXY-CC and OXY-CC-CL 

Table 10 depicts the comparative energy and efficiency penalty associated with CO2 capture 

between the reference base case NGCC, OXY-CC and the proposed novel OXY-CC-CL unit. 

As can be seen from Table 10, the relative decrease in net electrical efficiency from the 
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NGCC and the OXY-CC and the OXY-CC-CL units is around 11.4% and 4% respectively. 

Therefore the proposed new system performs better than Oxyfuel-CC with carbon capture as 

reported in the CAESER project [49]. The CO2 captured per MWh of energy expended in the  

OXY-CC-CL (11.34 t/MWh) is therefore significantly higher than the corresponding energy 

expended for CO2 capture in the OXY-CC process (4.35 t/MWh). These results suggest that 

OXY-CC-CL unit is a more favourable option from the energetic point of view (without 

economic considerations) to capture CO2 from NGCC power plants compared to simple 

Oxyfuel unit. Indeed, a much lower relative decrease, by about 14 percentage points, with 

respect to the base case NGCC makes the proposed technology highly interesting for future 

NGCC power plants with CCS, especially while striving for higher efficiencies. However, the 

OXY-CC power plant is a practically proven and commercially available technology, while 

the OXY-CC-CL unit requires considerable further research and optimization to be available 

for commercial use.  

Table 10. CO2 Captured per unit energy and efficiency penalty with reference to conventional 

Oxyfuel NG Power Plant 

Plant data Units NGCC 
Oxyfuel-CC 

with CCS 

OXY-CC-

CL with 

CCS 

Energy Penalty (A) MW 
 

57.635 18.453 

CO2 Captured (B) t/h 
 

251.014 209.3 

CO2 captured per MW decrease in energy 

Production than Base Case NGCC 

(C=B/A) 

t/MWh 
 

4.3553 11.3422 

Net Electrical Efficiency (D) % 54.91% 43.25% 50.7% 

Net Electrical Efficiency Penalty 

Compared to Base Case NGCC, E=(54.65-

D) 

% 
 

11.52% 3.69% 

Relative Decrease in Net Electrical 

Efficiency Compared to Base NGCC 

F=E*100/54.65 

% 
 

21.089% 6.752% 

CO2 Captured per unit decrease in net t 
 

21.780 56.721 



   

 

   

 

electrical efficiency from Base Case 
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 Economic Analysis  

 Capital Cost and Operational Expenses 

As developed from the process simulations, it can be easily concluded that the OXY-CC-CL 

unit has a clear technical edge over conventional and advanced NGCC system with and 

without carbon capture. However, for integration purposes, the OXY-CC-CL unit needs 

considerable new system additions including solid handling units, reactors for reduction and 

oxidation, an additional combustion chamber among others. This would incur additional 

capital investments. Therefore, an economic analysis was performed to find the economic 

feasibility of the proposed OXY-CC-CL systems and is presented in detail in this section.  

Table 11. Capital Cost Breakdown of the proposed OXY-CC-CL unit 

Plant Component  Values (million $)  
% 

Contribution  

Primary Gas turbine, generator and auxiliaries  76.09 6.20% 

Primary Low-Pressure Gas turbine, generator and 

auxiliaries  
14.79 1.20% 

Secondary Gas turbine, generator and auxiliaries  25.1 2.05% 

HRSG, ducting and stack 21.39 1.74% 

Steam turbine, generator and auxiliaries, 49.76 4.05% 

Cooling Water System and Balance of Plant 63.26 5.15% 

CO2 Compressor and Condenser - Compressor 1 16.27 1.33% 

Chemical Looping, Combustor and Oxy Reactor 48.72 3.97% 

Turbo Expander 2.93 0.24% 

Other Heat Exchangers 1.73 0.14% 

Total Equipment Costs (TEC) 320.04 26.07% 

Cost of Metal Loading 0.01 0.00% 

Total Installation Costs 309.1 25.18% 

Total Direct Plant Cost (TDPC) 624.48 50.87% 



   

 

   

 

Indirect Costs  87.43 7.12% 

Engineering Procurement and Construction Costs 

(EPC) 
711.91 57.99% 

Owner’s Costs 8.74 0.71% 

Contingencies   71.19 5.80% 

ASU (Complete CAPEX as an add-on unit) 435.7 35.49% 

Total Project Costs (TPC) 1,227.55 100.00% 

 

Table 11 represents the cost breakdown of the proposed OXY-CC-CL unit. The ASU was 

assumed as an add-on unit, with a CAPEX of $435.70 million, contributing to about 35.5% of 

the entire plant cost. The net project CAPEX was obtained at around $1227 million, which 

amounts to around 2455 $/kW, a relatively high cost than the present day NGCC power 

plants without carbon capture, with overnight capital costs reported as 978 $/kW [69]. On the 

other hand, the capital costs become comparable to advanced NGCC with carbon capture, 

quoted around 2050 $/kW as per the 2016 study by the US Department of Energy [70]. 

In addition, the operational expenses were calculated based on the assumptions mentioned in 

the earlier section. The net fixed OPEX was obtained as $62.58 million, while the variable 

cost was calculated as 50.15 $/MWh of gross power generation. Hence a net annual operating 

cost of $347.1 million was calculated to run the proposed 500 MW OXY-CC-CL unit.  

 LCOE and LCOA Calculations  

LCOE calculations were hence developed based on equation (22) with assumptions listed in 

Table 5 to perform a comparative evaluation of the system economic performance. As 

mentioned, no carbon tax was assumed. Correspondingly an LCOE of 128.01 $/MWh was 

obtained. However, as depicted in Figure 10, with a carbon credit of 6 $/tonne CO2, the 

LCOE would drop to comparable prices of the average wholesale electricity market prices 

[71]. Therefore, the importance of Carbon Credits for such systems to be economically 

competitive is most crucial.  



   

 

   

 

 

Figure 10. Impact of Carbon Tax on the Levelized Cost of Electricity of the proposed OXY-

CC-CL unit 

Additionally, levelized cost of CO2 savings (LCOA) was calculated to obtain the economic 

performance of carbon capture. Indeed, as can be seen in Figure 11, the levelized cost of 

carbon capture for the proposed OXY-CC compares well to those of already available 

technologies. Indeed, with an LCOA of 96.25 $/tonne of CO2, the cost is lower than that of 

the oxyfuel power plant with carbon capture, reported as 104 $/tonne of CO2 by Khorshidi et 

al., 2012 [72]. A higher efficiency, lowering the need for fuel consumption for similar power 

production is a considerable benefit. As for post-combustion capture, the value is on the 

higher side, being needed to be integrated for a new and much complicated power plant, 

increasing the costs. Also for the OXY-CC power plant, a LCOA of 104 $/tonne CO2 

captured was reported by the study by Rubin et al 2015 [73], higher than that of the OXY-

CC-CL unit proposed.   
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Figure 11. Comparative Evaluation of the Levelized Cost of Carbon Capture between OXY-

CC-CL and post-combustion capture at new NGCC power plants  

 Pinch Analysis 

The optimization for the proposed OXY-CC-CL plant concept with CCS was performed 

through heat and power integration analysis (via pinch technique), often used for 

maximization of power generation [74,75]. A conservative value of 10
o
C was assumed for 

the minimum approach temperature, necessary for the pinch assessment [75]. As assumed in 

the methodology, a simple steam cycle was modelled with the primary aim to obtain the 

relative efficiency gain from integrating the CL unit to a conventional oxyfuel power plant 

with CCS. A self-sustained system with regards to thermal integration was obtained. 

Furthermore, as illustrated from the Hot and Cold Composite curve in Figure 12, a strong 

potential for system optimization to improve the efficiency further was identified through 

production of steam for power generation.  
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Figure 12. Pinch Analysis of the proposed OXY-CC-CL unit. 

About 350 MW thermal of high-temperature heat can be seen to be available for optimized 

use. Assuming a conservative system efficiency of 30% for electricity generation via steam 

an additional 105 MW of electricity can be generated by the proposed layout. This would 

increase the system efficiency to 61.4%, comparable to the state of the art base case NGCC 

without CCS.   

 Environmental Evaluations 

 Water Footprint Analysis 

Following the methodology presented in the earlier section, a detailed water demand was 

calculated for the proposed OXY-CC-CL system. The net specific water footprint was 

calculated to be 1.893 litres/kWh and more detailed results for water need analysis is 

summarized in Table 12. As can be seen from Figure 13, the net specific water need of the 

proposed OXY-CC-CL system is comparable to existing commercial power plant 

technologies [76]. However, compared to NGCC, the increase of water need is almost 2.5 

times. Considering water sustainability, hence the proposed system lags behind and system 

optimization focusing on lowering the specific water requirement hence are necessary.  



   

 

   

 

Table 12. Summary of Water footprint analysis of the OXY-CC-CL unit. 

Description  Unit Values 

LHV of NG MJ/kg 48.3 

Flow of NG tonne/hr 73.75 

Plant Capacity MW 500.69 

Heat Rate (HR) kJ/kWh 7114.432 

Electricity produced kJ/kWh 3600 

Other Heat Losses kJ/kWh 355.722 

Net Energy Out (B) kJ/kWh 3955.722 

Water needed for cooling using tower cooling (A) litre/kJ 0.001 

Specific Cooling Water Requirement litre/kWh 1.589 

Plant Capacity Factor 
 

85% 

Net Energy Generated  MWh 3,728,137.74 

Total Cooling Water Requirement m3 5,923,382.20 

Process Water (gross) litre/kWh  0.2 

Gross Plant Capacity MW 761.74 

Gross Energy Generated  MWh 5,671,916.04 

Excess Water need for Chemical Looping  litre 0 

Total Process Water Requirement m3 1,134,383.21 

Total Water Footprint m3 7,057,765.41 

Net Specific Water Footprint litre/kWh 1.893 

 



   

 

   

 

 

Figure 13. Comparison of specific water need of power production of the proposed OXY-CC-

CL and commercial technologies with cooling tower based cooling  

 Land Footprint Analysis 

Comparative Land Footprint Analysis, as presented in Table 13, clearly indicates the larger 

area needed for similar power production from the three units. The proposed OXY-CC-CL 

unit, comprising of ASU, CL units and additional metal handling units, with a higher number 

of turbines, would require a much higher land area. Indeed, it would need as much as 2.5 

times the land area than a simple NGCC power plant without carbon capture. The CO2 drying 

and compression unit accounts for largest share of the increased area, followed by the 

chemical looping unit, accounting for about 15% of the total land area needed for the 

proposed power plant. The ASU, on the other hand, takes up around 7% of the total land area, 

is considered as a separate unit to the NGCC, connected through pipelines supplying oxygen 

for combustion.   

Table 13. Comparative Land Area Requirement in m2 for NGCC, OXY-CC and OXY-CC-

CL unit for a net power output of 500MW 

Component NGCC  
OXY-

CC  
OXY-CC-CL 

NGCC (Combustion Turbine) 1689.078 1689.078 1689.078 

ASU 
 

323.13 286.087 

CO2 Drying and Compression 
 

1288.038 1288.038 
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Chemical Looping Unit - Included 

as Boiler Units   
582.254 

Solids Handling Units - Included as 

equivalent to Coal Handling Plants   
210.854 

Net Spatial Footprint  1689.078 3300.246 4056.311 

 

Conclusions 

Thermochemical looping of ceria for splitting CO2/H2O in a methane driven redox cycle 

producing syngas is integrated with oxyfuel-combustion natural gas combined cycle (OXY-

CC-CL). Except the chemical looping CO2/H2O dissociation unit (consisting of two 

interconnected reactors), which is still under technological development, the remaining 

process design comprises already existing industrial components. The resulting improvement 

in the system efficiency, even with carbon capture and storage is observed. A system design 

and simulation were performed in ASPEN Plus to evaluate the thermodynamic performance 

of the proposed system. An energetic efficiency of 50.7% and an exergetic efficiency of 

47.4% was obtained. Sensitivity analysis with different operating parameters of the system 

showed scopes for improvement, however, subject to development of corresponding 

technologies. Comparison with natural gas oxyfuel power plant with carbon capture (OXY-

CC) revealed a net efficiency gain of around 7.5 percentage points even with 100% CCS, 

making this technology promising for subsequent applications in future. An economic 

analysis was further performed and compared with the existing technologies for power 

production. Even though the specific overnight capital cost was high, at 2455$/kW, the 

levelized cost of CO2 savings was obtained as 96.25 $/tonneCO2, well within limits of 

commercial technologies. An LCOE of 128.01 $/MWh was calculated without carbon tax, 

which however, would drop to the rates of existing wholesale electricity prices with a carbon 

tax of around 6 $/tonneCO2.  However, as per the pinch analysis performed, with better heat 

integration, the system efficiency can be improved to almost 56%, resulting in much 

improved performance of the proposed system. In comparison to NGCC without carbon 

capture, both the water and land footprints for the proposed technology was obtained to be 

more than 2.5 times higher for the same scale.  
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