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Abstract 

Calcium looping combustion (CaLC), which comprises an indirectly-heated calciner, is 

characterised with lower energy intensity and economic penalties compared to that of 

mature CO2 capture technologies. As CaLC is a standalone power boiler, integration 

of advanced power cycles can lead to further improvement in net efficiency and 

reduction in the cost of electricity. Therefore, this study aimed to propose routes for 

the integration of the supercritical CO2 cycle (sCO2) with CaLC and to evaluate their 

benefits with respect to the conventional steam cycle. Such processes were modelled 

in Aspen PlusTM. Moreover, the effect of the operating conditions on the techno-

economic performance of the considered cases was evaluated. This study has shown 

that implementation of the optimised recompression sCO2 cycle with a clean gas 

cooler resulted in the net efficiency and break-even price of electricity of 37.3%HHV and 

75.13 €/MWh, respectively. These are 0.7%HHV points lower and 26% higher, 

respectively, than that of the conventional coal-fired power plant without CO2 capture. 

Such performance, however, is superior to retrofits of coal-fired power plants with 

mature CO2 capture technologies as well as CaLC with a conventional steam cycle, 

proving the benefits of linking CaLC with advanced power cycles. 
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1 Introduction  

The Intergovernmental Panel on Climate Change [1] reported that if the current rate 

of the global mean temperature increase persists, it is highly probable that it will 

exceed the pre-industrial level by more than 1.5°C between 2030–2050. Such an 

increase is associated with global warming caused by greenhouse gas (GHG) 

emissions, primarily CO2. Combustion of coal for heat and electricity production was 

associated with 44.1% of global CO2 emission in 2016 [2]. Currently, the electricity 

production in coal-fired power plants meets about 38% of global electricity demand [2], 

and is responsible for 30% of global CO2 emissions [3]. Such a high global share of 

coal is driven primarily by the investments in China and India [4]. Importantly, a 

significant fraction of the current coal-fired power plant capacity (~75%) [5] is based 

on inefficient subcritical units that operate with main steam pressure and temperature 

below 221 bar and 565°C, respectively, and achieve net efficiencies of about 33% [6]. 

Therefore, the power sector is a significant contributor to global CO2 emissions [7]. As 

a result, all the scenarios investigated by van Vuuren et al. [8] reflected a significant 

deployment of carbon capture and storage (CCS) for decarbonisation of coal-fired 

power plants, especially in the projected primary energy mix at the start of the next 

century.  

Amine scrubbing is currently considered as the mature technology for CO2 capture, 

with the technology readiness level (TRL) of 9 [9]. According to Mantripragada et al. 

[10], integrating this technology in a supercritical coal-fired power plant in a similar way 

as in Boundary Dam would cause a net efficiency penalty of 10.2% points. A 

continuous development of amine scrubbing, which focuses on the development of 

new process-intensified equipment [11] or more efficient solvents [12,13], and of 

emerging CO2 capture technologies, such as calcium looping (CaL) [14], which is 

currently at TRL 6 [9], has significantly decreased the efficiency penalties and CO2

avoided costs.  

CaL is considered as an emerging technology that has been demonstrated 

experimentally at a scale below 2 MWth [15,16]. Its performance has been mainly 

evaluated at the process level using thermodynamic and process models, and at the 

reactor level using the computational fluid dynamic models. This is because the use 

of process simulation and modelling tools enables cost-effective design, assessment 
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and optimisation of CO2 capture technologies, such as CaL, and of their integration 

with power plants [17]. Two main approaches have been used to assess the 

integration of CaL with power plants. The first approach relies on soft-linking of CaL 

and power plant models, which are developed in separate software and converged in 

an iterative process. Berstad et al. [18] assessed retrofit of CaL to a natural gas 

combined cycle (NGCC) power plant, the latter of which was modelled in Aspen 

Hysys®. The performance of CaL was characterised using a thermodynamic model, 

which considered heat and mass balances, developed in MS Excel. This model also 

used a semi-empirical correlation for sorbent deactivation derived by Rodríguez et al. 

[19] to estimate the average sorbent conversion in the carbonator. This work indicated 

that retrofit of CaL to NGCC will result in the net efficiency penalty of  6.8–8.4%LHV. 

Cormos [20] assessed retrofit of CaL to a coal-fired power plant (CFPP), the latter of 

which was modelled in Thermoflex®. The performance of CaL was estimated using a 

process model developed in ChemCAD®. This model assumed that the carbonator 

and calciner operate under chemical equilibrium conditions that were determined 

using the Gibbs free energy minimisation approach. This work revealed that CaL 

retrofit to subcritical CFPP, supercritical CFPP and integrated gasification combined 

cycle power plant will result in the net efficiency penalty of 5.3%LHV, 7.4%LHV, and 

10.1%LHV, respectively.  Moreover, the cost of CO2 avoided was estimated to be 28.2 

€/tCO2, 31.3 €/tCO2 and 31 €/tCO2, respectively. The second approach relies on hard-

linking of CaL and power plant models, which are developed in a common simulation 

environment. Hanak et al. [21,22] developed the process model of integrated 

supercritical CFPP and CaL in Aspen Plus®. This model used the same approach to 

characterise sorbent performance as the study by Berstad et al. [18]. This study 

showed that CaL retrofit to a supercritical CFPP will result in the net efficiency penalty 

of 7.9%HHV and the cost of CO2 avoided of 41.6–57.3 €/tCO2. Erans et al. [23] 

developed the process model for NGCC and integrated it with the process model for 

CaL developed by Hanak et al. [21] in Aspen Plus®. This work revealed that retrofit of 

CaL to NGCC will lead to the net efficiency penalty of 8.6–12%LHV and the cost of CO2

avoided of 29.3 €/tCO2. Rolfe et al. [24,25] developed the process model for the 

integrated supercritical CFPP and CaL in the in-house ECLIPSE Process Simulator 

[26]. Their work estimated that the cost of CO2 avoided for CaL is 20–22.3 €/tCO2, at 

net efficiency penalty of 7–7.4%LHV points.  



4 

It is important to emphasise that in CaL the net efficiency penalty is primarily caused 

by the energy requirement in the air separation unit (ASU) that provides high-purity O2

for sorbent regeneration in the calciner under oxy-combustion conditions. To alleviate 

the need for the energy-intensive ASU, Hanak and Manovic [27] considered an 

indirectly heated calciner in the standalone technology called calcium looping 

combustion (CaLC). This process, which was modelled in Aspen Plus®, uses an 

external coal-fired combustion chamber to provide heat to sustain the calcination 

reaction. The CaLC-based power plant without the CO2 compression train (CCT) was 

shown to have a net efficiency comparable to that of conventional coal-fired power 

plants and to produce high-purity CO2. Considering the energy requirement of CCT, a 

net efficiency of the CaLC-based power plant was 2.4%HHV points below that of a 

conventional power plant.  

Improvement of the techno-economic performance of both conventional and CaLC-

based power plants can be achieved by the implementation of advanced closed 

Brayton cycles (CBCs) that have currently been developed for solar and nuclear power 

plants [28–30]. This is because the CBCs, with working media such as CO2, He or Xe, 

are characterised by relatively low investment costs and similar, or even higher, 

thermal efficiencies compared to supercritical and ultra-supercritical steam cycles [31]. 

The work by Michalski et al. [32], which was performed in Aspen Plus®,  has proven 

that the sCO2 cycle resulted in the best techno-economic performance of the CaLC-

based power plant among considered working media in CBC (CO2, He, Xe, N2). The 

study by Dostal et al. [33], which represented power cycles using FORTRAN, has 

confirmed that the capital cost of the sCO2 cycle is 24% lower than that of the steam 

cycle. Le Moullec [34] has demonstrated that a coal-fired power plant with a sCO2

cycle, which was modelled in Aspen Plus®, can achieve a net efficiency of 50.3%LHV  

at the turbine inlet temperature of 620°C and the compressor outlet pressure of 300 

bar. This was shown to be 4.8% points higher than the net efficiency of the 

corresponding coal-fired power plant with the conventional steam cycle (45.5%). As a 

result, the retrofit of amine scrubbing to the coal-power plant with the sCO2 cycle 

resulted in the efficiency penalty of only 1% point with the increase in the levelised 

cost of electricity of 22%. Furthermore, Hanak and Manovic [35] has shown that the 

replacement of the conventional steam cycle with the recompression sCO2 cycle, 

which was modelled in Aspen Plus®, can reduce the efficiency penalty of CaL from 
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7.9%HHV points to 5.8%HHV points. Wei et al. [36] has shown that use of the simple 

sCO2 cycle in place of the conventional steam cycle in the oxy-combustion coal-fired 

power plant, which was modelled in Aspen Plus®, can reduce the efficiency penalty 

from 10.3%HHV points to 8.3%HHV points, and reduce the levelised cost of electricity by 

up to 4%. In this vein, Marchionni et al. [28] has considered different layouts of the 

sCO2 cycle using CycleTempo. Their study demonstrated that the capital cost of the 

simple sCO2 cycle is 26.6% lower than that for the recompression sCO2. However, its 

net efficiency is approximately 1.5% points lower than that for the recompression sCO2

cycle.  

Deployment of novel low-CO2-emission combustion systems integrated with advanced 

power cycles is expected to contribute toward decarbonisation of the power sector, 

ensuring a secure supply of energy at an affordable cost. Considering the trade-off 

between net efficiency and capital cost, the layout of the sCO2 cycle needs to be 

selected to maximise the techno-economic performance of the entire system. Although 

the sCO2 cycle has been shown to be most efficient among other CBCs for CaLC, the 

impact of its layout on the techno-economic performance has not been assessed. 

Therefore, the primary focus of this study is to propose and compare strategies to 

integrate the sCO2 cycle with CaLC that maximises the net efficiency and minimises 

the break-even price of electricity of the CaLC–based power plant. The capital costs 

of the considered cases are estimated using a bottom-up approach and economic 

performance is evaluated using the net present value (NPV) method. Furthermore, the 

influence of the key thermodynamic parameters on the techno-economic performance 

is assessed in a parametric study to establish the optimum operating conditions. 

Finally, the techno-economic performance of the considered CaLC-based power 

plants with sCO2 cycle is benchmarked with a CaLC-based power plant with 

conventional steam cycle and a conventional coal-fired power plant without CO2

capture.  

2 METHODS 

2.1 Process description and modelling 

The concepts of the CaLC-based power plant developed in this work comprise three 

main subsystems that were modelled in Aspen Plus®:  

 the CaLC for low-carbon thermochemical conversion of chemical energy in the 
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solid fuel to thermal energy; 

 CCT for compression and conditioning of CO2 prior to its transportation and 

storage; and  

 the power cycle for the conversion of thermal energy to electrical energy.  

The CaLC and CCT subsystems were modelled using the Peng-Robinson Mathias-

Boston equation of state. The sCO2 cycle was modelled using the Lee-Kesler-Plöcker 

equation-of-state to accurately account for nonlinear behaviour of CO2 under 

supercritical conditions.  

The process model for the CaLC subsystem has been developed by Hanak and 

Manovic [27], based on the CaL model that was validated with the experimental data 

from 1.7 MWth la Pereda pilot plant [21,37]. The heat required to sustain the calcination 

process in CaLC is provided indirectly from an external coal-fired combustor. Both the 

calciner and the combustor were modelled as Gibbs reactors (RGibbs), while the 

carbonator was modelled as a stoichiometric reactor (RStoic). The sorbent circulation 

rate was determined to achieve the overall CO2 capture level of 90%. This parameter 

accounts for CO2 emissions from both the calcination process and combustion. The 

average sorbent conversion was estimated using the semi-empirical correlation 

proposed by Rodríguez et al. [19], and the experimental curve from the la Pereda pilot 

plant to represent sorbent deactivation [37]. The detailed description of CaLC (Figure 

1) was presented by Hanak and Manovic [27]. The concentrated CO2 stream from 

CaLC is then processed and conditioned for transport in the CCT subsystem (Figure 

1). The CO2 stream is compressed in a nine-stage intercooled compressor (MComp) 

and a pump (Pump). Initial operating conditions of the main subsystems are 

summarised in Table 1. The cases of the CaLC-based power plant proposed in this 

study differ in the structures of the sCO2 cycle. The main heat sources available in 

CaLC include flue gas from the coal-fired combustor and clean gas from the 

carbonator, as well as the heat liberated in the exothermal reaction in the carbonator. 

These are integrated in the considered sCO2 cycle structures, the detailed description 

of which is provided in Sections 2.2–2.4. 
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Table 1: Assumptions for a process model of calcium looping combustion and CO2

compression train [27,38]

Subsystem Parameter Value 

Combustor Coal (Illinois No 6) higher heating value (MJ/kg) [39] 27.01

Specific power consumption of coal preparation system 
(MJ/tcoal) 

8.2

Minimum temperature (°C) 1000

O2 concentration in flue gas (%) 3
Pressure drop (mbar) 150

Calciner Calcination extent (-) 0.95
Operating temperature (°C) 900
Pressure drop (mbar) 150
Relative make-up (-) 0.03
Fraction of recycled CO2 (-) 0.2
Specific power consumption of sorbent purge system 
(MJ/tash/sorbent) 

31.2

Carbonator Carbonation extent (-) 0.7
Operating temperature (°C) 650
Pressure drop (mbar) 150
Specific power consumption of sorbent preparation system 
(MJ/tsorbent) 

52.4

Heat exchanger 
network 

Minimum temperature approach of air preheater(°C) 10
Minimum temperature approach of CO2 preheater (°C) 100
Cold-end temperature difference of the carbonator clean gas 
cooler (°C) 

20

Minimum temperature approach of sorbent heat exchangers 
(°C) 

25

CO2

compression 
train 

Polytropic efficiency of compressor stages (%) 77–80
Isentropic efficiency of pump(%) 85
Mechanical efficiency of compressor and pump (%) 99.6
Compressor/pump outlet pressure (MPa) 7.4/11
Outlet temperature of intercoolers(°C) 40
Cold/hot-end temperature difference of intercoolers (°C) 15/30
Cold/hot-end temperature difference of CO2 condenser (°C) 5/30
Overall heat transfer coefficient of intercoolers (W/m2°C) 300

2.1.1 Reference case with a supercritical steam cycle 

The CaLC-based power plant with a supercritical steam cycle (Figure 1), which is 

considered as a reference case in this study, has been described by Hanak and 

Manovic [27]. It assumes that the high-grade heat available in CaLC is utilised to raise 

the steam for the supercritical steam cycle that is characterised with the main and 

reheat steam parameters of 593.3°C/24.2 MPa and 593.3°C/4.9 MPa, respectively. 

The remaining thermodynamic assumptions for the considered steam cycle are 

presented in Table 2. 
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Table 2: Process model assumptions for supercritical steam cycle [27]

Parameter Value

Feedwater heater terminal temperature difference (°C) 10.0 
Feedwater heater minimum temperature approach (°C) 2.8 
Isentropic efficiency of a high-pressure steam turbine (%) 83.8–84.5 
Isentropic efficiency of a high/intermediate/low-pressure steam turbine (%) 88.0 
Isentropic efficiency of a high/intermediate/low-pressure steam turbine (%) 88.0–92.7 
Isentropic efficiency of pumps (%) 80.0 
Electrical efficiency of a generator (%) 98.5 
Mechanical efficiency of steam turbines (%) 99.8 

Figure 1: Process flow diagram of calcium looping combustion with a supercritical 
steam cycle (Reference case) 

2.1.2 Simple supercritical CO2 cycle with clean gas cooler 

The CaLC-based power plant with a simple sCO2 cycle and a clean gas cooler (CGC) 

is presented in Figure 2 (Case 1). The detailed description of this case is available in 

Michalski et al. [38]. The thermodynamic model of the sCO2 cycle was developed by 

Hanak and Manovic [15]. The accuracy of its prediction was validated with 

experimental [40] and simulation [34] data. The main advantage of Case 1 is that it 

maximises the high-grade heat available in the clean gas stream by incorporation of 

CGC. Thermodynamic assumptions for Case 1 are summarised in Table 3. 
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Table 3: Initial process model assumptions for supercritical CO2 cycle and clean gas 
cooler (Case 1) [38]

Parameter Value

Compressor isentropic efficiency (%) 85
Compressor inlet/outlet pressure (MPa) 7.4/20
Compressor inlet temperature (°C) 31.3
Expander isentropic efficiency (%) 93
Expander inlet temperature (°C) 600
Compressor/Expander mechanical efficiency (%) 99
Electric generator efficiency (%) 98.5
Carbonator cooler cold side relative pressure loss (%) 0.5
Clean gas cooler cold-end temperature difference (°C) 20
Clean gas cooler cold-side relative pressure loss (%) 0.3
Flue gas cooler cold-side relative pressure loss (%) 0.2
Low-temperature recuperator cold/hot-end temperature difference (°C)  5/5
High-temperature recuperator cold-end temperature difference (°C) 10
Low-temperature and high-temperature recuperator cold-side relative pressure loss (%) 0.5
Low-temperature and high-temperature recuperator hot-side relative pressure loss (%) 1.0
Low-temperature and high-temperature recuperator overall heat transfer coefficient 
(W/m2°C) [28] 

1700

Cooling water temperature at the cooler outlet (°C) 25
Cooler hot-side relative pressure loss (%) 1.0
Cooler overall heat transfer coefficient (W/m2°C) [28] 2900
Water pump pressure ratio (-) 2.0
Cooling water parameters at the inlet to the water pump (°C/MPa) 20/0.1
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Figure 2. Power plant based on calcium looping combustion with simple supercritical 
CO2 cycle and clean gas cooler (Case 1) 

2.1.3 Recompression supercritical CO2 cycle 

The structure of a recompression sCO2 cycle (Case 2) is presented in Figure 3. The 

main advantage of this structure is that it maximises the thermal efficiency of the sCO2

cycle. Compared to Case 1, Case 2 includes a recompressor, which has an isentropic 

efficiency of 85%, and does not include the CGC. The recompressor is fed with the 

CO2 stream from the splitter located before the cooler. The compressed stream is then 

mixed with the CO2 stream heated in the LTR. It was assumed that the outlet pressure 

of the recompressor is equal to that of the CO2 stream leaving the cold side of the 

LTR. Moreover, the hot-end temperature difference of the LTR was assumed to be 

5°C. The remaining assumptions are the same as in Table 2.  
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Figure 3: Recompression supercritical CO2 cycle (Case 2) 

2.1.4  Recompression supercritical CO2 cycle with clean gas cooler 

The structure presented in Figure 4 (Case 3) combines the benefits of the structures 

presented in Case 1 (maximisation of heat utilisation) and Case 2 (maximisation of the 

thermal efficiency of the sCO2 cycle). Therefore, this structure comprises both the 

recompressor and the CGC. As opposed to Case 1, the CO2 stream heated in the 

CGC is mixed with the CO2 stream leaving the HTR. The split ratio, which is defined 

as the fraction of the CO2 stream leaving the cooler that is directed to the 

recompressor, is adjusted to equalise the temperatures of the mixed CO2 streams. 

The remaining assumptions are the same as in Table 2. 

Figure 4: Recompression supercritical CO2 cycle with clean gas cooler (Case 3) 
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2.2 Techno-economic feasibility assessment framework 

The techno-economic assessment performed in this work utilises the framework that 

has been proposed by Michalski et al. [38]. The net efficiency of the CaLC-based 

power plant, which is defined in Eq. (1), is the key performance indicator for 

thermodynamic feasibility of the considered cases. It depends on the fuel flow rate 

(�̇�), higher heating value (HHV) of fuel, total auxiliary power requirement (∑����) 

and gross power output (��). 

�� =
�� − ∑�����̇� ∙ ��� (1)  

The break-even price of electricity (�����) is the key performance indicator that 

quantifies the economic feasibility of the CaLC-based power plant. To estimate �����, 
the value of the electricity price is changed iteratively until the NPV reaches zero [41–

43]. The NPV (Eq. (2)) depends on the discounted annual cash flows (���), total 

number of building and operation years (�), the current building/operation year (�), and 

discount rate (�). A discount rate of 6% was used in this study [44]. Initially, the carbon 

tax of 0 €/t was assumed. The remaining assumptions used in the economic 

assessment of the CaLC-based power plants are presented in Table 4. 

��� = � ���
(1 + �)�

���
��� (2) 

Table 4: Assumptions for the economic assessment of the calcium looping 
combustion-based power plant  

Parameter Value

Building period time (years) 4
Exploitation time (years) 25
Capacity factor (%) [39] 85
Corporate tax rate (%) 19
Commercial loan coverage of the total as-spent investment cost (%) 80
Commercial loan interest rate (%).  6
Commercial loan repayment time (years) 15
Depreciation time (years) 10
Fresh sorbent cost (€/t) [39] 29.3
Ash and spent sorbent disposal unit cost (€/t) [39] 22
sCO2 cycle exploitation cost (€/h) [38] 403.03
Annual average salary of a single employee (k€) [45] 43.9
Employment rate (person/MWel,gross) [46] 0.2
Fuel (coal) cost (€/t) [47] 58.75
Repair cost as part of the total investment costs (%) [38] 0.5-2.5
Insurance cost as part of the total investment costs (%) [38]  0.5
Salvage value as part of the total investment costs (%) [38] 20
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The total as-spent investment cost (TASC), defined in Eq. (3), is based on the cost 

estimation results presented in Fout et al. [39]. The TASC relies on the TASC multiplier 

(����� = 1.13), labour cost indicator (��� = 0.5), engineering and project cost indicator 

(��&�� = 0.35), land and owner’s cost (��&� = 198,940 k€ ) [39], and investment costs 

of CaLC (�����), sCO2 (�����), and CCT (����).  ����� = ����� ∙ [(1 + ��� + ��&��) ∙ (����� + ����� + ����) + ��&�] (3) 

The investment costs of the CaLC, CCT and sCO2 cycle were estimated using the 

bottom-up approach, considering the capital cost of each component in the considered 

cases, and then the sum of costs was increased by 5% to take into account the 

component connection cost [48]. The correlations used for estimation of the capital 

cost of individual pieces of equipment in the CaLC-based power plant are presented 

in Table 5. The capital cost of the reference supercritical steam cycle was assumed to 

be 214,443 k€, based on Fout et al. [39]. The detailed description of the investment 

cost estimation framework is available in Michalski et al. [38].  

Table 5: Estimation methodology for equipment capital cost 

Equipment [scaling parameter] Correlation 

Calciner [heat flux, �̇��� (kW)] [38] ���� = 13.14 ∙ 10� ∙ �̇����.��
Carbonator [heat flux, �̇��� (kW)] [38] ���� = 16.591 ∙ 10� ∙ �̇����.��
CO2 compressor [equivalent air mass flow rate, �̇��,���  (kg/s), isentropic efficiency, ��,���
(-), inlet pressure, ��� (MPa); equivalent air 
outlet pressure, ���,��� (MPa)] [49] 

�� = �̇��,� ∙ 47.1

1 − ��,� ∙ ���,������ ∙ �� ���� ,������ �
CO2 expander [equivalent mass flow rate of air, �̇��,� (kg/s), isentropic efficiency, ��,� (-), inlet 

pressure, ��� (MPa); equivalent air outlet 
pressure, ���,��� (MPa); inlet temperature, ���
(K)] [50,51] 

�� = �̇��,� ∙ 392.21 − ��,� ∙ ������,��� ∙ �� � ������ ,���� ∙∙ [1 + ���(0.036 ∙ ��� − 65.66)]

CO2 pump [brake power, �� (kW) ; isentropic 
efficiency, ��,� (-)] [51] 

�� = 3531.4 ∙ ���.��∙ �1 + �1 − 0.8

1 − ��,����
Cooling tower [heat flux, �̇������ (kW)] [40] ��� = 32.3 ∙ �̇������
Electric generator [gross power output, ��  (kW)] 
[41] 

��� = 84.5 ∙ ���.��
Fuel preparation system [fuel flow rate, �̇�
(kg/s)] [38] 

��� = 14 158 479 ∙ �̇��.��
Fan [break power, ���� (kW)] [41,52,53] ���� = 103193 ∙ �����

445
��.��

Heat exchanger [surface area, ��� (m2); 
operating pressure, ��� (bar)] [51] 

��� = 2546.9 ∙ ����.�� ∙ ����.��
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3 RESULTS  

3.1 Techno-economic performance under the initial design basis 

The assessment of the thermodynamic performance of the considered CaLC-based 

power plants (Table 6) showed that among the cases with the sCO2 cycle Case 2 had 

the lowest total auxiliary power requirement (70.1 MW), whereas the figure for Case 1 

was the highest (72.2 MW). In contrast, the total auxiliary power requirement of the 

reference case was 85.4 MW, which was higher due to a higher power requirement of 

the supercritical steam cycle. It is also important to emphasise that CCT accounted for 

the major part of the total auxiliary power requirement, which accounted for 62.3–

64.2% in the sCO2 cases and 52.7% in the reference case. 

An assessment of the thermal efficiency of the considered power cycles revealed 

(Table 6) that the recompression sCO2 cycle (Case 2) had the highest thermal 

efficiency of 46.83%HHV among the considered cases. This figure was 0.38%HHV points 

higher than that estimated for the supercritical steam cycle (reference case). The 

thermal efficiencies for Case 1 and Case 3 were 6.51%HHV points and 1.43%HHV points, 

respectively, lower than that in Case 2. Regardless of the highest thermal efficiency, 

Case 2 was shown to result in the lowest net efficiency (29.89%HHV) among the 

considered cases. This was because the amount of heat utilised in Case 2 is 

significantly lower than that in the remaining cases. Namely, the clean gas temperature 

at the outlet of the CaLC-based power plant was 102.8°C for Case 1 and Case 3, and 

461.9°C in Case 2. Therefore, Case 2 can be deemed as not feasible from the 

thermodynamic standpoint and is included in the further analysis for comparison only.  

The highest net power output (496.4 MW), and subsequently, the highest net efficiency 

(34.17%HHV) among the sCO2 cases were observed for Case 3. The specific CO2

emissions in this case were estimated to be 104.4 kg/MWh. The thermodynamic 

performance of this case was superior to that of Case 1, for which the net efficiency 

was  shown to be lower by 4.14%HHV points and specific CO2 emission was shown to 

be higher by 14.4 kg/MWh. Also, the net efficiency in Case 2 was lower by 0.14% 

points and, subsequently, the specific CO2 emissions were higher by 0.5 kg/MWh, 

compared to these in Case 1. These results showed that Case 3 is characterised with 

the best thermodynamic performance because it not only maximised the utilisation of 

heat available in CaLC, which was reflected in the low clean gas outlet temperature, 
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but also achieved a high thermal efficiency for the sCO2 cycle via CO2 recompression. 

Nevertheless, the net efficiency of Case 3 was still 0.93%HHV points lower than that of 

the reference case with a supercritical steam cycle. This may be explained by a higher 

rate of heat utilisation in the reference case, as the clean gas temperature at the outlet 

of the CaLC-based power plant was around 60°C [27]. 

Table 6: Techno-economic results under initial design basis 

Parameter 
Reference 

case Case 1 Case 2 Case 3 

Thermodynamic assessment 
Thermal power input (MWHHV) 1452.54 1452.54 1452.54 1452.54
CO2 compression train power requirement (MW) 44.99 44.99 44.99 44.99
Calcium looping combustion power requirement 
(MW) 

18.29 18.89 18.89 18.89

Supercritical steam cycle power requirement 
(MW) 

22.14 - - -

Supercritical CO2 cycle power requirement (MW) - 8.28 6.24 7.52
Total auxiliary power requirement (MW) 85.42 72.17 70.12 71.40
Net power output (MW) 510.30 436.22 434.14 496.40
Supercritical steam cycle thermal efficiency 
(%HHV) 

46.45 - - -

Supercritical CO2 cycle thermal efficiency (%HHV) - 40.32 46.83 45.40
Net efficiency (%HHV) 35.10 30.03 29.89 34.17
Specific CO2 emission (kg/MWh) 101.50 118.74 119.22 104.35
Economic assessment 
CO2 compression train investment cost (M€) 23.53 23.76 23.76 23.76
Calcium looping combustion investment cost (M€) 392.26 393.54 372.33 393.54
Supercritical steam cycle investment cost (M€) 214.44 - - -
Supercritical CO2 cycle investment cost (M€) - 128.27 146.38 169.86
Total as-spent investment cost (M€) 1546.4 1368.90 1363.41 1456.07
Break-even price of electricity (€/MWh) 83.20 91.59 89.84 81.16

The economic assessment revealed that the lowest total as-spent investment cost was 

estimated for Case 2 (1363.41 M€) and the highest figure was estimated for Case 3 

(1456.07 M€). Nevertheless, because the net efficiency in Case 3 was significantly 

higher than in other cases, it had the lowest BEPel (81.16 €/MWh). BEPel for Case 1 

and Case 2 were higher by 10.43 €/MWh and 8.68 €/MWh, respectively. It needs to 

be noted that the total as-spent investment cost for the reference case was 6% higher 

(1546.4 M€) than that in Case 3. This confirms the potential for the sCO2 cycle to 

reduce the capital cost and, subsequently, the footprint of the CaLC-based power 

plant. Yet, because of the lower net efficiency in Case 3, the BEPel for the reference 

case was lower by 2.04 €/MWh.  

3.2 Parametric study 

A parametric study was conducted to identify the effect of the process parameters on 
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the techno-economic performance of the considered cases and to identify potential 

improvements. The following process parameters were considered in this analysis:  

 O2 concentration in the flue gas was varied between 1% and 3%;  

 Relative sorbent make-up rate was varied between 3% and 7%;  

 Turbine inlet temperature was varied between 500°C and 675°C;  

 Compressor outlet pressure was varied between 18 MPa and 30 MPa; 

 Temperature differences at the cold end of the HTR and the LTR, and hot end 

of LTR were varied between 5°C and 15°C. 

It was assumed that the minimum temperature difference at the cold end of the flue 

gas cooler is 10°C. The results showed that this temperature difference decreases 

with an increase in the turbine inlet temperature and a decrease in the compressor 

outlet pressure. Thus, the maximum turbine inlet temperature and minimum 

compressor outlet pressure were constrained to 675°C and 18 MPa, respectively.  

The variation in the relative sorbent make-up was shown to have the largest impact 

on the net efficiency in all considered cases (Figure 5). The net efficiency in Case 1 

was reduced by 2.1%HHV points, and by 2.3%HHV points in both Case 2 and Case 3, 

on an increase of the relative sorbent make-up from 3% to 7%. Moreover, the net 

efficiency was less influenced on variation in the O2 concentration in the flue gas 

(Figure 5). Its increase from 1% to 3% caused the net efficiency to decrease by 

0.2%HHV points and 0.4%HHV points, respectively, in Case 1 and Case 3. Conversely, 

the net efficiency was reduced by 0.9%HHV points in Case 2, which is more than double 

that of Case 3. This was caused by a higher clean gas temperature at the outlet of the 

CaLC-based power plant (360°C) and, thus, higher heat loss in Case 2. 
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Figure 5: Effect of calcium looping combustion operating parameters on the 
thermodynamic performance of CaLC-based power plant 

Similarly to the effect on the thermodynamic performance, the variation in the relative 

sorbent make-up rate was shown to have a more significant impact on the economic 

performance (Figure 6). An increase of the relative sorbent make-up from 3% to 7% 

caused an increase in BEPel by 18.1 €/MWh and 19.0 €/MWh in Case 1 and Case 2, 

respectively. The impact was slightly lower (15.8 €/MWh) in Case 3. Importantly, the 

variation in the O2 concentration in the flue gas had a negligible impact on the 

economic performance in all considered cases. 

Figure 6: Effect of calcium looping combustion operating parameters on the economic 
performance of CaLC-based power plant 
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Figure 7 reveals that an optimal compressor outlet pressure was 24 MPa and 20 MPa 

in Case 2 and Case 3, respectively, at the turbine inlet temperature of 500°C. Similarly, 

an optimal compressor outlet pressure in Case 3 was 23 MPa at turbine inlet 

temperature of 675°C. For the remaining curves, the optimal compressor outlet 

pressure is above the maximum value considered in the parametric analysis. 

Furthermore, Figure 7 confirms that the highest net efficiency of the CaLC-based 

power plant is achieved at the highest turbine inlet temperature. The impact of 

variation in the turbine inlet temperature was shown to be higher than that of the 

compressor outlet pressure. Variation of the former from 500°C to 675°C caused 

increases in the net efficiency of 4.7%HHV and 7.2%HHV points in Case 2 and Case 3, 

respectively, whereas variation in the latter led to increases in the net efficiency by 

0.3–2.6%HHV points. 

Figure 7: Effect of CO2 temperature at the inlet to the expander and the main 
compressor outlet pressure on the thermodynamic performance of calcium looping 
combustion-based power plant 

Figure 8 indicates that the BEPel decreased with an increase in the turbine inlet 

temperature, along with increased net efficiency. At 675°C, the optimal main 

compressor outlet pressures of 27 MPa and 21 MPa were observed in Case 2 and 

Case 3, respectively. In Case 1, the change in BEPel at the compressor outlet pressure 
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between 27–30 MPa was shown to be negligible. 

Figure 8: Effect of CO2 temperature at the inlet to the expander and the main 
compressor outlet pressure on the economic performance of calcium looping 
combustion-based power plant 

Figure 9: Effect of the temperature differences of the heat exchangers on the techno-
economic performance in Case 1 

Figure 9 revealed that the techno-economic performance in Case 1 is marginally 

influenced by the change in the temperature difference at the hot end of the LTR and 

the cold end of the HTR. This is because a negligible impact on the net efficiency and 

marginal impact on the BEPel were observed. Finally, the temperature difference at 

the cold end of the LTR had a significant impact on the techno-economic performance 

in Case 1. This can be associated with a 1.7%HHV-points decrease in the net efficiency 
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on the increase in the temperature difference from 5°C to 15°C. Importantly, the 

increased temperature difference at the cold end of the LTR resulted in more heat 

removed in the cooler. In turn, less heat was available for power generation, leading 

to a decrease in the gross power output. In this vein, the BEPel decreased by 4.62 

€/MWh on an increase of the temperature difference from 5°C to 15°C. This is because 

the decrease in the capital cost of the LTR, which can be associated with reduced heat 

transfer rate, was lower than a corresponding increase in the capital costs of the cooler 

and cooling tower.   

Figure 10: Effect of the temperature differences of the heat exchangers on the techno-
economic performance in supercritical CO2 cycle A) Case 2 and B) Case 3 

The results of the parametric study for Case 2 and Case 3 presented in Figure 10 

revealed that, in both cases, the change of temperature difference at the cold end of 

the HTR from 5°C to 15°C had a significantly larger impact on the thermodynamic and 

economic indicators than in Case 1. Namely, the net efficiency decreased by 0.5%HHV 

and 0.7%HHV points in Case 2 and Case 3, respectively, and the BEPel increased by 1 
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€/MWh in both cases. Variation of the temperature difference at the hot end of the LTR 

resulted in similar results, as the net efficiency decreased by 0.5–0.6%HHV points and 

the BEPel increased by 0.55–0.64 €/MWh. As in Case 1, the increase in the 

temperature difference at the cold end of the LTR had the largest impact on the techno-

economic performance. The net efficiency decreased by 0.9%HHV and 1.1%HHV points, 

whereas the BEPel increased by 2.23 €/MWh and 2.01 €/MWh in Case 2 and Case 3, 

respectively. 

4 DISCUSSION 

The techno-economic performance of the considered cases was assessed under the 

revised design basis, incorporating results from the parametric study. In all cases, the 

O2 concentration in flue gas of 1% and the turbine inlet temperature of 675°C were 

assumed. Remaining revised parameters, along with the thermodynamic and 

economic results are presented in Table 7. Under the revised design basis, a 

significant improvement in the techno-economic performance was observed, as the 

net efficiency increased by 4.2%HHV points, 2.6%HHV points, and 3.1%HHV points and 

the BEPel reduced by 9.42 €/MWh, 5.91 €/MWh and 6.03 €/MWh in Case 1, Case 2 

and Case 3, respectively.  

Table 7: Techno-economic results under revised design basis 

Parameter 
Reference

case Case 1 Case 2 Case 3 

Assumptions 
Main compressor outlet pressure (MPa) - 30.0 27.0 21.0
High-temperature recuperator cold-end temperature 
difference (°C) 

- 7.5 5.0 5.0

Thermodynamic assessment 
Thermal power input (MWHHV) 1452.54 1452.54 1452.54 1452.54
Supercritical steam cycle thermal efficiency (%HHV) 46.45 - - -
Supercritical CO2 cycle thermal efficiency (%HHV) - 45.33 50.47 49.16
CO2 compression train power requirement (MW) 44.99 44.97 44.99 44.98
Calcium looping combustion power requirement (MW) 18.29 18.29 18.29 18.29
Supercritical CO2 cycle power requirement (MW) 22.14 7.49 5.76 7.01
Total auxiliary power requirement (MW) 85.42 70.75 69.04 70.29
Net power output (MW) 510.3 496.59 472.22 541.83
Net efficiency (%HHV) 35.10 34.19 32.51 37.30
Specific CO2 emission (kg/MWh) 101.50 104.32 109.69 95.55
Economic assessment 
CO2 compression train investment cost (M€) 23.53 23.75 23.76 23.75
Calcium looping combustion investment cost (M€) 392.26 392.57 372.33 392.88
Supercritical steam cycle investment cost (M€) 214.44 - - -
Supercritical CO2 cycle investment cost (M€) - 157.43 168.35 184.47
Total as-spent investment cost (M€) 1546.4 1427.95 1408.45 1485.27
Break-even price of electricity (€/MWh) 83.20 82.17 83.94 75.13

Compared to the reference case, the net efficiency of Case 3 under the revised design 
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basis is 2.2%HHV points higher (Table 7). Such a net efficiency is only 0.7%HHV points 

lower than that of a conventional coal-fired power plant without CO2 capture (38%HHV) 

[38]. Furthermore, the BEPel in Case 3 is 8.07 €/MWh lower than that in the reference 

case. Yet, compared to the conventional coal-fired power plant (59.63 €/MWh) [38], 

CaLC-based power plant with the recompression sCO2 cycle and the CGC (Case 3) 

will still result in a 26% increase in the BEPel. Nevertheless, such results confirm the 

potential of the advanced power cycles to improve the techno-economic performance 

of CaLC-based power plants. 

Figure 11. Economic sensitivity analysis results of CaLC-based power plant 

Because of the uncertainty in the economic data associated with the emerging 

technologies, such as CaLC, a sensitivity analysis of the key economic parameters 

was performed. This was achieved by varying the value of the selected parameters by 

±15%, based on the assumptions presented in Table 4, and assessing their impact on 

the estimation of BEPel. The results presented in Figure 11 revealed that BEPel

changed by ±6.9–7.1% on a ±15 variation in the TASC, which is less than half the 

simulated change in the TASC value. The influence of the CaLC and sCO2 investment 

cost was even lower, as a ±15 variation in these parameters resulted in ±3.92–4.1% 

and ±2.15–2.21% change in BEPel, respectively. Finally, the results showed that the 

change of the sorbent cost has a higher influence on economic performance than 

sCO2 investment cost and that the influence of the cycle exploitation cost is negligible. 

Overall, the uncertainty in the economic data has a small influence on the accuracy of 

BEPel estimation.  
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5 CONCLUSIONS 

This study proposed three strategies to integrate the sCO2 cycle with CaLC and 

evaluated their techno-economic performance at different operating conditions to 

maximise the techno-economic feasibility of the CaLC-based power plant. The 

economic performance was evaluated using the NPV approach. The results showed 

that to achieve the best techno-economic performance, the structure of the sCO2 cycle 

needs to both maximise heat utilisation from CaLC and the cycle thermal efficiency. 

The CaLC-based power plant with the recompression sCO2 cycle and the CGC (Case 

3) was shown to have the best performance among all considered cases. Having 

revised the operating conditions of the sCO2 cycle through parametric studies, this 

case achieved a net efficiency and a BEPel of 37.3%HHV and 75.13 €/MWh, 

respectively. Such a net efficiency is only 0.7%HHV point lower, and the BEPel is 26% 

higher than that of a conventional coal-fired power plant without CO2 capture. Further 

work should consider the application of advanced sorbents and assess the uncertainty 

effect on the prediction of the economic performance of the CaLC-based coal-fired 

power plant.
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List of abbreviations 
BEPel Break-even electricity price 

CaL Carbonate looping 

CaLC Carbonate looping combustion 

CBC Closed Brayton cycle 

CCS Carbon capture and storage 

CCT CO2 compression train 
CFPP Coal-fired power plant 
CGC Clean gas cooler 
CO2-C CO2 compressor 

CO2-E CO2 expander 

CON CO2 condenser 
GHG Greenhouse gas 
HHV Higher heating value 
HTR High-temperature recuperator 
LTR Low-temperature recuperator 
NGCC Natural gas combined cycle  
NPV Net present value 
REC CO2 recompressor 
sCO2 Supercritical CO2 cycle 
TASC Total as-spent investment cost 
TRL Technology readiness level 

Nomenclature �̇� Fuel flow rate (kg/s) ���� Investment costs of CO2 compression train (€) ����� Investment costs of calcium looping combustion (€) �� Annual cash flow (€) ����� Total as-spent investment cost (€) ��&� Land and owner’s cost (€) ����� Investment costs of supercritical CO2 cycle (€) �� Gross power output (MW) ��&�� Engineering and project cost indicator (-) ��� Labour cost indicator (-) ����� Total as-spent cost multiplier (-) ��� Higher heating value (MJ/kg) ��� Net present value (€) � Discount rate (%) ∑���� Total auxiliary power requirement (MW) �� Net efficiency (%HHV) 
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