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Abstract: A coal chemical looping combustion (CLC) power plant (600 MW) with CO2 capture was 

established and validated. The key operation parameters and conditions for the coal chemical looping 

combustion process were tested and optimized. Heat exchange network (HEN) was established and 

optimized using the combined pinch and exergy analysis method for matching and integrating 

different levels or grade energy, from flue gas and exhaust steam waste heat, in coal chemical looping 

combustion power plant to maximize the energy efficiency output. Followed by conducting a techno-

economic evaluation and exergy distribution analysis which showed that the net energy efficiency of 

the CLC power plant (34.8%, improved by 1.9%) is 2.4% higher than the monoethanolamine (MEA)-

based ultra-supercritical coal power plant (32.4%) with the same CO2 capture ratio (90%). The CLC 

power plant also provides a lower cost of electricity (0.088-0.127$ /kWh) and less coal consumption 

(381 g/kWh), compared to the MEA-based power plant (0.143 $/kWh, 408 g/kWh). The cost and 

energy penalty of CO2 enrichment and separation are less when compared to traditional MEA-based 

ultra-supercritical coal power plants due to the intrinsic nature of in-suit CO2 capture, the lower 

                                                             
*Corresponding author, Fax & Tel.: +86 3513176580. E-mail address: shilijuan@tyut.edu.cn (L.J, Shi); yiqun@tyut.edu.cn (Q, Yi) 

mailto:shilijuan@tyut.edu.cn
mailto:yiqun@tyut.edu.cn


Page 2 

 

exergy destruction in the chemical looping combustion process, and sufficient energy integration and 

recovery from HEN. 

Keywords: chemical looping combustion, power plant, pinch and exergy analysis, CO2 capture, 

techno-economic evaluation 

1. Introduction 

Nowadays, energy security and environmental pollution (especially CO2 emissions) have gained 

much attention since these issues need to be addressed while meeting rapid economic growth. Fossil 

fuel-based power plants are under the spotlight for further improvement in efficiency and other factors, 

since approximately 39% [1] of global electricity is generated by coal. Therefore, increasing energy-

saving and reducing carbon dioxide (CO2) emissions have been suggested for coal power plants. 

Amongst the developments made in this field, technology innovation is of paramount significance as 

it guides through several technological developments for the reduction in CO2 emissions from electric 

power plants. 

Chemical looping combustion (CLC) is proposed due to its unique ability in energy-saving and 

CO2 emission reduction [2, 3]. Instead of using molecular oxygen in conventional combustion, 

carbonaceous fuels in CLC processes are combusted using lattice oxygen in the form of a metal oxide 

[4], therefore avoiding CO2 dilution since the flue gas is mainly composed of H2O and CO2. After the 

condensation of H2O, almost pure CO2 is obtained. As a result, avoiding the energy intensive carbon 

capture process, making CLC a suitable alternative for CO2 capture. Additionally, another advantage 

is that CLC is less irreversible during combustion [5, 6]. In comparison with the conventional 

combustion process, CLC can reduce exergy loss during the combustion reaction, therefore 

improving its energy utilization, due to the stepwise utilization of energy. Based on the 

aforementioned merits of CLC, this novel technology can be applied for the environmentally benign 

power generation [7, 8]. Most of the studies on CLC-power plants mainly focus on gas turbine using 

gaseous fuels [9-12]. The use of solid fuels in CLC has been highly developed in the last decade and 
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is currently fully demonstrated in actual system application and can be applied in power plants [13-

15].  

Commonly, improving turbine inlet temperature and pressure can enhance power plant efficiency. 

There are two strategies mainly used to improve power generation efficiency in previous studies. One 

strategy involved improving the reactor temperature [9, 16-18] which has been widely investigated. 

Another strategy for power plant efficiency improvement is to change the CLC reactor pressure [19-

21]. The thermal efficiency improvement of the heat exchange network is another aspect to enhance 

the power plant's thermal efficiency. Recently, mathematical programming methodology (a mixed 

integer nonlinear programming model) [22, 23], exergy analysis [24] and pinch analysis [25, 26], and 

a combined pinch and mathematical programming methodology [27] were also proposed to 

systematically integrate and optimize the heat exchange network of energy conversion systems. Pinch 

analysis is a systematic method that can be used to improve energy utilization in the HEN. The major 

limitation of pinch analysis is that it can only deal with heat transfer processes, but not the processes 

involving changes in pressure or compositions. Exergy analysis includes all stream properties 

(temperature, pressure, and composition) that can overcome the weakness of pinch analysis. 

Therefore, a new method, combining pinch and exergy analysis (CPEA) [28-30] is used to combine 

these two methods. Theoretically it can also clearly indicate the limitations to any improvement. 

Using the mentioned methodology we can simplify the present exergy destruction without the 

complexity mathematic model, an upgraded graphical tool, combined pinch-exergy analysis 

methodologies, is used for heat exchanger network design and optimization in ammonia refrigeration 

process [31], a gas-fired steam power plant [32], and a complex natural gas refinery [24]. This 

approach was applied to our process system to optimize the heat exchanger network. 

The studies mentioned above paid attention on reducing the energy penalty and improving the 

energy efficiency of CLC power plants in different strategies and methods (adjustment of temperature 

or pressure in CLC reactors, or co-production system integration). However, few studies have focused 
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on heat exchange network design and optimization for matching of different energy levels from the 

two reactors in CLC power plants, which has a significant impact on power plant efficiency. The 

present study is motivated by recognizing this gap and conducting the following work. Firstly, 

matching energy between the heat source (combustion) and heat recovery, integration, and utilization. 

There are two heat energy flows generated from the CLC process (AR and FR), which are completely 

different from the traditional coal power plant with a single combustor. Secondly, to clarify the exergy 

distribution across the power plant. Henceforth, the objectives of this study are set as follows: (1) 

Establishment and validation of a detailed CLC-power plant with CO2 capture process model, as well 

as key parameters optimization of coal CLC process; (2) heat exchange network model was 

established and optimized for matching and optimizing the different energy levels and heat recovery 

in CLC-power plant to maximize the energy efficiency; (3) analysis of the exergy destruction and 

distribution of CLC-power plant; (4) techno-economic analysis and evaluations. The results will be 

compared to traditional ultra-supercritical coal power plants to highlight the feasibility, potential and 

find out the key point for further improving the performance of CLC-power plants. 

2. Process description 

In this study, CLC-power plant with CO2 capture is simulated using Aspen Plus V10.0 software. 

The process diagram of the coal CLC-power plant is shown in Fig. 1. The whole plant is divided into 

four sub-systems (CLC unit, heat recovery steam generator (HRSG), steam turbine (ST), and CO2 

capture and storage (CCS)). The coal used in this study is based on Illinois No. 6 bituminous coal [33] 

with a high heating value (HHV) equal to 27,113 kJ/kg. The proximate analysis results of coal at air-

dried basis (wt.%) shows that it contains 11.2% moisture, 49.72% fixed carbon, 39.37% volatile 

matter and 10.91% ash, whereas the results of the ultimate analysis are as follows: 71.72% C, 5.06% 

H, 7.75% O, 1.41% N and 2.82% S. 
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Fig. 1. Simplified scheme of CLC-power plant 

Notes: air reactor (AR), fuel reactor (FR), heat recovery steam generator (HRSG), steam turbine (ST), and CO2 capture and storage 

(CCS), economizers (ECO), evaporators (EVA) and superheater (SH) 
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Table 1. Operation conditions and design parameters of the CLC-power plant [33-37] 

Units Parameter Value Unit Models Describe 

CLC 

Coal  
Illinois No. 6 
bituminous 

 RYield Yield reactor, modeling coal decomposition 

Oxygen carrier Fe2O3  RGibbs 
Chemical equilibria, modeling components 

combustion 

Reactor type CFB  RStoic 
Stoichiometric reactor, modeling in-furnace 

slagging process 

Coal input 63.33 kg/s   

Temperature/ Pressure (FR) 1,173.15/0.1 K/MPa SSplit 
Substream splitter, modeling flue gas, fly ash 

and oxygen carrier separation 

Temperature/ Pressure (AR) 1,223.15/0.1 K/MPa   

CO2 recycle ratio 0.65 - 0.70  Compr Modeling HP, IP, and LP turbines 

HRSG 

Economizer temperature 
(LT/HT) 403.15/579.15 K 

Heater 
Modeling gas cooling and steam heating 

process 

Evaporator temperature 
(main) 866.15 K 

Exhaust gas temperature 
(AR/FR) 353.15/363.15 K 

Air preheating temperature 550.15 K HeatX Modeling gas cooling and steam heating 

process Circulating CO2 temperature 673.15 K 

Pinch-point ∆Texmin in 
preheaters 

10.00 K 

Steam turbine 

Boiler feedwater temperature 579.15 K Heater Modeling HP heaters, LP heaters, condenser 

Live steam SH 866.15/24.2 K/MPa   

Live steam exiting HP turbine 636.15/6.4 K/MPa Flash2 Modeling deaerator 

Live steam RH 866.15/6.4 K/MPa   

Number of HP/IP/LP parallel 
flow 

2/2/5  Pump Modeling pumps 

HP/IP/LP steam turbine 
isentropic efficiency 

90/92/87 % 
  

Steam turbine mechanical 
efficiency 

100 % Pump 
Modeling primary air fan, secondary air fan, 

induced draft fan 
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Units Parameter Value Unit Models Describe 

CO2 compression and 
liquefaction 

CO2 condensing temperature 297.15 K   

Number of compression 
sections 

5    

Compressors isentropic 
efficiency 

80 % HeatX 
Modeling intercooling process of CO2 

compression 

Compressors electric-
mechanical efficiency 

94 %   

Pressure at compressors outlet 15 MPa   

Cooling water temperature 
(in/out) 292.15/308.15 K FSplit Modeling CO2 recycle process 

Intercooling CO2 temperature 
(out) 318.15 K   



Page 8 

 

2.1 Chemical looping combustion 

The heart of the power plant (CLC unit) uses a circulating fluidized bed (CFB) as the reactors 

(see Fig. 1). In this part, coal is injected into the FR by CO2 flow via the conventional coal handling 

and feeding equipment. Lattice oxygen in the form of a metal oxide is used in the FR instead of 

molecular oxygen in air or high-purity oxygen, to combust the coal. FR off-gas primarily contains 

CO2 and steam but also has a small percentage of particulate (flash ash), which is purged by the 

conventional cleaning equipment (baghouse). The reduced OC’s from the FR is transported into the 

AR to re-oxidize it by reacting with the preheated air. The oxygen carriers are then circulated back 

into the FR. The clean FR off-gas and exhausted air are sent to the typical triple-pressure HRSG [34] 

with the common parameters (in Table 1).  

2.2 HRSG unit 

As shown in Fig. 2, the hot off-gases generated from the FR and AR are mainly cooled down 

under different pressures for the steam generation in the economizers (ECO), evaporators (EVA) and 

superheater (SH) / reheater (RH) [34]. These processes are considered as part 1 of the heat exchange 

network (HEN). The off-gases are further cooled for heating the recycled flue gas (CO2) and air. Air 

is preheated to approximately 523 K in an air preheater while oxygen-depleted air is cooled from 623 

K to 353 K. FR off-gas is also cooled to 363 K with the recycled gas (CO2) preheated to 673 K. In 

the HRSG unit, the minimum heat exchange temperature difference between the hot stream and cold 

stream (∆Texmin) in the heat exchangers is considered to be as 10 K [35], while some parameters (in 

Table 1) in the HEN are referenced in Maurizio Spinelli’s work [34]. 
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Fig. 2. HEN (Part 1) of off-gases 

2.3 Steam turbine 

The steam turbine is the main part for electricity generation in the CLC-power plant. In this unit, 

three-pressure reheat steam-water systems are employed. As shown in Fig. 3, there are a series of 

turbines (two high pressure (HP) turbine stages, two intermediate-pressure (IP) turbine stages, and 

five low-pressure (LP) turbine stages), a condenser, a series of heaters (low-pressure feed water 

heaters (LP FWH), high-pressure feed water heaters (HP FWH)), and a deaerator (DEA). Part of the 

steam can be extracted from the turbines, then used for the heating of boiler feed water (BFW), these 

processes are considered as part 2 of the HEN, while the deaerator is in the extraction steam of IP 

turbine, which is used for the heating of water and removal of oxygen. A series of heat exchangers 

are used to preheat BFW. 

HP IP LP
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Reheater

Extraction 1 Extraction 2 Extraction 3
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Extraction 6

Extraction 7

Extraction 8

HP-BFW
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Fig. 3. Scheme of steam turbine and HEN (Part 2) 
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2.4 CO2 capture and compression process 

CO2 is compressed up to 11 ~ 15 MPa for transportation and storage [36]. The traditional CO2 

separation and compression process is an energy intensive process. In this system, only CO2 

compression is required which is also energy intensive. To reduce energy consumption, the 

compression of CO2 is performed in stages. In this process, the combustion products only contain 

CO2 and H2O, the merit of CLC. At each stage of the compression process, a CO2-rich stream needs 

to be cooled by circulating water to reduce energy consumption. Highly concentrated CO2 can be 

obtained from the FR flue gas by simple condensation without the additional energy loss. A CO2 

multistage inter-cooling compression is shown in Fig. 4. The pressure is increased up to 3 MPa using 

a three-stage compression with the intercooling water. Two other compression stages are added to 

further raise the pressure up to 15 MPa [37]. Integration of intercooling compression with steam cycle 

low-pressure section [38] can not only reduce energy consumption but also produce more steam for 

electricity generation. 

Gas CO2

Liquid CO2

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5

HX1 HX2 HX3 HX4 HX5

Q-steam

Cooling water-in

Cooling water-out

CW1 CW2 CW3 CW4 CW5

 

Fig. 4. Scheme of CO2 intercooling compression 

2.5 Model establishment and validation 

The simulation process of CLC-power plant is established based on the main parameters of the 

four parts from the literatures (Table 1) and presented in Fig. S1 in the Supporting Information. Two 

property methods were selected for the simulation of the CLC-power plant: Peng Robinson and 

Boston Mathias (PR-BM) for the estimation of properties of chemical components (gas and liquid), 

and the STEAMNBS for water and steam [39]. CLC unit (AR and FR) is simulated by RGibbs module 
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[40]. Solid-gases (syngas, slag, ash and OC) separation processes are modeled by SSplit and Sep 

models. In the HRSG section, Heater and Heatx blocks are adopted to simulate the heat exchange and 

recovery. As for the ST part, Pump and Flash2 models are used to simulate the steam turbine. The 

detailed description of each model is summarized in the Table 1. The fundamental assumptions for 

the whole system are as follow: 

(1) The CLC-power plant system is operated in a steady-state stable. 

(2) Net power generation of the CLC-power plant system (CO2 capture ratio is 90%) is 600 MW. 

(3) AR and FR are regarded as CFBs. 

(4) The material in the two reactors (AR and FR) is well mixed. 

(5) The reaction between oxygen carrier and ash is not considered. 

(6) Ignoring radiative heat loss of chemical looping combustion and heat transfer processes. 

For validation of the CLC-power plant system, the simulation results (Table 2) of key units (CLC, 

steam turbine and CO2 capture and compression) are compared with that of published literature with 

the same simulation conditions. CLC model is validated by using five experimental data [41, 42], in 

which the relative error is less than 0.5%. The simulation result of the power generation subsystem 

(steam turbine) is presented in Table 2, the relative error ranges from 0 to 3.5%, which shows a good 

agreement with the experimental data. For validation of the CO2 capture and compression process, 

the energy consumption required for CO2 compression is equal to 114 kWh/t, which is within the unit 

compression energy consumption range of 80 ~ 120 kWh/t (compressed between 11 MPa to 15 MPa) 

[43]. It can be seen that the simulated results are very close to the experimental or reference data, 

implying that the established models (CLC, steam turbine and CO2 capture and compression) are 

reliable for the simulation of the CLC power plants system. 
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Table 2. Model validation 

CLC ST 

Item 

input 

quantity of 

coal(g/min) 

TAR 

(°C) 

TFR 

(°C) 

input 

quantity of 

CO2 

(LN/min) 

Experimental 

results, CO2 

purity (%) 

Simulation 

results, CO2 

purity (%) 

Relative 

error 

(%) 

Item 
Literature 

data [44] 
Simulation 

results 

Relative 

error, % 

1 23 970 890 5 99.65 99.97 0.32 

Temperature 

of HP/IP/LP 

steam, K 

866/866/534 866/866/525 1.68 

2 23 970 890 3 99.63 99.94 0.31 

Pressure of 

main steam, 

MPa 

24.1 24.1 0 

3 32 960 890 5 99.73 99.95 0.22 
Boiler feed 

water, kg 
2,003,325 2,011,883 0.43 

4 46 960 890 5 99.72 99.93 0.21 
Steam-to-HP, 

kg 
2,003,325 2,011,883 0.43 

5 56 970 890 5 99.45 99.92 0.47 IP-steam, kg 1,673,259 1,615,535 3.45 

        LP-steam, kg 1,282,517 1,244,791 2.94 

        
Gross plant 

power, MW 
642 620 3.53 
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3 Methodology 

3.1 Energy and exergy analysis 

The energy changes in the process as shown in Eqn. (1), does not supply sufficient information 

about the potential work lost during the process. As presented in Eqn. (1), WST represents the gross 

power generated by steam turbine, WCO2,com represents the power consumption of CO2 compression, 

Wpump represents the work consumed in pumps, and WMeO,cycle represents the power consumption of 

oxygen carrier circulation. The net power generation efficiency (ηnet) is defined in Eqn. (2), in which 

HHVcoal represents the higher heating value of coal used in the power plant system, and mcoal,in 

represents the mass flow of coal. The gross-power generation efficiency (ηgross) can be calculated by 

Eqn. (3). Eqn. (2) to Eqn. (3) by utilizing the first laws of thermodynamics principle, and power plant 

exergy efficiency (Eqn. (4) (net power generation exergy efficiency) to Eqn. (5) (net power generation 

exergy efficiency)) used the second laws of thermodynamics principle. 

2 , ,out ST CO com pump MeO cycleW W W W W                (1) 

,

out
net

coal coal in

W

HHV m
 


                (2) 

gross

,

ST

coal coal in

W

HHV m
 


                (3) 

ex,net

,

out

coal coal in

W

Exergy m
 

                (4) 

ex,gross

,

ST

coal coal in

W

Exergy m
 

                (5) 

Exergy is a measure that coordinates quality with the quantity of energy. The irreversibility in a 

process can be accounted for a detailed exergy analysis, which uses the first and second laws of 

thermodynamics simultaneously. The total exergy (E) consists of physical exergy (Eph) and chemical 

exergy (Ech), which can be calculated by Eqn. (6). An environment state should be defined before the 

exergy calculation. The state considered is T0 = 298 K and P0 = 0.1 MPa, and an appropriate 
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environment model [45] is used in CLC-power plant. The unit enthalpies, unit entropies, unit Gibbs 

free energies, and unit chemical exergies of some components [45] are presented in Table S1 which 

shows the calculated unit Ech for some components relating to the exergy of the system analyzed. 

ph chE E E                    (6) 

, 0 0 0 0 0[ ( , ) ( , )] [( ( , ) ( , )]i phE h T p h T p T s T p s T p             (7) 

,

1

=
n

ph i i ph

i

E x E

                   (8) 

0

1 1

ln
k k

CH

ch k k k k

i i

E x e RT x x
 

                 (9) 

,ch coal coalE LHV                   (10)  

1.0064 0.1519 ( ( ) / ( ))

0.0616 ( ( ) / ( )) 0.0429 ( ( ) / ( ))

w H w C

w O w C w N w C


  
      

        (11)
 

The physical exergy is calculated by [14] Eqn. (7), and the physical exergy of a mixed steam can 

be calculated using Eqn. (8), in which xi is the molar fraction of the gaseous mixed stream. The 

chemical exergy is calculated [45] using Eqn. (9). However, for the unconventional compounds (coal) 

[14], the chemical exergy can be calculated using Eqn. (10) and Eqn. (11) based on the ultimate 

analysis. where, w(H), w(C), w(O), w(N) are the mass ratios of H, C, O and N in the coal, respectively. 

For a steady-state process, the exergy destruction can be calculated through an exergy balance 

presented in Eqn. (12), in which Ein, Eout and ED represent the input exergy, output exergy and exergy 

destruction of each unit respectively. The exergy destruction of the overall plant includes exergy loss 

in the energy conversion process and the exergy contained in material streams (such as exhaust gases, 

ash, and wastewater) discharged without further use, and exergy efficiency (ηex) is calculated using 

Eqn. (13). 

D in outE E E                    (12)  

x
out

e

in

E

E
                     (13)  
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3.2 Combined pinch and exergy analysis 

Exergy is a rigorous way of analyzing energy conversion systems such as steam power plants, 

which can distinguish the quality of the different forms of energy. The energy level Ω is defined in 

Eqn. (14). In the processing system integration analysis, combined pinch and exergy analysis is 

beneficial for reducing the energy consumption and optimizing the heat exchanger network in steam 

power plants. The Exergy Composite Curve (ECC) and Exergy Grand Composite Curve (EGCC), 

based on two basic tools (composite curves (CC) and the grand composite curve (GCC)) in pinch 

analysis, is introduced in the CPEA approach [28-30]. The CPEA method used in this paper, 

introducing a new diagram (Ω-H diagram) as shown in Fig. S2, can represent a whole system exergy 

situation, including input exergy, output exergy and exergy destruction in heat transfer processes and 

core processes while providing targeted information. Meanwhile, major directions and promising 

modifications for system improvement can be identified effectively.  

exergy

energy
                    (14) 

3.3  Economic evaluation 

Techno-economic analysis starts from the estimation of the total capital investment (TCI) for the 

CLC-power plant following a bottom-up approach, described in the cost-estimation of the power plant 

[46, 47]. The hierarchy is illustrated in Fig. S3. It has four levels such as total purchased equipment 

cost (TPEC), total installed cost (TIC), total direct and indirect cost (TDIC), and fixed capital 

investment (FCI). TCI mainly depends on the TPEC, which is evaluated by industrial price data and 

literature sources from the economic analysis [44] and presented in Table 3. The other levels for 

economic estimations are calculated based on TPEC. The equipment cost is estimated using the 

scaling factor exponent for adapting plant size using Eqn. (15) [48]. In Eq. (12), C0 is the known 

investment cost, S0 is the capacity of the reference plant, and α is the specific factor for equipment 

costs which are scaled from corresponding equipment. The annual operating cost (AOC) is then 

analyzed. The hierarchy is shown in Fig. S4, AOCs are grouped into four categories of variable 
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production cost (VPC), plant overhead costs (POC), general expenses (GE) and fixed charges (FC). 

Those parameters are calculated using the factorial method [46]. The annual operating cost is highly 

dependent on the VPC, which mainly includes the cost of coal, OC, water, and carbon tax. 

0

0

S
C C

S


 

  
 

                 (15) 

3.3.1 Economic assumptions and criteria 

Several major premises and assumptions were imposed (Table 4) in this economic feasibility 

analysis. The annual plant capacity factor is considered as 85% (7,446 h/y). The construction time is 

supposed to be one year, and the power plant lifetime is assumed to be 25 years. A study [49] reported 

that the lifetime of OC (LTOC) for Fe2O3 equal to 1,315 h. The depreciation period is set to be 10 years 

with an 8% depreciation rate [50], and the gross income tax rate is 30% carbon tax which equals 45 

$/t CO2 [51] and the discount ratio is 8%. The average electricity price of coal-fired power plant is 

0.087 $/kWh [52], the price of coal and industrial water are 87.0 $/t and 0.29 $/t - 0.43 $/t [46, 53, 

54], respectively.
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Table 3. Cost estimation of power plant equipment 

Parameter 

Base 

plant*  

W - CCS 

Estimate 

plant** 
Unit 

Scaling factor 

[54-58] 
Base plant 

cost, k$ 

Estimate plant 

cost, k$ 

Coal handling system (coal) 224,970 228,000 kg/h 0.65 22,386 22,581 

Coal and sorbent preparation and 

feed (coal) 
224,970 228,000 kg/h 0.65 15,128 15,260 

Feedwater and miscellaneous 

systems and equipment (BFW) 
1,439,044 1,593,291 kg/h 0.6 59,843 63,613 

Flue gas cleanup 173.76 178.21 kmol/h 0.6 118,843 120,660 

CO2 remove compression & 

drying (CO2) 
475,336 477,586 kg/h 1 50,211 50,448 

Ducting and stack(coal) 224,970 228,000 kg/h 1 21,025  

Steam turbine generator and 

auxiliaries 
2,003,325 2,184,323 kg/h 0.6 116,957 123,187 

Cooling water system 224,970 228,000 kg/h 0.6 20,725 20,892 

Ash and spent sorbent recovery 

and handling (ash) 
22,099 22,287 kg/h 0.67 6,738 6,776 

Notes: * NETL/DOE. ** the flow rates are calculated by the aspen plus. 
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Table 4. Economic assumptions and estimation of annual operating cost 

Parameters Values Annual operating cost 
Financing 100% owned 

capital Variable production cost (VPC) General expenses (GE) 

Plant availability 7,446 h/y (~ 85%) Raw material - Administrative costs 0.15%TCI 
Plant depreciation period 10 years Operating labor (OL) 0.5%TCI Plant overhead costs (POC) 

Construction period 1 year Operating supervision (OS) 15%OL 60%*(OS+OL+MR) 
Plant life 25 years Maintenance and repairs 

(MR) 
2%DPE Fixed charges (FC) 

Income tax rate 30% Operating supplies 155%MR Financing 5%TCI 
Electricity cost 0.087 $/kWh Laboratories charges 15%OL Local taxes 2%FCI 

Carbon tax 45 $/t CO2 VPC 115%FCI Property insurance 1%FCI 
Discount rate 8% Annual operating cost = VPC+GE+FC+POC 

Coal price (Illinois No. 6 
bituminous) 

87.0 $/t     

OC lifetime  1315 h     

OC price 293 $/t     

Industrial water price 0.362 $/t     
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3.3.2 Total capital investment 

Most equipment components in the CLC power plants are conventional, such as the coal 

preparation and handling system, gas cleaning system, steam generation and steam turbine generator 

system, cooling water system, ash and spent sorbent handling systems, HRSG, ducting and stack, and 

CO₂ compression and drying, etc. Their costs can be estimated by scaling from equivalent equipment 

costs of the reference plant [44]. As for other equipment components in the CLC power plant, the FR, 

AR, and their associated subsystems are in the development stage. Their costs must be estimated by 

approximate sizing of the equipment (analogical) and application of general cost correlations. 

As mentioned above, the factorial method is used to estimate the capital cost of power plants. 

For conventional units, the cost of capital investment is the sum of FCI and working capital (WC = 

15% FCI). The FCI consists of TDIC and project contingency (PC = 20% TDIC), in which TDIC is 

composed of TIC and indirect costs (IC = 89% TPEC). TIC is composed of purchased equipment 

installation, instrumentation and control, piping, electrical system, buildings, yard improvements, 

service facilities and land, etc. The sum of all these factors can be estimated to be equal to 198% [59] 

of TPEC. All the estimated equipment costs (Table 3) were converted to the year 2018 (CEPCI, Table 

S2) calculated by using CEPCI in Eqn. (16). The cost estimation of combustor equipment in the CLC-

power plant is different from conventional combustor units. For the CLC combustor, the FR needs to 

be insulated. In contrast to the corresponding walls of a traditional combustor, these insulated walls 

will not be involved in the transfer of heat to the steam. Moreover, the cost of insulation for the 

cyclones of FR and ducts leading material to FR are added [60]. Therefore, TCI of the CLC part is 

estimated by the equipment of the CLC power plant [61]. The present cost of the CLC part is 

calculated by using Eqn. (16). 

  

  

  
in present year

present reference

in reference year

Index
Cost Cost

Index
              (16)  

 

 



Page 20 

 

3.3.3 Annual operating cost 

In Table 4, the expenditures affecting the AOC of the power plant based on average percentages 

are listed which includes the variable production cost (VPC), fixed charges (FC), plant overhead costs 

(POC) and general expenses (GE). The VPC is highly dependent on the cost of raw materials which 

mainly counts for coal, cooling water and the OC make-up expenditures. The annual cost of the OC 

make-up is defined in Eqn. (17). FC, POC and GE are calculated and presented in Table 4. The 

detailed cost date of raw material is presented in Table 4. 

  OC
makeup OC

OC

M
Cost Cost

LT
                 (17)  

3.3.4 Cost of electricity 

With the application of basic assumptions of the economy, once the TCI and AOC are estimated, 

economic criteria such as cost of electricity (COE), capital recovery factor (CRF), the annual average 

of return on investment (ROI) and net present value (NPV) are obtained from the following equations 

(Eqns.18-21). The NPV is the sum of the total net cash flows after the discounting during the plant 

lifetime [48, 62], and it is calculated using Eqn. (18) where i is the discount rate, Ct refers to the net 

cash flow over t years. COE is an economic index for comparing the different power generation 

technologies, which is calculated using Eqn. (19). TPC is the total plant cost, and AOC refers to the 

total variable cost. CRF refers to the capital recovery factor which can be obtained using Eqn. (20), 

which is a function of the discount rate (i) and the expected plant lifetime (y). ROI, one of the 

commonly used economic criteria to evaluate the feasibility of a project, is calculated using Eqn. (21), 

where P is the profit of the power plant, TR is the tax rate. 

1 (1 )

y

t

t
t

C
NPV

i


                  (18)  

7446 net

TCI CRF AOC
COE

W

 



               (19)  
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1 (1 ) y

i
CRF

i


 
                 (20)  

P
ROI

TPC CRF TVC


 
               (21) 

3.4 Technical evaluation 

The carbon capture ratio [44] is defined as the amount of carbon captured relative to the total 

carbon input, represented by Eqn. (22). The coal consumption [44] and CO2 emission [44] of a power 

plant, evaluating the economic and environmental performance of a power plant, are shown in Eqn. 

(23) and Eqn. (24), respectively. The energy consumption [44] of CO2 capture, which means energy 

consumption caused by CO2 capture process, is defined by Eqn. (25). 

 
   %

  

Carbon captured
Carbon capture ratio

Total carbon input
，            (22)  

  
  /

  

Total coal input
Coal consumption g kWh

Net power generated
，          (23) 

2
2

 
 ,  /

  

CO emissions
CO emission g kWh

Net power generated
           (24) 

2

2

 
     /

 

Energy consumption
Energy consumption of CO capture kW t

CO captured
，      (25) 

4 Results and Discussion 

4.1 Effects of key parameters on performance 

Generally, CLC of solid fuels was conducted under atmospheric pressure [63-65] due to the 

requirements of massive additional energy penalty for OC circulation and expensive equipment 

investment for high-pressure CLC processes. Therefore, in this section, the temperature during 

combustion, the mass ratio of oxygen carrier to coal (OC/C = R), and recycle ratio of carrier gas is 

tested which are the vital factors that affect the exergy efficiency of CLC (ηex,CLC), ηex,net and ηnet.  

4.1.1 The mass ratio of oxygen carrier to coal 

The main cornerstone in CLC is the oxygen carrier. The amount of OC circulated from the AR 



Page 22 

 

must provide enough oxygen for the complete coal combustion, as well as enough heat for the CLC’s 

autothermal operation [66]. Therefore, the value of R not only affects the composition of the FR 

output stream but also can affect the temperature of the fuel reactor (TFR). In Fig. 5, CO2 recycle 

ratio (0.65) and temperature of the air reactor (TAR) (1,223 K) are fixed. With the increase in R, the 

mole fraction of CO2 increases from 73 to 78% (wet basis), while the mole fraction of CO, H2, CH4 

decreases nearly to zero, as shown in Fig. 5 (a). When the value of R exceeds 55, the CO gas is 

converted to CO2 completely (Fig. 5 (b)). In the case of CLC’s autothermal operation condition, 

different values of R correspond to different TFRs (Fig. 5 (c)). As the value of R increases, the ∆T of 

two reactors decreases. For the specific implementation in CLC, two factors should be considered: 

one is easy enrichment and separation of CO2 from FR, the other is autothermal operation of CLC. 

Combining these two factors, the value of R should be more than 55. 
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Fig. 5. The effect of R on the performance of CLC about flue gas (a), OC (b) composition in FR and 

TFR (c) 
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4.1.2 Temperature difference of air reactor and fuel reactor 

Under CLC’s autothermal operation, TFR is determined by the value of R and TAR. The 

mathematical relationship among them is presented in Fig. S5. Fig. 6 (a) shows the effect of TFR on 

the energy efficiency (ηgross and ηnet) of a CLC-power plant. Combining Fig. 5 and Fig. 6 (a) shows 

that, if the value of TFR is less than 1,157 K, a decrease in the CO2 purity is obtained with the further 

reduction of the OC into FeO or Fe. However, if the value of TFR is greater than 1,157 K, in order to 

maintain autothermal operation state, excess Fe2O3 should exist in the FR as a heat carrier. More OC 

will require more power consumption for the OC fluidization which will reduce ηex,CLC and ηnet. There 

is a tradeoff between ∆T and ηnet, which is determined by the amount of OC. Therefore, based on the 

judgment of efficiency and R, the optimal ∆T (66 K) is selected. 
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Fig. 6. Effect of different factors (a-∆T and TFR; b-TAR; c- CO2 recycle ratio; d-∆Texmin) on power 

generation efficiency, R, ∆T, or HEN exergy destruction 

4.1.3 Temperature of air reactor 

Referring to previous reports [40, 67, 68], CLC of solid fuels is performed in CFBs within the 
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CFB temperature range 1,073 K - 1,273 K. The maximum temperature in the reactors is between is 

1,273 K - 1,473 K [69, 70]. TAR and TFR are determined to describe the properties of the OC (Fe2O3), 

such as particle deactivation from fusion, sintering and melting. Previous fluidized bed studies 

determined 1,323 K as the upper operating limit, which would present the agglomeration problems 

for Fe2O3 (iron ore/ilmenite). In the previous section, autothermal operation cases were studied, 

however, this section examines the effects of different TAR within the temperature 1,123 K - 1,323 

K on CLC-power plant energy efficiency and ∆T with a fixed amount of oxygen carrier (R = 55). The 

trend is shown in Fig. 6 (b), showing that the energy efficiency of the power plant increases but ∆T 

of the reactors decreases with an increase in TAR. To avoid OC fusion, sintering and melting, an 

appropriate ∆T (66 K) is favorable for a high heat transfer rate and appropriate OC circulation ratio. 

Eventually, TAR equal to 1,223 K is selected. 

4.1.4 CO2 recycle ratio 

In CLC power plants, recycled CO2 can be used as the carrier gas for OC circulation and as a 

heat energy carrier to maintain the combustion temperature inside the CLC unit. Different CO2 recycle 

ratio can lead to different fluidization velocity, which effects the amount of OC, consequently 

effecting the equilibrium of reaction and heat balance of CLC. The flue gas recycle ratio is generally 

between 0.6 - 0.7 [34, 58, 71] in a CFB. The CO2 recycle rate for FR affects the total performance of 

the CLC-power plant regarding both energy efficiency and CO2 capture. From the previous sections, 

the following conditions are selected (TAR = 1,223 K; TFR = 1,157 K). The effect of different CO2 

recycle ratios on R and power efficiency is presented in Fig. 6(c). With an increase in CO2 recycle 

ratio, the ηgross sharply increases at the beginning then tends to slow down due to the different 

consumption of OC. While the ηnet increases sharply at the beginning, it then decreases due to an 

increase in power consumption, which is caused by the increase in energy required for CO2 

compression and OC fluidization. The maximum concentration (~ 100%) of CO2 can be achieved 

when CO2 recycle ratio is more than 0.65. However, the higher CO2 recycle ratio causes the 
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consumption of more OC. Therefore, the optimal recycle rate of CO2 is approximated to be 0.65. 

4.2 Combined pinch and exergy analysis 

This method quantifies the total, avoidable and unavoidable exergy loss for the processes (or 

equipment), which presents the potential improvement for the HEN heat recovery from Part 1 and 

Part 2. Generally, according to the HEN empirical design, the range of ∆Texmin is between 0 ~ 30 K, 

with 5 K being taken as the step length to investigate its influence on the HEN exergy efficiency and 

power generation efficiency. It can be seen that ∆Texmin of 10 K (Fig. 6(d)) can achieve the maximum 

power generation efficiency (34.80%) with the HEN exergy efficiency of 82.15% (part 1) and 87.98 % 

(part 2). The HEN model (divided into three parts: CLC and heat recovery steam generation, Steam 

turbine and CO2 capture and compression) of the three cases is presented in Fig. S6 (initial case), S7 

(optimal case) and S8 (limit case), alongside the detailed parameters of hot and cold streams of the 

two cases shown in Table S3 and Table S4. As the CPEA method introduced in this study, Ω versus 

enthalpy as axes, the shaded area between hot and cold exergy composite curves (Fig. 7) indicates 

the initial, optimal, and minimal exergy loss in the heat exchange process. At the optimal case (∆Texmin 

= 10 K), the blue area indicates the applicable exergy. At the limiting case (∆Texmin = 0 K), the yellow 

area represents the minimum exergy destruction (unavoidable) that could be achieved theoretically. 

In Fig. 7 (c) and 7 (d), the exergy efficiency of part 1 and part 2 are 82.15% and 87.98%, which means 

217.01 MW and 29.31 MW exergy destruction are caused, respectively. However, the points where 

both the curves touch each other in Fig. 7 (e) and 7 (f) indicate that the maximum exergy efficiencies 

that could be achieved in the HEN are 82.71% and 90.52% for part 1 and part 2, respectively. ∆Texmin 

has a noticeable effect on the HEN, mainly impacting the amount of energy and energy grade involved 

in the Hot or Cold stream (especially for extraction steam of steam turbine and LP, IP and HP steam), 

thus determining the power output of the steam turbine from steam generated (from the hot stream) 

as shown in Fig. 7 (changes of CLC and heat recovery steam generation, steam turbine and CO2 

capture and compression part in heat exchanger network were shown in Fig.S6-S8, in which the heat 
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duty (amount of energy to be transferred) of the heat exchanger are presented in detail). This limiting 

value of the exergy destruction can be considered as the technically unavoidable irreversibility of the 

HEN. In this regard, the exergy destruction of the two parts is 207.72 MW and 27.33 MW, respectively. 

It can be concluded that for the optimal case (∆Texmin = 10 K), there is a recoverable 11.27 MW exergy 

as compared to the limit case (∆Texmin = 0 K). 
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Fig. 7. The CPEA analysis results of composite curve of the whole system 

Notes: Hot Exergy Grand Composite Curve (HEGCC), Cold Exergy Grand Composite Curve (CEGCC) 
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4.3  Effect of R and TAR on energy efficiency and COE 

Based on the optimal HEN model, the results obtained from the optimization of ηex,CLC and ηnet 

are shown in Fig. 8 (a) and Fig. 8 (b), which also shows the effect of R and TAR. In CLC (autothermal) 

unit, TFR depends on the amount of regenerated OC from the AR and OC temperature exiting the 

AR. In this case, we make the alternate assumption that the OC temperature entering the FR is the 

same as the temperature exiting the AR. In Fig. 8 (a), an increase in ηex,CLC favors higher R and higher 

R favors complete combustion. However, increasing the amount of OC has little effect on the CLC 

exergy efficiency when the value of R exceeds 55. In Fig. 8 (b), it is shown that ηnet favors higher 

TAR. At a higher flue gas temperature, more steam can be produced hence more electricity is 

generated. For those reasons, it is suitable to work with higher OC inlet temperature (1,223 K ~ 1,273 

K) and an appropriate amount of R (~ 55) to achieve higher ηex,CLC (71.72%) and ηnet (34.84%). Fig. 

9 (c) shows the different results of COE as the functions of both R and TAR. At R ratio of 55, the 

coal-contained-carbon is completely converted to CO2, resulting in complete combustion. An increase 

in TAR, results in a decrease in COE, however, the COE increases with an increase in the amount of 

OC. As analyzed above (without considering carbon tax), at TAR = 1,223 K and R = 55, the value of 

COE is equal to 0.104 $/kWh.
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Fig. 8. Effect of R and TAR on ηex,CLC (a) and CLC-power plant ηnet (b) and on COE (c) 
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4.4 Economic performance 

An economic assessment was conducted to compare the novel combustion technology (CLC) 

power plant with the traditional coal-fired power plant. In order to compare, from an economic 

perspective, several conventional economic indicators (i.e., COE, ROI, NPV) have been calculated. 

Considering the variation of some economic parameters that are likely to change in the future, a 

sensitivity analysis is also shown in this section. 

4.4.1 Impact of feedstock cost 

Fig. 9 (a) describes the effect of the material cost of OC on ROI, NPV and COE. Compared to 

the current price of OC (293.04 $/t), the changes in COE, ROI and NPV are noticeable, with a 

decrease in ROI to 7.39% (39.41% change) and a negative NPV (49.90% change) as the OC price 

increases from 59 to 638 $/t. Moreover, the value of COE increases to 0.109 $/kWh (9.09% change). 

The main reason is the expensive price of OC and the relatively shorter LTOC (High OC requirement). 

Fig. 9 (b) illustrates that with an increase in LTOC, the COE decreases sharply then tends to plateau. 

However, the value of ROI and NPV rapidly increases, then plateaus. Regarding the influence of 

LTOC on COE, NPV and ROI, they are kept stable when LTOC is greater than 1,315 h (base LTOC). 

The results presented in Fig. 9 (a) and Fig. 9 (b) suggest that the OC with a long lifetime (highly 

stable properties) and cheap price is pivotal for the economic performance of the CLC-power plant. 

The impacts of the coal price on ROI, NPV and COE are illustrated in Fig. 9 (c). The relation 

between coal price and both NPV and COE is linear, as expected. The COE increases sharply however 

NPV decreases dramatically as the coal price goes up to 101.5 $/t from 29.0 $/t, resulting in a 32.51% 

increase in COE (0.084 $/t to 0.110 $/kWh). With the increase of coal price, the ROI decreases 

sharply as well. Those results imply that the feasibility of the power plant is affected by the price of 

coal. 
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4.4.2 Impact of run time 

Fig. 9 (d) shows the effect of annual operation hours on COE, ROI and NPV. As the run time 

increases, the COE decreases sharply which indicates more favorable conditions, while NPV and ROI 

values are remarkably increased. In general, the long run time represents the high output of electricity 

and lower COE. A relatively low COE of 0.104 $/kWh is obtained, and a high ROI (15.60%) at an 

operating rate of 85% (7,446 h) is obtained. However, when the power plant operating time is reduced 

(6,000 h), the COE (0.119 $/kWh) is almost equal to the traditional power plant (W-CCS) at a higher 

operating time (7,446 h). So, compared to the traditional coal-fired power plant (W-CCS), the CLC-

power plant has a significant advantage in COE. 

4.4.3 Impact of electricity prices 

Revenues for electricity sales are significant, especially for the economic viability of the power 

plant. As shown in Fig. 9 (e), it is seen that when E-prices are higher than 0.100 $/kWh and lower 

than 0.128 $/kWh, the NPV will exceed zero at a discount rate of 0.06 and 0.12, respectively. With 

an increase in the discount rate, the E-price needs to remain high to keep NPV exceeding zero. 

Additionally, the feed-in tariff rate of coal power plants (without CCS) is currently 0.087 $/kWh. 

Hence, the CLC power plant is clearly unprofitable when the discount rate is 0.08. 

4.4.4 Impact of carbon allowance price 

The reference base price of carbon price in China is 35 $/t - 50 $/t [51], in this study, we choose 

45 $/t carbon tax in CLC-power plant analysis. Considering the rapid rise in the carbon price has 

already started to materialize, many developing countries need to adopt the carbon price and emission 

trading system making to match the policy for CO2 reduction to protect the environment. Based on 

Fig. 11 (d) and Fig. 11 (e), it is known that, at the current E-price of feed-in tariff (0.087 $/kWh), the 

CLC-power plant has little advantage in the ROI and NPV. While when the E-price of the feed-in 

tariff is in the range of 0.100 $/kWh - 0.128 $/kWh, the CLC power plant can be profitable. More 

importantly, if the carbon tax is to be implemented in the future, the CLC-power plant with low CO2 
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emissions will present greater advantages economically. Therefore, in Fig. 9 (f), with the carbon price 

is above 33.20 $/t CO2, it would have a positive NPV in the CLC-power plant with the current selling 

price of electricity (0.087 $/kWh). Moreover, the CLC-power plant has a higher ROI (37.99%), 

representing the feasibility of the power plant. Therefore, a carbon trading policy might be a good 

option to reduce the CO2 emission from coal power plants. When carbon trading is implemented, the 

economic feasibility of the 600 MW CLC-power plant (with CO2 capture) might be viable for 

commercialization.
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Fig. 9. Sensitivity analysis (a-oxygen carrier price; b-oxygen carrier lifetime; c-coal price; d-annual operational; e-electricity price; f-carbon price) of 

economic indicators (COE, ROI, NPV)
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4.4.5 Sensitivity analysis on COE 

In this section, the sensitivity analysis is implemented to confirm the parameters that have a 

remarkable impact on COE. Seven typical parameters have been selected for the sensitivity analysis 

over the expected range of parameters variation as shown in Table S5. Fig. 10 shows the effects of 

seven typical parameters on COE (0.104$/kWh) for a 600 MW CLC power plant, and the shows the 

COE (0.143$/kWh) of MEA-based power plant. The TCI has a noticeable impact on COE, around 

18.11% variation can be observed when the TCI increases or drops by 30%. Followed by the 8.66% 

change that is caused by the 30% coal price variation. These results show that reducing the TCI and 

coal price are the most effective ways to strengthen the economic performance. More importantly, 

looking further at Fig. 10, it can be found that the COE of CLC (0.088 $/kWh ~ 0.127 $/kWh) are 

still lower than that of the MEA-based power plants (0.143$/kWh) even under negative variation 

(30%) of main variables, indicating the strong economic feasibility of CLC power plants. 
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Fig. 10. Effects of some key parameters on COE 
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4.5 Exergy analysis and exergy distribution of CLC power plant 

CLC power plant is similar to the base power plant in reference, however, the combustion unit 

is the main difference that distinguishes both the technologies. CLC power plants with CO2 capture 

reduces the energy penalty due to the flue gas being highly concentrated with CO2 (~ 100%). In order 

to get a detailed distribution of exergy, the CLC power plant is divided into four different units: 

combustor (CLC), HRSG, ST and CO2 capture, and compressed. Though the differences between the 

CLC power plant and the base plant are only the combustion section and CO2 capture part, the exergy 

distribution and dissipation of the CLC power plant are different for the base power plant. Hence, an 

exergy distribution analysis is conducted for the power plant in detail as shown in Fig. 11.
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Fig. 11. Grassmann diagram (exergy distribution) of the CLC-power plant 



 

 36 

Based on the simulation results and exergy calculation methods introduced, the exergy 

distribution in each unit is presented in Fig. 11. The exergy efficiency of each unit, as well as the 

whole power plant, can be calculated by Eqn. (4, 5, 13). The exergy efficiency of each unit (CLC, 

HRSG, ST, CCS) is 70.51%, 86.69%, 74.76%, 95.46%, respectively, while the exergy efficiency 

of the CLC-power plant is 30.27%. 

In the CLC unit, coal is combusted in the FR with the OC and the exergy (Ech) of coal (1,975.9 

MW) is converted to exergy (Eph and Ech) of the flue gas, as well as Eph of the reduced OC. The 

reduced OC is then oxidized by the pre-heated air. Meanwhile, a large amount of exergy loss (594.6 

MW) takes place in the CLC unit. In this study, the combustion exergy efficiency of the CLC is 

71.70%, which is similar to previous studies (74.7% - 83.25%) [72, 73], due to the different nature 

of the fuels, demonstrating the reliability and accuracy of the proposed model. However, the 

combustion exergy efficiency of CLC is higher than that of traditional combustion (50.0% - 67.6%) 

[8, 39, 45, 74]. This is one reason why CLC power generation efficiency is higher than traditional 

combustion power generation efficiency with the same CO2 capture ratio. Another reason for the 

higher power generation efficiency of the CLC power plant is that the in-suit CO2 removal property 

of CLC. As Grassmann diagram shows, the exergy efficiency of the CO2 capture and compression 

section is 95.45%, which is higher than the traditional CO2 capture method (~ 40.7%) [39]. 

4.6 Performance comparison 

Table 5 presents the performance comparison between the CLC-power plant and traditional 

ultra-supercritical power plant w/o CCS in terms of economic, environmental, and technical 

indicators mentioned above. By optimizing the heat exchange network, COE, CO2 emissions, 

energy consumption of CO2 capture and coal consumption decreased by 0.009 $/kWh, 6.76 g/kWh, 

25.41 kW/t and 22.6 g/kWh, respectively. With the same CO2 capture ratio of 90%, the net 

generating efficiency of the CLC-power plant (optimal case) is 2.4% higher than that of the 
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traditional ultra-supercritical power plant with CCS (MEA-based power plant), leading to a lower 

COE at 0.104 $/kWh compared to 0.143 $/kWh for the MEA-based power plant. Moreover, coal 

combustion of the CLC-power plant is 381 g/kWh while that of the MEA-based power plant is 408 

g/kWh, resulting in lower CO2 emission of CLC-power plant at 87.7 g/kWh in comparison with 

that of MEA-based power plant at 97.1 g/kWh [44]. With respect to the energy consumption of 

CO2 capture (only the process of CO2 separation and compression are considered), the CLC-power 

plant (73.2 kW/t) is more energy-efficient than the MEA-based power plant (107.5 kWh/t). The 

addition of CO2 capture and compression of the two cases result in an efficiency penalty of 5.1% 

absolute percent in the CLC-power plant and 8.2% absolute percent in the MEA-based power plant. 

Besides, the CLC-power plant can save 39.1% initial capital cost based on that of the MEA-based 

power plant (0.067 $/kWh). Those results demonstrate that the CLC-power plant seems to be more 

efficient, cost-effective, environmentally benign in comparison to the MEA-based power plant.
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Table 5. Performance comparison between CLC-power plant and traditional ultra-supercritical power plant 

Indicator 

CLC-power plant  

(Before optimization, 
initial case) 

CLC-power plant  

(After optimization, 
limit case,  

∆Texmin = 0 K) 

CLC-power plant 
(After optimization, 

optimal case,  

∆Texmin = 10 K) 

Traditional ultra-supercritical 
power plant [44]  

CCS/Non-CCS CCS CCS CCS CCS Non-CCS 

Capital cost, $/kWh 0.044 0.039 0.041 0.067 0.036 

COE, $/kWh 0.112 0.103 0.104 0.143 0.087 

Net generating efficiency, % 32.90 35.23 34.80 32.40 40.70 

Gross generating efficiency, % 36.70 39.66 39.10 37.80 42.90 

Combustion exergy 
efficiency, % 

71.70 71.70 71.70 67.60 67.60 

Net exergy generating 
efficiency, % 

32.25 34.48 34.05 31.71 39.83 

Gross exergy generating 
efficiency, % 

35.91 38.81 38.26 36.99 41.98 

CO2 emissions, g/kWh 94.46 86.97 87.70 97.10 773.37 

Energy consumption of CO2 
capture, kWh/t 73.21 73.21 73.21 107.58 0 

Efficiency penalty of CO2 
capture, % 

5.14 5.14 5.14 8.20 0 

Coal consumption, g/kWh 409.2 376.8 381.0 408.0 325.8 
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5  Conclusions 

From the above analysis and evaluation, the CLC power plant presents a low carbon, 

economic and efficient power generation technology which can solve the issues related to the CO2 

emission and energy utilization simultaneously in coal power generation processes. It is possible 

to make the following conclusions: 

(1) The key operation parameters and conditions of CLC of coal were tested and optimized. 

The optimal values for the temperature of the air reactor (1,223 K), the temperature of the fuel 

reactor (1,157 K), the mass ratio of oxygen carrier to coal (55) and CO2 recycle ratio (0.65) have 

been identified. These values are expected to give optimum results for complete combustion, 

obtaining approximately 100% concentrated CO2 stream at a high CLC exergy efficiency (71.70%). 

(2) The heat exchange network model is optimized by using combined pinch and exergy 

analysis, followed by obtaining the exergy distribution of the entire plant. In comparison to the 

optimal heat exchange network, the exergy efficiency of the limited heat exchange network 

increased by 0.56% (Part 1) and 2.54% (Part 2). The exergy destruction of each unit was estimated, 

in which the chemical looping combustion unit has the largest exergy destruction (~ 595 MW), and 

the steam turbine unit has 429 MW exergy destruction. Exergy distribution analysis shows that the 

exergy efficiency of the subsystems is 70.51% (CLC), 74.76% (ST), 86.69% (HRSG) and 95.46% 

(CC), respectively. The net exergy efficiency of the CLC power plant (34.05%) improved by 1.80% 

after HEN optimization. 

(3) With the same CO2 capture ratio of 90%, the chemical looping combustion power plant 

has provided a lower cost of electricity at 0.104 $/kWh and coal consumption at 381 g/kWh as 

compared to those of 0.143 $/kWh and 408 g/kWh in the MEA-based power plant. Even under 

negative variation (30%) of main variables, CLC power plant still has advantages in COE (0.088 

$/kWh ~ 0.127 $/kWh) compared to the MEA-based power plant (0.143 $/kWh). Carbon price (> 
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33.20 $/t-CO2) is necessary for the future carbon market for the chemical looping combustion 

power plant to be profitable.  
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Nomenclature 

Abbreviations 

AR   air reactor 

AOC  annual operating cost 

BFW  boiler feed water 

CLC  chemical looping combustion 

CC   composite curves 

COE  cost of electricity 

CO2   carbon dioxide 

CFB  circulating fluidized bed 

CRF  capital recovery factor 

CCS  CO2 capture and storage 

CPEA  combining pinch and exergy analysis 

DEA  deaerator 

ECO  economizers 

ECC  Exergy Composite Curve 

EGCC  Exergy Grand Composite Curve 

EVA  evaporators 

FR   fuel reactor 

FWH  feed water heaters 

FCI   fixed capital investment  

FC   fixed charges 

GCC  grand composite curve 

GE   general expenses 
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HEN  heat exchange network 

HRSG  heat recovery steam generator 

HHV  high heating value 

HP   high pressure 

IP   intermediate-pressure 

LP   low-pressure 

MEA  monoethanolamine 

NPV  net present value 

OC   oxygen carrier 

POC  plant overhead costs 

RH   reheater 

ROI   annual average of return on investment 

ST   steam turbine 

SH   superheater 

TRL  technical readiness level 

TCI   total capital investment 

TPEC  total purchased equipment cost 

TIC   total installed cost 

TDIC  total direct and indirect cost 

TFR  temperature of fuel reactor 

TAR  temperature of air reactor 

VPC  variable production cost 

WGS  water gas shift
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