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Abstract: Coal-based chemical looping combustion (CLC) power plant presents itself as a 

promising technology due to its low energy penalty which is associated with its inherent CO2 

capture process. However, most evaluations and comparisons (energy efficiency, economic, 

and environmental aspects) of the CLC power plant generally were focused on the power plant 

operation stage. Life cycle assessment (LCA) method with a “cradle to gate” model involving 

power plant construction, operation, and decommissioning stage,of coal-based power plants 

was established. Following that the resource consumption, energy consumption, environmental 

impact potential, and economic performance in the life cycle, were comprehensively compared 

between the coal-based CLC power plant and other plants such as IGCC, USC and oxy-

combustion power plants with and without (w/o) CO2 capture, to find out the potential and 

deficiency of the coal-based CLC power plant in a life cycle perspective. Results showed that 

energy resource consumption accounts for the largest proportion of the total resource 

consumption (81.88-91.89%) in six coal-fired power plants. Among the environmental impact 

potentials, smoke and dust potential (SAP) has the highest value while eutrophication potential 

(EP) resulted in the lowest in six coal-based power plants. CLC presented resource depletion 

indicator, energy payback ratio and the total life cycle costs, at 4.79×10-6 kWh/person/day, 3.22, 

and 0.138 $/kWh, respectively. These power plants were ranked from highest to lowest 

according to their sustainability as the following USC, CLC, IGCC, oxy-CCS, USC-CCS, and 

IGCC-CCS. However, CLC presents the best sustainability in all coal-based power plants with 

CO2 capture. The CLC power plant will be one of the most attractive options for carbon 

reduction in coal-based power systems, as the development of CLC technology further 

improves energy efficiency and economic performance. The results further demonstrated that 

the coal-based CLC power plant can solve the issues involving CO2 emission reduction and 

energy utilization in coal to power generation process from lifecycle viewpoint. 

Keywords: chemical looping combustion, power plant, life cycle assessment, CO2 capture 



 

 

1. Introduction 

There are increasing pressure and concern in regards to global warming (GW), requiring 

nations to seek lower-carbon energy sources in view of the Paris Agreement commitment. 

Carbon dioxide emission causes a major environmental (GW) [1, 2] and political concern. To 

further mitigate climate change and better achieve the goals of the Paris Agreement, the goal of 

achieving "carbon neutrality" of anthropogenic greenhouse gases (GHGs) (mainly CO2) has 

been proposed in many nations. Last decades, coal and natural gas combined power plants have 

exceeded 63% of global electricity generation [3], which accounted for 59% CO2 emission of 

whole CO2 emission in the world. Over 80% CO2 emissions is from coal-based power plants. 

The CO2 emissions reduction of coal-based power plants has become one of the significant 

tasks of countries to achieve carbon neutrality. Despite the global push for “carbon neutrality”, 

the path in coal-based power plants is unclear. To reducing GHG emissions and achieve carbon 

neutrality in coal-based power plants, some technological options have been outlined to 

mitigate global warming: turning to lower-carbon intensive fuels in power plants, improving 

energy efficiency in power plants, deployment of promising power generation technology, and 

carbon capture and storage (CCS) technologies. 

The most significant measurement in power plants (for example: Ultra-supercritical (USC) 

power plant [4-8], Integrated Coal Gasification Combined Cycle (IGCC) power plant [9, 10] 

and oxy-combustion power plants [11, 12]) for reducing CO2 emission is to improve energy 

efficiency, especially in coal-fired power plants. The most effective method  to reduce carbon 

emissions is to capture and store the emitted CO2 to prevent accelerating global warming in a 

short period. However, the CCS system provides a significant increase in energy consumption 

and costs in power plants. Amongst CCS technologies, the post-combustion CO2 capture (using 

amine solvent) is the most technologically and commercially-matured technology. The 

electricity generation efficiency of the USC-CCS power plant is reduced by approximately 9.5% 

compared to the USC-power plant (45.5%) [8]. The cost of electricity (COE) of the USC-CCS 

power plant would be increased by 44% compared with the USC-power plant [13]. IGCC power 

plant with CO2 capture uses pre-combustion capture technology, in which CO2 is removed from 

the syngas (water gas shift reaction is required: CO+H2O=CO2+H2) before combustion. The 

electricity generation efficiency of the IGCC-CCS power plant is reduced by 9.3% compared 

with that of the IGCC-power plant (~44.3%) [14]. COE of an IGCC-CCS power plant is 

increased by 33 ~ 44% compared to an IGCC power plant [15]. USC-CCS and IGCC-CCS 



 

 

power plants can support reducing CO2 emissions using CCS technology, however, this will 

result in a reduced power generation efficiency and increased COE. Oxy-combustion with CO2 

capture and storage (Oxy-CCS) power plant is another promising technology enable to reduces 

CO2 emission for coal-fired power plants. CO2-rich flue gas in oxy-combustion power plants 

avoided relatively expensive CO2 capture compared to that of the conventional coal-fired power 

plant. However, using ASU for oxygen separation from air to obtain nearly pure oxygen, which 

makes the power generation costly and inefficient. Electricity generation efficiency and COE 

of the Oxy-CCS power plant is reduced by 10.0 ~ 12.0 % (due to O2 generation from ASU, and 

CO2 compression) [11, 16, 17] and increased by 29.5 ~ 31.4% compared to that of typical 

traditional power plant without CCS (42 ~ 45%). 

Therefore, it is imperative to find a carbon capture technology with low energy 

consumption for power plants to gain high electricity generation efficiency. Chemical looping 

combustion (CLC) presents itself as a promising technology due to its low energy penalty which 

is associated with its inherent CO2 capture process [18, 19]. Therefore, coal-based CLC power 

plants with CO2 capture could be suggested as an alternative power generation technology 

compared to USC power plants with CO2 capture (Amine-based), IGCC power plants with CO2 

capture (chemical/physical processes such as MEA, Selexol and Rectisol, etc.), and oxy-

combustion power plant with CO2 capture. Compared with these coal-based power plants with 

energy-intensive CCS systems, the CLC power plant has the advantage in power generation 

efficiency and COE due to the lower energy penalty in the CCS process. With different fuel-

based (coal, natural gas, biomass, syngas, etc.) CLC power plants, power generation efficiency 

ranged from 35% to 46% with nearly zero CO2 emission [19-22]. It was estimated that the COE 

of the coal-based CLC power plant is approximately 0.088-0.127$ /kWh [23, 24], which is more 

favorable than the advanced coal-based power plants mentioned above. Due to the low carbon 

emission and high electricity generation efficiency of the CLC power plant [25, 26], it attracts 

extensive research focus. 

However, most evaluations and comparisons (energy efficiency, economic, and 

environmental aspects) of the CLC power plant generally were focused on the power plant 

operation stage. For example, the efficiency performance of chemical looping combustion 

power generation systems is estimated by using energy and exergy analysis approaches[27-29], 

and to improve the system techno-economic performance by optimizing CLC unit or heat 

exchange network. Moreover, the environmental performance evaluation only considers the 

CO2 emission in the power generation section [24, 30, 31]. Considering only the operational 



 

 

stage of power plants when analyzing the potentiality of economic, energy and CO2 emissions 

reduction ignore additional impacts in other processes (such as coal and OC (coal/OC) 

mining/washing, raw material transportation, waste transportation, etc.) of the whole life cycle, 

especially in new promoted technology. A quantitative assessment of the potential energy 

consumptions and CO2 emission reduction to better understand the application of CLC power 

plants is crucial for future carbon-neutral power plants. Life cycle assessment (LCA) has proven 

to be an effective tool on the environmental impacts measuring of various conventional and 

advanced power plants, which was applied to comprehensively analyze the advantage and 

disadvantages of coal-based advanced power plants. Nevertheless, there is very little focus on 

the life cycle assessment of lower-carbon coal-based CLC power plants in current research. 

Navajas [32] evaluated the environmental impact of CLC-based natural gas combined cycles 

(GCLC-CC) power plant and compared it to that of gas turbine combined cycle (GTCC) and 

GTCC-Amine in the whole lifecycle, results presented that GCLC-CC did not add negative 

environmental impact to those in current natural gas combustion. Fan [33] reveals  the 

relationship between global warming impact (GWI) of CLC and four factors (the types of 

oxygen carrier (OC), the lifetime of OC, the global warming potential (GWP) of OC, and 

thermodynamic performances of CLC power facility) to investigate the environmental 

sustainability of this technology, showing that integrating CLC with more-efficiency power 

plant system can contribute to lower GWI.  

In this study, a life cycle assessment model of coal-based power plants was established. 

The resource consumption, energy consumption, environmental impact potential and economic 

performance in the life cycle, were comprehensively compared between coal-based CLC power 

plant and other five power plants, IGCC, USC and oxy-combustion power plants with and 

without (w/o) CO2 capture, from which it can reveal the development potential and technologic 

bottleneck of the CLC power plant in the life cycle. The significance of this work is to 

comprehensively evaluate coal-based power plants, including the life cycle energy-economy-

environmental associated with any given industrial activity (from the initial gathering of raw 

materials to the electricity production) of power plants. And to provide targeted solutions and 

research direction to promote the development and application of the CLC power plant. 



 

 

2. Methodology 

To completely evaluate the resource use, energy consumption, economic costs, and 

environmental burden associated with coal-based CLC power plants. This study analyzes these 

impacts based on sub-stages (Fig. 1) of coal-based CLC power plants by using the LCA method. 

After a holistic evaluation of the coal-based CLC power plant, it is then compared to the other 

five coal-based power plants (IGCC, IGCC-CCS, USC, USC-CCS, and Oxy-CCS). 

 

Fig. 1 Sub-stages of a coal-based CLC power plant 

2.1 Description of power plants 

A simplified block diagram of CLC power plant with CO2 capture, coal-based USC power 

plant with/without CO2 capture, IGCC power plant with/without CO2 capture and Oxy-CCS 

power plant is depicted in Fig. 2(a) to (e). Table 1 shows the main operating parameters of these 

power plants. Especially, levelized cost of electricity (LCOE) of different net power out power 

plants are estimated by using the cost-to-capacity method [34] (scale factor, 0.82) for adapting 

the same net power plant size (550 MW). In addition, the key components in each stream (based 

on Fig.2) for each process are presented in Table S1. CLC is an innovative and leading-edge 

energy conversion technology that utilizes oxygen carriers to oxidize the fuel instead of 

atmospheric air [35-37]. Fig. 2(a) shows the whole conceptual diagram of a 600 MW coal-based 

CLC power plant, in which the combustion section is replaced by a CLC process with two 

reactors. Flue gases from the fuel and air reactors are sent to the HRSG unit to produce steam 
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for power generation using a steam turbine. Exhaust gas 1 mostly containing N2, and exhaust 

gas 2 containing CO2 and H2O generated from the FR, with CO2 easily separated by 

condensation.  

As shown by Fig. 2(b), a USC power plant (550 MW net power output) without CO2 works 

based on a reheated Rankine Cycle, in which eight regenerative steam extractions and three 

steam turbines were considered [38]. There are mainly three primary inputs (coal, air, and water) 

given to a USC power plant. Coal creates required heat energy by combustion with air in the 

combustion chamber, the heat energy is transferred to steam in a steam boiler unit, and steam 

with higher parameters is sent to a steam turbine for electricity generation. The high-pressure 

(HP) steam (24.1 MPa and 593°C), intermediate-pressure (IP) steam (4.8 MPa and 593°C), and 

low-pressure (LP) are considered for three steam turbines to achieve higher efficiency and lower 

CO2 emission. The exhaust gas purification unit is based on the SNOX™ Topsoe technology 

[39] for NOX and SOX simultaneous cleaning. Chemical absorption with MEA (methyl-

ethanolamine) solvents was considered for the USC power plant with the CCS process. CO2 

capture (90% capture ratio) and compression (compressed to 11 MPa) units are presented [40] 

in Fig. 2(c) with a dotted box. Other configurations are the same as the 550 MW USC power 

plant. 

IGCC power plant is an environmentally benign technology with greater power generation 

efficiency. Simplified process flow of a 500 ~ 650 MW (net power output) class IGCC power 

plant [41] system with/without CO2 recovery is shown in Fig. 2 (d-e). IGCC power plant makes 

up technologies of coal gasification (Shell gasifier), raw fuel gas cooling and scrubbing, gas 

cleaning, gas turbine, heat recovery steam generator, steam turbine, sulfur byproduct recovery 

together. In the IGCC power plant, coal is converted to syngas in the gasifier, composed mainly 

of H2 and CO, using a gasification process with higher purity O2 from an ASU. Raw fuel gas is 

sent to a cleanup system where soluble gases and particles are initially removed by wet 

scrubbing, followed by sulfur as a by-product being removed and recovered via a removal and 

recovery process. Clean syngas is utilized in a combined cycle power generation process, in 

which syngas is sent to a Gas turbine unit, and HP, IP, and LP steam generated from the heat 

exchange network (HRSG) are sent to steam turbines. Thereby generating combined electricity. 

The integration of CO2 capture systems (the process of water gas shift, CO2 removal, and CO2 

compression) in IGCC can further improve environmental performance. Here, the Selexol 

absorption processes were applied to achieve 90% CO2 capture.  



 

 

An oxyfuel power plant retrofitted from a typical traditional power plant is selected as a 

base power plant [42]. As presented in Fig. 2(f), the oxy-combustion power plant (550 net power 

output MW) is divided into four subsystems including pulverized coal (PC) boiler, ASU, flue 

gas desulphurization (FGD), CO2 removal, and compression. O2 from the ASU and coal are 

feed into PC boiler, in which coal is combusted and steam is produced. Steam is sent to a steam 

turbine to generate electricity. Then, the flue gas is taken to the flue gas desulphurization (FGD) 

unit, after flue gas clean up, CO2 is distilled and compressed.  
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Fig. 2 Process flow of the six coal-based power plants  
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Table 1 Primary technical parameters of the power plants 

Parameters USC [38] IGCC [41] USC-CCS[38] IGCC-CCS [41] Oxy-CCS [42, 43] CLC 

Gross power output (MW) 580 765 642 696 - 674 

Net power output (MW) 550 640 550 519 550 600 

Net power generation HHV efficiency (%) 40.7 43.0 32.5 32.5 30.1 34.8 

Operation capacity (%) 85 85 85 85 85 85 

CO2 capture efficiency (%) 0 0 90 90 90 90 

Capital cost ($/MWh) 45.17 48.13* 83.62 93.23* 91.02 42.92* 

Fixed costs($/MWh) 11.12 17.66* 17.83 33.45* 19.54 17.90* 

Variable costs ($/MWh) 10.54 12.01* 17.02 23.39* 11.38 12.72* 

Fuel Cost ($/MWh) 28.49 17.7 35.79 23.4 41.30 48.69* 

LCOE ($/MWh)*  95.31 95.50* 154.26 173.47* 163.23 122.22* 

Coal Illinois No.6 Illinois No.6 Illinois No.6 Illinois No.6 Illinois No.6 Illinois No.6 

Gasification technology - Shell - Shell - - 

Gasifier pressure, MPa - 4.2 - 4.2 - - 

Oxidant - 95 vol% O2 - 95 vol% O2 - - 

Excess Air, % 20.9 - 20.9 - - - 

O2: coal ratio, kg O2/kg as-received coal - 0.72 - 0.72 - - 

Carbon conversion, % 99.4 99.5 99.4 99.5 99.5 99.5 

WGS No No Yes Yes No No 



 

 

Parameters USC [38] IGCC [41] USC-CCS[38] IGCC-CCS [41] Oxy-CCS [42, 43] CLC 

Boiler efficiency, % 88.1 89 88.1 89 93.5 90 

Main steam pressure, MPa 24.1 12.4 24.1 12.4 24.1 24.1 

Main steam temperature, °C 593 562-566 593 533-536 599 593 

Reheat steam pressure, MPa 4.8 3.3 4.8 3.3 4.8 4.8 

Reheat steam temperature, °C 593 562-566 593 533-536 621 593 

CO2 separation No No MEA-based selexol distillation  condenser 

* Due to the economic performance being significantly affected by the scale of power plants, the data of economic indicators (capital cost, fixed costs, variable costs) 

are normalized to the same net power output (550MW) based on that of IGCC (640 MW), IGCC-CCS (519 MW) and CLC (600 MW) by using cost-to-capacity method 

[34], in which the equation: 2 2

1 1

( )xC Q

C Q
= , is used to estimate economic indicators of IGCC, IGCC-CCS and CLC power plants. C2 represents the estimated cost of power 

plant 2, with net power output Q2, C1 is the known cost of power plant 1, with net power output Q1, x is the scale factor (0.82) for power plants of 2 and 1.



 

 

2.2 Life cycle assessment 

The framework of the LCA methodology has been defined by the International Standard 

14040 and 14044 [44], which is divided into four inter-related phases as presented in Fig. 3. 

The details are shown in the following sections. 
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Fig. 3 Diagram of the LCA method 

2.2.1 Goal and scope definition 

Goal and scope definition phase is delimited by the electricity production of a coal-based 

power plant system. The main goal of this LCA study is to investigate resource use, energy 

consumption, emissions, and the overall environmental impact of power plants that use CLC 

technology to produce low-carbon energy from a high-carbon resource (coal), and to compare 

with that of other coal-based power plants. A functional unit (1 kWh) was used in six power 

plants with the same coal (Illinois #6 coal). The LCA of coal-based power plants has common 

functions that can be compared. 

The flow diagram of a power plant is divided into three stages: power plant construction, 

operation, and decommissioning. The power plant construction phase includes the mining, 

processing, transportation of raw materials (steel, concrete, aluminum, etc.), as well as the 

construction and installation of the power plant. The operation stage of the power plant includes 



 

 

the extraction, processing, and transportation of resources needed for power production, 

discharge of pollutants (CO2, NOX, SOX, chemical oxygen demand (COD)), as well as control, 

treatment, and transportation of solid waste and dust. In the decommissioning stage of the power 

plant, the data of the power plant demolition and waste recycling process is lacking, and only 

the waste transport process is considered. The life cycle assessment boundary of the six coal-

based power generation systems established in this paper does not include the electric power 

transmission, which belongs to the study of "cradle to gate", as shown in Fig. 4. The different 

units in the system are composed of energy and raw materials as inputs and emissions as outputs. 
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Fig. 4 System boundary of the six coal-based power plants for life cycle assessment 

2.2.2 Life cycle inventory analysis 

The data contained in the inventory mostly includes the input and output of materials and 

energy in the whole system. Life cycle inventory is divided into energy consumption inventory, 

resource consumption inventory, and emission inventory. The environmental emission 

inventory includes CO2, SO2, NOX, CO, CH4, chemical oxygen demand (COD), solid waste 

and dust. The collection of coal-based power plant system life cycle inventory is also divided 

into three stages: power plant construction, power plant operation, and power plant 

decommissioning. The construction phase of a power plant involves the extraction, processing, 

transportation, and installation of the materials needed to build the power plant facility. The 

detailed process of the life cycle inventory data collection is shown in Fig. 5.  
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Fig. 5 Data collection and calculation process [45] 

The calculation method of energy consumption in the construction stage [46] is shown in 

Eqn. 1. mi (kg), Eei (kJ/kg), Emi (kJ/kg), Eti (kJ/kg·km), and Li (km) represent the quality, energy 

consumption per unit of mining, energy consumption per unit of processing energy 

consumption per unit of mass, energy consumption per unit of transport length, and transport 

distance of type i raw materials, respectively. 

( )con i ei mi ti i

i

E m E E E L= × + +∑              (1) 

Resource consumption includes consumption of energy resources (coal, petroleum, and 

natural gas) and consumption of non-energy resources (steel, iron, cement, copper, and 

aluminum). The non-energy resource consumption is calculated by Eqn. 2, in which mi (kg), 

Rei (1/kWh), Rmi (1/kWh), Rti (1/km·kWh), and Li (km) represent the quality of the ith raw 

material, the energy resources consumed by unit quality mining, the energy resources consumed 

----1 

I 
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I 
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by unit quality processing, and the energy resources consumed and transported from unit quality 

unit to transport, respectively. 

, ( )i con i ei mi ti iR m R R R L= × + +               (2) 

Pollutants in the construction stage include CO2, SO2, NOx, CO, CH4, COD, solid waste, 

smoke, and dust. The emission of pollutants consists of the emission from the production 

process of energy resources (Ppi) and the emission of pollutants from the production of non-

energy resources (see Eqn. 3). The pollutants of non-energy resources can be divided into three 

sections: emissions from the production of energy, non-energy resources (Pei), emissions from 

the transport of non-energy resources (Pti), and emissions from the use of energy resources (Pui) 

during the exploitation and processing of non-energy resources. Energy-related CO2 emissions 

can be calculated by multiplying the total amount of energy by its CO2 emission factor. 

Electricity-related CO2 emissions are calculated by referring to the CO2 emission coefficient 

published by the Ministry of Environment [47]. 

,i con pi ei ti uiP P P P P= + + +                (3) 

Eqn. 4 is used to calculate the energy consumption in the operation stage of the power 

plant [46], including the energy consumption in the mining, processing, and transportation 

process of the raw materials (coal and oxygen carrier, etc.) required in the operation stage of 

the power plant (Eri) (kJ), the energy generated in the power production process (Eop) (kJ) and 

the energy consumption in the transportation of solid waste (Et) (kJ). 

opa ri op t

i

E E E E= + +∑                (4) 

The resource consumption in the operation stage is mainly coal, petroleum, natural gas, 

limestone, and ammonia, and the calculation of resource consumption in the operation stage is 

similar to that of in the construction stage of the power plant. The calculation of pollutant 

emissions in the operation stage is presented in Eqn. 5, which increases the quality (Pgi) of 

emissions generated during the generation of the power plant compared with the calculation of 

pollutant emissions in the construction stage. Since there is no measured data of the coal-based 

CLC power plant, the pollutants generated in the power generation process are calculated by 

the material balance analysis and method of pollutant producing coefficient (PPC) and pollutant 

discharge coefficient (PDC) [46]. The calculation formula is shown in Eqn. 6 to Eqn. 10 [48], 

Where, Bg is fuel consumption, q4 is the incomplete combustion loss of boiler, St,ar is the total 



 

 

sulfur content of the fuel received, K is the share of the fuel oxidized to SO2 after combustion, 

Qar, LHV is the lower heating value of the coal received, β is the CO2 removal rate, βg is the 

pollution production coefficient, and αi is the emission factor. 

, +i ope pi ei ti ui giP P P P P P= + + +               (5) 

2

,42 (1 ) (1 )
100 100
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SO g
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2 ,(0.201+0.087 ) (1 )CO g ar LHVE B Q β= × × × −           (7) 
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 , 10
Xexhaust gas NO g gE B β= × ×               (8) 

610COD g gE B β −= × ×                 (9) 

4, ,CO CH g ar LHV iE B Q α= × ×                (10) 

Due to the lack of data on power plant demolition and waste recycling process, the energy 

consumption and emission in the decommissioning stage of the power plant is 10% of the power 

plant construction[16]. The calculation method of total energy consumption, resource 

consumption, and environmental emission in the decommissioning stage is consistent with the 

other two stages. In the decommissioning stage, only energy consumption, resource 

consumption, and environmental emission in waste transportation are considered. 

Assumptions 

The boundary demarcation and LCA calculation methods of the coal-based CLC power 

plant (600 MW) are the same as the other three coal-based power generation technologies 

(IGCC, USC, Oxy-combustion). According to the current state of coal-based CLC power plant, 

to simplify the data collection and calculation at different stages of the power plant, the 

following assumptions are proposed: 

1) The CLC coal-based power plant is similar to the circulating fluidized bed combustion 

coal-based power plant in power plant construction. The data of non-energy resource 

consumption and energy resource consumption are the same in power plant 

construction. 

2) On the CLC power plant operation stage, the data include the extraction, processing, 

transportation, and disposal of oxygen carriers. 

3) Coal, concrete, steel, aluminum, limestone, oxygen carrier (Fe2O3), and ammonia are 



 

 

produced in China and transported to the site of the power plant by rail or truck. 

4) Due to the lack of data on equipment installation and plant construction, the impact of 

mining, processing, and transportation of raw materials is considered only during the 

construction phase. 

5) Energy consumption in the decommissioning stage of the coal-based CLC power plant 

refers to the calculation of energy consumption of the CFBC power plant in the 

decommissioning stage. 

6) The coal-based CLC power plant and the circulating fluidized bed power plant (CFBC) 

adopt the same limestone desulfurization technology [49], the molar ratio of Ca and S 

is 2, and the desulfurization efficiency is 90%. 

2.2.3 Life cycle impact assessment 

Based on the results of inventory analysis, Life Cycle Impact Assessment (LCIA) is 

divided into life cycle energy consumption assessment, life cycle resource consumption 

assessment, life cycle environmental impact assessment, and life cycle cost assessment. 

Life cycle energy and resource consumption assessment 

The energy payback ratio (EPR) is adopted as the evaluation index of energy consumption 

in the life cycle and is the ratio of total electric energy output to total energy consumption in 

the life cycle. It can be calculated by Eqn. 11, in which Econ, Eope, and Edec represent the energy 

consumed by the power plant during construction, operation, and decommissioning, 

respectively, and Ee (kWh) represents the electricity generated by the plant during its life cycle. 

Life cycle resource consumption assessment has two indicators: life cycle resource 

consumption and resource depletion indicators (RDI). RDI is obtained by standardized and 

weighted assessment of resource consumption [45]. Life cycle resource consumption is 

calculated by Eqn. 12, including life cycle energy resource consumption and non-energy 

resource consumption. Rcon (kJ), Rope (kJ), and Rdec (kJ) represent the energy resource 

consumption in the construction, operation, and decommissioning stages of the power plant, 

respectively. Ucon, Uope, and Udec characterize the three phases of non-energy resource 

consumption, respectively. 

= e

con ope dec

E
EPR

E E E+ +
               (11) 

con ope dec con ope decREC R R R U U U= + + + + +            (12) 



 

 

Life cycle environmental impact assessment 

For the assessment of environmental impact, the Centre For Environment Studies (CML) 

method [50] was selected in this study. The CML method includes three steps: classification, 

characterization, and normalization. Impact categories chosen for this study are nutrient 

enrichment, acidification, human toxicity, global warming, solid waste, and dust. According to 

the life cycle inventory, different emission data are classified into different impact types. For 

example, CO2, NOX, and CH4 are classified as global warming, SO2 and NOX as acidification, 

NOX, and COD as nutrient enrichment, SO2, NOX, and CO as human toxicity, solid waste as 

solid waste, and dust as soot and dust. The environmental impact potential value is calculated 

based on pollutant discharge and equivalent factors, and the specific parameters are shown in 

Table 2. 

The environmental impact potential value is defined as the total amount of similar 

environmental impact emissions in the whole system, which is calculated in Eqn. 12. EP(m) 

represents the mth environmental impact potential value in the product life cycle, EP(m)n 

represents the mth environmental impact potential value of the nth emission, Q(m)n represents 

the emissions of the nth substance, and EF(m)n represents the equivalent factor of the mth 

environmental impact of the nth emission. Data standardization is required after the calculation 

of the environmental impact potential. The purpose is to provide a standard for comparing the 

relative size of the various types of impacts. The impact potential value of standardization can 

reflect the size of the potential environmental impact amount. The data of 1990 is used as the 

standard benchmark, and the calculation process is shown in Eqn. 13. Where NEP(m) represents 

the value after the standardization of the potential value of the mth environmental impact, and 

ER(m) represents the standardized benchmark. The unit of environmental impact potential after 

standardization is the standard human equivalent. Different scale benchmarks are used for the 

types of environmental impacts in different impact regions. For example, global scale 

benchmarks are used for the environmental impact potential value of a global environmental 

impact region; Use regional or national benchmarks for regional environmental impacts; Use 

national or regional benchmarks for local environmental impacts. To compare the relative 

severity of different environmental impact types, the standardized environmental impact 

potential value was weighed and the weight factor was calculated in Eqn. 13. WF(m) is the 

weight factor of the mth environmental impact type can be calculated by Eqn. 14, and the current 

social level of the mth environmental impact (ER(m)base) is divided by the target level of the 

environmental impact (ER(m)aim). Through the weight assessment of different environmental 

impact types, the impact of the production (electricity, heat, and so on) system on the 



 

 

environment can be carried out more reasonably. 

( )= ( ) = [ ( ) ( ) ]n n nEP m EP m Q m EF m⋅∑ ∑            (12) 
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Table 2 Impact categories and equivalent factors 

Impact categories Matters Equivalent factor [46] 

Global Warming Potential 

(GWP) 
CO2, CH4, NOX 1, 21, 320 

eutrophication potential (EP) NOX, COD 1, 1 

acidification Potentials (AP) SO2, NOX 1, 0.7 

human Toxicity Potential (HTP) CO, SO2, NOX 0.012, 1.2, 0.78 

solid Waste Potential (SWP) 
coal gangue, waste and residues, blast 

furnace slag, depleted OC 
1, 1, 1, 1 

smoke and dust potential (SAP) smoke, coal ash, dust and mud 1, 1, 1 

 

Life cycle cost assessment 

To realize the comparison of different coal-based power plants, the same index function (1 

kWh) was used to compare the performance of power plants with similar net power output. 

Nevertheless, the economic performance is significantly affected by the scale of power plants, 

as result, for economic assessment in the life cycle, economic data from different sizes 

(500~650 MW net power output) of power plants mentioned above are normalized to the same 

size (550 MW net power output) by using the cost-to-capacity method (scale factor is 0.82) [34]. 

While the economic performance of CLC is calculated from the data of the economic evaluation 

model (Supporting Information), and estimated by using the same method (cost-to-capacity) 

mentioned above[34].  

Total life cycle costs (TLCC) are divided into internal and external costs. Internal cost 

refers to the unit cost of power plant construction, daily operation of power plant maintenance, 

treatment cost of decommissioning and residual cost within the life cycle of the power plant, 

namely, LCOE. Internal cost consists of capital costs, fixed operation and maintenance (O&M), 

variable O&M, fuel cost and CO2 transport and storage (T&S). External cost refers to the cost 



 

 

unit of environmental impact during the construction, operation, and decommissioning of the 

plant. The internal cost of CLC is calculated from the data of the economic evaluation model 

(Supporting Information), and estimated by using the same method (cost-to-capacity) 

mentioned above. The external cost is calculated from the environmental impact index and the 

corresponding environmental cost factor [46]. The environmental cost factor of environmental 

impact categories including GWP, AP, EP, HTP, SWP and SAP are 0.06, 0.74, 0.58, 0.76, 0.06 

and 0.31, respectively. 

Power plant sustainability assessment 

Power plant sustainability assessment (SIPP) is related to energy rate of return, resource 

depletion indicators, environmental impact potential, and life cycle cost, as shown in Eqn. 15. ε, β, χ, and δ are the weights of the four evaluation indexes[46]. The values are 0.214, 0.095, 

0.214, and 0.477, respectively. The higher the SIPP, the better the plant will be for resources, 

the environment, and the economy. 

EPR
SIPP

RDI NEP TLCC

ε
β χ δ

×
=

× + × + ×
           (15) 

2.3 Life cycle inventory analysis 

2.3.1 Data collection 

The total energy consumption in the construction stage is calculated by Eqn. 1, neglecting 

the energy consumption in the process of plant construction and equipment installation, and 

only considering the energy consumption in the process of material mining, processing, and 

transportation to the power plant. The materials used for the construction of the power plant are 

transported by road. According to the national average distance of road cargo transportation, 

the value is 69 km [51]. The energy consumption in the process of raw material mining, 

processing, and transportation is calculated by unit energy consumption and amount of raw 

material [46]. The pollutant emission in the construction stage of the power plant is calculated 

by Eqn. 3, in which the pollutant emission in the energy production process is calculated by the 

emission of unit energy production [45] and the amount of energy consumption. Pollutants 

produced by the production, processing and transportation of non-energy resources are 

calculated by unit pollutant discharge[45] and consumption of non-energy resources. 

The total energy consumption in the operation stage of the power plant is calculated 

according to Eqn. 4, including direct and indirect energy consumption. Direct energy 



 

 

consumption is the energy consumption generated by fuel consumption within the whole life 

cycle, and indirect energy consumption refers to the energy consumption caused by the mining, 

processing, and transportation of raw materials, materials needed for power plant operation, 

and the transportation of solid wastes generated by power plant operation.  

In the calculation process, it is assumed that the fuel and raw materials (limestone, oxygen 

carrier, and ammonia water) are transported by railway and road. In which railway 

transportation accounts for 70%, and the transportation distance [51] is 757 km. Road 

transportation accounts for 30% and the transportation distance is 69 km [51]. The solid waste 

generated from the power plant in the operation stage is transported by road with a 

transportation distance of 5 km. The pollutant emission during the transportation process is 

based on the following reference [52]. The emission of pollutants in the operation stage of the 

power plant is calculated by Eqn. 5. The calculation process of the first four items in the formula 

is the same as that in the construction stage of the power plant, in which the pollutant emission 

process in the mining and transportation of oxygen carrier Fe2O3 is calculated by reference [53]. 

CH4 emissions during coal mining are about 0.262 kg/GJ coal [54]. 

2.3.2 Inventory analysis 

Based on the above assumptions and data collection, a life cycle assessment inventory of 

the three stages of the coal-based power plants (CLC, IGCC, IGCC-CCS, USC, USC-CCS, 

Oxy-CCS) are established as shown in Table S2.  



 

 

3. Results and discussions 

3.1 Life cycle assessment of coal-based CLC power plant 

Based on the established inventory of the coal-based CLC power plant, life cycle resource 

consumption, life cycle energy consumption, life cycle environmental impact, and life cycle 

cost of the coal-based CLC power plant are evaluated. The details are presented in the next 

section. 

3.1.1 Life cycle resource consumption assessment 

The life cycle resource consumption of power plants is carried out from two aspects of 

resource consumption and resource depletion indicators. The total resource consumed of coal-

based CLC power plant is obtained by adding the energy consumption in the three stages of 

construction, operation, and decommissioning, giving a value of 461.87 g /kWh. Coal, 

limestone, and oxygen carriers accounted for 83.60%, 9.67%, and 3.44% respectively. However, 

resource consumption reflects the absolute resource consumption in the life cycle assessment 

of power plants and does not reflect the relative value of resource consumption. Resource 

consumption is standardized and weighted [45] to obtain the resource depletion indicators, 

which can be used to compare the relative value of the power plant resource consumption. Coal 

is the main component, accounting for 81%, followed by natural gas, accounting for 15%, and 

metal mineral resources account for less than 3%. Therefore, reducing power plant resource 

consumption should start from energy resources, coal, petroleum, and natural gas.  

3.1.2 Life cycle environmental impact assessment 

Based on the impact categories and equivalent factors, and the amount of different 

environmental pollutants shown in Table S2, the potential value of environmental impact is 

calculated, and is shown in Table 3. CO2, NOX, CO, and CH4 contribute to the GWP. As 

presented in Fig. 6, among the construction (including materials transportation in construction), 

operation (including coal/OC/ mineral mining, coal/OC washing; raw material transportation, and 

waste transportation in operation), operation and decommissioning (including waste 

transportation in decommissioning) stages of the power plant, the operation stage accounts for a 

maximum proportion of GWP (58.4%). GWP of the construction stage and the 

decommissioning stage is 41.6% of the total. NOX and SO2 gases contribute to the potential 

value of acidification. The AP of the construction and decommissioning stage is 22.1% of the 



 

 

total AP in the coal-based CLC life cycle assessment, and AP of the power plant operation stage 

accounts for 77.9%. According to the calculation of nutrient enrichment potential value by using 

the Chemical Oxygen Demand (COD) index, the power plant operation stage contributes the 

most to EP, accounting for 85.2%, while the EP produced by the power plant construction and 

decommissioning stages only account for 14.8%. The main gases that contribute to the potential 

of human toxicity are SO2, CO, and NOX. Among the three stages of the whole life cycle of the 

power plant, the operation of the power plant contributes the most to HTP, accounting for 77.9%, 

while the construction and decommissioning stage of the power plant only account for 22.1%. 

The materials that contribute to the potential value of solid waste mainly include power plant 

waste slag, furnace slag, and waste oxygen carrier. The potential value of solid waste in the 

power plant operation stage is the largest, accounting for more than 96.4%, while the 

contribution of the power plant construction and decommissioning stage is less than 3.6%. The 

largest contributor to soot and dust emission during the life cycle of the power plant is the 

construction and decommissioning stage, which accounts for 93.0%, while the operation stage 

only accounts for 7.0%. 

According to the data (Table 3) analysis, it can be concluded that to reduce AP, EP, HTP, 

and SWP, we need to start by reducing the construction and operation stage of the power plant. 

Since the power plant itself can reduce CO2, for this power generation technology, further 

reducing GWP should start from the construction and operation of the power plant at the same 

time, and the impact on soot and dust should be mainly considered from the construction and 

decommissioning of the power plant. 
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Fig. 6 Grassmann diagram of life cycle assessment (environmental and economic) of coal-based power 

plants (stage 1: coal/OC/ mineral mining; Stage 2: coal/OC washing; Stage 3: raw material transportation; 

Stage 5: waste transportation; Stage 6: waste transportation in decommissioning; Stage 7: materials 

transportation in construction) 
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Table 3 Environmental effect potential of coal-based power plants 

Power plants Environmental impact potential Construction Operation Decommissioning Total 

CLC 

GWP/ (kg CO2 eq/ (kW h)) 6.52×10-1 8.50×10-1 4.42×10-5 1.50 

AP/ (kg SO2 eq/ (kW h)) 1.11×10-3 3.86×10-3 6.29×10-8 4.98×10-3 

EP/ (kg NO3 eq/ (kW h)) 5.24×10-7 3.01×10-6 0 3.53×10-6 

HTP/ (kg / (kW h)) 1.31×10-3 4.55×10-3 7.21×10-8 5.68×10-3 

SWP/ (kg / (kW h)) 3.54×10-3 9.10×10-2 0 9.45×10-2 

SAP/ (kg / (kW h)) 7.15×10-4 9.46×10-3 0 1.02×10-2 

USC 

GWP/ (kg CO2 eq/ (kW h)) 4.23×10-1 2.33 1.96×10-5 2.76 

AP/ (kg SO2 eq/ (kW h)) 7.25×10-4 7.17×10-3 9.54×10-8 7.90×10-2 

EP/ (kg NO3 eq/ (kW h)) 3.45×10-7 6.58×10-6 0 6.92×10-6 

HTP/ (kg / (kW h)) 8.53×10-4 8.47×10-3 1.14×10-7 9.32×10-2 

SWP/ (kg / (kW h)) 2.31×10-3 9.87×10-2 0 1.01×10-1 

SAP/ (kg / (kW h)) 4.64×10-4 1.08×10-2 0 1.13×10-2 

USC-CCS 

GWP/ (kg CO2 eq/ (kW h)) 1.12×10-1 1.30 3.69×10-5 1.41 

AP/ (kg SO2 eq/ (kW h)) 7.67×10-4 8.50×10-3 5.87×10-8 9.27×10-3 

EP/ (kg NO3 eq/ (kW h)) 3.91×10-5 7.80×10-6 0 4.69×10-5 

HTP/ (kg / (kW h)) 9.04×10-4 1.00×10-2 6.92×10-8 1.09×10-2 

SWP/ (kg / (kW h)) 2.70×10-3 1.17×10-1 0 1.20×10-1 

SAP/ (kg / (kW h)) 7.40×10-4 1.28×10-2 0 1.35×10-2 

IGCC 

GWP/ (kg CO2 eq/ (kW h)) 6.05×10-1 2.06 3.91×10-5 2.66 

AP/ (kg SO2 eq/ (kW h)) 1.03×10-3 6.54×10-3 5.80×10-8 7.57×10-3 

EP/ (kg NO3 eq/ (kW h)) 4.90×10-7 6.81×10-6 0 7.30×10-6 

HTP/ (kg / (kW h)) 1.22×10-3 7.72×10-3 6.84×10-8 8.94×10-3 

SWP/ (kg / (kW h)) 3.29×10-3 8.98×10-2 0 9.31×10-2 

SAP/ (kg / (kW h)) 6.44×10-4 1.08×10-2 0 1.15×10-2 



 

 

Power plants Environmental impact potential Construction Operation Decommissioning Total 

IGCC-CCS 

GWP/ (kg CO2 eq/ (kW h)) 6.10×10-1 1.19 3.96×10-5 1.80 

AP/ (kg SO2 eq/ (kW h)) 1.04×10-3 8.50×10-3 5.85×10-8 8.79×10-3 

EP/ (kg NO3 eq/ (kW h)) 4.94×10-7 7.80×10-6 0 8.56×10-6 

HTP/ (kg / (kW h)) 1.23×10-3 1.00×10-2 6.92×10-8 1.04×10-2 

SWP/ (kg / (kW h)) 3.32×10-3 1.17×10-1 0 1.10×10-1 

SAP/ (kg / (kW h)) 6.69×10-4 1.28×10-2 0 1.35×10-2 

Oxy-CCS 

GWP/ (kg CO2 eq/ (kW h)) 4.8×10-1 9.83×10-1 3.12×10-5 1.46 

AP/ (kg SO2 eq/ (kW h)) 1.11×10-3 8.62×10-3 6.23×10-8 9.73×10-3 

EP/ (kg NO3 eq/ (kW h)) 5.26×10-7 8.45×10-6 0 8.98×10-6 

HTP/ (kg / (kW h)) 1.28×10-3 9.99×10-3 7.21×10-8 1.13×10-2 

SWP/ (kg / (kW h)) 3.07×10-3 1.03×10-1 0 1.06×10-1 

SAP/ (kg / (kW h)) 6.20×10-4 1.18×10-2 0 1.25×10-2 



 

 

After different environmental impact potentials were standardized and weighted, the 

severity of different environmental impacts was compared. The results show that the potential 

impacts on the environment are GWP, HTP, SWP, AP, SAP, and EP in descending order. The 

percentages of the potential value of each environmental impact in the total environmental 

impact were 28.02%, 27.64%, 21.12%, 16.37%, 6.85%, and 0.01%, respectively. EP had the 

least environmental impact at 0.00003 milli-human equivalents, while GWP had the most 

environmental impact at 0.1337 milli-human equivalents.  

3.1.3 Power plant life cycle cost evaluation and sustainability assessment 

Based on the life cycle cost composition (described in detail in 3.2.3), the internal cost is 

equal to LCOE. The internal cost of the coal-based CLC power plant is 0.122 $/kWh, 

accounting for 88.77% of the total life cycle cost. According to the calculation of environmental 

impact cost presented in Table 2, the external cost was 0.016 $/kWh. The reason why the 

external cost accounted for a relatively low share was that the full life cycle environmental 

impact of coal chemical looping combustion power generation system was relatively small and 

the environmental governance cost was reduced. Among them, the environmental governance 

cost caused by GWP accounts for 84.16%, and the proportion of SWP, HTP, AP, SAP, and EP 

is 5.30%, 4.15%, 3.44%, 2.95%, and 0.002% respectively. 

The higher the SIPP, the better the sustainability of the power plant. SIPP values are related 

to the life cycle return on energy, resource consumption, life cycle environmental impact 

potential, and life cycle cost. According to Eqn. 15, the sustainable SIPP value of the coal 

chemical looping combustion power generation system is 1.51. 

3.1.4 Life cycle energy consumption assessment 

The energy rate of return is used as the evaluation index to evaluate the energy 

consumption in the life cycle of a power plant. As coal-based CLC power generation technology 

has higher power generation efficiency and energy-saving advantages, its energy return rate is 

3.22. The detailed analysis and comparison are presented in section 3.2.1.  

3.1.5 Sensitivity analysis 

Due to data from varied sources, sensitivity analysis is used to estimate the accuracy of 

the data results. Input parameters are changed to see how much influence it has on the life cycle 

assessment results (energy payback ratio, resource consumption, and environmental impact 



 

 

potential, sustainability, life cycle cost) by using a sensitivity analysis method. Sensitivity 

analysis can identify parameters that have a significant impact on the life cycle assessment. 

Parameters including material transport distance, price of oxygen carrier and oxygen carrier 

lifetime, coal price, resource consumption and environmental emissions in power plant 

construction phase, and operation capacity of the power plant are studied. Sensitivity analysis 

results are presented in Fig. 7. 

Fig. 7(a) shows the variations in the energy payback ratio of the different parameters. The 

energy payback ratio decreases with the increase of input of the power plant construction stage, 

and the variation range is [+0.39%, -0.39%]. The energy payback ratio increases with the 

increase of power plant operation capacity, and the change range is [-0.11%, +0.07%]. Other 

parameters such as material transport distance, oxygen carrier price, oxygen carrier lifetime, 

and coal price do not affect the energy rate of return. In conclusion, the above key parameters 

have no significant impact on the energy payback ratio. 

It can be seen from Fig. 7(b) that the input in the power plant construction stage has the 

greatest effect on resource consumption. Resource consumption increases with the increase in 

input in the power plant construction stage, with the change varying between [-13.60%, 

+13.60%]. The resource consumption decreases with the increase in the operational capacity of 

the power plant and the lifetime of the oxygen carrier, and the change range is [+3.64%, -2.55%], 

[+1.22%, -0.13%], respectively. Other parameters such as material transport distance, oxygen 

carrier price, and coal price do not affect resource consumption. In conclusion, among these 

key parameters, the input in the power plant construction stage has the most significant impact 

on the resource consumption, followed by the operation capacity of the power plant and the 

lifetime of the oxygen carrier. Therefore, resource consumption can be reduced by reducing the 

input of the power plant construction stage and increasing the lifetime of the oxygen carrier.  

Fig. 7 (c) shows the effect of different parameters on the environmental impact potential 

value. With the increase in the lifetime of the oxygen carrier, the value of environmental impact 

potential decreases, with a change range [+17.12%, -1.90%]. When the lifetime of the oxygen 

carrier is less than 850 h, the environmental impact potential value is sensitive to its variation. 

The reason is that the short lifetime of the oxygen carriers increases the number of oxygen 

carriers required in the power plant life cycle, which corresponds to the increase in pollutant 

emissions caused by oxygen carrier mining, transportation, and waste disposal, and thus leads 

to the increase in environmental impact potential value. Therefore, oxygen carriers with a 

lifetime of over 850 h need to be developed. The operation capacity of the power plant increases, 

and the environmental impact potential value decreases. The variation range is [+12.68%, -



 

 

8.50%]. The environmental impact potential value increases with the increase in power plant 

input in the construction stage, and the variation range is [-12.56%, +12.56%]. With the increase 

in transportation distance, the corresponding environmental impact potential value increases 

with the change interval of [-1.00%, +1.00%], while the oxygen carrier price and coal price 

have no influence on the environmental impact potential value. From the above analysis, it can 

be concluded that the parameters that have a significant impact on the environmental impact 

potential include the lifetime of the oxygen carrier, operation capacity of the power plant, and 

the input in the power plant construction stage, while the other parameters have no significant 

impact on the environmental impact potential. Therefore, the impact of power plants on the 

environment can be reduced by reducing the power plant construction stage input, increasing 

the operational capacity of the power plant, and increasing the lifetime of the oxygen carriers. 

Fig. 7 (d) shows the influence of the changes of different parameters on life cycle cost. 

Life cycle cost increases with the increase in coal price, power plant input in the construction 

stage, oxygen carrier price and transportation distance, with the variation ranges of [-20.43%, 

+20.86%], [-3.35%, +3.35%], [-2.84%, +3.27%] and [-0.35%, +0.35%], respectively. Life cycle 

cost decreases with the increase in the operational capacity of the power plant and the lifetime 

of the oxygen carrier, and the variation range is [+12.67%, -8.50%] and [+16.69%, -1.61%], 

respectively. To sum up, the effects of coal price, operation capacity of the power plant, lifetime 

of the oxygen carrier, power plant input in the construction, oxygen carrier price, and 

transportation distance on the life cycle cost of the power plant are reduced sequentially. 

Therefore, reducing the price of coal and the power plant input in the construction, and 

increasing the operational capacity of the power plant, and the lifetime of the oxygen carrier 

are effective ways to reduce the life cycle cost. 

Fig. 7(e) shows the impact of different parameter variations on plant sustainability. The 

sustainability of power plant decreases with the increase in coal price, power plant input in 

construction stage, oxygen carrier price and transportation distance, and the change range is 

[+25.66%, -17.25%], [+3.88%, -3.63%], [+2.92%, -3.17%] and [+0.36%, -0.35%], respectively. 

With the increase of operation capacity of the power plant and the lifetime of the oxygen carrier, 

the change range of the power plant's sustainability was [-11.34%, +9.37%] and [-14.31%, 

+1.64%], respectively. Through the sensitivity analysis of key parameters, it can be seen that 

coal price, operation capacity of the power plant, and oxygen carrier lifetime have significant 

impacts on the power plant sustainability, while power plant input in the construction stage, 

oxygen carrier price, and transportation distance has a less significant influence on the 

sustainability. Therefore, an effective way to increase the sustainability of the power plant is by 



 

 

reducing the input in the construction stage, increasing the operational capacity of the power 

plant, and increasing the lifetime of the oxygen carrier. 

3.2 Comparison of life cycle comprehensive performance 

On the principle of the same life-cycle boundary and calculation method, with 1 kWh 

energy output as the functional unit, the life-cycle impact assessment of coal-based CLC power 

plant was compared with the life-cycle impact assessment results of the five coal-based power 

plants: USC, USC-CCS, IGCC, IGCC-CCS and Oxy-CCS. 

3.2.1 Comparison of resource consumption 

Results comparing resource consumption are shown in Fig 8(a). In terms of absolute 

resource consumption, USC-CCS power plants had a maximum resource consumption of 

648.69 g/kWh over the whole life cycle, and Oxy-CCS power plants had a minimum resource 

consumption of 461.37 g/kWh in those power plants with CCS, which is close to the resource 

consumption of CLC (461.87 g/kWh). The amount of coal has the greatest influence on resource 

consumption, accounting for 83.6% ~ 95.2%. Power generation technologies with high coal 

consumption should not be built far away from coal mines, such as USC-CCS, IGCC-CCS, 

USC, and IGCC power plants. Limestone is second only to coal in the proportion of resource 

consumption, and limestone is mainly used for desulfurization in power plants. The crude gas 

purification system of the IGCC power plant uses methyl diethanolamine for desulfurization. 

The consumption data of methyl diethanolamine during desulfurization can be replaced by a 

20% ammonia solution. IGCC ammonia consumption is higher than that of other power plants. 



 

 

-80 -60 -40 -20 0 20 40 60 80

-1.0

-0.5

0.0

0.5

1.0

-80 -60 -40 -20 0 20 40 60 80

-15

-10

-5

0

5

10

15

-80 -60 -40 -20 0 20 40 60 80

-15

-10

-5

0

5

10

15

20

25

-80 -60 -40 -20 0 20 40 60 80

-25

-20

-15

-10

-5

0

5

10

15

20

25

-80 -60 -40 -20 0 20 40 60 80

-20

-10

0

10

20

30

T
h
e 

ra
te

 o
f 

E
P

R
,%

The rate of change of a parameter,%

(a) (b) (c)

(d) (e)

70 75 80 85 90 95 100

Power plant capacity factor,%

T
h

e 
ra

te
 o

f 
ch

an
g

e 
o

f 
en

er
g

y
 c

o
n

su
m

p
ti

o
n

,%

The rate of change of a parameter,%

70 75 80 85 90 95 100

Power plant capacity factor,%

T
h
e 

ra
te

 o
f 

ch
an

g
e 

o
f 

en
v
ir

o
n
m

en
ta

l 
im

p
ac

t 
p

o
te

n
ti

al
,%

The rate of change of a parameter,%

70 75 80 85 90 95 100

Power plant capacity factor,%

 Transportation distance

 Oxygen carrier price

 Coal price

 Oxygen carrier lifetime

 Inputs of the plant construction phase

T
h
e 

ra
te

 o
f 

ch
an

g
e 

o
f 

li
fe

 c
y
cl

e 
co

st
,%

The rate of change of a parameter,%

70 75 80 85 90 95 100

 Power plant capacity factor

Power plant capacity factor,%

T
h

e 
ra

te
 o

f 
ch

an
g

e 
o

f 
S

IP
P

,%

The rate of change of a parameter,%

70 75 80 85 90 95 100

Power plant capacity factor,%

 

Fig. 7 Sensitivity analysis of life cycle assessment
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Fig. 8 Resource’s consumption (a) (g/kWh) and resource depletion indicators (b) in the life cycle of six 

clean coal-fired power plants  

To explore the influence of different resource consumption on the resource depletion 

indicators, the proportions of different resource consumption are obtained by standardizing and 

weighting different resource consumption, as shown in Fig.8(b). After standardization and 

weighting, coal consumption takes up the main part. Among the six types of coal clean power 

plants, the proportion of coal consumption of the coal-based CLC power plant is the lowest 

(81.88%), and that of the USC-CCS power plant is the highest (91.89%). The resource depletion 

indicators reflect the pressure of different power generation technologies on resource 

consumption. In which CLC has the lowest resource depletion indicators, while the resource 

depletion indicator of Oxy-CCS, USC, IGCC, USC-CCS, and IGCC-CCS power plants is 

3.13%, 16.31%, 25.00%, 42.46%, and 45.61% higher than that of CLC, respectively. The 

consumption of natural gas and oil in the extraction, processing, and transportation of coal also 
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accounts for a large proportion, with USC-CCS power plants having the lowest combined oil 

and gas consumption (7.39%), while CLC power plant having the highest combined oil and gas 

consumption (16.34%). And metallic minerals consumption of six power plants is the lowest 

section. Therefore, the consumption of energy resources accounts for a large proportion of the 

total resource consumption, and the reduction of the total resource consumption should start 

from looking at the energy resources. 

3.2.2 Comparison of life cycle environmental impact assessment 

The environmental impact potential values of different environmental impacts were 

standardized according to the standard human equivalent, and then multiplied by the 

corresponding weight factor for weight processing. To obtain the environmental impact 

potential values that could be used to reflect the severity of different environmental impacts. 

The results are shown in Fig.9, in which the potential environmental impacts of CLC power 

generation technology are SAP, SWP, HTP, GWP, AP, and EP in descending order. The 

environmental impact potentials of Oxy-CCS, USC-CCS and IGCC-CCS are SAP, HTP, SWP, 

AP, GWP, and EP in descending order. SAP, HTP, GWP, SWP, AP, and EP are the other two 

power (USC and IGCC) generation technologies' potential impacts on the environment in 

descending order. Order of potential environmental impacts of CLC, Oxy-CCS, USC-CCS, and 

IGCC-CCS power plants are different compared with the other two traditional clean coal power 

generation technologies mainly due to the CO2 captured in those four power plants, which 

caused GWP reduction. 
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Fig. 9 Weigh of environment effect potential of six clean coal-fired power plants 
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3.2.3 Comparison of life cycle costs 

Fig.10 presents the life cycle cost results of the six coal clean power plants. IGCC-CCS 

has the largest total life cycle cost, which is 0.193 $/kWh, followed by Oxy-CCS (0.180 $/kWh), 

USC-CCS (0.168 $/kWh), CLC (0.138 $/kWh), USC (0.123 $/kWh), and IGCC (0.122 $/kWh). 

The life cycle cost is mainly affected by the cost and amount of coal. USC-CCS, Oxy-CCS, 

IGCC-CCS, and CLC have a high life-cycle cost due to the energy-intensive CO2 capture 

process which reduces the overall generation efficiency, which in turn leads to higher fuel 

consumption at the plant, resulting in higher life-cycle costs. The internal cost of the power 

plants with the CO2 capture process accounts for as much as 77.77% to 91.83%, while the 

higher environmental impact potential power plants without CO2 capture account for 1/4 of the 

total investment cost of the whole life cycle as external costs. Power plants with CCS (USC-

CCS, CLC, IGCC-CCS and Oxy-CCS) have the advantage in external cost, however, its internal 

cost is higher than these power plants without CCS (USC and IGCC). In the external cost part, 

GWP accounts for 71.60% to 84.46%, which is the main cost for environmental protection.  

50 48

37
41

32

48

11 17

9

15

13

10

10

12

9

10

9

7

21
13

23

13
34

26

6 8

20 18

9 7

USC-CCS IGCC-CCS USC IGCC CLC OXY-CCS
0.000

0.029

0.058

0.087

0.116

0.145

0.174

0

20

40

60

80

100

 SAP  SWP  HTP  EP  AP  GWP

 Fuel costs  Variable O&M  Fixed costs  Capital costs

R
at

io
 o

f 
li

fe
 c

y
cl

e 
co

st
, 
%

 

Fig. 10 Life cycle cost ($/kWh) of six clean coal-fired power plants 

3.2.4 Comparison of energy consumption and plant sustainability 

The energy rate of return is used to evaluate the energy consumption of different power 

generation technologies. The energy rate of return reflects the energy-saving effect of power 

plants. Results are shown in Fig.11(a). The energy returns values for USC, CLC, Oxy-CCS, 

IGCC, USC-CCS, and IGCC-CCS in descending order are 3.59, 3.22, 3.04, 2.81, 2.69, and 2.37, 
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respectively. The results show that the CLC power plant has advantages in energy saving 

compared with other coal clean power generation technologies.  
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Fig. 11 Energy payback ratio (EPR)and sustainable index (SIPP) values of six clean coal-fired power plants 

The sustainability index values of the six clean coal power plants are shown in Fig.11. The 

sustainability values of six clean coal-based power plants USC, CLC, IGCC, Oxy-CCS, USC-

CCS, and IGCC-CCS from high to low are 1.90, 1.51, 1.50, 1.10, 1.03, and 0.80, respectively. 

USC has the highest sustainability, indicating that USC power plants have lower comprehensive 

impacts on the environment, resource consumption but higher costs, followed by IGCC power 

plants. The sustainability of the CLC plant is in the middle state, due to their higher energy 

returns and lower environmental impact potential. The main reason for the lower sustainability 

of USC-CCS and IGCC-CCS is that the increased CO2 capture process reduces the power 

plant's energy efficiency.  

With the range extension of assessment, many energy savings and reductions potential are 

identified, which are not available in traditional assessments. Compared to conventional techno-

economic analysis of coal-based power plants, the life cycle assessment can help us realize the 

nodes that can reduce CO2 and improve efficiency. In Table 4, in traditional assessment, 

resource consumption of the CLC power plant (381.00 g/kWh) is superior compared with other 

power plants. However, when the range extension to the life cycle, the Oxy-CCS power plant 

(461.37 g/kWh) becomes the optimal choice. And the gap of six power plants in resource 

consumption is narrowing after the assessment range is extended. For environmental impact 

assessment and CO2 emission, compared with the traditional method, life cycle assessment 

reveals that the order of environmental impact is changed, especially in the power plants with 

CCS. In terms of economic analysis (LCOE), the CLC power plant is not the most attractive 
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option. Yet, when considering total life cycle costs, the difference is become narrowing. In brief, 

the LCA results of this study can further reveal the difference in resource consumption, 

economic analysis, environmental impact and CO2 emission, as described above.



 

 

Table 4 Results of life cycle assessment compared to conventional techno-economic analysis of coal-based power plants [38, 41-43] 

Power 

plants 

resource consumption 

(g/kWh) 

environmental impact assessment (human 

equivalent) 
economic analysis ($/kWh) 

CO2 emission (g/kWh) 

conventional ϯ life cycle* conventional ϯ life cycle* conventional ϯ life cycle* conventional ϯ 
life 

cycle* 

CLC 381.00 461.87 0.86 0.99 0.122 0.138 86.97 383.7 

IGCC 308.60 530.23 1.14 1.29 0.096 0.122 1150 1238.4 

IGCC-CCS 408.41 631.06 1.23 1.38 0.173 0.193 115 204.1 

USC 343.37 518.00 1.23 1.33 0.095 0.123 1350 1411.6 

USC-CCS 435.76 648.69 1.31 1.32 0.154 0.168 107.58 140.89 

Oxy-CCS 440.64 461.37 1.29 1.35 0.163 0.180 121 209.9 

ϯ only including operation stage of power plants 

* Including construction stage, operation stage and decommissioning stage of power plant 
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3.3 Future technological development 

A thorough comparison of energy and resource consumption, environmental impact, cost 

input, and plant sustainability among coal-based power plants was discussed and analyzed in 

the previous section. It discloses that from a resource consumption perspective, the CLC power 

plant had a minimum resource consumption due to the step-by-step chemical energy utilized in 

CLC. From the perspective of energy consumption, the energy rate of return is used to evaluate 

the energy consumption of power plants, which can reflect the energy-saving effect of power 

plants. Results indicating that the CLC power plant has advantages in energy-saving. Taking 

life cycle environmental assessment into consideration, the coal-based CLC power plant can be 

a primary technology to be considered in the future. By the comprehensive performance 

comparison, a coal-based CLC power plant reveals itself to be a probable alternative, because 

of its lower resource depletion indicator, higher energy-saving effect, good environmental 

benefits (nearly zero-carbon emission), and better sustainability. However, there are some 

shortcomings in terms of technology readiness levels (OC, AR and FR reactors, heat exchange 

network, etc.) related to the CLC power plant, which is needed to be broken through to reduce 

the life cycle cost, energy consumption, and environmental pollution, and to improve power 

plant sustainability.  

Looking at the life cycle assessment of resource consumption, environmental impact, cost 

input, and energy consumption in different stages (construction, operation and 

decommissioning), coal and OC consume the major resource. Hence, the future developments 

in the CLC power plant should be focused on developing lower coal consumption CLC 

technology and higher lifetime OCs to reduce the high resource consumption in the CLC power 

plant. Further, through resource depletion indicators analysis, reducing resource consumption 

should start from coal, petroleum, and natural gas, etc. Moreover, in the aspect of environmental 

impact, the operation stage of CLC power plant accounts for a major proportion of GWP 

(53.48%), AP (77.9%), EP (85.2%), HTP (77.9%), SWP (96.4%) and SAP (93.0%). Therefore, 

researching into reducing the environmental impact in operation stages (coal/OC/mineral 

mining, raw material transportation, waste transportation, etc.) within the CLC power plant is 

vital to further improve the overall environmental impact of the CLC technology. In terms of 

the economic assessment, capital cost and fuel cost account for the majority of life cycle costs. 

It is expected for CLC technology to cut down capital cost and fuel consumption in the near 

future as it is still commercializing. Among the external cost, the environmental governance 



 

 

cost caused by GWP accounts for 84.16%, hence it is vital to reduce the GWP cost for external 

costs in further research. In conclusion, the CLC power plant offers a promising alternative for 

CO2 reduction in the power sector. Further research into CLC power plant technology could be 

very an effective pathway to reach global peaking of greenhouse gas emissions for the power 

industry from the perfective of resource consumption, economy, and environment. 

4. Conclusions 

This study established the life cycle assessment model of the power plants including 

resource consumption, energy consumption, environmental and economic impact, followed by 

comparing them within different coal-based power plants w/o CO2 capture. The main 

conclusions are as follows: Energy resource consumption accounts for the largest proportion in 

resource consumption, among which coal accounts for 81.88% to 91.89% of the total resource 

consumption. The key point to reduce resource consumption in the whole life cycle of power 

plants lies in reducing coal consumption; USC power plant has the highest energy payback ratio, 

followed by CLC, IGCC, Oxy-CCS, USC-CCS, and IGCC-CCS, with values equal to 3.59, 

3.22, 3.04, 2.81, 2.69, and 2.37, respectively. The lower energy payback ratio for IGCC-CCS 

and USC-CCS is due to the high energy consumption during the construction and operation 

stages of the power plant. Therefore, the best way to improve the energy payback ratio is to 

improve the efficiency of power generation and reduce energy consumption during the 

construction and operation of power plants; Among the environmental impact potentials, SAP 

has the highest value while EP resulted in the lowest. For the power plants (CLC, Oxy-CCS, 

USC-CCS, IGCC-CCS) with CO2 capture, their life cycle GWP is relatively low. The weighted 

environmental impact potential of a CLC power plant was at least 0.99 milli-human equivalent, 

while that of IGCC, USC-CCS, USC, Oxy-CCS, and IGCC-CCS were 29.49%, 33.15%, 

33.49%, 36.36, and 38.92% higher than that of CLC. Therefore, the environmental impact of 

the six power plants is IGCC-CCS, Oxy-CCS, USC, USC-CCS, IGCC, and CLC in descending 

order. CLC power plants have great environmental advantages; The total life cycle costs of 

IGCC-CCS, Oxy-CCS, USC-CCS, CLC, USC, and IGCC in descending order is 0.193 $/kWh, 

0.180 $/kWh, 0.168 $/kWh, 0.138 $/kWh, 0.123 $/kWh, and 0.122 $/kWh, respectively. The 

power plants were ranked from highest to lowest according to their sustainability as the 

following: USC, IGCC, CLC, Oxy-CCS, USC-CCS, and IGCC-CCS. 

CO2 emissions are the most important cause of global warming. More severe heat waves, 

floods, and droughts in a warmer climate are witnessed and getting worse in nowadays. Coal-

based power plants make up the vast majority of CO2 emissions from the sector. To solve this 



 

 

problem, the CLC power plant can be one of the most attractive options for carbon reduction in 

coal-based power systems in the future, due to its excellent CO2 reduction performance and 

high energy efficiency in comparison with the others such as USC, IGCC, or oxy-combustion 

power plant with CO2 capture. The results further demonstrated that the coal-based CLC power 

plant, a low carbon, economical and efficient power generation technology in the life cycle, can 

solve the issues involving CO2 emission reduction and energy utilization simultaneously in the 

coal power generation process. 
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Nomenclature 

Abbreviations  

AP     Acidification Potentials 

CCS   Carbon Capture and Storage 

CLC   Chemical Looping Combustion 

CML   Centre for Environment Studies 

COE   Cost of Electricity 

EP     Eutrophication Potential 

EPR   Energy Payback Ratio 

FGD   Flue Gas Desulphurization 

GCLC-CC  CLC-based Natural Gas Combined Cycles 

GHGs   Greenhouse Gases 

GW    Global Warming 

GWI   Global Warming Impact 

GWP   Global Warming Potential 

HP     High-pressure 

HRSG   Heat Recovery Steam Generators 

HTP   Human Toxicity Potential 

IGCC   Integrated Coal Gasification Combined Cycle 

IP     Intermediate-pressure 

LCA   Life Cycle Assessment 

LP     Low-pressure 

LCIA   Life Cycle Impact Assessment 

LCOE   Levelized Cost of Electricity 

OC     Oxygen Carrier 

O&M   Operation and Maintenance 

PC     Pulverized Coal 

SIPP   Power Plant Sustainability Assessment 

SWP   Solid Waste Potential 

SAP   Smoke and Dust Potential 

TLCC   Total Life Cycle Costs 

T&S   Transport and Storage 

USC   Ultra-supercritical 

VOCs   Volatile Organic Compounds 
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