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Abstract 

Carbon capture and storage (CCS) is the key technology to reduce CO2 emissions 

from the conventional power systems. CCS has the flexibility, compatibility, and great 

potential to reduce emissions when combined with the current energy infrastructure. 

Through quantifying the environmental benefits of the combustion-based electricity 

generation system with CCS by life cycle assessment (LCA), decision-makers can grasp 

the contribution of upstream and downstream processes to various environmental impacts, 

a better trade-off between climate change and non-climate impact categories. This work 

reviews the LCA research on the combustion-based electricity generation system 

integrated with CCS in the past 10 years. These studies show that CCS can reduce the 
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direct CO2 emissions from power plants by nearly 90%. While CCS effectively mitigates 

climate change, it also increases other environmental impacts to varying degrees and 

results in energy penalty of 15-44%. The actual greenhouse gas of the power plant is 

reduced by 40-80%. We further analyze a series of key issues involved in the LCA of the 

combustion-based electricity generation system integrated with CCS, including the 

functional unit, basic assumptions, system boundaries and assessment methods. Time 

span and the leakage need to be considered by researchers in LCA. The perspective of 

research needs to shift from the specific application of a single CCS to the impact 

assessment of large-scale deployment, and a single environment or economic discipline 

to interdisciplinary assessment. It is more cost-effective to realize the coordinated 

emission reduction between the power plant and the upstream and downstream supply 

chain. 

Keywords: Carbon capture and storage; Life cycle assessment; Environmental impacts; 

Large-scale deployment; Interdisciplinary assessment
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1. Introduction 

Since the pre-industrial era, greenhouse gas (GHG) emissions caused by human 

activities have greatly increased including carbon dioxide (CO2), methane (CH4), and 

nitrous oxide (N2O) in the atmosphere. From 1750 to 2011, man-made emissions of 

CO2 into the atmosphere reached 2040±310 Gt CO2. Between 1970 and 2010, CO2 

emissions from fossil fuel combustion and industrial processes accounted for about 78% 

of the total increase in greenhouse gas emissions (IPCC, 2014). The International 

Energy Agency (IEA) reported in 2019 that, driven by the increased energy demand in 

2018, the global energy-related CO2 emissions were increased by 1.7%, and CO2 

emissions reached 33.1Gt CO2. The annual average concentration of CO2 in the global 

was 407.4 ppm, demonstrating an increase of 2.4 ppm compared with 2017. This is a 

substantial increase from the pre-industrial level (180-280 ppm). CO2 emissions 

caused by combustion-based electricity generation account for 2/3 of the growth, and 

CO2 emissions from combustion-based electricity generation account for 30% of the 

global total (IEA, 2019). In the latest report, the demand for fossil fuels was predicted 

to rise significantly in 2021. In addition, the coal consumption was expected to 

increase by 4.5%, exceeding the level of 2019. Global energy-related CO2 emissions 

growth was heading towards the second largest annual growth in history, and 

electricity demand was expected to grow by 4.5% (IEA, 2021). By 2040, fossil fuels 

will account for 50% of electricity generation, and combustion-based electricity 

generation will still be a huge source of CO2 emissions. Fig. 1 shows the changing 

trend of global CO2 emissions and CO2 emissions in various sectors from 1990 to 

2018 (data source: https://www.iea.org/data-and-statistics). With the policy 

commitments made by countries after the Paris Agreement and the goals of carbon 

peak, carbon neutralization, net-zero emissions and net negative emissions, carbon 

capture and storage (CCS) has been paid more and more attention by governments. In 

2005, the Intergovernmental Panel on Climate Change (IPCC) reported that most 

technology combinations without CCS would fail to meet the climate change 

mitigation goals of the Paris Agreement (Metz et al., 2005). In 2016, IEA listed CCS 

Jo
urn

al 
Pre-

pro
of



 

4 
 

as one of the main pathways to address global climate change (IEA, 2016). In 2018, 

IPCC issued a special report on global warming of 1.5ºC, which further emphasized 

the important role of CCS in mitigating climate change and reducing CO2 emissions 

(Bongaarts, 2019). With the continuous increase of power demand, CCS will be an 

effective way to achieve a series of goals of the Paris Agreement within the agreed 

time limit. It can not only ensure the increasing electricity demand under the existing 

energy system, but also greatly reduce CO2 emissions, and effectively undertake the 

transitional role of the power system from traditional combustion-based electricity 

generation to renewable energy power generation. To achieve the Paris Agreement’s 

2ºC target by 2060, 14% of cumulative emissions reductions could be achieved from 

the CCS technology. In the transition from 2ºC scenario to beyond 2ºC scenario, this 

proportion will rise to 32% (GCCSI, 2018). The deployment of CCS in traditional 

power systems has become a crucial step in the decarbonization of the power industry. 

At present, there are 500 coal-fired power plants under construction in the world, and 

1000 plants are planned to be built. Time is tight to deploy CCS in the power industry. 

Low-carbon mode is a way for the development of traditional combustion-based 

electricity generation to renewable energy power generation. 

 

 Fig. 1. Total global CO2 emissions in various sectors from 1990 to 2018. 
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CCS is a set of integrated technologies, which can capture a large amount of CO2 

from large industrial CO2 emission sources such as power plants, oil refineries, 

cement plants, iron and steel plants and so on, and then transport and store the 

captured CO2 to the storage sites under pressure for storage. As shown in Fig. 2, CCS 

involves a series of processes, which are mainly divided into three stages: capture, 

transportation and storage. At present, there are primarily three types of CO2 capture 

systems related to different combustion processes, i.e., post-combustion, 

pre-combustion and oxy-fuel combustion (Zhang et al., 2020a). Pre-combustion 

capture involves gasification or reforming to produce syngas, and the by-product is 

usually hydrogen, which is often used in integrated gasification combined cycle 

(IGCC) power plants (Schakel, 2017). The high purity CO2 was separated from the 

flue gas by post-combustion. The chemical absorption method is one of the most 

mature and widely used CO2 separation methods, which usually uses amine-based 

solution as an absorption solvent. In addition, the separation methods include 

low-temperature distillation, adsorption, membrane separation (Pan et al., 2020). 

Post-combustion capture technology does not need to make many changes to the 

traditional power plant, and it is the preferred scheme to transform the existing power 

plant (Ben-Mansour et al., 2016). Oxy-fuel combustion uses high-purity oxygen 

instead of air and fuel combustion, which can reduce the emission of nitrogen oxides 

(NOx) in the exhaust gas, but the high cost of this technology limits its further 

development (Burdyny and Struchtrup, 2010). After the captured CO2 is compressed, 

the corresponding transportation mode can be selected according to the geographical 

location of the storage site. Usually, pipeline transportation is considered to be the 

best way to transport CO2 over long distances. In short distances, road and rail 

transport is more competitive, and ships play an irreplaceable role in sea 

transportation (ZEP, 2011). At present, the feasible CO2 storage methods can mainly 

be divided into geological storage and marine storage. Available geological storage 

sites are depleted oil and gas reservoirs, deep saline aquifer, and unexploitable 

coalbed methane (ieaghg, 2004). Injecting CO2 into depleted oil and gas reservoirs 
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can enhance oil and gas recovery, and the injected CO2 is permanently retained 

underground, which can produce certain economic benefits for CO2 storage. The 

recovery of coalbed methane is enhanced by injecting CO2 into the unexploitable 

coalbed methane. The deep saline aquifers also have great potential for storage. The 

main goal of CCS technology is to reduce the amount of CO2 that is artificially 

released into the atmosphere. However, the implementation of CCS will consume a 

lot of energy and materials and have varying degrees of impact on the ecosystem and 

human health, so it is necessary to conduct the life cycle assessment (LCA) for the 

CCS system.  

 

Fig. 2. Schematic diagram of possible CCS systems (Metz et al., 2005). 

 

LCA is a standardized approach (as shown in Fig. 3) for analyzing the 

environmental impact of processes, products, and technical services throughout the 

life cycle from cradle to grave. The inputs and outputs in the life cycle link the 

upstream and downstream processes as product flows or exchange between the 

process and the natural environment as elementary flows, which accumulate along the 

life cycle. Finally, through the evaluation method, it is divided into the corresponding 
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impact categories and quantified into specific impact values (Assen et al., 2014). The 

life cycle of the product includes the extraction, processing, and transportation of raw 

materials, as well as the production, transportation, use, maintenance, and end of life 

of the product (Bicalho et al., 2017). The ISO14040-14044 series of standards specify 

four steps for implementing LCA: 

1. Definition of goal and scope: in this stage, the goal of the study becomes clear, 

the system boundary and time span of evaluation are selected, and the functional 

unit of quantitative description is defined (Bjørn et al., 2018a). The functional 

unit is the reference unit of the system, and all environmental impacts will be 

calculated for this reference unit (Bjørn et al., 2018c). 

2. Inventory analysis: in this stage, data from the input and output systems are 

collected from different databases, and a list of inputs and outputs related to the 

environment and resources is compiled (Bjørn et al., 2018b). When the data 

situation is unclear, appropriate assumptions need to be made and the impact of 

the results should be examined through sensitivity analysis in the interpretation of 

the results (Pehnt and Henkel, 2009). 

3. Impact assessment: the results obtained from the inventory analysis are classified 

and assigned to the corresponding impact categories, characterized, normalized, 

and weighted by the selected evaluation methods, and finally quantified to get the 

environmental impact results. At this stage, researchers can choose the impact 

categories to focus on according to the goal of the study (Rosenbaum et al., 

2018). 

4. Interpretation: this step is to analyze the results of the impact assessment obtained 

in the previous stage, conduct sensitivity and uncertainty analyses, improve the 

inventory data collected, and draw conclusions based on the results of the impact 

assessment (Hauschild et al., 2018). 
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Fig. 3. The framework of LCA. 

 

LCA is a useful tool for identifying and assessing various environmental impacts 

associated with CCS (Strazza et al., 2013). The study of Sathre et al. (2011) proved 

that the LCA is helpful to further identify the accumulation and transmission of all 

kinds of environmental impacts along the life cycle in different stages and regions. 

However, the methodology of the existing research is flawed, and there are 

differences in basic assumptions and data quality, which make the comparison 

difficult (Schreiber et al., 2012). In the past decade, more LCAs have been conducted 

to assess the environmental impact of power generation systems integrated with CCS. 

These studies not only focus on the global warming potential (GWP) related to 

climate change but also take into account other types of environmental impacts.  

This work reviews the life cycle environmental impact studies of different 

combustion-based electricity generation technologies in the past decade and 

introduces the life cycle environmental impacts to determine the general conclusion of 

climate change mitigation for combustion-based electricity generation systems with 

CCS. A series of key problems involved in the LCA of the combustion-based 

electricity generation system with CCS are analyzed, the limitations and shortcomings 

of the current research are pointed out, and the directions of further improvement are 
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presented. Finally, the development of CCS technology and the main challenges of 

large-scale implementation are discussed. 

 

2. Life cycle environmental impacts of combustion electricity generation 

systems 

Global energy consumption increased by 2.3% in 2018, and fossil fuels 

accounted for 70% of the growth for two consecutive years, of which natural gas 

accounted for nearly 45% of the total energy demand growth. Coal-fired power 

generation is still the largest source of emissions, accounting for 30% of all 

energy-related CO2 emissions (IEA, 2019). Although the rapidly developing 

renewable energy power generation technologies (solar energy, water conservancy, 

wind, geothermal, and tide) play a more and more important role in the combination 

of energy power generation, it is still difficult to meet the growing electricity demand. 

Traditional fossil fuel (coal and natural gas) power generation will still occupy a 

dominant position in the future. 

The combustion-based electricity generation system will consume a lot of 

materials and energy in its life cycle, and is accompanied by the emit of waste (waste 

gas, wastewater and solid waste), which cause air, water, and soil pollution. These 

pollutants have a significant impact on climate change (e.g., CO2, N2O and CH4), as 

well as solid particulate matter (PM2.5 and PM10). In addition, other pollutants 

include sulfur dioxide (SO2), which initiates acidification, NOx and phosphate, which 

cause eutrophication, and various metal elements (nickel, beryllium, cobalt, vanadium, 

copper, and barium, etc.). Cho and Strezov (2020) summarized the substances emitted 

into the air, water, and soil from the combustion-based electricity generation systems 

(Table 1). 
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Table 1. Emission substances from combustion-based electricity generation system (Cho and Strezov, 2020). 

Emission pathways Organics Inorganics Metals and metalloids 

Emission to air Benzene Benzo(a)pyrene 

Ethylene oxide 

Hexane 

Methane 

Non-methane volatile organic compounds 

Polychlorinated dioxins and furans 

Polycyclic Aromatic Hydrocarbons 

Toluene 

Volatile organic compounds 

Xylene 

Ammonia 

Carbon dioxide 

Carbon monoxide 

Chlorine and compounds 

Hydrochloric acid 

Nitrogen oxides 

Particulates 

Sulphur dioxide 

Total nitrogen 

Toral phosphorous 

Aluminum 

Arsenic 

Beryllium 

Boron and compounds 

Cadmium 

Chromium and compounds 

Cobalt 

Copper 

Lead 

Mercury 

Vanadium 

Zinc 

Emission to soil   Aluminum 

Arsenic 
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Cadmium 

Cobalt 

Copper 

Lead 

Manganese 

Mercury 

Nickel 

Zinc 

Emission to water  Sulfuric acid 

Fluoride 

Total nitrogen 

Total phosphorous 

Aluminum 

Antimony 

Arsenic 

Barium 

Cadmium 

Chromium and compounds 

Cobalt 

Copper 
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Ethylene oxide 

Lead 

Manganese 

Mercury 

Nickel 

Selenium 

Silver 

Thallium 

Vanadium 

Zinc 
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The emissions of these pollutants and their effects are usually the focus of most 

studies. A large number of life cycle assessments of combustion-based electricity 

generation systems have been conducted, and their focus has shifted from the early 

impacts related to climate change to a variety of non-climate impacts, such as 

acidification potential (AP), eutrophication potential (EP), and human health potential 

(HTP). There are great differences in the potential environmental impacts in the life 

cycle of combustion-based electricity generation systems with different types of fuels 

and technologies. Wang et al. (2018) used life cycle assessment to analyze the 

resource consumption, energy use, and environmental emissions of coal-fired power 

plants in China. The life cycle of coal-fired power generation is divided into three 

stages: coal mining, washing and transportation, to determine the emissions with the 

greatest impact on the environment. Usually, direct emissions from the power 

generation phase have been proved to be the main contributors to climate change 

(Dong et al., 2018; Li et al., 2020; Martín-Gamboa et al., 2018; Treyer and Bauer, 

2016; Wu et al., 2014). Technological advances and various measures to mitigate 

adverse effects (e.g., flue gas desulfurization, electrostatic precipitator, and 

wastewater treatment) have also reduced the environmental impact of power 

generation to some extent. Cui et al. (2012) assessed the life cycle environmental 

impact of 300 MW subcritical, 600 MW supercritical, and 1000 MW 

ultra-supercritical thermal power plants in China. The results show that 

ultra-supercritical power plants can achieve significant environmental benefits in most 

types of environmental impacts, mainly due to lower coal consumption and waste 

production, while subcritical power plants led to higher environmental impacts 

because of their low energy efficiency. The study of the supercritical pulverized coal 

(PC) power plant in Pakistan (thermal efficiency: 41-43%) by Rasheed et al. (2020) 

also shows that the overall life cycle impact of the power plant at the midpoint index 

was much lower than that of other conventional pulverized coal power plants. In 

comparison with coal, natural gas power generation has less impact on the 

environment, revealing a better efficiency of the power plant. Furthermore, the main 
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component of natural gas is CH4, and nitrogen and sulfur content are very low. 

Hardisty et al. (2012) analyzed the life cycle GHG emission intensity of 1 MWh 

power produced in Australia using coal and conventional liquefied natural gas (LNG) 

as fuels. The results show that the GWP of the LNG power plant in its life cycle is 

lower than that of the coal-fired power plant. Agrawal et al. (2014) compared the life 

cycle GWP of the natural gas combined cycle (NGCC) power plant with that of 

imported coal-fired power plants using IPCC 2001 and Eco-Indicator99 (H) 

evaluation methods. The results demonstrate that the GWP of pulverized coal power 

plants was about twice that of NGCC. Atilgan and Azapagic (2016) studied the life 

cycle environmental impact of hard coal, lignite, and natural gas power generation 

systems in Turkey. Because of its high sulfur content, lignite had the highest AP, EP 

and HTP due to the emit of phosphate and metals such as selenium, molybdenum, 

beryllium, and barium in the mining process. Natural gas power generation had the 

largest ozone depletion potential (ODP), while hard coal power generation showed the 

largest GWP. Due to the emissions of SO2, NOx, and CO from coal combustion, the 

photochemical oxidants creation potential (POCP) of hard coal and lignite was higher 

than that of natural gas. And due to the fuel consumption, all three cases exhibited the 

high depletion potential of fossil resources. Lueken et al. (2016) investigated the 

environmental benefits of the conversion of coal-fired power plants to natural gas 

power plants in the United State. Due to higher power generation efficiency and lower 

carbon content, natural gas power plant emitted 50%-60% less CO2 than the 

pulverized coal power plant, and natural gas combustion produced less solid 

particulate matter (PM2.5 and PM10), SO2, and NOx. However, it should be noted 

that the CH4 leaked during the production and transportation of natural gas could 

weaken the environmental benefits to a certain extent. Farquharson et al. (2017) 

compared the climate benefits of natural gas power plants and pulverized coal-fired 

power plants with different leakage rates. In a long time span (100 years), when the 

CH4 leakage rate of the life cycle of natural gas power plants reached 5%, the climate 

benefits of natural gas power plants were higher than those of coal-fired power plants. 
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In a relatively short time range (20 years), when the CH4 leakage rate of the life cycle 

of natural gas power plants was 4%, the climate benefit of natural gas power plants 

was similar to that of pulverized coal-fired power plants. 

Biomass power generation has a lower environmental impact and higher 

sustainability. By 2030, biomass will account for 20% of the world’s primary energy 

supply (Hiloidhari et al., 2017). Compared with coal, using biomass for power 

generation can significantly reduce direct emissions of CO2, NOx and SO2 (Huang and 

Bagdon, 2018). Weldu et al. (2017) compared the impact of woody biomass power 

generation and coal-fired power generation on human health and ecotoxicology in 

Canada. Compared with coal-fired power generation, biomass power generation 

significantly reduced the impact on human health and ecosystems, with decreasing 

carcinogens toxicity by 89%-95% and non-carcinogens toxicity by 68%-81%. The 

effect on ecotoxicity was reduced by 66-76%. The results of Khaenson et al. (2018) 

and Jenjariyakosoln et al. (2014) also showed that biomass power generation had a 

less environmental impact for bagasse-fueled biomass power plants in Thailand. 

Beagle and Belmont (2019) investigated the life cycle emissions of biomass power 

generation in the United States and the European Union. They found that biomass 

reduced GHG emissions throughout the life cycle in almost all cases (whether burning 

alone or mixed with coal) compared with coal. The transportation mode and distance 

of biomass had a significant impact on the life cycle emissions of biomass power 

generation, and the maximum emission reduction was 76% when the biomass 

transport distance was the shortest. This means that the distance between the source of 

biomass supply and the power plant was an important factor affecting the overall 

environmental benefits. Due to the occupation of land by biomass cultivation and the 

use of fertilizers and pesticides during the biomass growth stage, biomass fuel power 

generation does not always improve all types of environmental impacts. Previous 

studies have shown that the effect of mixed combustion of biomass fuel and fossil fuel 

is better than that of combustion alone (Khorshidi et al., 2013). Strezov and Cho 

(2020) used ReCiPe2016 as an impact evaluation method to assess the environmental 
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impact of direct emissions from combustion-based electricity generation systems 

fueled by hard coal, lignite, diesel, natural gas, coalbed methane, sewage gas, landfill 

gas and bagasse on air, water and soil in Australia. This study claimed that lignite, 

anthracite and diesel had more serious impacts on human health and ecosystems, 

while renewable fuels such as bagasse, landfill gas and sewage gas showed relatively 

small impacts on human health and ecosystems (Fig. 4). Compared with fossil fuel 

combustion alone to generate electricity, when 10% bagasse was mixed with 90% 

coal, the impacts of the combustion-based electricity generation system on human 

health and ecosystem were reduced by 8.1-8.5% and 8.5-8.8%, respectively, during 

the life cycle. Similarly, as 90% natural gas was mixed with 10% landfill gas and 10% 

sewage gas, the impacts of the combustion-based electricity generation system on 

human health and ecosystem were reduced by 3.3-4.8% and 5.0-5.1%, respectively 

(Table 2). The process of biomass power generation is considered to be carbon-neutral, 

while the application of CCS technology to biomass power generation can achieve 

negative emissions. The bioenergy with carbon capture and storage can permanently 

remove CO2 from the atmosphere (Pour et al., 2018). Whether it is traditional fossil 

fuel power generation or emerging biomass fuel power generation, the wide 

application of CCS technology will be the key to greatly reduce GHG emissions 

(Zhou et al., 2014; Li et al., 2020). Jo
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Fig. 4. Impact assessment evaluation of direct pollutant emissions from thermal 

power generation technologies on human health and ecosystems (Strezov and Cho, 

2020). 

 

 

Table 2. Percent reduction in human health and ecosystem impacts for biomass mixed 

with fossil fuels to generate electricity (Strezov and Cho, 2020). 

 
90% hard 

coal; 

10% bagasse 

90% brown 

coal; 

10% bagasse 

90% natural 

gas; 

10% landfill 

gas 

90% natural 

gas; 

10% sewage 

gas 

Human health 8.1 8.5 4.8 3.3 

Ecosystems 8.5 8.8 5.1 5.0 

 

3. Life cycle assessment of combustion-based electricity generation system 

integrated with CCS 

A bibliometric study from Cruz et al. (2021) shows that since 2007 (two years 

after IPCC published its first special report on CCS), the number of publications 

related to LCA of CCS has increased significantly and reached its maximum in 2018. 

Among them, publications related to LCA of CCS account for 2.5 % of CCS 
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publications (about 1600 publications on CCS and 40 publications on LCA of CCS). 

Thus, it can be found that as a key measure to mitigate climate change, CCS has 

attracted more and more attention to its environmental benefits. In this part, we 

review the LCA studies on combustion-based electricity generation systems with CCS 

in the last 10 years, as shown in Table 3. Fig. 5 presents a schematic diagram of the 

combustion-based electricity generation system with CCS. These studies cover the 

traditional PC (subcritical, supercritical and ultra-supercritical), IGCC, NGCC and 

biomass integrated gasification combined cycle (BIGCC) power plant. The major 

differences of these studies are various capture methods and fuel type. There are three 

capture methods involved: pre-combustion, post-combustion and oxy-fuel combustion, 

and the fuels mainly include coal (hard coal and brown coal), natural gas and biomass 

(bagasse, landfill gas, wood pellets and straw pellets). Through the review of these 

studies, we summarize a series of key problems that need to be paid attention to in the 

specific application of LCA in the combustion-based electricity generation system 

with CCS, which involve the basic information about the life cycle assessment 

framework. It includes clear research goals, determining basic assumptions, defining 

the functional unit, selecting system boundaries, examining data quality and its 

availability, selecting evaluation methods for quantifying environmental benefits and 

impact categories. These key issues will have a great impact on the final results. 

 

 

Fig. 5. Schematic diagram of combustion electricity generation systems with CCS. 
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Table 3. Representative LCA study of the CCS system. 

Study Year 
Power 

plant 

Capture method 
Function 

unit 

System 

boundaries 

Storage 

site 

CO2 

leakage Pre-combustion Post-combustion 
Oxy-fuel 

combustion 

(Volkart et al., 

2013) 
2013 

PC 

IGCC 

NGCC 

√ √ √ 
0.001 

MWh 
Cradle-to-grave Geological N.A. 

(Tang et al., 2014) 2014 
PC 

IGCC 
 √  

0.001 

MWh 
Cradle-to-grave Ocean No 

(Zhang et al., 2014) 2014 PC  √  1 MWh Cradle-to-grave Ocean N.A. 

(Grant et al., 2014) 2014 PC  √  
1 tone 

CO2 
Gate-to-gate N.A. N.A. 

(Schakel et al., 

2014) 
2014 

PC 

IGCC 
√ √  

0.001 

MWh 
Cradle-to-grave Ocean No 

(Troy et al., 2016) 2016 IGCC √ √ √ 
0.001 

MWh 
Gate-to-grave Geological N.A. 

(Asante-Okyere et 

al., 2017) 
2017 PC  √  1 MWh Cradle-to-grave Geological No 

(Petrescu et al., 

2017) 
2017 PC  √  1 MWh Cradle-to-grave N.A. N.A. 

(Petrescu and 

Cormos, 2017) 
2017 IGCC √   1 MWh Cradle-to-grave Geological N.A. 

(Giordano et al., 

2018) 
2018 PC  √  

1 tone 

CO2 
Gate-to-gate N.A. N.A. 
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(Navajas et al., 

2019) 
2019 NGCC  √ √ 1 MWh Cradle-to-grave N.A. N.A. 

(Yang et al., 2019) 2019 PB  √  1 MWh Cradle-to-grave Geological No 

(Young et al., 

2019) 
2019 

PC 

NGCC 
 √  1 MWh Cradle-to-gate N.A. N.A. 

(Zang et al., 2020) 2020 BIGCC  √  
208 

MWh 
Cradle-to-gate N.A. N.A. 

Note: PB= Pulverized Biomass
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3.1 Goal and scope definition 

At present, there are still limited studies on the environmental benefits of 

large-scale implementation of CCS technology. Viebahn et al. (2012) and Volkart et al. 

(2013) assessed the potential impact of large-scale deployment of CCS in the power 

sector in Germany and Switzerland. Most studies on the life cycle environmental 

impacts of combustion power systems have focused on the detailed assessments of a 

single combustion power system with CCS. Although these studies provide important 

data information about specific technology applications, the data information from a 

single case is insufficient to provide sufficient decision-making information for the 

large-scale deployment of CCS in combustion-based electricity generation systems. 

The goal of LCA should shift to quantifying the environmental impact of the entire 

system in large-scale deployment of CCS technology, rather than just analyzing the 

technical performance of a single combustion power system. 

Functional units defined in the life cycle serve as reference units for evaluating 

the environmental impact of the system and provide a basis for comparisons between 

different studies. Usually, the functional unit is selected according to the research 

purpose, and the defined functional unit should be consistent with the goal of the 

whole system. Most of the research goals have focused on comparing the 

environmental burden of power generation systems with or without CCS. The LCA of 

CCS usually uses the energy-based functional unit to characterize the performance of 

the power plant and takes CO2 capture as the secondary function of the system. So 

different functional units are associated with power generation. The net electricity of 

the generated 1 kWh or 1 MWh is usually selected as the functional unit in the life 

cycle assessment of the combustion-based electricity generation system. This makes 

the decarbonization of the system less economically attractive (Larkin et al., 2018). 

As shown in Table 3, Giordano et al. (2018) and Grant et al. (2014) defined the 

functional unit as capturing 1 ton of CO2, because the main purpose of the study was 

to compare the environmental benefits of different CO2 separation methods. A 

CO2-based functional unit to facilitate more direct comparison on the basis of CO2 
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uptake efficiency should be considered in future works (Singh and Colosi, 2021). 

The whole CCS system is usually divided into subsystem processes or unit 

processes linked through intermediate products or emissions (Nie et al., 2011). The 

system boundary defines the relevant processes to be included and excluded in LCA 

and determines whether to perform complete life cycle analysis or partial life cycle 

analysis. Ideally, system boundaries should include the entire life cycle from cradle to 

grave, and for power plants with CCS, fuel extraction and transport, infrastructure 

construction, and carbon capture, transport and sequestration should all be included in 

the life cycle assessment (Corsten et al., 2013). However, due to the different research 

purposes, the selection of system boundaries is very different. Consciously 

simplifying the system boundary will help to reduce the complexity of the system 

caused by a variety of processes and clarify the main points of the study. However, the 

simplification of the system boundary should be reasonable, not blind. In principle, 

processes with an environmental impact of less than 1% can be ignored. For 

comparative studies, researchers usually consciously omit the same stages in different 

life cycle assessments and conduct partial life cycle analysis from cradle-to-gate or 

gate-to-gate. The simplification of the system will lead to changes in the upstream and 

downstream processes. When the goal of the study is the environmental impact of the 

whole CCS chain from cradle to grave (mainly including capture, transport and 

storage), the capture stage is considered to be the upstream process and the leakage 

stage is the downstream process (Strazza et al., 2013). For the life cycle assessment of 

power plants with or without CCS from cradle to gate, fuel extraction, production, 

transportation and infrastructure construction are regarded as upstream processes, 

while the waste disposal is treated as the downstream process. Similarly, when 

comparing the environmental impact of power plants level of different 

combustion-based electricity generation systems with CCS from cradle to gate, the 

transport and storage processes of CO2, as well as possible leaks, are usually not taken 

into account. Special attention should be paid when comparing the environmental 

burden of power generation systems with CCS in different geographical locations. 
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The geographical location will greatly affect the environmental impact of CO2 

transport and storage. At this time, the boundary of the system should be the complete 

life cycle from cradle to grave, which includes CO2 transportation and storage. 

3.2 Inventory analysis 

The availability, validity and quality of the data will affect the final assessment 

results to a great extent. Limited available data may lead to the application of outdated 

assumptions in existing life cycle assessments, and relying on databases alone is not 

enough to provide comprehensive and accurate life cycle inventory (LCI) data for a 

variety of products and energy (Sathre et al., 2012). Specific case studies should use 

regionalized data as far as possible, rather than general or average data, because the 

average level of data in some aspects (geographical space, time span and technical 

level) is not sufficient to effectively represent the object being analyzed (Santos et al., 

2021). The improvement in the quality and availability of data used in the life cycle 

assessment of combustion-based electricity generation systems with CCS will benefit 

from the implementation of more large power plant projects that deploy CCS, as well 

as more practical experience in CO2 storage (Volkart et al., 2013). Due to the limited 

applicable inventory data, researchers usually use average data, which reduces the 

accuracy of the results. It will be more and more important to improve the inventory 

data related to CCS. In addition, with the continuous improvement of technology, the 

introduction of new materials and new methods, researchers need to continuously 

collect data to ensure the validity of the data. The data in the current study are mostly 

drawn from existing literature, reports from national and international organizations 

(e.g., IEA, IPCC and Global CCS Institute), and various commercial databases (e.g., 

Ecoinvent, Environmental Footprints and Impact World+). Ecoinvent database covers 

agriculture, construction, chemical manufacturing, electricity generation, fisheries, 

metals, oil refineries, textiles, tourism, transportation, waste treatment and recycling, 

and water supply in 140 countries, with more than 18000 data of about 3200 products. 

It is widely used because of the transparency, comprehensiveness, and reliability of 

data. IMPACT World+ database includes specific characteristic factors of different 
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countries or regions, which can reduce the geospatial variability of data to some 

extent.  

3.3 Impact assessment 

Two accepted approaches to life cycle impact assessment are problem-oriented 

midpoint impacts (e.g., CML2001 and IPCC) and damage-oriented end effects (e.g., 

Eco-indicator and EPS200) (Koornneef et al., 2010). Some evaluation methods 

consider both midpoint and endpoint effects (e.g., ReCiPe and Impact2002+). The 

evaluation is usually carried out at the midpoint level. The commonly used midpoint 

indicators are GWP, AP, EP, ODP, and POCP. The endpoint level will further assess 

the impact of global warming on ecosystems, human health and resource consumption 

(Assen et al., 2014). The selection of the evaluation method will affect the final result 

owing to different emission factors and influence paths among these evaluation 

methods. For example, the ReCiPe method considers SO2 and NOx being acidification 

primary contributors, while the TRACI method considers NH3, HCl, HF, SO2 and 

NOx as the main contributor. In some studies, two evaluation methods are used at the 

same time and compared. The ReCiPe is considered to be one of the best 

midpoint-to-endpoint representation models (Hauschild et al., 2013). 

The selection of impact categories usually depends on the purpose of the study, 

the time span considered in the study and the geographical location of the object of 

study. For example, if the purpose of a study is to determine the impact of power 

generation on climate change, then GWP must be taken into account. The European 

Commission Joint Research Center divides the impact categories into three quality 

levels from the perspectives of transparency, integrity, and applicability (Fig. 6). 

These quality levels should be taken into consideration when selecting impact 

categories and interpreting life cycle assessment results. Some impacts occur at the 

global level (e.g., GWP and ODP), while others occur in local regions (e.g., AP and 

EP) (Corsten et al., 2013). Most of the impact categories only consider the medium 

time span, and the environmental impact during the operation of the power plant, 

however, the short-term leakage that may occur in the transportation and storage 
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phase is rarely considered. The main purpose of CCS is to reduce direct CO2 

emissions from power generation, so many researchers focus on analyzing the impact 

of CCS systems on climate change while ignoring non-climate impact categories. 

Although the impact analysis of climate change is extremely important, a single 

category of impact analysis is not enough to represent the overall environmental 

benefits of the CCS system. Thus, a comprehensive impact analysis is urgently 

needed. Table 4 lists the impact categories reported in the LCA studies of 

combustion-based electricity generation systems with CCS. 

 

Fig. 6. The quality level of the impact category. 

 

Table 4. The impact categories reported in the LCA studies of the CCS system. 

Study 
GW

P 

A

P 

E

P 

OD

P 

POC

P 

PMF

P 

HT

P 

ET

P 

RD

P 

Lan

d 

use 

(Volkart et al., 

2013) 
√ √ √   √ √   √ 

(Tang et al., 

2014) 
√ √ √    √ √ √  

(Zhang et al., 

2014) 
√ √ √ √ √ √ √ √   

(Grant et al., 

2014) 
√ √ √  √  √ √  √ 

(Schakel et al., 

2014) 
√ √ √ √ √ √ √ √ √ √ 

(Troy et al., 

2016) 
√ √ √  √ √ √ √ √  
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(Asante-Okyer

e et al., 2017) 
√ √ √ √ √ √ √ √ √  

(Petrescu et al., 

2017) 
√ √ √ √ √  √ √   

(Petrescu and 

Cormos, 2017) 
√ √ √ √ √  √ √   

(Giordano et 

al., 2018) 
√ √ √ √ √  √ √ √  

(Navajas et al., 

2019) 
√          

(Young et al., 

2019) 
√ √ √   √   √  

(Yang et al., 

2019) 
√ √ √    √ √ √  

(Zang et al., 

2020) 
√ √ √ √   √    

Notes: PMFP = Particulate matter formation potential; ETP = Ecotoxicity potential; 

RDP = Resource depletion potential 

3.4 Interpretation 

Due to the uncertainty in the basic assumptions and a large number of simulation 

data, and the simplified modeling with complex environmental chains, the life cycle 

results are uncertain. Therefore, it is necessary to carry out sensitivity analysis and 

uncertainty analysis of the results to improve the quality of the parameters. 

Regionalized LCA can reduce the sensitivity differences of production, transportation 

and ecosystem in specific geographical areas, and improve the accuracy of the results 

(Hellweg and Canals, 2014). The use of the geographic information system (GIS) will 

contribute to regional life cycle assessment. By combining GIS into the life cycle 

assessment of the systems with CCS technology, we can understand the potential 

impact of power plants on the environment in different geographical locations and the 

possible synergistic impact of neighboring power plants, and better determine the best 

location for CO2 storage (Cho and Strezov, 2020). Especially for LCA of large-scale 

biomass power generation, GIS can eliminate the influence of uncertainty caused by 

spatial heterogeneity from biodiversity. 
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4. Comparison of environmental impacts of different combustion electricity 

generation systems with CCS 

Because there are many differences in conditional assumptions, system 

boundaries, data sources and evaluation methods among different LCA studies, it is 

difficult to accurately compare different results in a strict sense. Therefore, this part 

only makes a general comparison of LCA research results with the same functional 

units and similar system boundaries. The object of the analysis is some typical 

technology combinations (power plant type + capture mode), as well as the 

comparison of the environmental impact of the combustion-based electricity 

generation system without CCS. 

CCS has the potential to be compatible with current energy infrastructure and 

significantly reduce CO2 emissions, especially in power generation systems. 

Compared with traditional power generation technologies, the application of CCS can 

reduce GHG emissions from fossil fuel power plants by 72-84% (Modahl et al., 2012; 

Odeh and Cockerill, 2008). The extent of emission reduction is affected by a variety 

of factors, including fuel properties, capture methods, power plant types and power 

generation efficiency (Zhou et al., 2014). Although CCS can reduce direct CO2 

emissions from combustion-based electricity generation systems by nearly 90%, the 

deployment of CCS reduces the power generation efficiency of power plants and 

leads to varying degrees of energy penalties (Table 5), resulting in additional fuel 

consumption. Therefore, an increase in indirect GHG emissions from upstream 

processes, including fuel extraction, processing, transportation and the construction of 

CCS infrastructure, will offset some of CO2 reduction due to capture, which results in 

a net GHG reduction of 47-63% for CCS and reduces emission reduction efficiency. 

Meanwhile, due to the increase in emissions from the upstream process, the values of 

non-climate impact categories (e.g., AP, EP, HTP and ETP) increased in varying 

degrees (Korre et al., 2010; Veltman et al., 2010). 

 

Table 5. Average plant thermal efficiency and energy penalty for different fuel 

types(Sathre et al., 2011). 

Jo
urn

al 
Pre-

pro
of



 

28 
 

Fuel 
Plant thermal efficiency Energy penalty 

without CCS with CCS ΔE ΔE
*
 

All plants 46% 35% 33% 24% 

Lignite 46% 32% 44% 30% 

Hard coal 44% 33% 32% 24% 

Natural gas 55% 47% 17% 15% 

Note: ΔE is the percent increase in fuel input per unit of delivered electricity and ΔE
*
 

is the percent decrease in electricity output per unit of fuel input (Sathre et al., 2011). 

 

CO2 capture technology has been widely studied and applied in different 

combustion-based electricity generation systems (Zhang et al., 2020b). Traditional 

pulverized coal power plants usually use post-combustion capture technology, and 

monoethanolamine (MEA) is the most commonly used chemical absorbent. This is 

the most typical technology combination in the LCA research of the 

combustion-based electricity generation system with CCS. Post-combustion capture 

technology decreases GWP by 48-80%, and the capture efficiency of CO2 is between 

85-95%. The NGCC power plant is more efficient and the fuel is natural gas, the 

GHG emissions caused by the additional fuel demand are lower, which makes the 

emission reduction efficiency of the NGCC power plant with post-combustion capture 

is higher than that of the pulverized coal power plant with the same capture method 

(Young et al., 2019). However, the oxy-fuel combustion NGCC power plant has 

higher environmental benefits. The indexes of GWP, POCP, AP and EP are lower than 

those of the NGCC power plant with CO2-MEA process, but the indexes of PMFP, 

HTP and ETP are higher than those of post-combustion capture (Navajas et al., 2019).  

IGCC is a cleaner coal-fired power generation technology. Compared with 

pulverized coal-fired power plants, IGCC power plants have better environmental 

benefits and higher power generation efficiency. Liang et al. (2013) conducted a LCA 

of four coal-fired power generation technologies (IGCC, Subcritical, Supercritical and 

Ultra-supercritical) in China. Table 6 indicates that IGCC has lower scores in most 

impact categories and higher energy efficiency. The capture efficiency of the IGCC 

power plant is between 85-90%. Compared with the case without CCS, GWP is 
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reduced by 46-86%. According to the previous work by Petrescu and Cormos (2017), 

in the IGCC power plant with pre-combustion capture, the indexes of AP, ODP, HTP 

and ETP were increased by an order of magnitude in the whole life cycle of the CCS 

chain. Compared with the case without CCS, the impact of IGCC with 

pre-combustion, post-combustion and oxy-fuel combustion capture system on ozone 

consumption increased by 45.9%, 48.2% and 60.6%, respectively. In all cases, coal 

mining is the process with the greatest contribution (Troy et al., 2016). 

 

Table 6. Life cycle impact category results and energy efficiency of different power 

plants (Liang et al., 2013). 

Notes: ADP = Abiotic resource depletion potential 

 

Although the chemical absorption method based on amine solution is more 

mature, the production and degradation of solvents will increase the energy 

consumption and economic cost of the CCS system. Hu and Zhai (2017) analyzed the 

economic cost of coal-fired power plants with amine-based CCS for 90% CO2 capture, 

and compared with the case without CCS. The result shows that the addition of CCS 

would increased the plant cost of electricity generation significantly by 58-108%. 

Compared with the post-combustion CO2 capture technology using gas-liquid 

absorption (methyldiethanolamine (MDEA) as chemical absorption solvent), gas-solid 

adsorption (calcium looping as solid adsorbent) had a higher energy efficiency, a 

lower fuel consumption (22.00 vs. 33.47 t/h), a lower specific investment cost (458.57 

 IGCC Supercritical Subcritical Ultra-supercritical 

Energy efficiency 42% 39% 41% 43% 

GWP (kg CO2-eq) 813 971 830 801 

AP (kg SO2-eq) 0.379 0.097 1.32 1.24 

EP (kg Phosphate-eq) 0.051 0.071 0.0662 0.0619 

ODP (kg R11-eq) 1.31E-06 1.62E-06 1.37E-06 1.31E-06 

POCP (kg Ethene-eq) 0.0331 0.0854 0.0783 0.0506 

HTP (kg DCB-eq) 2.87 3.72 3.26 3.14 

ADP (kg Sb-eq) 0.118 0.151 0.0127 0.12 
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vs. 557.39 €/t), and an operation and maintenance cost (57.48 vs. 68.42 €/y) (Cormos 

and Cormos, 2017). The study of municipal solid waste incineration power plant with 

CCS by Tang and You (2018) shows that among three CCS projects, the economic 

performance of oxy-fuel combustion technology was the best, followed by 

pressure/vacuum swing adsorption. The MEA-based chemical absorption exhibited 

the worst economic performance. The total cost of the three projects was in the range 

of 49.9-52.8 $/t. Sultan et al. (2020) proposed three stripper modifications (lean vapor 

compression, stripper overhead exchanger and lean vapor compression with stripper 

overhead exchanger) to reduce the overall energy consumption and economic cost of 

the CO2 capture process using 30wt% MEA solution. The results show that all three 

solutions showed better economic cost and lower energy consumption than the 

baseline situation. Advanced hybrid configuration (lean vapor compression with 

stripper overhead exchanger) had the best overall effect, and the energy consumption 

for solvent regeneration and CO2 capture cost were reduced by 18% and 5.3%, 

respectively. This has similar results in techno-economic assessment (TEA) of various 

improved carbon capture processes using 30wt% MEA solvent by Oh et al. (2020). 

The additional fuel demand of the pulverized coal-fired power plant with 

post-combustion leads to an increase in NOx emissions from the upstream process and 

the combustion-based electricity generation process. In addition, ethylene emissions 

during MEA production and NH3 produced by MEA degradation led to the increase of 

EP. Although the MEA washing process can reduce SO2 emissions, the reduction of 

this part of AP cannot compensate for the increase of AP by MEA production and 

degradation. In the end, AP is still increasing. Petrescu et al. (2017) compared the life 

cycle environmental impact of supercritical pulverized coal power plants with 

post-combustion capture with MEA and MDEA as solvents and without CCS. The 

results show that compared with the case without CCS, the MDEA production process 

exhibited a POCP 14 times higher than the benchmark without CCS. At the same time, 

ethylene oxide and NH3 emitted into the atmosphere as a result of MDEA production 

led to higher HTP and EP. The emit of heavy metals in the coal supply chain and 
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solvent production was the main reason for the increase of ecotoxicity, in which the 

increase of freshwater ecotoxicity was between 58-431% and that of terrestrial 

ecotoxicity was in the range of 213-427%. 

As shown in Fig. 7, the GWP of the pulverized coal-fired power plant without 

CCS is 876 kg CO2-eq./MWh, while the GWP of post-combustion capture based on 

MEA is 203 kg CO2-eq./MWh and oxy-fuel combustion capture is 154 kg 

CO2-eq./MWh. The GWP of the NGCC power plant with post-combustion capture 

and oxy-fuel combustion capture is 173 and 120 kg CO2-eq./MWh, respectively, 

while the value without CCS is 471 kg CO2-eq./MWh. The GWP of IGCC power 

plant with pre-combustion capture and oxy-fuel combustion capture is 190 and 200 kg 

CO2-eq./MWh, respectively, and the GWP reaches an astonishing 1009 CO2-eq./MWh 

without CCS (Cuéllar-Franca and Azapagic, 2015). Because oxy-fuel combustion 

capture uses oxygen instead of air for combustion, it can effectively avoid the 

emission of acidic gases such as NOx and SO2, and reduce the AP and EP related to 

direct emissions. In general, oxy-fuel combustion capture technology can reduce the 

impact of AP by 37.6-93.4%. The impact of EP is reduced by 43.3-86%, but HTP is 

increased at the same time (Cho and Strezov, 2020). 
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Fig. 7. Global warming potential of CCS options for PC, NCGC and IGCC power 

plants (Cuéllar-Franca and Azapagic, 2015). 

 

The deployment of CCS has increased indirect emissions from upstream and 

downstream processes of combustion-based electricity generation systems and 

increased contribution to environmental impacts, particularly due to the production of 

capture media and the supply of additional fuel, as well as the CO2 transport and 

storage (Santoyo-Castelazo et al., 2011). Thus, the emission reduction of the 

combustion-based electricity generation system should not only focus on direct 

emissions at the plant level, but also the coordinated emission reduction between the 

upstream and downstream supply chains. By reducing the energy consumption in the 

capture phase and the indirect emissions from upstream and downstream, and seeking 

more economical and environmentally friendly alternative materials for CO2 

capturing media, the environmental benefits of the combustion-based electricity 

generation system with CCS can be further improved. From the perspective of LCA, 

we can clearly understand the important contribution of the upstream and downstream 

processes in reducing GHG emissions and increasing the overall environmental 
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benefits of the CCS system.  

5. Shortcomings and limitations 

5.1 CO2 leakage 

The choice of time range has an important impact on the assessment results, 

especially when assessing possible leaks. Leakage emissions are divided into 

long-term emissions (leakage emissions occur after 10,000 years) and short-term 

emissions (Pehnt and Henkel, 2009). It is usually difficult to use LCA to assess 

long-term leakage emissions (Marx et al., 2011), so long-term leakage emissions in 

LCA are implicitly cut off. Moreover, most LCA studies seldomly mention the 

short-term emissions during transportation, and some studies believe that the 

contribution of CO2 transportation and storage to the overall environmental impact is 

relatively small (Schreiber et al., 2010; Singh et al., 2011), which is usually related to 

the assumption that the amount of leakage is very small or even non-leakage. 

However, after storage, a series of chemical reactions will take place in the ground, 

which may lead to the change of geological framework and even result in geological 

activities. Thus, CO2 may leak through the wellbore, caprock, reservoir fractures or 

faults (Fig. 8), leading to environmental problems (Zhu et al., 2021). As reported by 

Schakel et al. (2014), when the annual leakage rate of CO2 reached 1.23-1.28%, the 

impact of power plants with CCS on climate change was the same as the reference 

case without CCS. At present, it is impossible to estimate the impact of long-term 

emissions on the environment. But, for the accidental leakage in the process of 

pipeline transport and storage in a short time, the analysis of such low probability and 

high impact emissions is very necessary, which is also an important basis for the 

large-scale development of CCS.  
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Fig. 8. Potential leakage pathways of CO2 underground structure (Wang et al., 2020). 

5.2 Interdisciplinary and large-scale implementation evaluation 

The large-scale commercialization of CCS is a complex decision based on 

technological maturity, economic costs and environmental benefits. At present, most 

of the researches focus on the detailed analysis of a single CCS technology 

application, and few people study the potential environmental impact of large-scale 

implementation of CCS. The research on the evaluation of the CCS system mainly 

uses two methods: LCA and TEA, but most of the studies are limited to a single 

discipline and cannot get more practical and comprehensive conclusions. A major 

obstacle to the wide development of CCS is the high economic cost. A study shows 

that large-scale CCS deployment will be expensive to meet the target of emissions 

reduction by 80% by 2050 (Leeson et al., 2017). The research of a single discipline 

cannot provide a sufficient and strong basis for the sustainability of the large-scale 

implementation of CCS on a global scale. Therefore, to judge the sustainability 

potential of the entire CCS system, we need both environmental impact assessment 

and economic assessment. The combination of LCA and TEA can strengthen 

decision-making, and the overlap of methods between LCA and TEA also lays a 
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theoretical foundation for integration. Thomassen et al. (2019) carried out a 

forward-looking environmental and techno-economic assessment on the integration 

framework in the field of green chemical technology. Wunderlich et al. (2020) further 

designed an integrated assessment framework in the field of chemical technology, and 

put forward three integration schemes to avoid one-size-fits-all integration. Gibon et 

al. (2015) developed an integrated hybrid life cycle assessment model, which covered 

the economies of nine regions around the world, named THEMIS, and used in the 

comprehensive environmental assessment of solar power generation. The THEMIS 

model was also used to compare the environmental impacts of different power 

generation technologies (Gibon et al., 2017). McCord et al. (2021) provided a guide 

for the integration of LCA and TEA of carbon capture and utilization technology, 

proposed three types of integration (qualitative, discussion-based integration, 

combined indicator-based integration and preference-based integration) and combined 

with multi-criteria decision analysis (Multi-Criteria Decision Analysis, 

Multi-Objective Decision Making, Multi-Attribute Decision Making and 

Multi-Objective Optimization). At present, there is no proven integration method for 

the comprehensive assessment of the combustion-based electricity generation system 

with CCS deployed. The decision to deploy CCS technology on a large scale should 

be based on reliable information from the comprehensive assessment of its economic 

and environmental benefits, and future studies on the entire sustainability of CCS 

systems should concentrate on the interdisciplinary assessment of integrating 

environmental impacts and economic costs. A higher level of comprehensive research 

will help to draw more practical conclusions so that decision makers can better 

tradeoff environmental and economic benefits and strengthen decision-making. 

 

6. Conclusions and Future Directions  

Generally, for a single CCS system, researchers use LCA in a specific time and 

space. According to the purpose of the study, they make corresponding assumptions, 

delineate system boundaries and define the functional unit. Although ISO defines the 
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standard LCA steps, the flexibility of implementing life cycle assessment is still great. 

This flexibility is an advantage, but it is not conducive to a direct and reasonable 

comparison of different results of LCA. The introduction of more standards will help 

to better compare different studies. The LCA of the combustion-based electricity 

generation system with CCS is difficult to reflect the impact of the spatial variability 

of fuel and power plant. The introduction of GIS in the study will help to solve this 

problem. When comparing the environmental benefits of different combustion-based 

electricity generation systems with CCS, it is necessary to have a thorough 

understanding of the system and its boundaries and to incorporate more LCA 

standards. The same functional unit, consistent evaluation method, effective and 

reliable data, and approximate basic assumptions are all necessary. The development 

and use of data from the supply chain, rather than the background database, will 

contribute to the coordinated emission reduction between the upstream and 

downstream supply chains and power plants. Future research on the CCS system 

should not only be limited to the impact assessment at the power plant level, but also 

particularly important for the study of the whole CCS chain, which takes into account 

the leakage in different time spans. The decision to deploy CCS technology on a large 

scale in a region or field should be based on reliable information about its 

environmental benefits and economic costs. Under the background of the current 

energy situation and international policy, whether the deployment of CCS in the next 

20-30 years can quickly change from a single pilot demonstration to large-scale 

commercialization mainly depends on a series of factors, such as energy policy, legal 

framework, review and supervision mechanism of storage sites, the construction of 

global carbon market, fossil fuel prices and technology maturity. There are still many 

challenges in the current technological development, and a lot of improvements are 

needed to provide a more theoretical basis for large-scale implementation. To this end, 

the following prospects are presented below: 

1. To better compare the life cycle assessment of different combustion-based 

electricity generation systems, more standards need to be included to further 

Jo
urn

al 
Pre-

pro
of



 

37 
 

eliminate the impact of differences in functional units, system boundaries and 

evaluation methods. 

2. To develop and use upstream and downstream supply chain data, the goal of 

emission reduction should not be limited to the power plant level, but to achieve 

coordinated emission reduction between the supply chain and power plants. 

3. The goal of LCA is no longer limited to the narrow analysis of the technical 

performance of single combustion-based electricity generation system. It is also 

very important to study the entire environmental benefits of the CCS chain 

including leakage. 

4. The research priority should shift from the demonstration application of a single 

CCS to the impact assessment of large-scale deployment, to better provide reliable 

information for the large-scale deployment of CCS in the combustion-based 

electricity generation system. 

5. It is necessary to conduct the interdisciplinary assessment by integrating TEA and 

LCA, develop a standardized and integrated assessment framework suitable for 

the CCS system, and achieve the comprehensive assessment of the sustainability 

of the CCS system. 
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List of Abbreviations 

Abbreviation Definition 

ADP Abiotic resource depletion potential 

AP Acidification potential 

BIGCC 
Biomass integrated gasification combined 

cycle 

CCS Carbon capture and storage 

CH4 Methane 

CO2 Carbon dioxide 

EP Eutrophication potential 

ETP Ecotoxicity potential 

GHG Greenhouse gas 

GIS Geographic information system 

HTP Human toxicity potential 

IEA International Energy Agency 

IGCC Integrated Gasification Combined Cycle 

IPCC Intergovernmental Panel on Climate Change 

ISO International Organization for Standardization 

GWP Global warming potential 

LCA Life cycle assessment 

MDEA Methyldiethanolamine 

MEA Monoethanolamine 

NGCC Natural gas combined cycle 

N2O Nitrous oxide 

ODP Ozone depletion potential 

PC Pulverized coal 

PMFP Particulate matter formation potential 

POCP Photochemical oxidants creation potential 

ppm parts per million 

RDP Resource depletion potential 

SO2 Sulfur dioxide 

TEA Techno-economic assessment 
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 The key problems of LCA on the combustion-based electricity generation system 

with CCS are discussed. 

 Comparison of environmental impacts of different combustion electricity 

generation systems with or without CCS. 

 Developing interdisciplinary and large-scale implementation evaluation 

integrating LCA and TEA. 

 The proposal for collaborative emission reduction between power plants and 

supply chains. 

Jo
urn

al 
Pre-

pro
of



Declaration of interests 
 

☒ The authors declare that they have no known competing financial interests or personal relationships 
that could have appeared to influence the work reported in this paper. 
 

☐The authors declare the following financial interests/personal relationships which may be considered 
as potential competing interests:  
 

 

 

 
 

 

Jo
urn

al 
Pre-

pro
of


