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Abstract: Cement manufacturing is one of the most energy and CO, intensive industries. With the
growth of cement production, CO, emissions are increasing rapidly too. Carbon capture and storage
is the most feasible new technology option to reduce CO, emissions in the cement industry. More
research on environmental impacts is required to provide the theoretical basis for the implementation
of carbon capture and storage in cement production. In this paper, GaBi software and scenario
analysis were employed to quantitatively analyze and compare the environmental impacts of cement
production with and without carbon capture and storage technology, from the perspective of a life-cycle
assessment; aiming to promote sustainable development of the cement industry. Results of two carbon
capture and storage scenarios show decreases in the impacts of global warming potential and some
environmental impacts. However, other scenarios show a significant increase in other environmental
impacts. In particular, post-combustion carbon capture technology can bring a more pronounced
increase in toxicity potential. Therefore, effective measures must be taken into account to reduce the
impact of toxicity when carbon capture and storage is employed in cement production. CO, transport
and storage account for only a small proportion of environmental impacts. For post-combustion
carbon capture, most of the environmental impacts come from the unit of combined heat and power
and carbon capture, with the background production of MonoEthanol Amine contributing significantly.
In combined heat and power plants, natural gas is more advantageous than a 10% coal-saving, and
thermal efficiency is a key parameter affecting the environmental impacts. Future research should
focus on exploring cleaner and effective absorbents or seeking the alternative fuel in combined
heat and power plants for post-combustion carbon capture. If the power industry is the first to
deploy carbon capture and storage, oxy-combustion carbon capture is an excellent choice for the
cement industry.

Keywords: cement industry; CO, emissions; CO, capture and storage; life cycle assessment; scenario
analysis; post-combustion CO, capture; oxy-combustion CO, capture

1. Introduction

Cement is one of the most abundantly produced building materials, and global production has
been increasing steadily since the 1950s. Global production reached 4.2 billion tons in 2016 [1], which
already exceeds the predicted 2050 production by the International Energy Agency (IEA). The IEA
previously predicted a production of 3.69 to 4.40 billion tons by 2050 [2]. The cement industry is
one of the most energy and CO, intensive industries, and it is the second biggest CO, emissions
source, contributing around 5% of the global greenhouse gas emissions [3]. With the growth of cement
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production, CO; emissions are increasing. The IEA cement technology roadmap predicts that the
cement industry could reduce 18% of its direct emissions from current levels by 2050 [2]. In order to
achieve this emission reduction target, carbon capture and storage (CCS) would need to account for
56% of the emissions reduction, while other reductions would rely on increased of energy efficiency,
reduction of clinker content, and the application of alternative fuels [3].

CCS involves series technologies, including CO; captured from the combustion of fuels or certain
industrial processes, CO, transported, and CO, stored away from the atmosphere for a very long
time [4]. Since material or process replacement is not technically or economically feasible in the
industrial sector [4,5], CCS is considered the technically feasible technology that can deeply reduce
CO; emissions from combustion and other major industrial processes. Accordingly, this has led to
substantial research in capture technologies, storage technologies, and economic analysis. For instance,
Elias et al. and Sharifzadeh et al. focused on the application of the post-combustion CO, capture
technology in power plants [6,7]. Pore-scale imaging and a 4D model were used to study the security of
storage sites [8,9]. The cost of CCS for several carbon-intensive industrial processes has been evaluated
and compared comprehensively [10,11]. Hitch et al. discussed how to use mine waste rock to trap
and store CO,, and benefit economically from it [12,13]. In addition, the framework for spatially
optimizing infrastructure for CCS was developed, since the linking of CO, emissions sources and
sequestration reservoirs are required [14,15]. Currently many demonstration projects on CCS have
already been deployed in the world [16,17]. However, the widespread commercialization of CCS has
not been achieved due to several barriers. The result of the reviews shows that CCS cost is the most
significant barrier in the short to medium term [5,18]; other hurdles include (1) uncertainties in policies,
regulations and technical performance; (2) public acceptance; and (3) concerns about human health
and safety and environmental risks [18]. Consequently, more researches in the above areas are needed
to aid the commercialization of CCS.

Although some obstacles need to be addressed now, CCS is still widely considered to be a promising
technology choice. The IEA has proposed that CCS is the most feasible new technology to reduce CO,
emissions in the cement industry, including technical reports of the feasibility and economic cost of CCS
such as [19] and [2]. According to the cement roadmap 2050, there will be a projected 10 to 15 commercial
cement plants operating with carbon capture technology and 20 to 35 million tons of CO, will be captured
and stored per year by 2025. Other key studies have also examined and improved the role of CO, capture
technology in the cement industry [20,21]. Typically, cement industry studies have focused on economic
cost analysis, since it is one of the key factors to affect CCS implementation [22,23]. The environmental
benefit is also an essential aspect for decision-makers regarding CCS technology. However, previous
CO; capture studies have tended to focus on environmental benefits related to the energy efficiency
and reduction of CO, emissions [24,25], rather than all the potential environmental impacts.

The life-cycle assessment (LCA) is a method to assess all the potential environmental impacts of a
product, process, or activity over its whole life cycle [26]. CCS technology necessarily incurs an energy
penalty, as well as the introduction of some new materials. For example, post-combustion capture
of MonoEthanolAmine (MEA), a popular chemical absorbent, is used to capture CO, from flue gas,
and considerable heat is required to regenerate the absorbent. Accordingly, these new materials and
additional energy, or energy penalty, will incur direct or indirect background environmental impacts from
the perspective of LCA. Many studies have examined these additional environmental impacts derived
from CCS for power plants and chemicals production coupled with an LCA method [27]. However, for
the cement industry, only a few related studies were carried out. A detailed LCA was applied to 2030
Spanish cement production with and without a post-combustion CO, capture scenario [28]. A systematic
comparison of LCA-based environmental performances of cement production in Europe for 2025
and 2050 with and without CCS was studied [29]. Impacts of different fuels, namely coal, natural
gas, woody biomass, and a fuel mix, on the environmental performance of tail-calcium looping
applied to the clinker production were compared, coupled with the method of LCA [30]. The life
cycle environmental evaluation for the integration of calcium carbonate looping (CCL) and oxy-fuel
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combustion processes into a cement plant for CO; capture was analyzed [31]. These limited studies are
not sufficient since assessment results are related to many factors, such as CO, capture technology, the
scope of system boundary, and environmental impact classification method. As a result, more research
on the environmental impacts is required to provide the theoretical basis for the implementation of
CCS in the cement industry.

There are two CO, emission sources in cement production: Around 50% of CO, emissions
derive from the calcination of limestone and the remaining emissions from fossil fuel combustion.
CO; concentration in cement kiln flue gases (approximately 15 to 30 mol%) is higher than the
power generation industry [19], which provides advantages for capturing CO; in cement production.
Pre-combustion, post-combustion, and oxy-combustion are the three main technologies to capture
CO; in the industrial sector. Pre-combustion capture technology is not considered in this study since
this technology is unable to capture the large amount of CO, derived from the decomposition process
of limestone. The preferred technologies for capturing CO; in cement plants are post-combustion
and oxy-combustion capture. This study aims to analyze and compare the environmental impacts of
cement production with or without the two preferred carbon capture technologies from the perspective
of LCA and to provide a theoretical basis for the sustainable development of the cement industry.

2. Methodology

2.1. System Boundary and Scenarios Designing

This study was based on the new-build cement plants described in the IEA technology report [19].
The main cement production processes without CO, capture and the corresponding system boundary
are showed in Figure 1.
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Figure 1. System boundary of cement production without CO, capture.

For post-combustion CO; capture technology, a CO, separation process is added before the flue
gas is discharged to the atmosphere. The separated high-purity CO,, after being compressed, can
then be transported and stored. Chemical absorption is currently the most widely used method for
capturing CO, from low pressure and low concentration flue gases, and MEA is the most widely used
chemical adsorbent [19]. Therefore, the MEA adsorption method was selected as a case study for
post-combustion CO, capture technology. Extra energy is required for MEA CO, capture because MEA
has to be regenerated by a large amount of low-pressure steam after the CO; has been absorbed in the
MEA. We assumed that steam will be supplied by an onsite combined heat and power (CHP) plant
and that the plant can also meet the power requirements of the post-combustion capture process and
other production processes in the cement plant. NOx and SO; in the kiln flue gas can have negative
impacts on the MEA absorption process, so they have to be reduced to the required level before the
flue gas is passed to the CO, capture unit. In this study, a selective catalytic reduction (SCR) unit is
considered to eliminate NOx and a flue gas desulphurization (FDG) unit is considered to remove SO,
from the flue gas.
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For oxy-combustion CO, capture technology, fuel is burnt in almost pure oxygen rather than air.
This requires an on-site air separation unit (ASU) to deliver oxygen to the oxy-combustion process.
The concentration of CO; in the flue gas produced by oxy-combustion is higher (about 80 mol%, dry
basis) than that of post-combustion, so the flue gas can be transported and stored after a relatively
simple purification and compression processes instead of the separation process.

CO;, transport and storage were also involved in this study because they are an integral part of
CCS technology. Figures 2 and 3 show the corresponding system boundary of two cement production
processes with CCS. The effect of CCS applied to the power industry is considered since the application
of CCS on the power industry is much more mature than that of the cement industry [32]. Four
scenarios were designed within the system boundary. Here, 1000 kg cement was considered as the
functional unit of each scenario. The application of CCS on power plants is considered in three of
the scenarios with high electricity consumption. Coal was chosen as the main fuel in the following
scenario, since it is the most widely used fuel in the world.
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Figure 2. System boundary of cement production with post-combustion carbon capture and storage
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Figure 3. System boundary of cement production with oxy-combustion CCS.

Scenario 1: CCS was not applied in the cement plant, and the electricity needed in the production
was provided by an offsite coal-based integrated gasification combined cycle (IGCC) power plant with
no CCS.

Scenario 2: CCS was not applied in the cement plant, but the electricity needed in the production
was provided by an offsite hard coal-based IGCC power plant with CCS.
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Scenario 3: CCS was applied in the cement plant with post-combustion CO, capture. The electricity
and steam needed in the production process and CO, capture process was provided by an onsite
coal-based IGCC CHP plant. The flue gases passed to the CO, capture—which comes from the CHP
plant and the clinker production process—unit were mixed.

Scenario 4: CCS was applied in the cement plant with oxy-combustion CO; capture. The electricity
needed in the production was provided by an offsite coal-based IGCC power plant with CCS.

2.2. Inventory Analysis

The life cycle inventory (LCI) for cement production with and without CO; capture was based
on a new-build cement plant, which was designed based on specifications in the technical report
discussed above [19]. Production capacity was set to 1 Mt/y of cement and the proportion of clinker
in cement products at 91%. The direct input and output data are summarized in Table 1. For the
post-combustion capture case, there was a small electricity surplus in the CHP plant, which was sent to
the electric grid. The offset of environmental impacts of surplus electricity were not considered in this
study. SO, and NO, emissions from the cement production process were calculated according to the
mass flowrates and operational hours of the new-build cement plant. Particulate emissions of different
sizes were sourced from the ecoinvent database v3 [33]. There was a 50% reduction in particulates
for the post-combustion case due to the additional FDG and SCR processes. For the CO, transport,
we chose pipelines as the case study and a transportation distance of 200 km without recompression.
For the CO, storage, we assumed CO, was stored in a deep saline aquifer. The input and output data
for transport and storage are summarized in Table 2. Due to the data unavailability, the LCI of sand,
gravel, and cement were not considered in this study.

Table 1. The direct input and output data of cement production with/without CO; capture.

Materials/Fuels/Energy Unit Base Production ~ Post-Combustion Oxy-Combustion
Coal @ Kg/t cement 63.30 291.60 72.06
Petroleum coke ? Kg/t cement 31.90 31.90 27.09
Electricity 2 (kWh/t cement) 80.81 -22.73 174.56
Inputs Limest(?ne a Kg/t cement 1245.97 1258.51 1256.74
Iron oxide # Kg/t cement 7.47 7.47 7.54
Gypsum ? Kg/t cement 40.00 23.63 40
Ammonia ? Kg/t cement 0 1.85 0
MEA 2 Kg/t cement 0 2.24 0
Cement products ? Kg/t cement 1000.00 1000.00 1000.00
CO; captured 2 Kg/t cement 0 1067.73 465.01
CO, emitted 2 Kg/t cement 728.40 188.42 282.85
Outputs SO, emitted © Kg/t cement 2.28 0 2.57
NO, emitted ? Kg/t cement 456 0 2.57
Particulates, <2.5um ¢ Kg/t cement 0.0219 0.0109 0.0219
Particulates, >10um © Kg/t cement 0.0052 0.0026 0.0052
Particulates, >2.5 um, and <10 um € Kg/t cement 0.0072 0.0036 0.0072

2 Data taken from the technical report [19]. ® Data were calculated according to the design of the technical report [19].¢
Data taken from ecoinvent database [33].

Table 2. Life cycle inventory (LCI) data of CO, transportation and storage.

Processes Input/Output Materials/Energy Units Amount
Input Diesel, burned in building machine MJ/km 3.31E + 06

Transportation Input Steel, low-alloyed, at plant kg/km 2.70E + 05
P Input Rock wool, packed, at plant kg/km 5.12E + 03
Output COy, leaked kg/km 2.60E — 04

Storage Input electricity kWh/kg CO,  6.68E — 03

Data taken from [34].

The LCI for electricity and CHP plant were sourced from a life cycle emissions database for
electricity and heat generation technologies 2005/2010, 2020, and 2030 [35]. The LCI for limestone and
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hard coal were sourced from the professional database of GaBi. The LCI of other materials needed for
cement production, as well as CO, capture, transport, and storage were all sourced from the ecoinvent
database v3 [33].

2.3. The Classification of Environmental Impacts and LCA Software

Environmental impacts were classified according to the CML2001 method, which is a widely used
classification method. Classification in this study included abiotic depletion potential (fossil fuels)
(ADP), global warming potential (100 years) (GWP), human toxicity potential (HTP), freshwater aquatic
ecotoxicity potential (FAETP), marine aquatic ecotoxicity potential (MAETP), terrestrial ecotoxicity
potential (TETP), photochemical ozone creation potential (POCP), ozone layer depletion potential
(ODP), acidification potential (AP), and eutrophication potential (EP). Each environmental impact was
related to specific pollutants with a normalization coefficient. GaBi 7.0, an LCA software package
produced by thinkstep, was used in this study to help define the models and account for environmental
impacts in the four scenarios described in Section 2.1.

3. Results and Discussion

Based on the methodology described above, the results of four scenarios are given in Table 3.
The comparison results of all four scenarios are shown in Figure 4.

Table 3. Environmental impacts calculation results of four scenarios.

v
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Figure 4. Comparison results of four scenarios.
3.1. Scenario Comparison and Analysis

By comparing scenario 1 and scenario 2, we found that little change took place in the environmental
impacts of 1 ton of cement except for GWP and HTP, if CCS was only applied in the power industry.
In scenario 2, GWP decreased by 5.75% and HTP increased by 28% compared with scenario 1. However,
although somewhat small, these changes could have a massive impact when considering worldwide
cement production. Moreover, impacts in China and India are particularly pronounced since their
cement production far exceeds all other countries.
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By comparing all four scenarios, we found that the two CCS scenarios decreased the impact
of GWP effectively, with GWP decreases ranging from 62.55% (scenario 3) to 57.77% (scenario 4)
compared with scenario 1. Meanwhile the other environmental impacts—AP, EP, and POCP—can
also be reduced very effectively. Scenario 3 had a more pronounced reduction effect than scenario 4,
with a greater reduction in environmental impacts broadly. Specifically, more than 65% of the impacts
were reduced for scenario 3, while around 10% reduction in AP and POCP, and EP reduction of 40%
for scenario 4. However, the two CCS scenarios increased the impacts of ADP, FAETP, HTP, MAETP,
and TETP significantly due to the added energy, construction, and materials for CCS technology.
For scenario 3, increases ranged from 248.05% in MAETP to 2158.42% in HTP. For scenario 4, the effect
was relatively small, with increases ranging from 120.78% in MAETP to 204.49% in FAETP. In addition,
the implementation of CO; capture and storage had little effect on ODP. From the above results, we
can see that although post-combustion carbon capture can reduce GWP effectively, it can bring a more
pronounced increase in all kinds of toxicity potential. Therefore, effective measures must be taken
into account to reduce the impacts of toxicity when post-combustion carbon capture technology is
employed in cement production.

3.2. Main Environmental Impact Sources Analysis

In order to analyze the environmental impacts sources of scenario 3 and scenario 4, all the
production processes—including the production of background materials and energy—were classified
into four units. The cement production unit includes clinker production, mixing, and the background
production of limestone, petroleum coke, hard coal, gypsum, and iron oxide. The transportation unit
includes CO, transportation and the background production of diesel, steel, and rock wool. The storage
unit includes CO; storage and the background production of electricity. For scenario 3, the CHP and
carbon capture unit includes all the processes of SCR, FGD, CHP, and CO; capture and compression,
as well as the background production of MEA, ammonia, limestone, and hard coal. For scenario
4, the CO; capture unit includes the processes of ASU, CO, purification and compression, and the
background production of electricity.

The comparison of the environmental impacts sources for both scenario 3 and scenario 4 are
shown in Figures 5 and 6. The environmental impact of transportation and storage was minimal,
regardless of the carbon capture technology. For oxy-combustion carbon capture, more than 50% of
the environmental impact comes from the cement production unit. Moreover, the carbon capture
unit increased ADP and every category of toxicity potential. However, for post-combustion carbon
capture, more than 60% of each environmental impact comes from the unit of CHP and carbon capture,
and only a small part comes from the cement production unit apart for ODP. Most of the above
environmental impacts come from the combustion of hard coal to cogenerate heat and power. The only
exception is HTP, because 71.52% of HTP sourced from the unit of CHP and CO, capture comes from
the background production of MEA. MEA, as a chemical adsorbent, is produced from ethylene oxide
and ammonia [33], which is the mainstream production technology for MEA. The ethylene oxide
released into the air and fresh water during the production process contributes most to HTP. Therefore,
the amount of MEA used for adsorbent greatly contributes to the environmental impact of HTP.
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Figure 5. Comparison of the environmental impacts sources for post-combustion CO, capture.
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Figure 6. Comparison of the environmental impacts sources for oxy-combustion CO, capture.
3.3. CHP Improvement Analysis

Since the CHP and CO; capture unit brings additional environmental impacts, next we discuss
the potential of saving coal, and using an alternative fuel in the CHP plant. We estimate that 10%
coal-saving is feasible or that natural gas, as a clean fuel, is a suitable choice for the CHP plant.
Consequently, we compared the environmental impacts for the above two situations with scenario
3. As shown in Figure 7, about 3% to 10% of environmental impacts can be reduced by coal-saving,
except for ODP. However, natural gas can lead to a 5% to 8% reduction in HTP, MAETP, POCP, and EP,
and a 12.28% reduction in GWP. Meanwhile natural gas leads to a greater reduction in AP and TETP,
35.71% and 62.91% respectively, but it also incurs a 4.63% increase in FAETP. In general, natural gas, as
an alternative fuel, is more advantageous than coal in the CHP plant.

Results show that the CO, capture unit was not the primary contributor to environmental impacts
for the oxy-combustion CO; capture scenario. For post-combustion CO, capture scenario, the 10%
coal-saving and using natural gas as alternative fuel have been discussed. Here, another important
parameter, the efficiency of CHP plant for post-combustion CO, capture was discussed. In scenario 3,
the total efficiency for the CHP plant was assumed to be 77%, which includes a thermal efficiency
of 60% and an electrical efficiency of 17%. The effect of increasing thermal efficiency by 10% and
decreasing by 10% was analyzed, and the results are shown in Figure 8. The electrical efficiencies of
the two situations were still 17%, which means the total efficiencies were 87% and 67%, respectively
since the electrical demand of the whole cement plant remained unchanged. Figure 8 indicates that
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the thermal efficiency had a more visible influence on ADP, AP, EP, POCP, FAETP, TETP, and MAETP,
where an efficiency change of 10% changed these parameters between 10% and 20%. The thermal
efficiency had less of an influence on GWP and HTP, with changes of roughly 5%. However, the
efficiency of CHP had no impact on ODP.
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Figure 7. Comparison of 10% coal-saving and natural gas used as fuel in CHP plant.
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Figure 8. The effect of increasing thermal efficiency by 10% and decreasing by 10%.

3.4. Sensitivity Analysis

With the improvement of CO; capture technology, the related parameters may change. Accordingly,
sensitivity analysis of key parameters is necessary. For the post-combustion CO; capture scenario, the
parameters related to CHP improvement, such as 10% coal-saving, using natural gas as an alternative
fuel, and the efficiency have been investigated in Section 3.3. Here, the consumption of MEA and
ammonia is discussed. For the oxy-combustion CO; capture scenario, the consumption of electricity in
the process of ASU and CO, compression is central to LCA results and should be examined. Standard
deviations of 10% variation in the above key parameters are shown in Table 4. For the post-combustion
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CO; capture scenario, the consumption of MEA had the greatest impact on HTP, with a standard
deviation of 7.03%. Other standard deviations were all less than 1%. For oxy-combustion CO, capture,
the consumption data of electricity for ASU and for CO, compression had more impacts on FAETP,
HTP, MAETP, and TETP, with the standard deviation ranging from 2% to 5%. The two parameters
contributed little to other environmental impacts.

Table 4. Standard deviations of 10% variation in key parameters.

Post-Combustion CO, Capture Oxy-Combustion CO; Capture
Parameters
MEA Ammonia Electricity for ASU Electricity for CO, Compression
GWP 0.00% 0.12% 1.50% 2.23%
AP 0.01% 0.04% 0.72% 1.07%
EP 0.44% 0.05% 0.86% 1.28%
ODP 0.00% 0.00% 0.00% 0.00%
POCP 0.00% 0.05% 0.99% 1.47%
FAETP 0.20% 0.00% 3.21% 4.76%
HTP 7.03% 0.00% 3.15% 4.67%
MAETP 0.00% 0.08% 2.16% 3.20%
TETP 0.00% 0.00% 3.15% 4.66%

3.5. Prospect Analysis

The widespread commercialization of CCS requires a comprehensive consideration of economic
cost, the difficulty of retrofit, and environmental performance. The results of this study show
that MEA-based post-combustion carbon capture can reduce more CO; emissions and some other
environmental impacts; however, it can also bring more toxicity potential to people. The above result is
in line with that of another study [28], although each was based on a different classification method
of environmental impact. The CML2001 method was deployed in this study and ILCD method was
deployed in the reference study. Post-combustion CO, capture technology is a promising technology
since it is easy to retrofit at any cement plant. Future research should focus on exploring a cleaner and
effective absorbent or seeking alternative fuel to be used in CHP plant for post-combustion carbon
capture. For oxy-combustion carbon capture, more electricity is required by an air separation unit,
which will bring background environmental impacts. If the power industry is the first to deploy CCS,
oxy-combustion carbon capture is an excellent choice for the cement industry. Although currently, the
cost is high, these two CO, capture technologies may become economically feasible with technical
improvement, such as the use of an alternative absorbent and waste heat. In addition, the introduction
of some policies, such as carbon tax and carbon trading, is also helpful to promote the deployment of
CO; capture technology.

CCS is a regional measurement, rather than an activity of a single plant or a single industry
sector. Carbon emission sources and storage sites need to be matched, and transport routes require
systematic planning. Therefore, a scale effect can promote the development of CCS and will be
necessary to carry out CO, capture research for other CO, emission intensive industries, such as the
iron and steel industry. In addition to being stored underground, captured CO, can also be valorized
to create value-added products, such as reactive solvent and inorganic carbonates. Although the
market for the CO, valorization is small at present, it is a promising development direction, since
CO; valorization technologies can offer a unique opportunity for sustainable carbon cycle towards a
circular economy [18]. Accordingly, more studies on economic cost, policy, and environmental impact
of CO, valorization are needed to compare with CCS in order to provide a more theoretical basis for
effective carbon emission mitigation.

4. Conclusions

In this study, the GaBi software package and scenario analysis were used to analyze and compare
the environmental impacts of cement production with and without carbon capture and storage
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technology from the perspective of LCA. Results show that the implementation of CCS in the power
industry had minimal effect on reducing environmental impacts of each ton of cement except for
GWP and HTP. However, we cannot ignore these impact changes when looking at the whole cement
industry, especially for China and India, since the worldwide cement production is so large and has
such a massive impact on CO, emissions. The two CCS scenarios not only effectively decreased the
impact of GWP, but also reduced the impacts of AP, EP, and POCP. However, the two CCS scenarios
also increased the impacts of ADP, FAETP, HTP, MAETP, and TETP significantly. Post-combustion
carbon capture technology, in particular, can bring a more pronounced increase in all kinds of toxicity
potential. Therefore, effective measures must be taken into account to reduce the impacts of toxicity,
when it is employed in cement production.

All the cement production processes and the background production of involved materials for the
two CCS scenarios were classified into four units. We found that the units of CO, transportation and
storage accounted for a small proportion of the environmental impacts. For oxy-combustion carbon
capture, most of environmental impacts come from the unit of cement production. For post-combustion
carbon capture, most of the environmental impacts come from the unit of CHP and carbon capture,
especially the combustion process of hard coal to cogenerate heat and power. However, the background
production of MEA was shown to have a significant contribution to the environmental impacts of HTP.

As a clean fuel, natural gas can reduce a small amount of HTP, MAETP, POCP, and EP, compared
with the 10% coal-saving scenario. Furthermore, it can also reduce a large amount of AP and TETP
at the same time. In general, natural gas, as an alternative fuel, is much more advantageous than
coal-saving in the CHP plant. In addition, the thermal efficiency of the CHP plant for post-combustion
capture has a more visible influence on LCA results. The effect of increasing thermal efficiency by 10%
and decreasing by 10% was analyzed, and the results show that the thermal efficiency had a substantial
influence on ADP, AP, EP, POCP, FAETP, TETP, and MAETP, though it had less influence on GWP and
HTP, and no impact on ODP. Consequently, the thermal efficiency of the CHP plant is a key parameter
for reducing environmental impacts.

Prospect analysis shows that future research should focus on exploring a cleaner and effective
absorbent or seeking an alternative fuel in the CHP plant for post-combustion carbon capture.
Oxy-combustion carbon capture would be an excellent choice for the cement industry if the power
industry is the first to deploy CCS. It is necessary to carry out CO, capture research for other CO,
emission-intensive industries to promote the development of CCS on a regional scale. In order to
provide a more reliable theoretical basis for effective carbon emission mitigation and sustainable
development of the cement industry, more studies on economic cost, policy, and environmental impact
of CO,; valorization are needed to compare with CCS.

This study also includes uncertainties that should be considered in future research. Rather
than using a realized cement plant with CCS, the two CO, capture technologies of post-combustion
absorption and oxy-combustion were assessed based on the technical report of IEA, which potentially
lead to some deviation in the LCA results. Moreover, different fuels and materials used in the cement
production or CCS process will also affect the LCA results. More extensive demonstration projects of
the cement industry with CCS will provide more reliable data for environmental analysis.
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