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ABSTRACT: Membrane gas absorption and solar-assisted absorbent regeneration offer a sustainable approach to
reduce the energy penalty of post-combustion CO2 capture. This study introduces a novel system integrating solar
thermal energy with membrane gas absorption to capture CO2 from a 580 MWe pulverized coal power plant. The
environmental impacts across six scenarios at varying solar fractions are evaluated via life cycle assessment. Results
show a 7.61%–13.04% reduction in global warming potential compared to a steam-driven CO2 capture system. Electricity
and steam consumption dominate the operational phase, contributing 15%–64% and 18%–61% to environmental
impacts in non-TES scenarios, respectively. While TES reduces most impacts, it increases stratospheric ozone depletion
and marine eutrophication due to nitrate-based phase change materials and monoethanolamine. Higher solar fractions
lower impacts in non-TES scenarios but elevate specific impacts in TES scenarios, highlighting trade-offs for sustainable
CO2 capture deployment.
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1 Introduction
Global energy related CO2 emissions reached a new high of 37.8 Gt with an increase of 0.8% in

comparison with the previous year, which could be primarily attributed to a 1% increase in fuel combustion
emissions [1]. This results in elevated atmospheric CO2 concentrations to 422.5 ppm, a 3 ppm increase from
2023 and 50% above pre-industrial levels. According to Intergovernmental Panel on Climate Change (IPCC),
global net anthropogenic CO2 emissions must be reduced by 45% by 2030 compared to 2010 levels, and
reach net zero emissions around 2050 to achieve the goal of limiting global temperature rise to 1.5○C [2].
Renewable energy, bioenergy, hydrogen, CO2 capture, utilization and storage (CCUS) have been identified
as four critical technologies for net-zero emissions [3]. Among these, CCUS is the only technology that
can directly reduce and eliminate carbon emissions in key industries and is a strategic reserve technology
for large-scale low-carbon utilization of fossil energy. Post-combustion CO2 capture, particularly suited for
boiler and steam turbine power plants, offers strong retrofit potential with minimal structural modifications.
However, the dominant chemical absorption method using packed or absorption towers generally faces
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challenges such as liquid overflow, channeling and entrainment. High capture costs and energy-intensive
absorbent regeneration via power plant steam further hinder its large-scale industrial applications.

In recent years, the integration of two or more separation technologies has emerged as a promising
strategy to enhance CO2 separation efficiency while reducing operational costs. Membrane gas absorption
technology is a hybrid process which combines the high selectivity of chemical absorption with the compact
design of membrane separation. Therefore, membrane gas absorption technology has been extensively
investigated and utilized mainly due to its characteristics of compact structure, independent control of
gas and liquid phases, high specific surface area, operational flexibility, modular design and low energy
consumption [4–6]. Jiang et al. demonstrated that the energy required for regeneration in membrane gas
absorption is only 65.67% of that in conventional chemical absorption [7]. Xue et al. [8] developed an energy-
efficient CO2 capture process by integrating a membrane contactor with a catalyst-assisted amine-based
solvent regeneration system, and achieved a capture cost of 28% lower than traditional methods. Similarly,
Nguyen et al. [9] conducted a techno-economic analysis of a 685 MW coal-fired power plant equipped with
membrane gas absorption technology. They found that this hybrid system reduced energy consumption by
43%, capital costs by 31%, and operating costs by 28% compared to a monoethanolamine (MEA) process
with a capture efficiency of 90%.

Another promising research direction in low-energy CO2 capture technology is to use renewable energy
to drive the carbon capture process, thus reducing the energy demands of absorbent regeneration. Solar
energy, with its clean, renewable, and widely accessible features, offers a feasible alternative to traditional
steam extraction from power plants for heating reboilers. Integrating solar thermal systems into post-
combustion carbon capture solvent regeneration processes can substantially mitigate turbine extraction
losses, thereby lowering system energy consumption and capture costs. For instance, Dong et al. [10]
developed a solar-assisted CO2 capture system for coal-fired power generation, and they concluded that
extending the service life of solar collectors and increasing solar radiation intensity significantly reduced
the environmental impact of the integrated system. Similarly, Chen et al. [11] proposed a solar-assisted
vacuum pressure swing adsorption CO2 capture system, which achieved CO2 recovery above 95%, purity
rates exceeding 85%, system performance coefficient of 2.20 and exergy efficiency of 9.81%, respectively. The
use of parabolic trough solar collectors to supply heat to the reboiler in a natural gas combined cycle power
plant has been shown to increase power generation by 13.3% compared to conventional steam extraction
methods [12]. Farzin et al. [13] designed a solar-assisted CO2 capture system for a coal-fired power plant, and
found a 31% increase in total exergy efficiency and a 3.37% improvement in exergy economics. Javad et al. [14]
introduced a solar-assisted hybrid membrane-amine carbon capture and storage system for decarbonizing a
natural gas combined cycle power plant, which increased system power output by up to 19.4% and reduced
carbon intensity by 10.3% compared to the baseline case.

As previously discussed, membrane gas absorption and solar-assisted absorbent regeneration are two
promising strategies to minimize the energy penalty and enhance the sustainability of post-combustion
CO2 capture. In our previous study [15], an innovative system which integrates solar thermal energy
with membrane gas absorption technology, namely solar-assisted CO2 capture system using hollow fiber
membrane contactors (SOL-HFMC) system, was proposed to capture CO2 from a 580 MWe pulverized coal
power plant. Furthermore, the technical feasibility and economic assessment were investigated in three cities
with different solar radiation. Despite extensive life cycle assessment (LCA) studies have been carried out
to evaluate the environmental implications of CO2 post-combustion capture technologies over the past two
decades [16–20], there is a notable research gap in assessing the lifecycle environmental performance of
the SOL-HFMC systems. Correspondingly, it is the interest of the present study to address this research
gap by employing LCA to investigate the environmental impacts of the proposed SOL-HFMC system at
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a commercial scale. Furthermore, a sensitivity analysis of the solar fraction (SF) is conducted to assess its
influence on the system’s environmental benefits.

2 System Configuration
Fig. 1 presents a schematic of the solar-assisted CO2 capture system integrated with hollow fiber mem-

brane contactors in a coal-fired power plant. The SOL-HFMC system comprises three primary components:
the coal-fired power plant, a CO2 absorption-desorption system utilizing hollow fiber membrane contactors,
and a solar thermal energy collection and storage system.

Figure 1: Process flow chart of proposed SOL-HFMC system

In this study, a 580 MWe supercritical coal-fired power plant is selected according to the performance
parameters outlined in the NETL Fossil Energy Power Plant Baseline Study [21]. A 20 wt.% MEA solution
is selected as the absorbent due to its high CO2 absorption capacity, low volatility, reduced regeneration
energy requirements, widespread availability and cost-effectiveness [22]. Polypropylene (PP) hollow fiber
membranes are chosen for their high porosity, established commercial use, cost-effectiveness, and superior
chemical and thermal stability [23]. The flue gas from the power plant is cooled via an air-cooled heat
exchanger and subjected to desulfurization and dust removal pretreatment before entering the hollow fiber
membrane contactor. The treated flue gas primarily consists of N2 and CO2.

In the hydrophobic polypropylene hollow fiber membrane contactor, the flue gas and MEA solution
countercurrently flow in the shell side and lumen side, respectively. The CO2 in the flue gas diffuses through
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the membrane’s micropores due to a concentration gradient, reaches the gas-liquid interface to be absorbed
into the MEA solution. The hydrophobic nature of the polypropylene membrane prevents the MEA from
entering the gas phase to avoid membrane wetting phenomenon. For membrane gas absorption system,
the hydrophobic membrane does not provide the selectively and only serves as the gas-liquid interface. The
CO2-rich absorbent is preheated in a heat exchanger and regenerated in another PP hollow fiber membrane
contactor for desorption. In this unit, the CO2-rich absorbent flows through the lumen side, which contacts
countercurrent sweep steam introduced from the bottom. The regenerated CO2-lean absorbent is collected
from and reused in the absorption contactor for continuous CO2 removal.

As depicted in Fig. 1, solar energy primarily provides the thermal energy needed to regenerate the
CO2-rich absorbent, supplemented by turbine-extracted steam during low solar availability. The desorption
process operates at 80○C, with solar collectors operating within a 50○C–150○C temperature range. Evacuated
tube collectors are chosen due to their cost efficiency and low maintenance requirements compared to other
solar collector types [24]. These collectors use thermal oil as the heat transfer fluid, operating at low pressure
to enhance system safety and performance. To address solar energy’s intermittent nature, a thermal energy
storage (TES) system, designed based on Mokhtar et al. [25], is integrated to ensure consistent and efficient
operation. Erythritol serves as the phase change material (PCM) in the TES system due to its excellent
thermal properties.

The analyzed power plant is presumed to operate continuously for 24 h daily, with a designated
maintenance period in August. For comparison, a benchmark system which absorbs and desorbs CO2 in
hollow fiber membrane contactors by 100% extracted steam is selected, namely STE-HFMC system. The
specifications of the hollow fiber membrane contactor align with those detailed by Chen et al. [26]. The
performance parameters of the studied power plant and benchmark system are given in Table 1.

Table 1: Performance parameters of studied power plant and benchmark system

Technical parameters Value References
Baseline power plant without

CCS
Auxiliary load (MWe) 30 [21]

Net output power (MWe) 550 [21]
Coal consumption (kg/h) 185,759 [21]

CO2 emission (t/h) 441 [21]
CO2 concentration of flue gas

(% mol)
13.53 [21]

STE-HFMC System

Number of HFMC 200 [26]
HFMC diameter (m) 2.8 [26]

HFMC effective height (m) 4.0 [26]
HFMC total height (m) 4.2 [26]

Chemical absorbent MEA
Absorbent mass fraction (wt.%) 20

Regeneration energy
consumption (MJth/kg CO2)

1.25 [27]

CO2 capture rate (%) 90

(Continued)
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Table 1 (continued)

Technical parameters Value References
Gas velocity (m/s)

Purity of desorbed CO2 (%)
1.0
98 [26]

Absorption temperature (K) 300
Regeneration temperature (K) 353

Liquid velocity (m/s) 0.07 [26]
Blower and pump power (MWe) 5 [26]

Vacuum pump power (MWe) 26 [26]
Compression power (MWe) 38 [26]

Capacity reduction due to steam
extraction (MWe)

24

Power output after CO2 capture
(MWe)

457

3 Methodology

3.1 Solar Collector Heat Collection and Solar Fraction
The thermal energy collected by the evacuated tube collector Q (kWh) can be calculated using the

following formula:

Q = G × S × ηsol ar (1)

where G is the total horizontal solar radiation, kWh/m2; S is the area of the evacuated tube collector, m2; and
ηsolar is the thermal efficiency of the evacuated tube collector, calculated using Eq. (2):

ηsol ar = α0 − α1 ×
(Tc − Ta)

G
− α2 ×

(Tc − Ta)
2

G
(2)

where Tc is the temperature of the working fluid in the collector, K; Ta is the ambient temperature, K; and
α0, α1, and α2 are the optical efficiency parameters of the evacuated tube collector, taking α0 = 0.71 m,
α1 = 0.5 W/m2/K, α2 = 0.0035 W/m2/K2, respectively [28].

The SF is an indicator used to quantitatively assess the proportion of thermal energy provided by solar
energy relative to the total energy required for the regeneration of the CO2-rich absorbent. SF effectively
reflects the contribution of solar energy to the overall energy demand for regeneration. A higher solar fraction
indicates greater reliance on renewable energy and reduced demand for steam extracted from the power
plant’s turbine, which can be calculated using Eq. (3):

SF = Qsol ar

Qt
(3)

In this study, the area of the evacuated tube collector is designed based on the minimum heat collection
per unit of sunshine duration per month. Under a given collector area, if the hourly heat collection by the
solar collector exceeds the energy required for the regeneration of the CO2-rich absorbent, the excessive
energy will be stored in the TES system for backup use. The thermal efficiency of a designated evacuated
tube collector is significantly influenced by the solar irradiance striking its surface. Lhasa (29.6○ N, 91.1○ E),
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Xining (36.7○ N, 101.7○ E) and Jinan (36.5○ N, 116.8○ E) with different solar irradiation intensities are selected
as the study case in the present study. The solar radiation, main meteorological parameters, collector area
and SF of the three studied cities are detailed in our previous study [15]. Six scenarios with different system
configurations have been considered in the present study as follows:

Scenario A: SOL-HFMC in Jinan without TES, with a SF of 28.19%, marked as Jinan-W/O;
Scenario B: SOL-HFMC in Xining without TES, with a SF of 30.26%, marked as Xining-W/O;
Scenario C: SOL-HFMC in Lhasa without TES, with a SF of 34.84%, marked as Lhasa-W/O;
Scenario D: SOL-HFMC in Jinan with TES, with a SF of 57%, marked as Jinan-W;
Scenario E: SOL-HFMC in Xining with TES, with a SF of 36.58%, marked as Xining-W;
Scenario F: SOL-HFMC in Lhasa with TES, with a SF of 42.22%, marked as Lhasa-W.

3.2 LCA Methodology
LCA is a widely recognized approach for assessing the environmental impacts of a product, process, or

service across its entire life cycle, from raw material sourcing to final disposal or recycling. In the context
of CO2 capture, LCA helps pinpoint significant environmental impacts throughout the capture process,
enabling better decision-making for optimizing process design and enhancing sustainability. According to
the ISO 14040:2006 and ISO 14044:2006 standards from the International Organization for Standardiza-
tion [29,30], LCA consists of four main stages: defining the goal and scope, conducting life cycle inventory
analysis, performing life cycle impact assessment, and interpreting the results.

3.2.1 Goal and Scope Definition
The goal and scope definition establishes the objectives, system boundaries, and functional unit of

the LCA, forming the foundation for the analysis. This study aims to assess the environmental impacts
of SOL-HFMC system, as well as the comparison with STE-HFMC system. A “gate-to-gate” rather than
a “cradle-to-grave” approach is adopted in this study in order to focus on the CO2 capture and recovery
processes within hollow fiber membrane contactors under the assistance of solar energy. It includes energy
consumption and material flows involved in the CO2 capture process, solvent regeneration process, and solar
energy supply process.

Fig. 2 illustrates the LCA boundaries of the SOL-HFMC system and STE-HFMC system. Due to data
limitations, the current analysis excludes human labor consumption and the impact of human factors,
consistent with the “1% rule” in life cycle assessment, which states that processes or factors contributing
less than 1% to the overall assessment results can be neglected [31]. For the SOL-HFMC system, its
primary function is to capture CO2 from flue gas. Therefore, this study defines the functional unit as
“1 t of CO2 captured”.

3.2.2 Life Cycle Inventory
The life cycle assessment results depend on a comprehensive life cycle inventory which is defined by

system boundaries, material flows, energy flows, and environmental relevance. In this study, the SOL-HFMC
system is designed with an operational lifespan of 30 years and a capacity to process 441 t/h of CO2 emissions
from a 580 MWe supercritical coal-fired power plant, achieving a 90% CO2 capture rate. System operation
involves both thermal and electrical energy consumption. Thermal energy requirements include sensible
heat for raising the absorbent temperature, reaction heat for CO2 desorption from the rich absorbent, and
latent heat for water vaporization to facilitate CO2 stripping in the desorption membrane contactor. Electrical
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energy consumption is derived from the circulation pumps, blowers, and vacuum pumps. For both the STE-
HFMC and SOL-HFMC systems, the energy demand for solvent regeneration remains constant. However,
variations in the solar fraction across the SOL-HFMC systems in Jinan, Xining, and Lhasa result in different
reliance on steam extraction from the power plant. Detailed energy inventory data for these scenarios are
presented in Tables 2 and 3.

Figure 2: System boundaries for the (a) SOL-HFMC system and (b) STE-HFMC system

Table 2: Energy demand for STE-HFMC system and SOL-HFMC system without TES

Parameter STE-HFMC SOL-HFMC Unit
Jinan-W/O Xining-W/O Lhasa-W/O

SF 28.19 30.26 34.84 %
Energy

consumption
1.25 1.25 1.25 1.25 GJth/t CO2

Solar energy
contribution

0 0.352 0.378 0.436 GJth/tCO2

Power plant
contribution

1.25 0.898 0.872 0.815 GJth/tCO2

(Continued)
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Table 2 (continued)

Parameter STE-HFMC SOL-HFMC Unit
Jinan-W/O Xining-W/O Lhasa-W/O

Circulation
pump

2 2 2 2 MWhe

Blower 3 3 3 3 MWhe
Vacuum pump 26 26 26 26 MWhe

CO2 capture 396.9 396.9 396.9 396.9 t/h
Total energy

demand
0.0781 0.0781 0.0781 0.0781 MWhe/tCO2

Table 3: Energy demand for STE-HFMC system and SOL-HFMC system with TES

Parameter STE-HFMC SOL-HFMC Unit
Jinan-W Xining-W Lhasa-W

SF 57 36.58 42.22 %
Energy consumption 1.25 1.25 1.25 1.25 GJth/tCO2

Solar energy contribution 0 0.713 0.457 0.528 GJth/tCO2
Power plant contribution 1.25 0.538 0.793 0.722 GJth/tCO2

Circulation pump 2 2 2 2 MWhe
Blower 3 3 3 3 MWhe

Vacuum pump 26 26 26 26 MWhe
CO2 capture 396.9 396.9 396.9 396.9 t/h

Total energy demand 0.0781 0.0781 0.0781 0.0781 MWhe/tCO2

During the operation of the membrane contactor capture unit, material consumption primarily arises
from membrane materials and absorbents, with antioxidants and corrosion inhibitors excluded from this
analysis due to their minimal contributions. The material of the hollow fiber membrane contactors is made of
polypropylene, with raw material consumption data for its production sourced from the Eco-invent database.
The membrane has a lifespan of 15 years, requiring one replacement over the system’s 30-year operational
lifespan. The absorbent is consumed at a rate of 1.5 kg per ton of CO2 captured. In the evacuated tube collector,
getter materials are used to absorb gases and maintain the vacuum integrity within the vacuum layer. These
materials have an estimated lifespan of 15 years, after which the thermal efficiency of the vacuum tubes
declines due to diminished vacuum levels [32]. Consequently, the lifespan of the evacuated tube collector
is set at 10 years, requiring two replacements over the system’s 30-year operational lifespan [33]. Similarly,
the PCM, composed of 54% KNO3 and 46% NaNO3, requires two replacements within the same operation
period [34]. Detailed material data for the studied systems are presented in Tables 4 and 5, respectively. Inputs
and outputs for producing 1000 m2 of hollow fiber membrane and 1 kg of MEA are given in our previous
study [35].
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Table 4: Materials for STE-HFMC system and SOL-HFMC system without TES

Parameter STE-HFMC SOL-HFMC Unit
Jinan-W/O Xining-W/O Lhasa-W/O

SF 28.19 30.26 34.84 %
Collector area 0.86 0.44 0.34 km2

Capture system
MEA 1.5 1.5 1.5 1.5 kg/t CO2

PP 0.092 0.092 0.092 0.092 kg/t CO2
Evacuated thermal collector

Glass 0.301 0.154 0.118 kg/t CO2
Polyethylene 0.0169 0.0087 0.0067 kg/t CO2

Table 5: Materials for STE-HFMC system and SOL-HFMC system with TES

Parameter STE-HFMC SOL-HFMC Unit
Jinan-W Xining-W Lhasa-W

SF 57 36.58 42.22 %
Collector area 0.86 0.44 0.34 km2

Capture system
MEA 1.5 1.5 1.5 1.5 kg/t CO2

PP 0.092 0.092 0.092 0.092 kg/t CO2
Evacuated thermal collector

Glass 0.301 0.154 0.118 kg/t CO2
Polyethylene 0.0169 0.0087 0.0067 kg/t CO2

TES
Nitrates 1.972 0.422 0.612 kg/t CO2

3.2.3 Life Cycle Impact Assessment
This study utilizes a set of 11 environmental impact indicators derived from the ReCiPe 2016 method-

ology to comprehensively evaluate environmental impacts across diverse ecological and human health
domains. These indicators include Global Warming (GW), Stratospheric Ozone Depletion (SOD), Terrestrial
Acidification (TA), Freshwater Eutrophication (FEU), Marine Eutrophication (MEU), Terrestrial Ecotoxicity
(TE), Freshwater Ecotoxicity (FEC), Marine Ecotoxicity (MEC), Human Carcinogenic Toxicity (HCT),
Human Non-Carcinogenic Toxicity (HNCT), and Fossil Resource Scarcity (FRS).

3.2.4 Interpretation
The interpretation stage is the final phase where the results of the LCA are analyzed, evaluated

and synthesized to draw conclusions and provide recommendations for CO2 capture decision-making.
Interpretation ensures that the findings from the inventory analysis and impact assessment phases are
meaningful, reliable, and actionable.
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4 Results and Discussion

4.1 Environmental Impact under Different Scenarios
Table 6 shows the environmental impact assessment scores for SOL-HFMC system without TES, with

STE-HFMC system as the benchmark. In comparison with the STE-HFMC system, the SOL-HFMC system
demonstrates reduced contributions to environmental impact indicators. GW, predominantly driven by CO2
and CH4 emissions, is significantly influenced by the high energy demands of the solvent regeneration
process, which accelerates indirect emissions during fuel and electricity consumption. In scenarios lacking
TES, the global warming indicator values for capturing 1 t of CO2 are 2.55 × 102 kg CO2 eq in Jinan,
2.53 × 102 kg CO2 eq in Xining, and 2.49 × 102 kg CO2 eq in Lhasa. It represents a reduction of 7.61%, 8.33%,
and 9.78% compared to the STE-HFMC system, respectively. This enhanced performance is attributed to the
utilization of solar energy of SOL-HFMC system, which substitutes steam extraction and thereby diminishes
the thermal energy demand from power plants during solvent regeneration.

Table 6: Environmental impact scores of SOL-HFMC system without TES

Environmental impact
indicators

Unit STE-HFMC SOL-HFMC

Jinan-W/O Xining-W/O Lhasa-W/O
GW kg CO2 eq 2.76E+02 2.55E+02 2.53E+02 2.49E+02
SOD kg CFC1 eq 3.19E−05 2.84E−05 2.80E−05 2.74E−05
TA kg SO2 eq 7.36E−01 6.16E−01 6.05E−01 5.85E−01

FEU kg P eq 4.43E−02 3.67E−02 3.60E−02 3.47E−02
MEU kg N eq 6.90E−03 6.42E−03 6.38E−03 6.30E−03

TE kg 1,4-DCB 9.61E+01 8.71E+01 8.55E+01 8.36E+01
FEC kg 1,4-DCB 2.70E+00 2.28E+00 2.23E+00 2.16E+00
MEC kg 1,4-DCB 3.71E+00 3.13E+00 3.07E+00 2.96E+00
HCT kg 1,4-DCB 4.36E+00 3.87E+00 3.80E+00 3.71E+00

HNCT kg 1,4-DCB 7.00E+01 5.69E+01 5.57E+01 5.34E+01
FRS kg oil eq 3.42E+01 2.99E+01 2.95E+01 2.88E+01

The contribution percent of the environmental impact assessment for studied CO2 capture systems
is shown in Fig. 3. The highest value in each impact category is taken as the 100% reference value, while
other categories with lower values are expressed as ratios relative to the reference value. As shown in Table 6
and Fig. 3, across all assessed categories, the environmental impact follows the order of Jinan > Xining >
Lhasa. It indicates that the proposed SOL-HFMC system has a lower environmental impact in regions with
more abundant solar resources, so the system has potential for greater ecological benefits in such regions.

Table 7 and Fig. 4 present the environmental impact assessment scores and contribution percent for
STE-HFMC system and SOL-HFMC system with TES, respectively. Across all environmental indicators,
GW exhibits the highest impact across all indicators, while SOD shows the lowest. Compared to scenarios
without TES, most environmental impact scores in three studied cities are reduced. It can be attributed
to the TES integration which lowers the scores related to power plant steam consumption. However, for
environmental indicators significantly influenced by the TES system itself, such as SOD and MEU, the scores
exhibit an increase. In comparison with STE-HFMC system, most environmental indicators of SOL-HFMC
system have lower scores, but indicators heavily influenced by the TES system records higher values, such as
SOD and MEU. Specifically, in scenarios of SOL-HFMC with TES, the stratospheric ozone depletion values
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for capturing 1 t of CO2 are 1.53 × 10−4 kg CFC-11 eq in Jinan, 5.47 × 10−5 kg CFC-11 eq in Xining, and
6.64× 10−5 kg CFC-11 eq in Lhasa, reflecting an increase of 379.94%, 71.47%, and 108.15%, respectively, relative
to the STE-HFMC system.

GW SOD TA FEU MEU TE FEC MEC HCT HNCT FRS
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Figure 3: Contribution of STE-HFMC system and SOL-HFMC system without TES

Table 7: Environmental impact scores of SOL-HFMC system with TES

Environmental impact
indicators

Unit STE-HFMC SOL-HFMC

Jinan-W/O Xining-W/O Lhasa-W/O
GW kg CO2 eq 2.76E+02 2.40E+02 2.50E+02 2.46E+02
SOD kg CFC1 eq 3.19E−05 1.53E−04 5.47E−05 6.64E−05
TA kg SO2 eq 7.36E−01 5.13E−01 5.83E−01 5.59E−01

FEU kg P eq 4.43E−02 3.01E−02 3.46E−02 3.31E−02
MEU kg N eq 6.90E−03 9.36E−03 7.00E−03 7.24E−03

TE kg 1,4-DCB 9.61E+01 9.73E+01 8.76E+01 8.73E+01
FEC kg 1,4-DCB 2.70E+00 1.99E+00 2.17E+00 2.09E+00
MEC kg 1,4-DCB 3.71E+00 2.73E+00 2.98E+00 2.87E+00
HCT kg 1,4-DCB 4.36E+00 3.46E+00 3.71E+00 3.61E+00

HNCT kg 1,4-DCB 7.00E+01 4.82E+01 5.37E+01 5.14E+01
FRS kg oil eq 3.42E+01 2.65E+01 2.87E+01 2.79E+01
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Figure 4: Contribution of STE-HFMC system and SOL-HFMC system with TES

4.2 Environmental Impact under Different Scenarios
Fig. 5 presents a detailed analysis of the relative contributions of various factors involved in SOL-

HFMC system to environmental impacts across Scenarios A, B and C. It can be observed that, electricity
consumption and power plant steam consumption are the dominant contributors during the operational
phase, with their impacts varying by region and environmental indicator. Electricity consumption accounts
for 15% to 64% of environmental impacts across most indicators, surpassing 32% for all except MEU. Its
most pronounced effect is observed in SOD, with contributions of 62%, 63%, and 64% for Scenarios A, B,
and C, respectively. This is primarily due to chlorofluorocarbon decomposition under ultraviolet radiation,
which releases chlorine atoms that catalyze ozone depletion. Conversely, power plant steam consumption
contributes 18% to 61% across environmental indicators, with its most substantial impact on HNCT, with
contribution rates of 61%, 60%, and 59% for Scenarios A, B, and C, respectively. The result indicates a
progressive increase in the environmental impact of electricity consumption from Scenario A to Scenario
C, coupled with a corresponding decrease in the impact of power plant steam consumption. The reason is
that, the higher solar fraction in Lhasa under Scenario C reduces reliance on power plant steam, thereby
diminishing its environmental footprint while amplifying the relative impact of electricity consumption.

Eutrophication refers to the excessive growth of aquatic organisms caused by an overabundance of
nutrients in ecosystems, particularly nitrogen and phosphorus, with FEU primarily linked to phosphates and
MEU associated with nitrogen compounds. The MEA absorbent used in the membrane contactor contributes
65%, 66%, and 67% to ME impacts in Scenarios A, B, and C, respectively, due to ammonia release during
its use. The membrane material and evacuated tube collector contribute less than 2% to all environmental
indicators throughout the system’s operational phase. Additionally, uncaptured CO2 contributes 44%, 44%,
and 45% to GW in Scenarios A, B, and C, respectively, indicating that reducing fugitive emissions is a critical
measure for lowering the system’s environmental impact.
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Figure 5: Contribution of SOL-HFMC system without TES: (a) Jinan-W/O; (b) Xining-W/O; (c) Lhasa-W/O
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Fig. 6 present the contributions of various factors to environmental impacts in scenarios incorporating
TES. Consistent with non-TES scenarios, power plant steam consumption and electricity consumption
dominate most environmental impact indicators during the operational phase of TES scenarios. However,
for most indicators, excluding SOD, MEU, and TE, electricity consumption in TES scenarios exerts a greater
environmental impact than in non-TES scenarios. For instance, in Jinan, electricity consumption contributes
32% to GW in Scenario A, compared to 34% in Scenario D. The environmental impact of power plant
steam consumption is diminished in TES scenarios due to the integration of TES, which enables solar
energy to supplant a larger fraction of steam extraction from power plants. The significant contributions
of electricity and steam consumption reveal the system’s heavy reliance on fossil fuels, which poses risks to
environmental resource sustainability. For example, in Lhasa, power plant steam consumption’s contribution
to FRS in Scenario F is reduced by 3% compared to Scenario C, showing TES’s potential to mitigate fossil
resource depletion.
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Figure 6: Contribution of SOL-HFMC system with TES: (a) Jinan-W; (b) Xining-W; (c) Lhasa-W

Nevertheless, TES introduce additional environmental impacts, particularly in SOD, MEU, and TE. In
Scenarios D, E, and F, TES systems contribute 84%, 50%, and 60% to SOD, respectively, driven by the use of
nitrate-based phase change materials. Among TES scenarios, Scenario E exhibits the lowest contribution to
MEU, attributable to its smaller TES system scale, which results in reduced nitrogen oxide emissions. This
suggests that smaller TES systems correlate with lower contributions to MEU due to decreased nitrogen oxide
emissions. TE, primarily driven by pollutants such as mercury, acrolein, beryllium, and barium, adversely
affects soil biodiversity and ecological balance. Contribution rates to TE in Scenarios D, E, and F are 22%,
5%, and 7%, respectively, indicating the dependence of environmental impacts of TES system scales.

4.3 Sensitivity Analysis
4.3.1 Influence of Solar Fraction on SOL-HFMC System without TES

The power plant steam consumption required by the SOL-HFMC system is influenced by the SF, which
directly affects the system’s environmental impact scores. Figs. 7 and 8 illustrate the contribution rates of
operating parameters to environmental impact indicators for the SOL-HFMC system at solar fraction values
of 28.24% and 33.11%, respectively. The analysis of Figs. 7 and 8 reveals that as SF increases, the contribution
of power plant steam consumption to environmental impact indicators decreases. This reduction is less
pronounced for indicators such as MEU, TE, and FRS, primarily due to the dominant influence of MEA
usage, which maintains a high contribution rate. It indicates that while higher SF reduces reliance on steam,
the environmental burden of MEA limits the overall improvement for these indicators.

Fig. 9 compares the SOL-HFMC system without thermal energy storage to the STE-HFMC system at
SF values of 28.24%, 33.11%, and 34.84%. Fig. 9 highlights that the SOL-HFMC system in Lhasa, without
TES, achieves significantly lower environmental impact scores compared to the STE-HFMC system. This
reduction is directly tied to increasing SF values, indicating that greater solar energy utilization substantially
enhances the sustainability of the carbon capture system. Specifically, as SF rises, the environmental impact
scores of the SOL-HFMC system decrease further, revealing the effectiveness of solar energy in reducing the
system’s environmental footprint. Among the indicators, HNCT shows the most significant improvement,
with contribution rates reduced by 19.27% at SF = 28.24% and 22.59% at SF = 33.11% compared to the
STE-HFMC system. The obvious decrease in HNCT reflects the system’s improved performance in mitigating
toxic impacts through solar energy integration.
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Figure 7: Sensitivity analysis for SOL-HFMC system without TES at SF = 28.24
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Figure 8: Sensitivity analysis for SOL-HFMC system without TES at SF = 33.11
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Figure 9: Environmental impacts for SOL-HFMC system without TES at varying SFs

4.3.2 Influence of Solar Fraction on SOL-HFMC System with TES
Figs. 10 and 11 depict the relative contribution rates of various factors to environmental impact indicators

for the SOL-HFMC system with thermal energy storage at solar fraction values of 28.24% and 35.07%,
respectively. The analysis reveals that electricity consumption and power plant steam consumption remain
the primary drivers of environmental impacts, with TES also exerting a notable influence. As the SF increases
in the SOL-HFMC system equipped with TES, the contribution of power plant steam heat consumption
to environmental impacts diminishes. This trend indicates that higher solar fractions reduce the reliance
on steam-based energy, thereby lowering its environmental footprint. Conversely, an increase in SF leads
to greater thermal energy storage requirements, which amplifies the environmental impact of the TES
system. While higher SF values enhance the system’s sustainability by reducing steam consumption, they
simultaneously increase the environmental burden of TES.

Fig. 12 presents a comparative analysis of environmental impact assessment scores for the SOL-HFMC
system across three SF scenarios: 28.24%, 35.07%, and 42.22%. As SF increases, the reliance on power plant
steam consumption decreases, as evidenced by the declining contributions to environmental indicators
shown in Figs. 10 and 11, reflecting a reduced dependency on fossil fuel-based energy inputs. However,
this shift elevates thermal energy storage demands, significantly increasing the TES system’s environmental
footprint, with its contribution to certain indicators rising from 20% to 44%. Specifically, higher SF levels
correlate with increased scores for SOD, MEU, and TE, surpassing the STE-HFMC system’s performance at
an SF of 35.07% for SOD and at 42.22% for both SOD and MEU. This suggests that while higher SF enhances
solar energy utilization, it amplifies specific environmental burdens due to intensified TES requirements.
Conversely, indicators like human toxicity show improvement with higher SF, indicating a trade-off in
environmental impacts. Therefore, it can be concluded that, there is a need for a balanced SF optimization
strategy, carefully weighing the benefits of reduced steam consumption against the increased ecological costs
of TES expansion, to minimize the SOL-HFMC system’s overall environmental footprint while maximizing
its sustainability benefits.
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Figure 10: Sensitivity analysis for SOL-HFMC system with TES at SF = 28.24
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Figure 11: Sensitivity analysis for SOL-HFMC system with TES at SF = 35.07
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5 Conclusion
In the present study, SimaPro 9 software is utilized to evaluate the environmental impact of the proposed

SOL-HFMC system with or without TES during the operational phase of a 580 MWe supercritical coal-fired
power plant. Additionally, a sensitivity analysis of the solar fraction is performed on the SOL-HFMC system
in Lhasa to investigate its influence on the system’s environmental footprint. The following conclusion can
be drawn:

(1) Within the SOL-HFMC system, steam heat consumption and electricity usage in the power plant is
the predominant contributors to environmental impacts throughout the life cycle. The TES system
owing to its phase-change materials also has a significant influence on environmental indicators, with
a particularly significant effect on SOD.

(2) Among the six studied scenarios, GW shows the highest environmental impact, whereas SOD records
the lowest. In comparison with the STE-HFMC system, all six scenarios exhibit a substantial reduction
in GW potential, which indicates the effectiveness of integrating solar collectors in mitigating the
system’s contribution to GW.

(3) The environmental impact attributable to steam heat consumption diminishes with increasing SF.
Compared to the STE-HFMC system, the SOL-HFMC system without TES demonstrates lower
impact scores across all environmental indicators, with this reduction becoming more significant as
SF increases. In the SOL-HFMC system equipped with TES, most environmental impacts exhibit a
declining trend as SF rises. However, SOD, MEU, and TE are strongly influenced by TES, which display
an upward trend in impact scores with increasing SF.

Certain limitations must be acknowledged to contextualize the findings and guide future research. First,
the gate-to-gate LCA boundary, while suitable for isolating operational impacts, excludes environmental
contributions from equipment manufacturing, maintenance, and end-of-life disposal of key components,
such as polypropylene membranes and nitrate-based phase change materials in the thermal energy storage
system. Conducting a cradle-to-grave LCA, including alternative materials like organic or nano-composite
PCMs, was constrained by data availability and resource limitations in this study. Future work will prioritize
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a comprehensive cradle-to-grave approach to capture these impacts fully. Second, the analysis assumes
a fixed CO2 capture efficiency derived from experimental data, limiting insights into the sensitivity of
LCA outcomes to operational variations. Evaluating strategies to enhance capture efficiency and their
environmental implications was beyond the scope of this study’s baseline comparison. Subsequent research
will incorporate sensitivity analyses to assess how operational parameters affect global warming potential and
other impact categories, enabling a more robust evaluation of technological improvements. Third, the study’s
geographical scope, limited to Jinan, Xining, and Lhasa in China, restricts the generalizability of findings
to high-solar-radiation regions like the Middle East, Australia, or Spain. Future studies will develop region-
specific sensitivity models and include case studies from diverse global contexts to enhance the applicability
of the SOL-HFMC and STE-HFMC frameworks.
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