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In China, where energy activities, predominantly driven by fossil fuel combustion,
account for nearly 90% of the country’s greenhouse gas (GHG) emissions and
coal power alone contributes over 40%, the shift towards carbon neutrality is a
critical national ambition. This study conducts a comprehensive comparison of
the environmental impacts of solar photovoltaic power generation (SPPG) and
coal power, employing both life cycle assessment and ecological footprint
analysis. We meticulously analyze the complete lifecycle of SPPG, pinpointing
key stages of GHG emissions, and offer nuanced, localized policy
recommendations. Our findings indicate that a 1 kWp SPPG module emits
1,601.18 kg of GHGs over its lifespan, equating to 1.35 kg/kW·h per unit of
electricity produced—substantially lower than the 4.81 kg/kW·h emitted by
coal power, thus highlighting the latter’s heightened environmental detriment.
Additionally, this study assesses the ecological footprint of both energy sources in
Ningxia. SPPG emerges with an ecological surplus, showcasing a per capita
footprint of 0.0342 hm2, compatible with Ningxia’s ecological capacity. In
stark contrast, coal power exhibits a sustained ecological deficit over the past
5 years, with a growing per capita footprint of 0.6529 hm2, underscoring its
unsustainability. This research provides a detailed comparative analysis of the
environmental impacts of SPPG and coal power in Ningxia, offering valuable
insights for energy policymakers and industry stakeholders. It underscores the
urgent need for industrial restructuring towards more sustainable and renewable
energy sources, aligning with China’s broader objectives of environmental
preservation and achieving carbon neutrality.
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1 Introduction

The global climate crisis, fuelled by rising greenhouse gas (GHG)
emissions, poses an existential threat to our planet. Energy
production, a vital cog in the wheel of economic progress, is also
one of the primary contributors to this environmental challenge
(Zhang and Gao, 2023). Historically, the reliance on fossil fuels for
energy has been the principal driver of GHG emissions, contributing
significantly to global warming and climate change (Liu et al., 2023).
China’s energy sector, dominated by coal, has been the backbone of
its economic powerhouse status (Gao et al., 2021). Coal power, a
significant contributor to China’s energy mix, has also been a major
source of its GHG emissions, accounting for over 40% of the total
emissions (Zhang et al., 2020). This heavy reliance on coal has led to
substantial environmental and health concerns, including air
pollution and a considerable carbon footprint (Yousri et al.,
2021). However, in recent years, there has been a paradigm shift.
In September 2020, China announced ‘double carbon’ target-a
pledge to reach a carbon peak before 2030 and achieve carbon
neutrality by 2060, commonly referred to as the. This ambitious
commitment is a clear signal of China’s intention to transition
towards a more sustainable energy future and holds substantial
implications for global climate change mitigation efforts.

The transition from fossil fuels to renewable energy sources has
become a cornerstone of China’s strategy to meet its ‘double carbon’
goals. The urgency of this transition cannot be overstated, given the
escalating climate crisis and China’s significant role in global GHG
emissions. Among various renewable energy options, solar
photovoltaic power generation (SPPG) stands out as a
particularly promising alternative (Wang et al., 2019). The
evaluation of ecological impacts from various energy production
methods involves renewable energy approaches, life cycle
assessment (LCA), and the ecological footprint methodology.
LCA is established as a mature framework that allows for a
comprehensive assessment of environmental impacts associated
with energy consumption and emissions across the entire
lifecycle of renewable energy sources (Ahmed et al., 2020). On
the other hand, the ecological footprint has become a widely
utilized metric for addressing direct and indirect environmental
impacts in studies on environmental sustainability, quantifying the
influence of human activities on the ecosystem (Alola et al., 2019).

Previous studies have predominantly focused on either the
economic feasibility or technological aspects of renewable energy.
For example, studies have explored the environmental repercussions
of China’s burgeoning solar energy sector, propelled by policy
subsidies (Hong et al., 2016; Huang et al., 2017; Yu et al., 2017).
The LCA method has been instrumental in evaluating the
environmental trade-offs of China’s solar photovoltaic industry
(Xu et al., 2018). Regarding biomass energy, the last decade has
indicated its potential as an interim substitute for fossil fuels
(Udomsirichakorn and Salam, 2014), with a growing body of
research employing LCA to examine the environmental effects of
various biomass fuels, their logistics, and biopower technologies
between 2009 and 2020 (Magelli et al., 2009; Song et al., 2017;
Hossain and Poon, 2018; Liu et al., 2019). However, less emphasis on
the combination evaluation of comparative environmental impacts
including both LCA and ecological footprints. This study aims to fill
this gap by providing a detailed comparative analysis of the life cycle

assessment and ecological footprints of SPPG and coal power
generation. The significance of this research lies in its potential
to inform policymakers and stakeholders about the environmental
implications of energy choices. By evaluating both the GHG
emissions and ecological footprints of SPPG and coal power, this
study offers a holistic view of their environmental impacts, thereby
contributing valuable insights to the discourse on sustainable energy
transition in China.

With its abundant light and long sunshine hours, Ningxia province,
located in the northwest of China, presents an ideal setting for the
development and utilization of SPPG. The region’s natural
endowments, combined with advancements in solar technology,
position it as a key player in China’s renewable energy landscape.
The development of SPPG in Ningxia not only aligns with the national
energy policy but also offers a model for sustainable energy
development that can be replicated in other regions.

The objective of this study is to conduct a comparative analysis
of the environmental impacts of SPPG and coal power generation
systems in Ningxia, focusing on their life cycle assessments and
ecological footprints. Then, a comprehensive analysis will be
conducted to combine all evaluation indictors. This comparison
aims to shed light on the respective environmental burdens of these
two energy sources and provide a basis for informed decision-
making in China’s energy policy. Finally, the paper will conclude
with a summary of the key findings and their significance, along with
suggestions for future research in this area.

2 Methodology

2.1 System boundary and database

This research uses Ningxia city as a case study. The Ningxia region
is very rich in solar energy resources, with an annual average of solar
radiation between 4,950 MJ/m2 and 6,100 MJ/m2, and the interannual
changes in the distribution of solar radiation in the region are relatively
stable. And Ningxia is one of the country’s three major silica bases, with
the world’s largest silica and quartz ore resources, its high-quality silicon
ore resources reserve of up to 4.28 billion tonnes, and its silicon
processing industry chain is more complete, with the production of
polysilicon is the most notable. Therefore, the photovoltaic industry
chain has been more perfect in Ningxia, which is also one of the factors
that photovoltaic can be vigorously developed in this region.

This study focuses on the grid-connected solar photovoltaic
(PV) systems in Ningxia, China, emphasizing multicrystalline
silicon solar panels due to their established industry presence in
the region. There are three main parts of the PV industry chain.
Upstream includes the manufacture and acquisition of silicon raw
materials, the preparation of polysilicon materials, the ingot casting
of polysilicon materials, and the preparation of polysilicon wafers;
midstream includes the production of cells, the production of
battery modules, and the production of balance-of-systems
components; and downstream involves the assembly of its parts
to form a complete photovoltaic power generation system. The
research delineates the system boundary for lifecycle assessment and
ecological footprints, as shown in Figure 1. Based on the life cycle
assessment and the life cycle technology framework and
characteristics, the following statements are made in response to
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the system boundary diagram drawn above: 1) Production
equipment, plant construction, workforce, and transport vehicles
not considered; 2) Challenges in estimating transmission distances
and energy consumption within Ningxia lead to exclusion of this
aspect; 3) Complex components like DC converter boxes excluded
due to limited literature and minor impact on overall carbon
emissions; 4) Emission-free and pollution-free nature of solar PV
systems during operation leads to their exclusion from the
lifecycle analysis.

The data sources and statistics of this paper are mainly in the
following ways: official websites of domestic PV enterprises, relevant
articles and industry reports, and inventory data of similar processes
or products. Lifecycle GHG emissions for PV systems are derived by
multiplying electrical consumption by the updated emission factor,
0.5810 t CO₂/MWh, as specified by China’s climate change
authorities for 2021 and 2022 emissions reporting (China Energy
Statistical Yearbook, 2021; Ningxia Statistical Yearbook, 2022). Due
to data acquisition difficulties, this paper uses literature averages for
non-electrical emissions. For simplicity, emissions are expressed as
kg CO₂/kWh, and related silicon flow data are compiled in Table 1.

PV power generation, a renewable resource, requires land
occupation, varying by layout-distributed PV on rooftops and spare
spaces in urban areas, and centralized PV in regions with longer
sunlight exposure, as per regional planning. Although both types
occupy land, the dispersed nature and complex land use of
distributed PV make data collection challenging. Therefore, this
study focuses on resource consumption during the manufacturing of
PV components in Ningxia, including silica mining, industrial silicon
production, and polycrystalline silicon production. After data
processing and calculation, the total resource consumption, standard
coal consumption and its corresponding carbon emission of the
photovoltaic industry chain in Ningxia is shown in Table 2.

For comparison, the emission and ecological footprints of coal
power generation system is calculated to evaluate the performance of

SPPG system. For the life-cycled assessment, a clean coal-fired
project with 2 × 1000 MW ultra-supercritical power plant is used
for the case study (Yu et al., 2017). For ecological footprints study,
the coal resource consumption in the power generation process of
coal-fired power generation in Ningxia is used for analysis and
calculation. These data could be checked in the reference and official
reports, which will not be presented here.

2.2 Life cycle assessment

The entire photovoltaic power generation system production chain is
divided into four stages: rawmaterial production stage, solar photovoltaic
module systemproduction stage, transportation stage andwaste recycling
and disposal stage (Guinee et al., 2011). Based on these four stages, this
GHG emission of the system is calculated as follows:

Ct � M + P + T +W (1)
where Ct is the total carbon emissions of the entire life cycle of the
photovoltaic power generation system, kg; M is the total carbon
emissions of the raw material production stage, kg; P is the total
carbon emissions of the solar photovoltaic module system
production stage, kg; T is the total carbon emissions in the
transportation stage, kg; W is the total carbon emissions in the
waste recycling disposal stage, kg.

The quantification of the GHG emissions from four stages, is
conducted by a process-based life cycle assessment method, as
presented in Eq. 2:

Ep � AD × EFelectricity (2)

where EP is the total GHG emissions; AD refers to the activity
amount, such as the consumption amount of silicon (t); EFelectricity is
the emission factor of different processes.

FIGURE 1
System boundary for lifecycle assessment and ecological footprints.
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TABLE 1 Total input and output of multicrystalline silicon SPPG system.

Input Output

Type Amount Type Amount

Industrial silicon Silica 26.23 kg Industrial silicon 9.72 kg

Charcoal 4.07 kg CO2 38.59 kg

Petroleum coke 6.22 kg SO2 6.32 kg

Graphite electrode 0.97 kg SiO2 4.37 kg

Wood chips sawdust 3.89 kg NOx 1.91 kg

Bituminous coal 6.80 kg CO2 by electricity consumption 70.36 kg

Recycled water 1,360.8 kg

Electricity 121.11 kW h

Multicrystalline silicon Industrial silicon 9.72 kg Multicrystalline silicon 7.31 kg

H2 0.65 kg HCl 0.83 kg

Cl2 10.30 kg SS 37.85 kg

NaOH 403.66 kg COD 33.68 kg

Cooling water 2012.07 kg SiO2 2.08 kg

Electricity 867.59 kW · h Chlorides 12.39 kg

Fluorides 0.29 kg

CO2 by electricity consumption 504.07 kg

Silicon wafer Multicrystalline silicon 7.31 kg Silicon wafer 240 pieces

Silicon carbide 17.17 kg Chlorides 0.09 kg

Argon 2.41 kg Fluorides 0.20 kg

Polyethylene 15.08 kg COD 2.57 kg

HF 102.00 g Solid waste 192.00 kg

HCl 51.60 g Waste cutting fluid 3.70 kg

NaOH 56.88 g CO2 by electricity consumption 228.26 kg

Electricity 392.88 kW · h

Solar cell Multicrystalline silicon 240 pieces Solar cell 1 kWh

Silver paste 127.2 g Cl2 81.23 g

Aluminum paste 307.2 g NOx 0.03 g

SiH4 166.8 g VOC 1.17 kg

NH3 423.6 g COD 126.89 g

HCl 176.4 g HCl 4.35 g

NaOH 200.34 g Chlorides 15.89 g

HNO3 1.20 kg Fluoride gases 20 g

POCl3 4.8 g Solid waste 283 g

HF 946.8 g CO2 by electricity consumption 71.81 kg

N2 16.06 kg

O2 72.00 g

Electricity 123.6 kW · h
(Continued on following page)
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Environmental impact assessment quantitatively evaluates
impacts using inventory analysis data on resources, energy, and
emissions. This process, governed by the International Society of
Environmental Toxicology and Chemistry (ISETC), involves
classification, characterization, and valuation. Key impact areas
are resource utilization, human health, and ecosystem integrity,
encompassing subcategories like mineral and fuel depletion, global
warming potential, acidification, photochemical ozone formation,
eutrophication, particulate matter, and solid waste management.
The analysis should consider emissions that cause multiple types of
impacts; if these impacts are independent, they should be included.
Based on this model, the study categorizes the lifecycle inventories of

SPPV and coal power generation. Key environmental impact
categories for solar PV include resource consumption, fossil fuel
usage, global warming potential, photochemical ozone creation,
acidification, and eutrophication. Detailed classifications of the
SPPV power generation inventory and coal power generation
inventory are presented in Table 3.

The contribution of pollutant k to a specific environmental
impact type t, denoted as ept

k, is calculated through the equation:

EPt � ∑Qkep
t
k (3)

where ept
k is the contributing factor of pollutant; k to the type of

environmental impact; t is kg/kg (1, 2, 3 . . . ).

TABLE 1 (Continued) Total input and output of multicrystalline silicon SPPG system.

Input Output

Type Amount Type Amount

Solar panel module Solar cell 1.12 kwp Solar panel module 1 kWp

Copper 0.49 kg VOC 3.24 g

EVA film 7.06 kg Welding fumes 1.04 g

TPT back sheet 3.64 kg Solid waste 132 g

Tempered Glass 62.22 kg CO2 by electricity consumption 34 kg

Aluminum frame 13.12 kg

Silicone sealant 40 kg

Electricity 58.5 kW · h
COD: chemical oxygen demand; SS: silicon sheet; VOC; volatile organic compounds; EVA: Ethylene-vinyl acetate; TPT: Tedlar-polyester-tedlar.

TABLE 2 Total coal consumption, standard coal consumption and its corresponding carbon emission of the photovoltaic industry chain in Ningxia.

Year Total resource consumption (Mt) Standard coal consumption (Mt) Corresponding carbon emission (Mt)

2018 2.85 2.04 1.54

2019 2.88 2.06 1.56

2020 3.00 2.14 1.62

2021 3.15 2.25 1.70

2022 2.991 2.08 1.57

TABLE 3 Detailed classifications of the SPPV power generation inventory and coal power generation inventory.

Types SSPPG Coal power generation

LF Silica, wood, water, electricity, silver, aluminum, steel Wood, steel, cement, water

Fossil energy consumption Coal, fuel Coal, oil, natural gas, fuel

global warming CO2, N2O CO2, N2O, CH4, CO

Photochemical ozone synthesis VOC、COD CO、CH4、NMHC

acidification SO2, NOx, HCl SO2, NOx

Eutrophication COD、SS COD、BOD、SS、N、P

smoke — TSP
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2.3 Ecological footprints

The ecological footprint serves as a sustainability metric based
on terrestrial area (Wackernagel et al., 1999). Defined as the
ecological land area needed to absorb the natural resources
consumed and waste emitted by a specific population or region,
it primarily includes arable land, forest land, land for fossil energy,
buildable land, and water bodies. This method is the carbon
footprint of energy consumption, which refers to the ratio of
carbon emissions to the forest area conversion coefficient, as
shown in Eq. 4:

CF � C/S � ∑Ci/S (4)

Where CF represents the carbon footprint of energy
consumption (in ten thousand hectares); C denotes the total
carbon emissions from energy consumption (in ten thousand
tons); and S is the conversion coefficient between carbon
emissions and forest area (in tons per hectare), which is set to
6.49 t/hm2.

The calculation formula of carbon emissions is:

C � ∑Ci � ∑Pi/Qi (5)

Where Pi is the consumption of fossil energy; Qi is the carbon
emission coefficient of fossil energy.

Ecological footprint calculations are predicated on the
fundamental fact that humans can determine most resources
consumed and the quantity of waste produced; these resource
flows and waste can be converted into corresponding
bioproductive areas (Wackernagel, 1996). Therefore, the
ecological footprint of an individual or a nation represents the
productive area, including land and water bodies, that supplies
all resources consumed and assimilates all waste generated by the
populace. Due to the significant variation in bioproductive capacity
across unit areas of cropland, fossil fuel land, pasture, and forest, it is
necessary to convert different land types into a uniform standard for
comparison. This is done by applying equivalence factors to the
various bioproductive areas, to yield comparable bioproductive
areas. The formula for calculating the ecological footprint is
as follows:

EF � N ×∑Ai × rij � N ×∑
Cirij
pi

(6)

where EF represents the ecological footprint in hm2; Ai is the per
capita ecological footprint of the ith type of bioproduct; rij is the
equivalence factor for the ith type of land corresponding to the ith
type of bioproduct;N is the population of the study area; Ci is the per
capita annual consumption of the ith bioproduct in joules or
kilograms; pi is the average productivity of the ith bioproduct at
the national level in joules per hm2 or kilograms per hm2.

The natural conditions and resource endowments of countries and
regions vary greatly, as do the production capabilities per unit area of
different types of land and the production areas per unit area of the
same type of bioproducts. When calculating ecological carrying
capacity, it is necessary to adjust the actual area of similar
bioproductive lands in different countries and regions to enable
comparisons. The formula for ecological carrying capacity is as follows:

EC � N ×∑ aj × rj × yj( ) (7)

where EC represents ecological carrying capacity in hm2; aj is the per
capita actual area of the jth type of land; rj is the equivalence factor
for the jth type of land; yj is the yield factor for the jth type of land.

The emergence of an ecological deficit is primarily to assess
whether a country or region can sustain development through the
analysis of ecological footprints and carrying capacity. An ecological
deficit occurs when a region’s ecological footprint exceeds its
carrying capacity, signifying unsustainable practices. Conversely,
an ecological surplus within a region indicates sustainable
development of the regional ecosystem. The formulas for
calculating the ecological deficit or surplus are:

ED � EF − EC EC<EF( ) (8)
ES � EC − EF EC>EF( ) (9)

where ED represents the ecological deficit; ES represents the
ecological surplus; EC is the ecological carrying capacity; EF is
the ecological footprint.

3 Results and discussion

3.1 Life cycle assessment

3.1.1 Environmental impacts of solar photovoltaic
power generation systems

To synthesize the pollutant emission figures and inventory
analysis findings from previous sections on SPPG and coal power
generation systems, a qualitative and quantitative analysis is
conducted. This process involves transforming direct emission
data of various environmental impact factors into potential
environmental impact values. Such data characterization allows
for a detailed comparative analysis of the two energy sources.
The following is a characterization of the inventory data for both
solar PV and coal power generation, with the processed results
presented in Table 4.

The following clarifications are provided to supplement the
data presented:

1 The emission data for the SPPG system represent the results
obtained by converting the inventory analysis data from earlier
sections to emissions per kilowatt-hour (kWh).

2 Due to the scarcity of literature on resource depletion
coefficients and the dated nature of some parameters, their
relevance is considered low. Since these coefficients are not
central to the core research of this paper, they will not be
analysed in detail.

3 The equivalence factors used for calculating the environmental
impacts are sourced from reference (Author
Anonymous, 2014).

Figure 2 compares the life cycle carbon emissions of different
stages in SPPG system. The industrial silicon stage has a total
emission value of 838.14 kg CO2-eq, with the highest contribution
coming from the base category at 504.07 kg CO2-eq, followed by an
additional 228.26 kg CO2-eq, 71.81 kg CO2-eq, and the topmost
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section at 34 kg CO2-eq. The base category is possibly representing
the direct emissions from industrial processes, while the stacked
segments could represent indirect emissions such as energy
consumption, transportation, or other industrial activities. The
multicrystalline silicon stage shows significantly lower total
emissions, with a negligible contribution from the solar cell
component (0.17 kg CO2-eq) and another minor contribution
from the base category (3.24 kg CO2-eq). Moving to the silicon
wafer stage, the total emissions are minimal, with no
contribution from the solar cell component and a small emission
value of 0.83 kg CO2-eq from the base category. The solar panel
module stage has a total emission value of 198.42 kg CO2-eq, with the
majority coming from the solar cell component at 126.89 kg CO2-eq,
followed by the base category at 71.53 kg CO2-eq, and a minimal
addition of 2.57 kg CO2-eq on top.

In conclusion, the industrial silicon stage stands out as the most
emission-intensive phase in the solar photovoltaic power generation

system, significantly leading in environmental impact in terms of
emissions. This highlights that the extraction and processing of
silicon, crucial for solar panel production, are major sources of
greenhouse gas emissions. In contrast, the multicrystalline silicon
and silicon wafer stages have a considerably lower emission
contribution, suggesting that these processes are more energy-
efficient or inherently less intensive in terms of environmental
impact. Moreover, the solar panel module stage, while
contributing less to emissions than the industrial silicon stage,
still accounts for a noteworthy portion of the total emissions,
likely attributed to the final assembly and manufacturing
processes of the solar panels. Therefore, to diminish the
environmental footprint of solar photovoltaic power generation
systems, it is imperative to concentrate efforts on reducing
emissions particularly at the industrial silicon stage. This could
be achieved through advancements in industrial methodologies or
by enhancing energy efficiency within these processes.

TABLE 4 Potential values of various environmental impacts of solar photovoltaic power generation systems.

Type Environmental interference factors Characteristic factors Emissions (kg)

GWP CO2 CO2 1.35E+00

POCP VOC C2H4 9.86E-04

SO2 SO2 5.31E-03

AP NOx 1.61E-03

HCl 7.01E-04

EP COD 3.06E-02

SS 3.18E-02

FIGURE 2
Life cycle carbon emissions of SPPG system.
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3.1.2 Compassion of coal power system
Figure 3 presents data reveals comparative insights into the

environmental impact potential, specifically GWP, POCP, AP, and
EP of SPPG and coal power systems. For global warming potential,
coal power systems exhibit a slightly higher potential value
(1.58E+00) compared to solar PV systems (1.35E+00). This
indicates that coal power systems have a greater propensity to
exacerbate the greenhouse effect than solar PV systems, aligning
with the conventional understanding of coal’s impact due to its
carbon-intensive nature. When examining the photochemical ozone
creation potential, the value for solar PV systems (9.86E-04) is
approximately an order of magnitude higher than that of coal power
(5.34E-04). The near-negligible potential of coal power in this
category suggests that solar PV systems, despite their renewable
status, may have a larger contribution to this environmental impact.
This could be attributed to the life cycle emissions of volatile organic
compounds during the manufacturing processes of solar panels.
Regarding acidification potential, solar PV systems present a value
(5.31E-03) that is just over half of what is reported for coal power
systems (7.66E-03). This indicates that coal power has a more
substantial acidifying effect on the environment, which is
consistent with the emissions profile of coal combustion, known
for releasing sulfur dioxide and nitrogen oxides that contribute
to acid rain.

While solar PV systems show a lower potential for global
warming and acidification compared to coal power systems, they
exhibit a higher potential for photochemical ozone creation. These
findings highlight the importance of considering multiple
dimensions of environmental impact when assessing the
sustainability of energy systems. They also underscore the need
for continued innovation and improvement in the production and

deployment of solar PV technology to further minimize its
environmental footprint.

To facilitate a comparative analysis of greenhouse gas emissions
between SPPG and coal power, emissions per unit of electricity
generated are standardized, and the contributions of each stage to
greenhouse gas emissions for both SPPG and coal power are briefly
described and contrasted. The standardization process begins with
SPPG emissions. As previously mentioned, all inventory data related
to solar PV generation is collected and calculated based on a peak
power output of one kWp, which is the amount of electricity
generated per hour by a one kWp solar PV system under optimal
lighting conditions. The paper calculates the CO2 emissions per
kilowatt-hour of electricity generated in the first year of the
system’s life.

The annual electricity generation is calculated as follows:

Ep � HA × K × PAZ

� 1534.72kW · h/m2 × 0.775 × 1 � 1189.41kW · h

where Ep represents the electricity generated, HA is the total annual
solar radiation on a horizontal plane, and PAZ is the installed
capacity of the system.

The total annual solar radiation for Ningxia is taken as the
average annual radiation of 4,950–6,100 MJ/m2," which is 5525MJ/m
or 1,534.72 kWh/m2.

Next, emissions per kilowatt-hour of electricity generated are
used as the comparative unit to account for the emissions per unit of
electricity for both energy sources. It was found that solar PV power
generation emits 1.35 kg of greenhouse gases per kWh of electricity
generated, whereas coal power emits 4.81 kg of greenhouse
gases per kWh.

FIGURE 3
Compassion of environmental impact potential between SSPG and coal power generation.
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This standardization and comparison demonstrate that per unit
of electricity generated, coal power has a significantly higher
greenhouse gas emission rate than SPPG, which underlines the
greater environmental efficiency of SPPG over coal power in terms
of GHG emissions.

3.1.3 Suggestions
Ningxia region, endowed with abundant solar energy resources

and minimal overcast days, is exceptionally well-suited for the
development of SPPG projects. The region, particularly
Shizuishan, is also rich in silicon resources, further enhancing its
suitability for PV development. Research indicates that the carbon
emission recovery period for the PV industry is significantly shorter
than the lifespan of PV power generation, highlighting its substantial
advantages in energy conservation and emission reduction. The
environmental benefits of PV power are especially notable,
warranting robust government support for the sector’s growth.
Governmental agencies should plan long-term development
strategies and policies for the PV industry, standardizing and
regulating the sector while encouraging the advancement of PV
technologies. Continuous government support, including national
subsidies, will promote the development of home-based distributed
PV and grid-connected PV stations. Encouraging residents to sell
surplus electricity to grid companies can lead to mutual benefits.

In the multicrystalline silicon production phase, which emits the
most greenhouse gases, strict standards and regulations are necessary.
This includes stringent entry criteria for the multicrystalline silicon
industry and the elimination of substandard PV component
manufacturers, alongside encouraging the development of new
technologies. Research departments should actively develop new
techniques to achieve low-cost, low-energy production goals. PV
enterprises should carefully plan and manage their costs and carbon
emissions to reduce financial burdens. Exploring new technologies for
the disposal and recycling of PV waste can save resources and reduce
land pollution.

Regarding coal power, a traditional energy source, its stability
and technological maturity mean it cannot yet be fully replaced,
despite its significant contribution to the greenhouse effect. Coal
power enterprises should optimize their coal-fired power generation
processes or improve flue gas treatment technologies. As a major
source of CO2 emissions in China, exploring energy-saving and
emission-reducing directions, particularly Carbon Capture and
Storage (CCS) technology, is critical for the future of fossil fuels
(Ladenburg et al., 2024). Besides the above, addressing
environmental pollution is crucial. While not the focus of this
paper, it is important to mention. The environmental impact of
coal power, previously categorized in this paper as resource
consumption, fossil fuel usage, global warming, acidification,
smog, and eutrophication, requires enhanced management and
control, especially in controlling greenhouse gas emissions.

3.2 Ecological footprints

3.2.1 Ecological carrying capacity nalysis
In Figure 4, we can observe specific values that inform the

ecological carrying capacity in Ningxia. The per capita footprint
of coal power generation shows a substantial increase from

0.033458 hm2 in 2018 to 0.033598 hm2 in 2022, indicating a
consistent pressure on the ecological system. On the other
hand, the per capita footprint of SPPG remains considerably
lower, with values ranging from 0.1069 hm2 in 2018 to
0.1324 hm2 in 2022, well below the ecological surplus
threshold. The per capita forest land area in Ningxia, serving
as a measure of ecological carrying capacity, is at 0.112 hm2. This
is crucial as it is used to compare the ecological footprints of both
coal power generation and SPPG. The data reveals that the per
capita footprint for coal power far exceeds this value, whereas PV
power’s footprint is below, suggesting that SPPG remains within
the region’s ecological carrying capacity.

While Ningxia’s per capita forest land area is lower than the
national average, indicating a relative scarcity of forest coverage, the
region’s SPPG has not yet caused an ecological deficit, thanks to its
clean energy production and the late start in its development.
Despite Ningxia’s rich solar resources, the growth of the PV
industry must be sustainable to ensure that the ecological
footprint does not surpass the ecological carrying capacity in the
future, thus avoiding undue environmental stress.

3.2.2 Ecological deficit
Figure 5 demonstrates the per capita ecological deficit caused by

coal power generation in the Ningxia region from 2018 to 2022. The
chart indicates a rising trend in the ecological deficit per capita for coal
power generation in Ningxia, with specific values for the deficit
increasing from 0.5126 hm2 in 2018 to 0.7353 hm2 in 2022. This
trend reflects the region’s increasing installation of thermal power
units and rapid socio-economic and industrial development,
outpacing the relatively slow growth in ecological supply. This
misalignment has led to a widening ecological deficit, with the
deficit for the most recent year being a direct consequence of energy
conservation and emission reduction measures not keeping pace with
adjustments in the overall industrial structure of Ningxia’s power sector.

To address this, Ningxia must continue to optimize the installed
structure of its power industry, reduce carbon emissions from
thermal power units, and reinforce the gains made from
converting farmland back to forest. The government should also
increase investment in new energy projects like wind and solar
photovoltaic power, promoting clean energy to replace traditional
fossil fuels, thereby reducing coal consumption and air pollution.
Additionally, by adjusting the industrial structure and improving
enterprise profitability, Ningxia can foster a shift in its economic
development model, effectively alleviating the regional ecological
deficit caused by coal power generation.

3.2.3 Suggestions
The development of solar PV power enterprises in the Ningxia

region offers significant potential, given its abundant sunlight and
rare overcast days, making it an ideal locale for solar power projects.
However, several critical factors must be considered for the
successful implementation and operation of solar power stations.
These include maintenance post-construction, efficiency in power
generation, grid integration, the lifespan of solar power plants, and
their abandonment rates. Addressing these concerns is essential for
businesses in the industry.

At present, the carbon emissions from the production and
manufacturing phases of the solar PV industry in Ningxia still
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result in ecological surpluses. The region’s rich silicon resources
provide a distinct advantage in producing multicrystalline and
monocrystalline silicon. However, it is crucial for manufacturers
to minimize energy consumption across all processes, encourage the
development of new technologies and processes, and phase out
substandard PV component producers. Specifically, while Ningxia
has made strides in PV equipment manufacturing, there is a need for
more effort in developing high-precision and advanced products.

Solar PV companies should also plan meticulously regarding
their production costs and carbon emissions. While the current

carbon emissions from the solar PV industry in Ningxia indicate an
ecological surplus, it is vital not to blindly increase production
capacity without considering the region’s ecological carrying
capacity. PV enterprises should actively seek new technologies for
the disposal of solar PV waste, aiming to recycle and reuse various
waste materials to conserve resources and reduce land pollution.

Besides SPPG, there are also some suggestions for coal-fired power
generation companies. In Ningxia, a region abundant in coal resources,
there’s an ecological deficit challenge due to the high carbon emissions
from thermal power generation, which surpasses the area’s ecological
carrying capacity. Despite this, thermal power continues to be a
significant electricity source. Coal power enterprises in Ningxia
should, therefore, prioritize optimizing their thermal units, focusing
on shutting down smaller, more polluting ones to address this issue. As
a significant contributor to CO2 emissions, the coal power sector is
exploring energy conservation and emission reduction strategies.
Among these, CCS technology has emerged as a promising
approach to curb emissions in thermal power generation. Ningxia’s
coal power enterprises are urged to innovate in these technologies and
implement them promptly in their operations. Furthermore, with
Ningxia’s reliance on coal for most of its thermal power, there is an
opportunity to delve into clean coal technologies. Transforming and
upgrading the coal power industry, coupled with increased investment
in integrated coal power projects, is essential for the region’s move
towards sustainable development in energy.

3.3 Comprehensive analysis

Figure 6 presents a comprehensive comparison of environmental
impacts between an SPPG system and a coal power generation system.

FIGURE 4
Comparison between the per capita footprint of photovoltaic power generation and coal-fired power generation in Ningxia and the per capita forest
land area in Ningxia (Unit: hm2).

FIGURE 5
Ecological deficit of coal-fired power generation per capita in
Ningxia from 2018 to 2022.
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Each axis on the spider chart would represent a different dimensionless
parameter related to environmental impacts, such as carbon footprint,
energy efficiency, or pollutant emissions. The indexes of SPPG system’s
performance on each environmental impact parameter is compared
against the coal power generation, which is set as the baseline with an
index value of 1. This normalization allows for an immediate visual grasp
of how each system performs relative to the baseline coal power
generation across multiple environmental criteria. The SPPG system,
a renewable energy source, generally outperforms coal power in
environmental impact, with a GWP that is 17.78% lower. However,
in POCP, coal power is unexpectedly more efficient with 97.62% lower
impact than SPPG. Coal power also shows a higher AP, at 53.03% above
SPPG, while having a slightly better EP. Notably, ecological footprint of
coal power generation system is almost 294% greater than SPPG,
highlighting SPPG’s lower ecological impact. Despite SPPG’s
advantages, the data reveals specific areas for potential improvement,
especially considering the energy repayment ratio, emphasizing lifecycle
sustainability.

By focusing on the energy repayment ratio instead of just the energy
repayment time, the comparison considers the different lifespans of the
power generation methods, which is crucial for an accurate assessment.
This approach reflects an understanding that an energy source might
take longer to ‘repay’ its energy investment but may still be more
sustainable over a longer lifecycle. In conclusion, the figure
demonstrates that the SPPG system is a more environmentally
friendly option compared to coal power generation, with strengths
in certain environmental impact parameters. However, there is still
room for improvement and optimization to maximize its potential
benefits over the lifecycle of the power generation system.

4 Implications and future perspectives

In recent years, with the rapid socio-economic development of
urban areas, residents have elevated their demands for a better urban
ecological environment. Over the past few decades, humanity has
embarked on assessing the quality of the ecological environment, yet

the measurement and quantification of natural resources remain
challenging. Determining whether a region’s development is
sustainable necessitates objective assessments using scientific
models. These models not only accurately depict the
developmental status of a region but also provide feasible
strategies for regional development and timely planning.

This study focuses primarily on the Ningxia region, located in
northwest China, characterized by its small population base and
predominantly semi-arid climate. Transitioning from the initial
post-establishment power shortages, where urban and rural areas
relied on oil lamps, to its current state of widespread electrification,
Ningxia now ranks at the forefront of thermal and renewable energy
installation capacity in the northwest. This study conducts an
ecological footprint model analysis of carbon resource
consumption and carbon emissions during the production and
manufacturing phases of both photovoltaic power and coal power
generation in Ningxia. The research aims to ascertain the ecological
gains and losses of photovoltaic and coal power generation in the
region and offer suggestions for energy conservation and emission
reduction in Ningxia’s power industry.

The paper meticulously delineates the system boundary,
incorporating a variety of environmental impact potentials along
with a full lifecycle evaluation. This approach is a step forward from
the early lifecycle assessments of photovoltaic and coal power
generation by researchers like Zhang and Zhu (Author
Anonymous, 2014). Notably, this study expands on the carbon
emissions from electricity consumption and the waste disposal
stages of PV production, with an aspiration to make the lifecycle
evaluation more comprehensive than previous literature. Compared
to the analyses by He (Author Anonymous, 2017) and Sun (Author
Anonymous, 2019), which were limited to inventory analyses of
different lifecycle stages of photovoltaic and coal power, this paper
delves into a more in-depth study and evaluation of
environmental impacts.

However, the study faces challenges, particularly in data
collection. Due to limitations in knowledge and data gathering,
this paper focuses on multicrystalline silicon solar cells and ultra-
supercritical thermal power plants. Other types, such as single-
crystal silicon solar cells and subcritical power plants, have not been
included, presenting an opportunity for future research.
Additionally, the difficulty in collecting inventory data for
Ningxia’s photovoltaic and coal power meant that the study often
had to rely on other literature and averages, which might have
introduced biases in the results. Future research opportunities also
include a more detailed study of the impacts of photovoltaic power,
with a focus on assessing the potential environmental impacts and
calculating the economic costs and carbon emission
recovery periods.

Furthermore, the paper encounters a significant challenge in
obtaining accurate data for calculating the ecological footprint and
carrying capacity of Ningxia. Complications arise from the need to
account for resources consumed in the production of photovoltaic
power and coal during power generation. The lack of comprehensive
statistics on resource consumption and pollution emissions for both
SPPG and coal power generation leads to approximations,
potentially reducing the accuracy of the findings. Additionally,
variations in fossil resource and energy conversion coefficients
and carbon emission factors, due to differences in regional and

FIGURE 6
Comparison between SPPG system and coal power
generation system.
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production processes, further complicate the analysis.
Consequently, future studies should aim to use various methods
to collect more accurate data across different industries
and products.

Despite the established concepts of ecological and carbon
footprints, research focusing on the sustainable development of
photovoltaic and coal power in Ningxia is still in its infancy.
Addressing this gap, our study, which concentrates on the
pollution issues of the power generation industry, contributes to
the ongoing discourse on sustainability, particularly in the context of
national initiatives for environmental conservation and emission
reduction. Nonetheless, due to limitations in capability and time, the
study inevitably has shortcomings, with several areas requiring
further research and refinement. The future research will seek
better methodologies to enhance the scientific rigor and validity
of the analysis, fostering a more objective and comprehensive
understanding of the environmental impacts of power generation
in Ningxia.

5 Conclusion

In response to China’s imperative shift from fossil fuels to cleaner
energy solutions, this investigation provides an exhaustive evaluation
of the environmental impacts associated with the SPPG system relative
to traditional coal power generation, with a particular focus on LCA
and ecological footprint metrics in the Ningxia region. The study
delineates that, throughout its life cycle, the SPPG system is
responsible for substantially lower GHG emissions, amounting to
1,601.18 kg CO2-eq per 1 kWp installation, which equates to 1.35 kg of
CO2 per kilowatt-hour of electricity generated—considerably less than
the 4.81 kg/kW·h attributed to coal-powered systems. This disparity
highlights the reduced environmental impact of solar power. Further
analysis of the ecological footprint demonstrates that solar power
generation in Ningxia maintains an ecological surplus, signifying its
operation within the ecological carrying capacity of the region. This is
in stark contrast to the ecological deficit perpetuated by coal power,
which has been on an upward trajectory. Such a contrast accentuates
the unsustainability of coal power and the environmental efficacy of
the SPPG system. While the SPPG system emerges as the
environmentally superior option, the study reveals potential areas
for enhancement, particularly where coal power unexpectedly
outperforms in categories such as POCP. These findings signal the
critical need for ongoing technological refinement and innovation in
SPPG to harness its full environmental potential. The insights
garnered from this research are instrumental for energy sector
decision-makers, advocating for a realignment of the industrial
infrastructure towards sustainable and renewable energy sources to
support China’s overarching objectives of carbon neutrality. The
conclusion drawn from this analysis stresses the vital integration of
renewable energy adoption with socio-economic development and
ecological conservation. Future strategies must underscore the
necessity for cutting-edge technology, supportive policy
frameworks, and comprehensive assessment mechanisms to foster
and facilitate China’s sustainable energy transition.

In this study, we utilized Life Cycle Assessment (LCA) and
Ecological Footprint accounting methods to assess the
environmental impacts of solar photovoltaic (PV) power

generation. However, both methods come with inherent
limitations. The LCA approach faces challenges in terms of data
quality and availability, the diversity of technologies, regional
differences, long-term temporal scales, and issues regarding
recycling and disposal. These factors may affect the accuracy and
reliability of our assessments. Conversely, Ecological Footprint
accounting is limited in its methodological consistency, the
comprehensiveness of environmental impacts, the scale of
analysis, and the incorporation of socio-economic factors. This
could lead to limitations in accurately reflecting the full
environmental impacts of solar PV systems. Therefore, while
these methods offer valuable insights into the environmental
aspects of solar PV, these limitations must be considered when
interpreting the results. Future research should aim to address these
limitations to more accurately evaluate and understand the
environmental benefits of solar PV technology.
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