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Abstract: Developing clean energy is the key to reducing greenhouse gas (GHG) emissions and
addressing global climate change. Photovoltaic energy systems are considered to be clean and
sustainable energy resources due to their wide distribution and easy deployment. However, the
environment can still be impacted during the processes from the production to recycling of such
systems. Therefore, this study was conducted based on the whole life-cycle analysis to establish a
mathematical model for carbon emissions during the processes of production, transportation, and
waste disposal of photovoltaic power systems. The main conclusions are as follows. (1) The carbon
emissions of a centralized photovoltaic power station with a unit installed capacity of 1 kWp during
its entire life cycle would be 2094.40 kg, while the carbon recycling period would last 1.89 years,
which would be shorter than the expected life cycle of a photovoltaic system of 25 years, indicating
significant environmental benefits. (2) The calculated results from 2022 showed that the newly
constructed centralized photovoltaic power stations in China could reduce carbon dioxide emissions
by 31,524.26 tons during their life cycles, and their carbon emissions from 1 kWh are approx. 1/10 of
those of thermal power generation, which is significantly lower than that of thermal power generation.
(3) From the perspective of the soil carbon sequestration capacity and opportunity cost, the economic
cost of carbon emissions from the new centralized photovoltaic power stations in China in 2022 was
1.083 billion yuan. (4) The analysis of the relationship using the Granger causality test revealed that,
with a lag of one period and a significance level of 5%, the carbon emissions from the new centralized
PV power stations from 2013-2022 were the Granger cause of the added value from the secondary
industry in China, while the added value from the secondary industry was not the Granger cause of
the carbon emissions from the new PV power stations. The findings of the performed study could
increase the utilization rate of photovoltaic energy by ensuring it is a secure sustainable low-carbon
emission resource, while also reducing the impact of climate change on the planet and promoting
individual well-being and social development.

Keywords: centralized photovoltaic power plant; carbon emissions; carbon reduction benefits; life-cycle
assessment

1. Introduction

Since the 1970s, climate change has become one of the greatest global challenges
as a result of the third technological revolution [1-4]. It has been continuously realized
by global society that the main causes of global warming are the increasing emissions
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of GHGs caused by burning fossil fuels, which was discovered as the development in
research regarding climate change and atmospheric science took place [5-7]. In China,
the rapid development of the economy has led to a great demand for fossil fuel energy.
Since 2000, carbon emissions in China have been tremendously increasing, and China
became the largest energy-consuming nation in the world in 2010 [8-12]. In 2014, carbon
emissions in China occupied 28% of the global carbon emissions, which was more than
the total emissions of Europe and the United States, and China became the nation with
the highest carbon emissions [13-15]. Rapid energy consumption and an increase in GHG
emissions have caused significant threats to the safety of energy sources as well as the
environment [16-19]. At the same time, this will make it difficult to achieve China’s goal of
peaking carbon emissions by 2030 and becoming carbon neutral by 2060, as proposed at
the 75th session of the UN General Assembly [20,21]. Therefore, in order to prevent such a
circumstance from happening and to reach the goals above, various mechanisms regarding
development based on reduced emissions and energy saving are highly necessary, such as
a low-carbon strategy and new energy strategy, which would mitigate further increases in
carbon dioxide emissions.

Yusuf. N. Chanchangi et al., through their data study, found that photovoltaic (PV)
equipment can be used as an alternative to clean energy generation to help Nigeria solve its
energy dilemma and achieve its sustainable development goals [22]. Muhammad Hafiizh
Imaaduddiin et al., through the use of environmental methods and hydrological analy-
sis, found that the implementation of a micro-hydro power plant in the Batang Regency
could be the first step in the transition from fossil fuels to renewable energy in Indone-
sia [23]. Furthermore, using wind energy to generate electricity can reduce the impact
on the environment and support sustainable development, such as eliminating energy
poverty, increasing energy penetration, and ensuring long-term energy security [24,25].
These studies showed that renewable energy, including water energy, wind energy, and
solar energy, are clean energy sources with relatively low pollution and great develop-
ment prospects. Among these types, solar energy has advantages in terms of resources,
distribution, as well as impacts on the environment as a power generation method, which
is expected to play a crucial role in the transformation to low-carbon electricity system.
Therefore, photovoltaic (PV) power generation has been widely supported during recent
years. In 2016, 71.2 GW (capacity) of new PV power generators were installed globally,
34.2 GW of which were installed in China (48%). During the first three quarters of 2017, the
newly installed PV power generators accounted for 43 GW and the cumulative installation
accounted for 120 GW, which increased by 2.6% compared to the previous year [26,27]. In
2022, the newly installed and grid-connected PV power generators accounted for 87.4 GW,
including 36.29 GW from centralized PV power plants and 51.11 GW from distributed PV
systems [28]. By the end of 2022, the cumulative grid-connected capacity of PV power
generation in China had reached 392.04 GW, including 234.42 GW from centralized PV
power plants and 157.62 GW from distributed PV systems, which could indicate great
potential for the photovoltaic industry in China as well as a corresponding benefit for
carbon emission reduction [29-31].

In order to deeply understand the benefit of carbon emission reduction promoted
by photovoltaic power generation, the concept of a carbon footprint has been widely
introduced in tracking and accounting for carbon emissions. For example, He Bin et al.
introduced the concept of a carbon footprint into the production process and established
a carbon emission model for the manufacturing process of wind turbine gearboxes to
provide guidance for carbon emission reduction in related manufacturing enterprises [32].
Zhou et al. (2017), based on the concepts of the carbon footprint, designed a ¢-PBOM
(carbon emissions-process bill of material) method based on part machining features. This
method decomposed the parts into the aggregation of machining features to support the
carbon emission strategy [33]. Specifically, a carbon footprint refers to the cumulatively
quantified volume of carbon dioxide emissions directly and indirectly caused by some
specific activities during the entire life cycle of a product, which is usually represented
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by CO; (tons) or CO; (-eq) [34]. Among the prior research conducted regarding carbon
footprints, Barthelmie et al. proposed that the carbon footprint refers to the total amount of
carbon dioxide emitted from products or activities during their entire life cycles. However,
Larse and Hertwich proposed the concept of the core carbon footprint of a product and
believed that the carbon footprint refers to the total amount of GHGs emitted during their
entire life cycles [35,36]. As a result, the evaluation of carbon footprints has been widely
recognized as one of the methods for quantifying GHG emissions.

The predominant methodologies employed in the research regarding carbon foot-
prints are the input-output analysis, life-cycle assessment [37-39], and the methodology
stipulated by the Intergovernmental Panel on Climate Change (IPCC), etc. [40,41]. For
example, Dong and Geng (2012) conducted a study regarding the characteristics of the
direct and indirect carbon footprints of residents in Beijing City using the input-output
analysis in 2007 [42]. In other research, Maja et al. assessed the various configurations
of power systems using the life-cycle assessment, which aimed to reduce the carbon foot-
print caused by the Croatian short-ranged ocean shipping department [43]. In addition,
Jagmohan Sharma et al. introduced the IPCC methodology to conduct an assessment
of the natural hazards under climate change, which explained the new concepts of “the
selection of hazard-related vulnerability indicators” and “the evaluation of hazard-specific
vulnerability”. Such an approach has improved the contextualization of the assessment
and the acceptance of the results [44]. Farhad Farzaneh et al. analyzed the carbon footprint
of two size-equivalent automobiles from the raw material production to the manufacturing,
transportation, operation, and decommissioning of the automobiles using the life cycle
approach. It was found that the use of renewable energy to generate electricity would
reduce CO, emissions [45].

Although numerous proposals regarding the calculation and evaluation of carbon
footprints have been introduced by previous scholars, the differences in the calculations
of carbon footprints still exist, especially for borders, ranges, units of GHGs, and method-
ologies [46,47]. Some researchers have focused on the calculations of carbon footprints
with specific materials, systems, or processes [48]. Such research has only provided the
situation of GHG emissions from macro perspectives, while the carbon evaluation of the
objectives during their entire life cycles have been simplified, and the emission of light
materials and short-distance transportation have been ignored [49]. Additionally, each
accounting program would exhibit specific characteristics, such as climate zones, types
of construction, local laws and regulations, etc. Any absence could cause direct impacts
on the cumulative carbon emission of the objectives [47]. Consequently, the factors above
could lead to inaccuracies in the evaluation of GHG emissions [50].

Given the burgeoning preference for solar energy among policymakers and urban
planners as a pivotal means to mitigate their carbon footprint [51], the amount of carbon
emissions caused by the production, operation, and recycling of photovoltaic devices would
need to be comprehensively realized to improve the effectiveness of carbon reduction by
using photovoltaic energy. In this case, a life-cycle assessment has been introduced to
conduct a carbon footprint analysis as well as carbon emission accounting. Then, according
to the results of the calculation, the economic and environmental benefits caused by the
construction of a centralized photovoltaic power station would be analyzed. Such an
approach could reflect the potential of carbon reduction from photovoltaic power stations,
enhance the research regarding the carbon emissions of photovoltaic power stations in
China, and improve the application of life-cycle assessments in accounting for carbon
emissions. The results from the performed study would help reduce the carbon emissions
of photovoltaic generation devices, improve the use of clean photovoltaic energy, and
ensure such energy is sustainable with low carbon emissions, eventually benefiting the
development of society.



Sustainability 2023, 15, 16323

40f19

2. Materials and Methods

Photovoltaic power plants mainly include two types: distributed photovoltaic power
plants and centralized photovoltaic power plants. Compared to distributed PV power
plants, centralized PV power plants hold certain advantages, such as more freedom in
site selection, more flexible operating modes, and more convenient voltage control, etc.
According to the statistical data from the National Energy Administration, the cumulative
capacity of the installed distributed PV power plants reached 157.62 GW, and the cumu-
lative capacity of the installed centralized PV power plants reached 234.44 GW (60% of
the total) by the end of 2022. Thus, centralized PV power plants comprised the main force
of the PV industry. (http://www.nea.gov.cn/2023-02/17/c_1310698128.htm, accessed on
1 December 2022) As a result, the centralized PV power plants were selected as the research
objectives in this study.

2.1. Scope of Carbon Emission Accounting for the Whole Life Cycle of Centralized PV Power Plants

The equipment required by centralized PV power plants includes solar panels, battery
modules, balancing components, junction boxes, DC distribution cabinets, inverters, boost-
ing systems, etc. As depicted in Figure 1, the process of power generation is as follows.
Firstly, solar energy is transformed into electric energy through the solar panels, battery
modules, and balancing components. Secondly, the produced circuits travel to the DC
distribution cabinets through the junction boxes. Lastly, the electricity generated by the
PV power plants join the high-voltage grid through the converters and boosting systems,
followed by electricity transport [52].

Photovoltaic panel Inverter Booster System

\Eﬂ&”__gﬁﬂﬂﬂﬁ/

Combiner Box DC Cabinet High voltage power grid

Figure 1. Workflow diagram of a centralized photovoltaic power station.

2.2. Carbon Emission Accounting Methods for Centralized Photovoltaic Power Plants

The carbon emission accounting method for the centralized PV power plants should
include comprehensive approaches to accurately quantify the advantages of carbon reduc-
tion since the processes from the purchases of raw materials to the recycling of materials
would cause carbon emissions for the centralized PV power plants. As a result, a life-cycle
assessment (LCA) was introduced to conduct an accounting model of the carbon emissions
in this study (Figure 2). According to the definition from the International Organization for
Standardization (ISO 14040), a LCA is defined as a systematic method which aims to evalu-
ate the impacts that products might have on the environment during their life cycles [53].
Based on such method and concepts, the operations of the centralized PV power plants
have been divided into certain categories, as shown in Figure 3, including raw material
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production, module production, transportation and maintenance, and photovoltaic power
plant waste disposal. Such phases would serve as the basis for the calculation of the carbon
emission reduction benefits during the operation of the centralized PV power plants.

Life cycle assessment framework
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Figure 2. Different phases for the LCA [54].
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Figure 3. Calculation of the whole life cycle of carbon emissions from centralized photovoltaic
power plants.

The production of raw materials includes four major steps, which are the production
of industrial silicon, polysilicon, silicon wafer, and cells. Using the production of industrial
silicon as an example, the process employs the carbothermal reduction method to utilize
the primary material, which is silica ore, while the carbon materials serve as the reducing
agent. Such a process involves industrial smelting in an electric furnace container, and the
chemical formula is as follows SiO; + C — Si + CO,. As shown in the formula, carbon
dioxide could be produced.

The module production stage mainly includes the production of the battery modules
and balancing components. During this stage, various processes would directly and
indirectly cause carbon dioxide emissions, including welding, stacking lamination, edge
cutting, curing, framing, glue injection, etc. The existing research has shown that indirect
carbon dioxide emissions account for more than 90% of the total emissions [55].

Since the distribution of PV companies is dispersed all over the nation with an uneven
distribution in industrial chains, carbon emissions during the transportation stage have
been difficult to calculate. Therefore, a scenario assumption analysis was introduced in this
study to fulfill the calculation of carbon emissions during the entire life cycles of the PV
power plants. In detailed assumption, if a company was located in Hangzhou, Zhejiang as
the PV components supplier, while a PV power plant was installed in Jiaxing, Zhejiang, the
distance between the two locations would be approx. 84.3 km, if the 1 kWp PV components
were weighted to 4 metric tons and the fuel consumed by delivering vehicles was 0.2 L
diesel per kilometer. Such a scenario was introduced as the standard in this study to
account for carbon emissions.

The routine maintenance of centralized PV power plants includes the surface cleaning
of the components, stability checking of the fixed parts, and operation checking of the
devices in the power plants, etc. Since the personnel, workloads, and required parts
are considerably low during the maintenance, the carbon emissions of this process were
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less than 1% compared to the production stages. Therefore, the carbon emissions of the
maintenance stage were not included in the accounting.

Since the late inception of PV power generation in China, the first-generation cen-
tralized power plants are still operating. Therefore, the maximum life cycles have not yet
been reached and the key component panels have not yet needed to be recycled, resulting
in a lack of theories and techniques in the disposal phase. Consequently, the disposal of
polycrystalline silicon solar panels was chosen to account for carbon emissions during
the disposal phase while considering multiple influencing factors, such as the energy con-
sumed, cost of materials, recycling proportion of the materials, etc. The guideline of the
accounting was set according to the pyrolysis recycling process proposed by the China
Research Institute of Environmental Sciences (CRIES).

The pyrolysis recycling process can be broken down as follows. Firstly, the aluminum
alloy frames of the solar panels should be dismantled manually. After that, the glass
and wafers should be separated from the remaining components using high-temperature
pyrolysis followed by further recycling the aluminum from the back panels and the silver
from the front panels along with the crystalline silicon wafers. Such a process could help
obtain more recycled materials. Recycled silicon wafers could be directly used for the
production of new silicon wafers since the quality of the recycled ones would have no
difference from the new ones. On the other hand, the quality of other recycled materials
(steel, glass, aluminum alloy, and silver) would not be suitable for direct reuse due to their
inherent losses; the depreciation rate was considered to be 10%.

In the performed study, a carbon emission measurement model was conducted, aiming
to quantitively assess the benefit of carbon emission reduction caused by centralized PV
power plants. The detailed calculation formulas are as follows.

C=NxCp )

In Equation (1), C refers to the national cumulative carbon emissions caused by
centralized PV power plants (kg); Cp refers to the comprehensive carbon emissions caused
by the installed individual PV power generation systems during their corresponding entire
life cycles (kg); and N refers to the scale of construction of the centralized PV power
plants in China (kWp). In addition, the accurate value of N was retrieved from the official
website of the National Energy Administration (http://www.nea.gov.cn/, accessed on
1 December 2022).

Cp,=M+P+T+W )

In Equation (2), M refers to the total carbon emissions during the process of the
materials production kg); P refers to the total carbon emissions during the process of the
components production (kg); T refers to the total carbon emissions during transportation
(kg); and W refers to the total carbon emissions during the disposal period (kg).

(1) Accounting model of the carbon emissions during the raw materials production stage.
4 4

M=) DEj+cx)_ B, (3)
i i

In Equation (3), DE; refers to the direct amount of carbon emissions caused by the
raw materials production (kg); B; refers to the electricity cost during the production of
the individual product (kWh); c refers to the carbon emission coefficient of the electricity
(kg CO,/kWh). In this equation, i = 1 refers to the production of industrial silicon; i = 2
refers to the production of polysilicon; i = 3 refers to the production of silicon wafers; and
i = 4 refers to the production of PV battery cells.

(2) Accounting model of the carbon emissions during the components production stage.

P=P+P 4)
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In Equation (4), P refers to the total carbon emissions during the production of the
battery modules (kg); P, refers to the total carbon emission during the production of the
balancing components (kg).

n
Pi=cxEp+) (R; x RR;) (5)
i

In Equation (5), E, refers to the electricity cost during the production of the battery
modules (kWh); c refers to the carbon emission coefficient of electricity (kg CO,/kWh);
R; refers to the cumulative amount of i material consumed during the current stage; and
RR; refers to the carbon emission coefficient of i material consumed during the current
stage. In addition, the calculation of P, is the same as P;.

(8) Accounting model of the carbon emissions during the transportation phase.
3
T=DxVx) (GWP; xn;) (6)
i

In Equation (6), D refers to the transporting distance of diesel trucks (km); V refers to
the amount of diesel consumed per kilometer by the diesel trucks (L/km); GWP, refers to
the greenhouse effect potential of CO,, CHy, and N,O; and n; refers to the GHG emission
factor for diesel (kg/L).

(4) Accounting model of the carbon emissions during the PV power plant waste dis-
posal phase.

W=W;+W,—-Wj3 (7)

In Equation (7), W refers to the total carbon emissions caused by the energy consump-
tion during this phase (kg); W, refers to the total carbon emissions caused by the disposal of
various wastes during this phase (kg); and Wj refers to the total carbon emission deducted
by the recycled materials during this phase (kg).

Wy =cxE (8)

In Equation (8), E refers to the electricity consumption during this phase (kWh) and
c refers to the carbon emission coefficient of electricity (kg CO,/kWh).

n

Wy =) (S; x RS;) )

1

In Equation (9), S; refers to the amount of i resource consumed during this phase (kg)
and RS; refers to the carbon emission coefficient of i resource (kg).

n

Wi =Y [t x Rt; x (1—6;)] (10)

1

In Equation (10), t; refers to the amount of i resource that could be reused after
recycling (kg); Rt; refers to the carbon emission coefficient of i resource; and J; refers to the
depreciation rate of i resource.

2.3. Data Collection

The data included in the performed study were collected through the following ways:
(1) technical reports from relevant PV companies; (2) relative scholars, reports from interna-
tional organizations, and databases, including Eco-invent (http://ecoinvent.org/, accessed
on 1 December 2022), the CLCD (http://ghgprotocol.org/Third-Party-Databases/CLCD,
accessed on 1 December 2022), CPCD (http:/ /lca.cityghg.com/, accessed on 1 December
2022); and (3) the “China Statistic Yearbook” and other relative governmental websites and
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documentations. The required parameters for the comprehensive calculation of carbon
emissions are listed in Tables 1-4.

Table 1. Energy consumption and carbon emissions during the production stage of the raw materials.

Production Stage Direct Carbon Emissions Electricity Consumption
Silicon production 4.721 kg CO, /kg 11.69 kWh/kg
Polycrystalline silicon production / 95 kWh/kg
Wafer production / 0.73 kWh/pieces
Cell production / 124 kWh/kWp

Table 2. Energy consumption, inputs, and outputs during the production stage of the battery components.

Power Consumption Imports Exports
Material Energy Material Quantities Material Quantities
Photovoltaic cell 1.02 kWp Battery component 1 kWp
Power Reinforced glass 62.22 kg Solid waste 132 g
. 58.5 kWh Aluminum frame 13.12 kg TVOC 324 ¢
consumption .
EVA film 7.06 kg Welding fume 1.04
Organic Silicone Gel 40 kg & e

Table 3. Relevant parameters and parameter values during the transportation stage.

Parameters Parameter Value
Transportation distance 84.3 km
Total transport mass 4t
Fuel consumption 0.20 L/km
Origin and destination of transportation Hangzhou-Jiaxing
Installed photovoltaic capacity 1kWp

Table 4. Energy consumption, inputs, and outputs during the waste disposal stage.

Power Consumption Import Export

Material Energy Material Energy Material Energy
Waste battery pack 1 kWp Silicon chip 217 pieces

Toluene 26.66 kg Steel 0.229 kg

HNO; 15.00 kg Silver 0.328 kg

Electricit HF 10.35 kg Aluminum 13.55 kg

consump ﬁ}; n 128.24 kWh CH3COOH 9.00 kg Plastics 0.776 kg

EVA 426 kg

Glass 48.98 kg

TPT 3.26 kg

Sealing silicone 0.265 kg

3. Calculation Results of the Carbon Emissions of PV Power Generation
3.1. Carbon Emissions during the Raw Materials Production Stage

The carbon emission coefficient ¢ was retrieved from the China Life Cycle Database
of Basic Data (CLCD, 2023), where c was set as 0.96 kg CO,/kWh. The results of the
calculation are shown in Figure 4.
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9.39%
13.04% = Silicon production (162.66 ka)
Carbo.111| E;mlls sions Polyerystalline silicon production (840.14 kg)
ota
1292.73 ke )
Wafer production (168.51 kg)
Cell production (121 .42 kg)
64.99%

Figure 4. Carbon emissions and proportions during the production stage of the raw materials.

As shown in Figure 4, the total carbon emissions during the raw materials production
stage for the 1 kWp centralized PV power plants were calculated as 1292.73 kg. The
production of polysilicon contributed the most among all the materials, which occupied
64.99%. This was followed by the production of silicon wafers and industrial silicon, which
contributed 13.04% and 12.58%, respectively. The lowest contribution of carbon emissions
during this stage was for the production of battery cells, which accounted for 9.39%.

3.2. Carbon Emissions during the Modules Production Stage

The data required to calculate the carbon emissions during the production of the
battery modules are listed in Table 2. The research of Mi et al. was introduced in this
study since an inventory of the data from the balancing components is currently lacking
in China [56]. The individual consumption of electricity was set to 310 kWh/kWp for the
converters and frames installation, and the calculation results are shown in Table 5.

Table 5. Carbon emissions and proportions during the production stage of the components.

Production Stage Emission Proportion
Battery assembly production 405.82 kg 40.54%
Balanced component production 595.20 kg 59.46%

Total: 1001.02 kg

As shown in Table 5, the total carbon emissions during the modules production stage
for the 1 kWp centralized PV power plants were calculated as 1001.02 kg. The production
of the balancing components contributed the most to the carbon emissions, which occupied
59.46% of the total amount, while the production of the battery modules only contributed
40.54% to the total amount.

3.3. Carbon Emissions during the Transportation Phase

The carbon emissions during the transportation phase were analyzed through scenario
assumptions, and the required data are shown in Table 3. The greenhouse effect potentials
and the emission factors of CO,, CHy, and N,O are listed in Tables 6 and 7. These data
were retrieved from the relative files from the IPCC.

Table 6. Global warming potential values (IPCC, 2001).

Type of Greenhouse Gas GWP Value
CO, 1
CHy 23

N,O 296
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Table 7. CO, emission factors of gasoline and diesel.

Type of Greenhouse Gas Emission Factors (kg/L)
CO, 2.73
CH,4 144 x 107*
N,O 144 x 1074

The total carbon emissions during the transportation phase for the 1 kWp centralized
PV power plants were calculated as 46.80 kg.

3.4. Carbon Emissions during the Waste Disposal Phase

The data required for the calculation of carbon emissions during the waste disposal
phase are listed in Table 4, and the results of the calculation are shown in Table 8.

Table 8. Carbon emissions and proportions during the waste disposal stage.

Type of Emission Emission Proportion
Energy consumption 123.11 kg 79.99%
Depletion of resources 30.796 kg 20.01%

Resource recycle —400.06 kg /

Total: —246.15 kg

As shown in Table 8, the total carbon emissions during the waste disposal phase for
the centralized PV power plants was calculated as —246.15 kg. The energy and resources
consumption caused carbon emissions, with the energy consumption occupying 79.99%
and the resources consumption occupying 20.01%. Since some of the waste and their
accessional materials could be recycled during this phase, the carbon emissions could be
reduced by 400.06 kg for the 1 kWp centralized PV power plants.

To sum up, the total CO, emissions of the 1 kWp centralized PV power plants during
their entire life cycles were calculated as 2094.40 kg. Within the total amount, the contribu-
tions from the life cycle stages are listed in Table 9. The ranking was determined as the raw
material production stage followed by the module production stage, transportation and
maintenance phase, and waste disposal phase.

Table 9. Full life-cycle carbon emissions of the 1 kWp centralized photovoltaic power stations.

Life Cycle Stage Emission Proportion
Raw material production stage 1292.73 kg 61.72%
Module production stage 1001.02 kg 47.79%
Transportation and maintenance phase 46.80 kg 2.23%
Waste disposal phase —246.15 kg —11.75%

Total: 2094.40 kg

4. Discussion and Evaluation of the Carbon Emissions Reduction Effects of
Centralized PV Power Generation

The construction and operation of centralized PV power plants could significantly help
China achieve the goal of “double carbon”. In order to accurately quantify and evaluate
the advantages of carbon emissions reduction caused by centralized PV power plants,
relative formulas were introduced to calculate the amount of power generated and the
carbon recycle term of the 1 kWp centralized PV power plants in the first place. After that,
the amount of carbon emissions caused by the newly constructed centralized PV power
plants were compared between 2013 and 2022, which aimed to analyze the benefits of the
development of techniques for carbon emissions reduction. Lastly, the economic effects
were assessed based on the opportunity cost and the relationship between the installed
PV power generation and the surpassing value of the secondary industry of China using
Granger causality tests.



Sustainability 2023, 15, 16323

11 of 19

4.1. Calculation of Carbon Benefits of Photovoltaic Systems
4.1.1. Calculation of the Carbon Payback Period for Centralized PV Power Generation

The term payback period can be defined as the time consumed to retrieve all the
investment profits during the operation of certain programs [47]. The carbon payback
period could be understood as an extension of the investment payback period, which
would specifically constitute the recycling time of the direct and indirect carbon emissions
during the life cycles of the PV power generation systems. Such an indicator is important to
evaluate the carbon emission reduction effects of the PV power generation systems. Before
calculating the carbon payback period, the amount of power generated by the PV power
generation systems during their entire life cycles should be determined [57,58].

The formula for the amount of power generated by the PV power plants in the first
year is shown as follows.

Ey, = Hy x K X Pygz (11)

In Equation (11), Ep refers to the total amount of power generated during the first year
at the centralized power plants (kWh); H,4 refers to the annual amount of solar radiation
received by the horizontal planes (kWh/m?); K refers to the system efficiency coefficient;
and P47 refers to the installed capacity of the system.

According to the “China Wind and Solar Energy Resources Annual Bulletin 2022”,
the average annual solar radiation received by the horizontal planes for power generation
reached 1563.4 kWh/m?, while the average annual solar radiation received by the planes
with optimal slanting reached 1815.8 kWh/m?. Considering that solar panels should be
arranged in lines with tilted angles during installation to receive the greatest amount of
incoming solar radiation, the H, value was calculated as 1815.8 kWh/m?2. The existing
research has proved that the efficiency of grid-connected PV power plants would usually
be 80%, thus the value of K was calculated as 0.8. Lastly, the amount of power generated
by the centralized power plants with an installed system capacity of 1 kWp (P47) in the
first year was calculated as 1452.64 kWh (E;).

The formula for the amount of power generated by the centralized PV power plants is
shown as follows.

m .
Er=Epx Y (1—en)" (12)
i=1

In Equation (12), E7 refers to the total amount of power generated by the centralized
PV power plants during their entire life cycles (kWh); E,, refers to the amount of power
generated by the centralized PV power plants in the first year (kWh); m refers to the
service life of the PV power generation systems (year); and ¢, refers to the annual average
depreciation rate of the PV power generation systems (%).

The formula for the annual average amount of power generated by the PV power
plants during its life cycle is shown as follows.

En=Er=m (13)

In Equation (13), E;, refers to the annual average amount of power generated by the
centralized PV power plants (kWh/year); Et refers to the total amount of power generated
by the centralized PV power plants during their entire life cycles (kWh); and m refers to
the service life of the PV power generation systems (year).

Relative research has shown that the service life of the PV power generation systems
was 25 years (m = 25) and the annual average depreciation rate of the PV power generation
systems was 2% (e,; = 2%). Therefore, the total amount of power generated by the cen-
tralized PV power plants of 1 kWp during their entire life cycles (ET) was 28,801.15 kWh,
while the annual average amount of power generated (E;;) was 1152.02 kWh/year.

The formula for the calculation of the carbon recycling period of the centralized PV
power plants is shown as follows.

Np = C = (Em x ) (14)
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In Equation (14), N, refers to the carbon recycling period of the centralized PV power
plants (year); C refers to the total amount of carbon emissions from the centralized PV
power plants during their entire life cycles (kg); E; refers to the result from Equation (13);
and c refers to the carbon emission coefficient of electricity (kg/kWh).

Among the variants above, the value of C was calculated in the previous part (Part 3)
as 2094.40 kg/kWp, while the value of Em was 1152.05 kWh and the value of ¢ was
0.96 kg/kWh. As a result, the value of N, was calculated as 1.89 years, indicating that
the carbon recycling period of the centralized PV power plants was 1.89 years. The result
showed that the carbon recycling period (1.89 years) was much less than the service life
(25 years) of the centralized PV power plants, indicating outstanding environmental benefits
since the carbon emissions could be recycled in a short period of time.

4.1.2. Calculation of the Carbon Dioxide Reduction by the Centralized PV Power Plants

The total amount of carbon emissions from the 1 kWp centralized PV power plants
during their entire life cycles was calculated as 2094.40 kg, thus the emission intensity of the
centralized PV power plants was calculated as 72.72 g/kWh. Compared to the carbon emis-
sion intensity of the East China Region Grid, according to the “Baseline Emission Factors for
China Regional Grids in the Emission Reduction Project 2019” (792.1 g/kWh), the benefits
of carbon reduction caused by the centralized PV power plants could be calculated as the
amount of carbon emissions caused by the centralized PV power plants when generating
1 kWh, which would only be 10% of the carbon emissions caused by the coal-fired power
plant when generating same amount of electricity. Under such circumstances, the continu-
ous calculation of the amount of carbon dioxide emission reduction caused by the newly
constructed centralized PV power plants was conducted in the following contents. Specifi-
cally, the “amount of carbon emissions reduction” refers to the amount of carbon dioxide
emission reduction caused by replacing traditional energy resource (coal-fired)-driven
power plants with centralized PV power plants during their entire life cycles.

The formula for the calculation of the total carbon emission reduction in the centralized
PV power plants during their entire life cycles is shown as follows.

Cr = (cm—Cp+Er) xnx1073 (15)

In Equation (15), C; refers to the total amount of carbon emission reduction in the
centralized PV power plants during their entire life cycles (t); cy, refers to the intensity of
carbon emissions in the grids in China (kg/kWh); C, refers to the total amount of carbon
emissions caused by the production of the 1 kWp PV power generation systems (kg);
Ert refers to the total amount of power generated by the centralized PV power plants during
the entire life cycles (kWh); and n refers to the scale of the newly constructed centralized
PV power plants in China in 2022 (kW).

Due to the differences in the intensity of carbon emissions between the different re-
gions in China, Cm was calculated using the average intensity of the grids in different
regions, according to the “Baseline Emission Factors of China’s Regional Power Grids
2016”, which resulted in c¢;;, = 0.9413 kg/kWh. Based on the relative documentation pub-
lished by the National Energy Administration, the scale of the newly constructed central-
ized PV power plants in China in 2022 has accounted for 36.294 million kW, resulting in
C; =31,524.26 t CO;. The results of the calculation demonstrate that the newly constructed
centralized PV power plants could reduce approx. 31,524.26 t of CO, emissions during
their life cycles compared to coal-fired power plants generating the same amount of power.

4.1.3. Comparison between the Carbon Emissions Caused by the Newly Constructed
Centralized PV Power Plants in 2013 and 2022

The previous calculations clearly proved that the centralized PV power plants have
outstanding advantages for reducing carbon emissions compared to traditional coal-fired
power plants. Since China started the PV industry in 2002, development has lasted more
than 20 years [59,60]. During this period, the techniques required for the production stages
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of PV power generation have been significantly improved, which have also developed
the goal of a better reduction in carbon emissions. Therefore, the benefits of carbon
emission reduction caused by the centralized PV power plants have not only been shown
in comparison with the coal-fired power plants but have also been shown in the evolution
of the techniques itself.

The related data of the carbon emissions from the centralized PV power plants with a
unit installed capacity were calculated. The results are shown in Table 10. The magnitude
of change refers to the changes compared to the carbon emissions of each stage in 2022.

Table 10. Full life-cycle carbon emissions from the 1 kWp centralized photovoltaic power stations
in 2013.

Life Cycle Stage Emission Proportion Magnitude of Change
Silicon production 162.28 5.16% +0.23%
Raw material production stage Polycrystalline silicon production 1110.72 35.35% —24.36%
P & Wafer production 336.42 10.71% —49.91%
Well production 219.79 6.99% —44.75%
module production stage Battery assembly production 684.94 21.80% —40.75%
P & Balanced component production 827.70 26.34% —28.09%
Trapsportatlon and / 46.8 1.49% 0%
Maintenance phase
Waste disposal phase / —246.151 —7.83% 0%
Total: 3142.51 kg Magnitude of change: —33.35%

As shown in Table 10, the amount of carbon emissions from the 1 kWp centralized PV
power plants during their entire life cycles experienced a significant decrease compared
to 2013. The stage with the greatest carbon emissions decrease was the production of
silicon wafers (—49.91%), followed by the production of battery cells (—44.75%). However,
each stage/phase experienced a significant decrease except for the production of industrial
silicon, transportation, maintenance, and waste disposal. The data above demonstrated that
the improvement of the benefits of carbon emissions reduction caused by the centralized
PV power plants was driven by the development of the techniques.

4.2. Assumption of the Economic Cost of Centralized PV Power Generation

The concept of “carbon” in soil science and the concept of “opportunity cost” have
been introduced to assume the economic cost of the construction of the centralized PV
power plants using a scenario assumption analysis [61,62].

The soil itself has been assumed to absorb and store the carbon dioxide emissions
caused by PV power generation, thus the formula to calculate the area of land required to
store carbon dioxide is shown as follows.

h=Cp+p (16)

In Equation (16), C, refers to the total carbon emissions of the 1 kWp centralized PV
power plants during their entire life cycles (kg); p refers to the density of the carbon, which
was determined as 12.33 kg/ m2, according to the Forest Bureau; and h refers to the area
of land required to perform the “carbon sequestration capacity” (m?). Based on the result
of C, that was calculated previously, h was calculated as 169.86 m?, which meant that the
“carbon sequestration capacity” would require an area of 169.86 m? for the carbon dioxide
emissions caused by the 1 kWp centralized PV power plants. If such land was further
assumed as agricultural land where the main crops of China would be planted, the profit
gained after harvesting these crops would be the economic cost of carbon reduction. The
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main crops of China include paddy, wheat, and corn. If they could be planted on such land,
the formula for the calculation of the economic cost would be as follows.

f:%X(R1+R2+R3) (17)

In Equation (17), f refers to the total profit gained after harvesting the three types of
crops listed above, which is also the economic cost of the carbon reduction. Ry, Ry, and
R3 refer to the profit gained after harvesting the paddy, wheat, and corn. According to the
“China Rural Statistic Yearbook 2022”, the profits gained after harvesting these three types
of crops in 2021 is listed in Table 11.

Table 11. Net profits and planting income per unit area for major crops in China in 2021.

Crop Type Unit Net Profit (yuan/m?) Acreage (m?) Profitability of Planting (yuan/kWp)
Paddy 0.090 R; =15.287
Maize 0.194 169.86 Ry =32.953
Corn 0.243 R3 =41.276

Finally, the profit gained from the three types of crops was calculated as
f =29.839 Yuan/kWp, while the scale of the newly constructed centralized PV power
plants reached 36.294 million kw in 2022. Therefore, the economic cost of carbon reduction
in 2022 reached 1.083 billion Yuan.

4.3. Evaluation of the Relationship between the Carbon Emissions of PV Power Generation and the
Development of the Economy

It was previously shown that the centralized PV power plants could significantly re-
duce carbon emissions during their entire life cycles. However, the listed analysis conducted
in the previous parts demonstrated that certain stages of operation for the centralized PV
power plants would result in solid waste, nitrogen oxide, and other pollutants during their
entire life cycles. Therefore, the centralized PV power plants would have both positive and
negative impacts on the environment, and the corresponding impacts on the development
of the economy should require detailed investigation.

The following part will consider the surpassing value in the secondary industry of
China and the newly constructed centralized PV power plants in each year from 2013 to
2022. According to the amount of total carbon emissions C, from the 1 kWp centralized PV
power plants that were previously calculated, the amount of carbon emissions caused by
the newly constructed centralized PV power plants were calculated for each year, which
could help establish a single-factor model between the carbon emissions of the PV industry
and the surpassing value of the secondary industry. The results were tested using the
Granger causality test to analyze the relationship between these two factors [63,64]. The
detailed data are shown in Figure 5.

The results of the Granger causality test are shown in Table 12. With a lag period of
one period and a significance level of 5%, the carbon emissions from the new centralized
PV power stations were the Granger cause of the added value of the secondary industry
in China, while the added value of the secondary industry was not the Granger cause
of the carbon emissions from the new PV power stations. It can be preliminarily judged
that the increase in the construction scale of centralized PV power plants can promote the
development of China’s secondary industry and enhance the development speed of the
secondary industry.
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Figure 5. Added value of China’s secondary industry, the size of the new centralized PV power
plants, and carbon emissions from 2013 to 2022.
Table 12. Granger causality test results.
Variable Relationship Hysteresis p-Value Conclusions
Carbon emissions — secondary sector 0.021 Granger

Secondary sector — carbon emissions

Phase 1 0.277 Not Granger

4.4. Policy Recommendations

Compared to thermal power generation, the construction and application of central-
ized photovoltaic (PV) power plants reduces a large amount of carbon emissions, but the
carbon emissions generated during its life cycle cannot be ignored. The difference in carbon
emissions from China’s centralized PV power plants in 2013 and 2022 shows that technical
process improvement can help centralized PV power plants further enhance their carbon
emission reduction benefits. Therefore, relevant enterprises should further improve solar
PV cell production and module manufacturing technology, reduce energy consumption
in the production process, and improve the use of raw materials. The state should further
improve the requirements for production licenses, quality certifications, and technical
energy consumption in PV production to promote technological innovation and eliminate
backward production capacity. In addition, state subsidies should be provided to support
the PV industry and encourage the construction of centralized PV power plants to further
promote the gradual replacement of traditional fossil energy with clean energy.

In view of the current situation that the waste disposal scheme of the centralized
PV power plants is unknown and the economic cost is relatively high, relevant research
institutions and enterprises should actively explore and optimize the recycling and disposal
reuse technology of the centralized PV power plants to control the relevant cost, reduce
the negative impact on the environment, and realize the recycling of resources. At the
same time, the state should gradually replace traditional transportation vehicles with
electric vehicles to reduce the carbon emissions of the centralized PV power plants in the
transportation and maintenance phases.

4.5. Limitations and Future Work

Despite our progress, this study still had some limitations that could be improved
upon in the future. In this study, some specific processes were simplified due to conditional
reasons when conducting a carbon footprint model of a PV power plant, while the scenario
assumption might have also caused overall inaccuracy. For example, for the type of batteries
involved in the PV system, we assumed that all the electricity generated was fed into the
grid. The study only considered the part of the battery module that worked together with
the PV panels form the PV system. The battery used to store electricity was not taken
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into account, and the carbon emissions of the PV system may not have been accurate
enough. For future research, more typical study areas and more detailed conditions should
be added to conduct more comprehensive processes regarding the operation of the PV
power plants, which would also make the model more accurate for analysis. During the
data analysis process of the performed study, the data introduced were collected from
the existing scholars and database since some of the data were difficult to retrieve. If the
data, in reality, could be used in the future, some mismatch might exist from the calculated
results in the performed study. Therefore, the development and application of a local
database in the future could help establish an evaluation database which would be suitable
for the current industrial development in China.

5. Conclusions

The performed study conducted a carbon footprint model to calculate the benefit of
carbon reduction and advantages in the economy of centralized PV power plants in order
to demonstrate the carbon emissions related to the equipment of centralized PV power
stations and quantify the benefits of carbon reduction caused by PV energy. The main
conclusions are listed as follows. (1) The research was conducted based on centralized PV
power plants in China using the life-cycle assessment and scenario assumption to conduct
a carbon footprint accounting model, in which the total amount of carbon emissions caused
by 1 kWp centralized PV power plants was calculated as 2094.40 kg during their entire
life cycles. (2) The carbon recycling period of a 1 kWp centralized PV power plant was
determined to be 1.89 years, which was much shorter than the service life of 25 years,
while the carbon emissions reduction model showed that newly constructed centralized PV
power plants reduced 31524.26 metric tons of carbon dioxide emissions in 2022 during their
entire life cycles, showing outstanding benefits for the environment. (3) Advancements
in techniques caused significant impacts on the benefits of carbon reduction based on
the calculation results of carbon emissions caused by the centralized PV power plants
installed from 2013 to 2020. On the other hand, the economic cost of the centralized PV
power plants in 2022 was estimated to be 1.083 billion Yuan from the perspectives of
the “carbon sequestration capacity” and “opportunity cost”. (4) Lastly, the relationship
between the carbon emissions of the newly constructed centralized PV power plants and
the surpassing value of the secondary industry of China was analyzed by the Granger
causality test. The results showed that at a lag of one period and a significance level of
5%, the carbon emissions from the new centralized PV power plants were the Granger
cause of the added value from the secondary industry in China, while the added value
from the secondary industry was not the Granger cause of carbon emissions from new PV
power plants. The findings of the performed study could increase the utilization rate of
photovoltaic energy by ensuring it is a secure sustainable low-carbon emission resource,
while reducing the impact of climate change on the planet and promoting individual
well-being and social development.
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