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ABSTRACT

Against the backdrop of global carbon neutrality, the energy transition in Hunan's power sector is crucial.
This study employs the Low Emissions Analysis Platform (LEAP) model analysis to evaluate the electricity
production structure and environmental impacts under three scenarios: Baseline Scenario (BAS), Policy
Support Scenario (PSS), Deep Emission Reduction Scenario (DES), focusing on the development of wind
and solar energy. The results indicate that the increasing installed capacity of wind and solar power
significantly improves Hunan's power generation structure and environmental conditions. By 2060, under
the PSS scenario, wind and solar power will have achieved an installed capacity of 128 GW, contributing
23.6% to electricity generation, while pollutant emissions (CO:, NO,, SOz, PM,5) will have been reduced
by 21% compared to the BAS scenario. Under the DES scenario, wind and solar power capacity will have
risen to 251 GW, with solar generation having reached 212 TWh, while thermal power's share will have
declined to 9.8%. Pollutant emissions will have decreased by nearly 80% compared to the BAS scenario.
Furthermore, the study proposes targeted strategies to address challenges in Hunan's wind and solar
development, including the establishment of integrated wind-solar energy storage systems, the
advancement of smart grid infrastructure, and the development of a market-oriented trading system for
wind and solar power. These strategies aim to enhance infrastructure, improve technology integration, and
establish a resilient and economically viable renewable energy framework, ensuring Hunan's successful
achievement of carbon neutrality goals.

Keywords-Hunan province; LEAP model; carbon neutrality; renewable energy; wind power; solar power;
power production structure; environmental impact
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I.  INTRODUCTION

As climate concerns intensify, achieving carbon neutrality
has become a central objective for nations striving for
sustainable development [1]. China has set ambitious targets: to
have peaked carbon emissions by 2030 and to have reached
carbon neutrality by 2060. These goals require a fundamental
transformation of the energy sector and rapid advancements in
low-carbon technologies [2]. Carbon neutrality entails
balancing CO: emissions with removal measures, ultimately
achieving net-zero emissions [3] In October 2022, the
Provincial Party Committee and Government issued the Hunan
Carbon Peak Implementation Plan, identifying the power sector
as critical for emission reduction [4]. The plan emphasizes
optimizing the energy mix, expanding clean energy sources,
and prioritizing wind and solar power. Accordingly, this study
explores pathways for Hunan's power sector to achieve carbon
neutrality through renewable energy initiatives and provides
actionable recommendations for long-term sustainability.

According to China Electric Power Yearbook (2021, 2022),
Hunan's electricity demand steadily increased from 1,495.65
TWh in 2016 to 2,235.54 TWh in 2022, reflecting a significant
annual growth rate [5-6]. Despite the rising generation
capacity, meeting demand remains a challenge. In 2022, power
generation primarily relied on thermal power (1,194 TWh) and
hydropower (603 TWh), while wind and solar energy expanded
significantly, increasing their share in the energy mix from 3%
in 2016 to 13.9%. Installed wind and solar capacity reached 9
GW and 6.36 GW, respectively, comprising 26.1% of the total
energy mix. These clean energy sources reduced Hunan's
reliance on thermal power, however, local generation still falls
short [7]. As a result, Hunan imported approximately 48 TWh
of electricity in 2022, representing 21.4% of the total
consumption. To achieve carbon neutrality, the province must
further develop solar and wind energy transition to a more
sustainable energy structure, and reduce dependency on
external electricity imports. Hunan possesses significant
potential for solar and wind energy development. The province
experiences an annual average temperature of 16 °C-18 °C with
1300-1800 sunshine hours and total solar radiation levels
ranging from 3,384.7 to 4,372.0 MJ/m> [8]. The theoretical
solar reserves are estimated at (7.164-9.25) x 10" MJ, with an
exploitable solar energy of approximately 0.238 x 10'* kWh
[9]. For wind energy, the theoretical reserves are approximately
500 GW, with 50 GW located in regions where the annual
average wind power density exceeds 130 W/m® [10]. These
wind resources are concentrated in southern, southwestern, and
eastern Hunan, as well as around Dongting Lake.

China has made significant progress in wind and solar
energy development; though, regional disparities exist. Authors
in [11] highlighted that solar resources are abundant in the east
and west, while wind power is concentrated in the north and
northwest. Authors in [12] projected a sharp increase in wind
and solar capacity by 2050, reducing fossil fuel reliance and
strengthening sustainable energy support. However, authors in
[13] emphasized that the intermittent nature of renewables
complicates grid management, lowering coal power efficiency
and increasing operational costs. Addressing this volatility is
crucial for achieving carbon neutrality. Authors in [14] stated

that reducing air pollution could enhance the renewable energy
potential by improving solar radiation and wind speeds. Lower
aerosol levels improve air quality, solar radiation, and wind
speeds. In this transition, wind and solar power will play a
dominant role in electricity production, replacing fossil fuels.
Authors in [15] argued that despite the intermittency of issues,
renewables offer clear carbon reduction benefits over coal
power. In [16], it was further noted that as carbon neutrality
policies advance, the deployment of wind and solar energy will
become more stable and contribute significantly to regional
power supply, particularly in eastern and southern China.
Research on wind and solar energy in Hunan remains limited.
In [17], a large-scale solar power deployment was analyzed,
stressing the need for better forecasting and dispatch strategies
to enhance integration into the grid. Similarly, authors in [18]
examined wind power integration, emphasizing its role in
voltage stability and reactive power support. Authors in [19]
proposed a comprehensive approach, including industrial
restructuring, green grid construction, and technological
innovation, to achieve low-carbon transformation and peak
emission reduction. Research on other regions also provide
valuable insights. For example, authors in [20] identified
infrastructure gaps and policy barriers in Xinjiang’s wind
energy sector, advocating for stronger government support and
technological advancements. In [21], the Inner Mongolia's
carbon neutrality strategy was studied, and renewable energy
expansion, robust storage systems, and power supply
diversification were proposed. The findings suggest that
phasing out coal power can lead to substantial cost savings and
emission reductions. The present study aims to analyze the
impact of Photovoltaic (PV) and wind power development on
Hunan's power system and its associated challenges. It will
provide specific optimization strategies to support the
province's low-carbon transition and its goal of achieving
carbon neutrality.

II. METHODOLOGY

A. Model Framework

This study utilizes the LEAP model, a widely used tool for
energy  system  planning, sustainability  assessment,
environmental impact analysis, and policy formulation. The
LEAP model effectively evaluates the energy demand trends,
Greenhouse Gas (GHG) emissions, and the impact of various
policy measures. On the demand side, the LEAP model has
been extensively applied to analyze energy consumption
patterns and policy effectiveness. Authors in [22] studied
Colombia's industrial, residential, transportation, and tertiary
sectors, concluding that the transportation sector is the largest
energy consumer. A study in China demonstrated through
scenario analysis that enhanced energy-saving measures can
significantly reduce terminal energy demand [23]. Similarly,
authors in [24] projected that by 2030, carbon emissions in the
central region of the Yangtze River Economic Belt will have
surpassed those in the eastern region. Authors in [25] analyzed
Shaanxi Province and found that improving terminal energy
efficiency and adjusting industrial structures could lead to
substantial emission reductions. Additionally, a study on an
industrial park in Changsha showed that shifting the economic
growth model has a positive effect on emissions reduction [26].
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On the power generation side, research focuses on optimizing
energy structure and supply technologies. Authors in [27]
demonstrated that clean energy adoption and energy-saving
policies in Nigeria can effectively reduce GHG emissions.
Authors in [28] evaluated multiple power supply scenarios in
Pakistan, finding that the Energy Efficiency and Conservation
(EEC) scenario had the lowest investment cost and best aligned
with sustainable development goals. Similarly, authors in [29]
proposed strategies for optimizing Yunnan Province’s energy
structure in the context of supply-side reforms. Beyond energy
demand and supply analysis, the LEAP model also addresses
regional energy planning and policy integration. Authors in
[30] examined air pollution reduction in Beijing and found that
energy-saving policies help optimize the energy consumption
structure. Additionally, authors in [31] emphasized the
importance of regional coordination in energy planning within
the Liaobin Coastal Economic Zone.

These studies highlight the LEAP model as a critical tool
for energy and carbon emission scenario analysis. By
supporting policymakers in evaluating policy impacts, the
model plays a key role in achieving both global and local
sustainability objectives. In this study, a LEAP model for
Hunan province, illustrated in Figure 1, is developed to analyze
electricity generation and its environmental impact. The model
incorporates key inputs, such as GDP, population, and
electricity demand across four sectors: primary, secondary,
tertiary, and residential. The primary sector includes agriculture
(farming, forestry, animal husbandry, and fishing), the
secondary sector consists of manufacturing and construction,
and the tertiary sector covers services, like transportation,
finance, education, and tourism. The model also accounts for
energy transformation factors, including merit order, process
efficiency, and resource availability (coal, natural gas, wind,
solar, biomass, and hydropower). It explores multiple scenarios
by evaluating different capacity and generation mixes. The key
outputs include total electricity demand, generation by fuel
type, fossil fuel consumption, and pollutant emissions (CO,,
NOz, SOz, and PM2A5).

Inputs to LEAP Model

Transformation

Electricity demand
Primary industry

Resource

Reserve Margin - Coal -Biomass

Secondary industry Process Efficiency Natural gas -Hydro
Tertiary industry Maximum Avilability - Wind
Residential Emisson Factor - Solar

Scenarios Design

A\

Capacity mix Generation mix

Model Outputs
Total Electricity Electricity Generation Fossil Fuel Pollutant Emission
Demand by Fuel Type Consumption C0,, 80,
NO,, PM2.5

Fig. 1. LEAP Model for Hunan Province.

B. Data Consideration

Due to data update delays, 2022 was selected as the base
year, with 2023 having been chosen as the first simulation year
and 2060 as the final year. The projections are based on
historical data from the Hunan Statistical Yearbook (2016-
2022) [32]. Hunan Province's population is expected to decline,
that is to have reached approximately 64.85 million by 2030
and 53.3 million by 2060. Meanwhile, GDP is projected to
grow at an annual rate of 5%. As the industrial structure
evolves, the share of the secondary industry will gradually
decline, while the tertiary industry will expand. In the current
work, residential electricity consumption was estimated using
linear regression analysis based on historical trends. Based on
the advancements in energy-saving technologies, the growth
rate of residential electricity demand is expected to have
slowed between 2030 and 2060. Table I presents the projected
electricity consumption from 2023 to 2026. By 2060, the total
electricity demand of Hunan province is estimated to have
reached 828.9 TWh. For 2023, the projected electricity
consumption is 237.3 TWh, exceeding Hunan's actual
consumption [33] by just 0.9%. This minimal error, within an
acceptable range, confirms the reliability of the model's data.

TABLE L. ELECTRICITY CONSUMPTION FORECAST
(TWH)

Base Primar; Seconda Tertiar . .

Year Industri Industr;y Industri Residential Total
2022 2.7 112.3 44.4 64.1 2234
2030 35 148.4 71.3 110.2 333.5
2040 6.1 187.2 124.6 130.2 447.8
2050 11.3 223.8 221.5 150.2 606.8
2060 20.6 244.9 393.1 170.2 828.9

This study assumes the adoption of supercritical technology
for the coal-fired power and Combined Cycle Gas Turbine
(CCGT) technology for natural gas-fired power, alongside the
large-scale expansion of wind and solar power. The merit order
prioritizes non-fossil energy over thermal power generation. To
simplify the analysis and focus on core variables, the impact of
economic conditions on the results is excluded. Process
efficiency, maximum availability, and historical installed
capacities for different fuel types are sourced from the China
Electric Power Statistical Yearbook (2017-2022), published by
the China Statistical Publishing House. The emission factors
for CO:, NO2, and SO. are based on IPCC standards.
Additionally, the PM..s emission factor for raw coal used in
power generation is 12 g/kg, following the Guidelines for
Compilation of Emission Inventory of Atmospheric Fine
Particulate Matter (PM2.s) Sources (Trial) [34].

C. Scenario Development
This study defines three scenarios:
e BAS: Assumes all energy types continue growing at the

2016 - 2022 trend under the existing technological
conditions.

e PSS: Based on Hunan's 2023 Development Plan for the
New Power System [7], prioritizing wind and solar energy
expansion within the carbon neutrality framework.
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e DES: Focuses on low-carbon power system transformation,
restricting thermal power to peak shaving while minimizing
carbon emissions.

A detailed comparison of these scenarios is provided in Table
IL

TABLE II. KEY STRATEGIES OF THREE SCENARIOS

Scenario features
- Capacity growth follows historical trends.
- Installed capacity of pumped storage remains
unchanged.
- Planned reserve margin set at 15%.
-By 2025:
- Wind and solar capacity will have reached 25 GW.
- Hydropower, biomass, and pumped storage capacities
will have reached 16.59 GW, 1.5 GW, and 3 GW,
respectively.
PSS - By 2030:
- Wind and solar capacity will have reached 40 GW.
- Hydropower, biomass, and pumped storage capacities
will have reached 17 GW, 2 GW, 10.4 GW, and 4.5
GW, respectively.
- Planned reserve margin will have increased to 20%.
- Carbon emissions will have peaked by 2030.
- By 2060, thermal power generation will have
accounted for only 10% of total power generation.
- Other settings will have remained the same as in the
PSS.
- Planned reserve margin will have gradually increased
t0 25%.
- Carbon Capture and Storage (CCS) technologies are
expected to have advanced significantly.

Scenario

BAS

DES

Table III presents the projected installed capacities of
various power generation technologies under different
scenarios, highlighting significant growth in renewable energy.
Notably, in the DES scenario, solar power capacity will have
increased from 6.4 GW in 2022 to 200 GW by 2060, while
wind power will have remained capped at 51 GW due to
development limitations. In the PSS scenario, wind and solar
capacities are balanced in 2025, but solar power grows at a
faster pace thereafter. Thermal power capacity will have
increased in the BAS and PSS scenarios but will have remained
stable in the DES scenario after having peaked at 27.8 GW in
2030, indicating a gradual phase-out of fossil fuels. In the BAS
scenario, over 98% of Hunan's thermal generation relies on
coal.

TABLENL  INSTALLED CAPACITY (GW)
Fuel BAS PSS DES
Type | 2022 | 2030 | 2060 | 2030 | 2060 | 2030 | 2060
Thermal | 259 | 350 | 108.0 | 315 | 66.1 | 278 | 278
Hydro- | 59 1 170 | 200 | 170 | 200 | 170 | 200
power
Wind | 90 | 200 | 510 | 180 | 510 | 180 | 510

Solar 6.4 17.0 55.0 22.0 79.0 25.0 200.0

Biomass 0.7 1.1 3.7 2.0 5.0 2.0 5.0

Pumped | 5 12 12 | 104 | 642 | 104 | 642
Storage
Import Fulfill electricity demand and ensure power equilibrium.

However, in the PSS and DES scenarios, the coal-to-gas
power ratio will have shifted to 9:1 by 2060, promoting energy

diversification. Hydropower capacity will have grown steadily,
while biomass energy will have remained limited due to
resource availability and economic constraints. Pumped
hydropower will have expanded rapidly in the PSS and DES
scenarios, addressing renewable energy intermittency and
enhancing grid stability.

1.  EMPIRICAL RESULTS AND DISCUSSION

A. Diversification of Electricity Generation

Electricity generation reflects Hunan Province's energy
supply potential, highlighting the scale and sustainability of
power production. Figure 2 illustrates the projected power
generation structure from 2022 to 2060 under the BAS, PSS,
and DES scenarios. Total electricity generation is expected to
have increased from 224 TWh in 2022 to 829 TWh in 2060,
aligning precisely with the projected demand.

Pumped
160.0% Thermal Hydro Solar Wind Import Biomas Storage
50.0% 44.8%" il
2.5
40.0%
30.0%
(a) 23.6 19.3%
20.0% 7.3 13.2% 17,8247 9
7.3% 13.1%
10.0% 0% o0, 8.6%
1%
0.0% —
aaa aaa aaa aaa aaa S&8 aaa
60.0% Thermal Hydro Solar Wind Import Biomas ::::;:‘
50.0% 44 g0,
40.0% s g0,
30.0% 23.6% 29.4%
(b) D4.6% 216
20.0% 17.2% 13.20 1.8
10.4% L
11.7% 11.80
10.0% 8.0% 7.3% 8.6°% 2 60
3.1% 5207 3.6°
0.0% — i =
N o Qo A= N o Qo N oo N oo IS No o
o O oD o a9 [~ o n O o n O [
-] -] = -] -] = -] S S o e e o
S8&8 888 888 888 &88 &&88&8 &88
. Pumped
60.0% Thermal Hydro Solar Wind Import Biomas \:::‘j;
50.0% 44 g0,
40.0%
30.0% | 26.0% 29.4%
(© 20% 21.8!
h0.0° 740 L
20.0% 17.4% 13.0% 12,8
) 11.7% 39
10.0% ) 17.9% 8.4% 8.6% 2 62 1
. 3.1% 279 3.6%
0.0% — - fosi
aaa aaa aaa aaa aaa aaa aaa
Fig. 2. Electricity production share in 2022-2060: (a) BAS, (b) PSS, and
(c) DES.

In the BAS scenario, the share of coal power initially
declines from 44.8% to 42.5% but will have rebounded to
51.3% by 2060. This fluctuation is largely due to the rapid
expansion of wind power, which increased nearly fourfold
between 2016 and 2021 [6]. As a result, wind power's share is
projected to have risen from 8.6% in 2022 to 13.1% by 2030,
before having stabilized due to resource limitations. Similarly,
solar power is expected to have grown steadily from 3.1% to
7.3%. Meanwhile, hydropower will have reached its
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development ceiling, leading to a gradual decline in its share,
while other energy sources will have remained relatively stable.
In the PSS scenario, coal power's share drops sharply to 24.6%,
while solar power increases to 10.4%. Compared to the BAS
scenario, external power imports and pumped storage expand
significantly, reaching 29.4% and 11.8%, respectively. This
aligns with government plans to strengthen regional power
interconnections, such as the Jingmen-Changsha 1,000 kV
UHV line and Turpan-Hunan UHV project [35]. Under the
DES scenario, thermal power's share drops drastically to 9.8%,
serving mainly for peak load balance. Solar power will have
become the dominant source, generating 212 TWh by 2060.
Overall, Hunan Province is on track to transition to a low-
carbon energy system, reinforcing the sustainable development
of renewable energy in the coming decades.

B. Fossil Fuel Consumption

According to the Hunan Province Energy Development
Report for 2021 [36], the province consumed approximately
167 million tons of standard coal in 2021, including 11.8
million tons of coal and 3.758 million tons used for power
generation. However, only 7.2677 million tons were locally
produced [37], with over 90% imported from other provinces.
Reducing fossil fuel consumption is crucial for enhancing
energy security and independence. Figure 3 portrays the fossil
fuel consumption in 2060 (ktoe) across different scenarios. In
the BAS scenario, total fossil fuel consumption will have risen
sharply from 21,068.9 ktoe in 2022 to 89,321.2 ktoe by 2060,
with coal lignite having accounted for 87,982 ktoe, the highest
among all sources. This increase reflects the growing electricity
demand and continued reliance on fossil fuels. In contrast, the
PSS scenario projects a 21.2% reduction in total fossil fuel
consumption by 2060 compared to the BAS scenario, with coal
consumption having dropped to 38,559 ktoe. The DES scenario
achieves the most significant reduction, cutting coal use further
to 15,643 ktoe, a nearly 60,000 ktoe decline from the BAS
scenario. Overall, fossil fuel consumption in the DES scenario
will have dropped by 52% in 2030 and 80.5% by 2060, driven
by policies promoting renewable energy and reduced fossil fuel
dependence.

2 87,982
=
= 38,559
N 15.643
BAS

= - PSS
&l 1.340 = DES
£ 4284
Z|] 1.738

0 15000 30000 45000 60000 75000 90000

Fig. 3. The fossil fuel consumption by fuel types (ktoe) in 2060.

Natural gas consumption remains relatively low in the BAS
scenario at 1,340 ktoe. However, as natural gas is expected to
have accounted for 10% of the installed capacity in both the
PSS and DES scenarios by 2060, its consumption increases.
The PSS scenario projects natural gas consumption rising to

4,284 ktoe, while in the DES scenario, it remains more
restricted, dropping to 1,738 ktoe due to the decline of thermal
power generation. This suggests that natural gas serves as a
transitional energy source, playing a key role in the policy-
driven energy transformation. In summary, Hunan's energy
transition is expected to significantly reduce fossil fuel
dependence, particularly on lignite coal, while shifting toward a
low-carbon, diversified energy structure. This transition
enhances energy security and reduces reliance on external
energy sources, aligning with Hunan’s carbon neutrality goals.

C. Pollutant Emissions

Reducing fossil fuel consumption plays a critical role in
lowering GHG and air pollutant emissions, thereby improving
air quality. As shown in Figure 4, under the BAS scenario,
emissions of CO,, SO,, NO,, and PM, 5 are projected to have
reached 344.4 million tons, 3,256.5 thousand tons, 1,368.1
thousand tons, and 1,569.7 thousand tons, respectively, by
2060 -an approximate threefold increase from 2022.

This surge is attributed to the continued reliance on fossil
fuels due to the absence of strong technical and policy
interventions. In contrast, under the PSS and DES scenarios,
emissions are expected to have decreased by 21% and 80%,
respectively, compared to the BAS scenario by 2060, reflecting
the reduction in fossil fuel use. In the PSS scenario, despite an
expansion of wind and solar power, coal power remains a
major electricity source, resulting in CO, emissions of 159.6
million tons. Emissions of SO,, NO,, and PM,s will still
double compared to 2022, reaching 1,421.2 thousand tons,
603.7 thousand tons, and 661.5 thousand tons, respectively.
With advancements in Carbon Capture and Storage (CCS)
technologies, the DES scenario projects CO, emissions having
peaked in 2030 before having dropped to zero by 2060, while
SOz, NO2, and PM..s emissions will have fallen to 579.8
thousand tons, 244.9 thousand tons, and 288.3 thousand tons,
respectively. This marks a significant reduction compared to
the 2022 levels, demonstrating substantial progress toward a
low-carbon energy system. However, achieving this
transformation presents significant challenges for Hunan’s
power sector. To ensure the carbon peak and neutrality goals
are met, the government must take decisive action by halting
new fossil energy projects, implementing mandatory renewable
energy consumption targets, and accelerating the shift toward
clean energy.

IV. POLICY IMPLICATIONS

This paper has analyzed the power structure, fossil energy
consumption, and environmental impacts of Hunan province
under the BAS, PSS, and DES scenarios. Under the DES
scenario, thermal power generation is projected to have
accounted for 9.8% of the total electricity production by 2060,
with fossil energy consumption having reduced by 80%
compared to the BAS scenario. CO, emissions are expected to
have peaked at 88 million tons in 2030 and gradually decline,
ultimately having reached zero by2060, facilitated by
advancements in CCS technologies. To achieve carbon
neutrality in power production, Hunan must expand its installed
renewable energy capacity, particularly for solar and wind
power.
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Fig. 4.
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Pollutant emission forecast from 2022 to 2060: (a) CO, (million
tons), (b) SO, (thousand tons), (¢) NO, (thousand tons), (d) PM,s (thousand

As of May 2024, according to the Hunan Regulatory Office
of the National Energy Administration, the province’s installed
capacity for new energy has reached 24.61 GW (10.06 GW
wind and 14.55 GW solar), already surpassing initial targets
[38]. Given this process, this study proposes higher renewable
energy targets:

1) Installed Capacity

e Wind power capacity of 18 GW and solar power capacity
of 25 GW by 2030.

e Solar power should have made up more than 40% of the
total installed capacity by 2060.

e Thermal power capacity should not have exceeded 28 GW
by 2030 and should have been limited to 10% of the total
installed capacity by 2060.

2) Electricity Generation

e By 2030, wind and solar power should have contributed at
least 20% of the total generation, with fossil fuel-based
generation having been capped at 35%.

e By 2060, solar power should have generated over 25% of
electricity, with non-fossil energy sources having accounted
for at least 60%.

3) Carbon Emissions

e Carbon emissions should have been capped at 95 million
tons by 2030.

B. Challenges in Renewable Energy Development

The Hunan Provincial Government has actively promoted
solar and wind power development through various policies,
including setting capacity targets for PV and wind power, the
construction of key renewable energy projects, and the
exploration of PV+ models, such as agriculture-PV and forest-
PV [37, 39-40]. These initiatives aim to accelerate the
transition toward clean energy and reduce reliance on fossil
fuels. However, Hunan faces numerous challenges in scaling
up wind and solar energy. One of the most significant obstacles
is the limited availability of wind and solar resources. The
province’s annual utilization hours for wind power are only
2,000, while solar power utilization is even lower at 900 hours
-significantly below national averages [41]. These constraints
limit the overall energy output and economic feasibility of
renewable projects. Additionally, geographical constraints pose
major difficulties for renewable energy development. Hunan
relies on mountainous wind power and composite PV systems,
such as agriculture-PV and forest-PV, which involve higher
technical complexities and development costs. Moreover, in
southern Hunan, wind, solar, and hydropower resources
overlap, creating land-use conflicts that further complicate
project planning. Environmental concerns have also led to the
cancellation of 31 wind power projects, totaling 1.48 GW, due
to conflicts with ecological reserves and military land [41].

Another challenge is the inherent intermittency and
instability of wind and solar power, which makes balancing
electricity supply and demand more difficult. Peak-shaving
capabilities are insufficient, meaning the province struggles to
manage fluctuations in energy generation. Reports indicate that
Hunan’s peak-to-valley load difference rate has reached nearly
60%, the highest in the State Grid system, making it
increasingly difficult to maintain grid stability. Despite a 1.5x
increase in wind power capacity and a 3.2x increase in PV
capacity since 2020, during winter electricity demand peaks,
wind and solar power contributed only 5% of the total
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electricity supply. As a result, the province still relies heavily
on external power transfers and local coal power to ensure
energy security [42]. Furthermore, grid infrastructure
limitations present another significant challenge. As Hunan
accelerates its transition to a new power system, the grid
network has yet to fully adapt to the flexible integration of
distributed wind and PV energy, raising concerns about power
system security. The high penetration of renewable energy also
places pressure on the grid and requires significant investments
in modernization and energy storage. Additionally, the cost of
absorbing high-capacity installations and maintaining system
stability is expected to rise, which may in turn affect electricity
prices in Hunan Province [42].

C. Policy Recommendations

In light of the challenges faced in expanding wind and solar
power in Hunan, the following recommendations aim to drive
sustainable development and ensure energy security:

e Promote the high-quality development of wind and solar
power [43]. The government should ensure a balanced
approach to the development of both distributed and
centralized renewable energy projects. When approving
new wind and solar projects, authorities must consider
resource endowments, ecological constraints, and spatial
carrying capacity [43]. Distributed wind power projects
should be encouraged in land-scarce areas, while rooftop
PV systems on privately owned buildings should be
promoted to reduce land-use conflicts.

o Establish an integrated development model for wind, solar,
and energy storage. To enhance grid stability and mitigate
the intermittency of renewable energy, Hunan should adopt
a comprehensive energy system that integrates wind power,
solar power, pumped hydro storage, and electrochemical
storage [10]. According to PSS and DES scenario
projections, by 2060, installed capacities for pumped hydro
storage and battery storage should have reached 64.4 GW
and 3.5 GW, respectively. The strategic deployment of
these storage solutions in key areas -Dongting Lake, central
Hunan, and southern Hunan- will help stabilize the
hydropower output and ensure smooth grid integration of
wind and solar energy.

e Advance smart grid and Power system intelligence. Hunan
should expand its efforts in intelligent power management
through the implementation of advanced technologies. In
June 2024, the Xiangjiang New Area Virtual Power Plant
(VPP) became Hunan's first successful Al-driven power
optimization system, using IoT, advanced control
technology, and information communication systems to
aggregate and regulate distributed power sources, storage,
and adjustable loads [44]. During summer peaks, this
system can dynamically adjust electricity supply from
50,000 to 100,000 kW. Building on this innovation, Hunan
can promote Smart PV by combining solar energy
development with ecological restoration and energy storage
technologies, creating an integrated platform that covers all
aspects of power station operation, maintenance, and
management. Additionally, Smart Wind Power initiatives
can be pursued through predictive maintenance.

e Facilitate the marketization of solar and wind power.
Currently, in Hunan, the cost of centralized solar PV
development is approximately 3.3 yuan per watt, while the
cost of distributed development is around 2.9 yuan per watt,
indicating that the solar and wind energy have reached grid
parity. According to the National Unified Electricity Market
Development Blueprint, by 2029, a fully integrated national
electricity market will have been established. Therefore,
Hunan province should accelerate the commercialization of
solar and wind power, establishing a comprehensive green
electricity trading mechanism. For example, priority should
be given to organizing wind and solar companies with
expiring subsidies or grid parity projects to participate in
trading their electricity; carbon offset rules should consider
the decarbonization properties of green electricity; and the
trading price of green electricity should be determined
through market-driven mechanisms.

V. CONCLUSION

This study utilized the Low Emissions Analysis Platform
(LEAP) model to analyze the development pathways for wind
and solar power in Hunan province, aiming to achieve carbon
neutrality. By evaluating the power generation structure and its
environmental implications under three scenarios: Baseline
Scenario (BAS), Policy Support Scenario (PSS), Deep
Emission Reduction Scenario (DES), the findings highlight that
the DES scenario achieves the most significant reduction in
thermal power, with its share having declined to 9.8% by 2060,
while ensuring the highest level of renewable energy
integration. Furthermore, the PSS and DES scenarios
substantially reduce fossil fuel consumption, leading to notable
decreases in CO,, SO,, NO,, and PM, 5 emissions, reinforcing
the environmental benefits of transitioning to renewable energy
sources. This study’s novelty lies in its scenario-specific energy
transition pathways, tailored to Hunan’s unique resource
endowments and industrial structure. The research identifies
key challenges in the transition, including high development
costs, limited peak-shaving capacity, and integration barriers,
while providing actionable strategies to address them.

To facilitate the transition, this paper proposes:

e Strategic planning to maximize wind and solar resource
utilization.

e Enhancing system stability through the integration of
energy storage solutions.

e Optimizing grid efficiency with smart grid technologies.

e Accelerating the green electricity marketization and
establishing robust trading mechanisms.

These findings have significant policy implications,
emphasizing the importance of leveraging Hunan’s local
resources to gradually phase out coal-fired power, promote
renewable energy development, and integrate advanced
technologies, such as energy storage systems. This research
provides a roadmap for Hunan to establish an efficient, low-
carbon, and sustainable power generation system while
offering valuable insights for energy transitions in central
China’s resource-rich regions. For future research, more
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granular data should be used to evaluate economic feasibility,
social equity, and multidimensional factors to ensure a
balanced and sustainable energy transition.

ACKNOWLEDGEMENTS

This research project was financially supported by
Mahasarakham University. The authors would like to express
their sincere gratitude to the College of Electrical Engineering,
Hunan Mechanical & Electrical Polytechnic and the Electrical
and Computer Engineering Research Unit, Faculty of
Engineering, Mahasarakham University, for their valuable
support.

REFERENCES

[11 Y.-M. Wei, K. Chen, J.-N. Kang, W. Chen, X.-Y. Wang, and X. Zhang,
"Policy and Management of Carbon Peaking and Carbon Neutrality: A
Literature Review," Engineering, vol. 14, pp. 52-63, Jul. 2022,
https://doi.org/10.1016/j.eng.2021.12.018.

[2] X. Zhao, X. Ma, B. Chen, Y. Shang, and M. Song, "Challenges toward
carbon neutrality in China: Strategies and countermeasures," Resources,
Conservation and Recycling, vol. 176, Jan. 2022, Art. no. 105959,
https://doi.org/10.1016/j.resconrec.2021.105959.

[3] J. M. Chen, "Carbon neutrality: Toward a sustainable future," The
Innovation, vol. 2, no. 3, Aug. 2021, https://doi.org/10.1016/j.xinn.
2021.100127.

[4] Hunan Provincial Government, "The Notice of the People’s Government
of Hunan Province on Printing and Distributing the Tmplementation
Plan for Carbon Peaking in Hunan Province," Hunan Provincial People's
Government Portal.

[5] CEC, China Electric Power Statistical Yearbook 2021, Beijing, China:
China Statistical Publishing House, 2022.

[6] CEC, China Electric Power Statistical Yearbook 2022, Beijing, China:
China Statistical Publishing House, 2023.

[7] "Notice of the General Office of the People’s Government of Hunan
Province on Issuing the Outline of the Development Plan of Hunan
Province’s New Power System," Hunan Government Office, 2023.

[8]1 J. Difei, G. Haifeng, L. Hongmei, and D. Ling, "Study on Climate
Suitability of Photovoltaic Power Generation on Hunan Province,"
Advances in Meteorological and Technology, vol. 12, no. 3, 2022.

[9]1 Photovoltaic Energy Circle, "Collection I Classic Atlas of Solar Energy
Resources in 34 Provinces across the Country, National Energy
Information Platform, https://baijiahao.baidu.com/s?id=
1723879303350894728.

[10] "Research on the Integrated Development of Wind, Solar, and Energy
Storage in Hunan Province," Hunan Provincial Energy Carbon Neutral
Development Research Center, http://www.nrdc.cn/Public/uploads/
2024-11-07/672c3fa894 1de.pdf.

[11] M. Li, E. Virguez, R. Shan, J. Tian, S. Gao, and D. Patifio-Echeverri,
"High-resolution data shows China’s wind and solar energy resources
are enough to support a 2050 decarbonized electricity system," Applied
Energy, vol. 306, Jan. 2022, Art. no. 117996, https://doi.org/
10.1016/j.apenergy.2021.117996.

[12] L. Liu et al., "Potential contributions of wind and solar power to China’s
carbon neutrality," Resources, Conservation and Recycling, vol. 180,
May 2022, Art. no. 106155, https://doi.org/10.1016/j.resconrec.2022.
106155.

[13] S.Zhou, Y. Wang, Y. Zhou, L. E. Clarke, and J. A. Edmonds, "Roles of
wind and solar energy in China’s power sector: Implications of
intermittency constraints," Applied Energy, vol. 213, pp. 22-30, Mar.
2018, https://doi.org/10.1016/j.apenergy.2018.01.025.

[14] L. Ren, Y. Yang, H. Wang, P. Wang, X. Yue, and H. Liao, "Co-Benefits
of Mitigating Aerosol Pollution to Future Solar and Wind Energy in
China Toward Carbon Neutrality," Geophysical Research Letters, vol.
51, no. 13, 2024, Art. no. €2024GL109296,
https://doi.org/10.1029/2024GL109296.

[15] X. Wu, C. Li, L. Shao, J. Meng, L. Zhang, and G. Chen, "Is solar power
renewable and carbon-neutral: Evidence from a pilot solar power plant
in China under a systems view," Renewable and Sustainable Energy
Reviews, vol. 138, Mar. 2021, Art. no. 110655, https://doi.org/
10.1016/j.rser.2020.110655.

[16] Y. Lei et al., "Co-benefits of carbon neutrality in enhancing and
stabilizing solar and wind energy," Nature Climate Change, vol. 13, no.
7, pp. 693-700, Jul. 2023, https://doi.org/10.1038/s41558-023-01692-7.

[17] Chen. H, Shi. H, and Deng. X, "Effect of large scale photovoltaic power
generation access on Hunan power network," Hunan Electric Power,
vol. 38, no. 6, pp. 5-7, Jun. 2018.

[18] D. Wang, M. Xu, Z. Hu, Y. Shen, L. Hao, and J. Zuo, "Quantitative
Influence of Wind Farm Reactive Power and Voltage Control Capability
on Hunan Power Grid Thermal Power Spinning Reserve," Journal of
Physics: Conference Series, vol. 2213, no. 1, Nov. 2022, Art. no.
012018, https://doi.org/10.1088/1742-6596/2213/1/012018.

[19] Zhou, N., Wen, M., Liu, J., Tu, Z., Xie, X., Zhang, H., 2022, "Study on
the Development Path of Energy and Power Transformation in Hunan
Province," in 6th International Conference on Green Energy and
Applications (ICGEA), Singapore, 2022, pp. 8-13, https://doi.org/
10.1109/ICGEA54406.2022.9791909

[20] H. Zheng, S. R. Watts-Jones, and W. Ravesteijn, "The implementation
of Renewable Energy policies—Wind energy electricity in Xinjiang
autonomous region," in [International Conference on Management
Science & Engineering 21th Annual Conference Proceedings, Helsinki,
Finland, Aug. 2014, pp. 1636-1644, https://doi.org/10.1109/ICMSE.
2014.6930429.

[21] X. Wang, Z. Lu, T. Li, and P. Zhang, "Carbon-neutral power system
transition pathways for coal-dominant and renewable Resource-abundant
regions: Inner Mongolia as a case study," Energy Conversion and
Management, vol. 285, Jun. 2023, Art. no. 117013,
https://doi.org/10.1016/j.enconman.2023.117013.

[22] J. A. Nieves, A. J. Aristizdbal, 1. Dyner, O. Béez, and D. H. Ospina,
"Energy demand and greenhouse gas emissions analysis in Colombia: A
LEAP model application," Energy, vol. 169, pp. 380-397, Feb. 2019,
https://doi.org/10.1016/j.energy.2018.12.051.

S. Li, W. Kong, Y. Wang, and L. Yuan, "Medium and long-term energy
demand forecasts by sectors in China under the goal of 'carbon peaking
& carbon neutrality: Based on the LEAP-China model," Energy, vol.
310, Nov. 2024, Art. no. 133017, https://doi.org/10.1016/
j-energy.2024.133017.

[24] G. Hu, X. Ma, and J. Ji, "Scenarios and policies for sustainable urban
energy development based on LEAP model — A case study of a
postindustrial city: Shenzhen China," Applied Energy, vol. 238, pp. 876~
886, Mar. 2019, https://doi.org/10.1016/j.apenergy.2019.01.162.

[25] Z. Chuncheng, Z. Lili, and L. Qing, "Research on Electricity Demand
Forecasting Model and Application of China Adapting to Supply-Side
Structural Reform," in 2019 2nd Asia Conference on Energy and
Environment Engineering (ACEEE), Hiroshima, Japan, Jun. 2019, pp.
69-73, https://doi.org/10.1109/ACEEE.2019.8816907.

[26] Q. Zou, G. P. Zeng, F. Zou, and S. Zhou, "Carbon emissions path of
public buildings based on LEAP model in Changsha city (China),"
Sustainable  Futures, vol. 8, Dec. 2024, Art. no. 100231,
https://doi.org/10.1016/j.sftr.2024.100231.

[27] N. V. Emodi, C. C. Emodi, G. P. Murthy, and A. S. A. Emodi, "Energy
policy for low carbon development in Nigeria: A LEAP model
application," Renewable and Sustainable Energy Reviews, vol. 68, pp.
247-261, Feb. 2017, https://doi.org/10.1016/j.rser.2016.09.118.

[28] N. H. Mirjat, M. A. Uqaili, K. Harijan, G. D. Walasai, M. A. H. Mondal,
and H. Sahin, "Long-term electricity demand forecast and supply side
scenarios for Pakistan (2015-2050): A LEAP model application for
policy analysis," Energy, vol. 165, pp. 512-526, Dec. 2018,
https://doi.org/10.1016/j.energy.2018.10.012.

[29] M. R. Kresnawan, I. A. Safitri, and I. Darmawan, "Long Term
Projection of Electricity Generation Sector in East Kalimantan Province:
LEAP Model Application," in 2018 12th South East Asian Technical
University Consortium (SEATUC), Yogyakarta, Indonesia, Mar. 2018,
vol. 1, pp. 1-5, https://doi.org/10.1109/SEATUC.2018.8788875.

[23

—

www.etasr.com

Xiao et al.: Analysis of Wind-Solar Power Development and Policy Strategies for Carbon Neutrality in ...



Engineering, Technology & Applied Science Research Vol. 15, No. 2, 2025, 21326-21334 21334

[30] L.J. Pan, Y. B. Xie, and W. Li, "An Analysis of Emission Reduction of
Chief Air Pollutants and Greenhouse Gases in Beijing based on the
LEAP Model," Procedia Environmental Sciences, vol. 18, pp. 347-352,
Jan. 2013, https://doi.org/10.1016/j.proenv.2013.04.045.

[31] C. Tian, G. Feng, S. Li, and F. Xu, "Scenario Analysis on Energy
Consumption and CO2 Emissions Reduction Potential in Building
Heating Sector at Community Level," Sustainability, vol. 11, no. 19, Jan.
2019, Art. no. 5392, https://doi.org/10.3390/sul11195392.

Hunan PBS, "Hunan Statistical Yearbook 2017-2022," Hunan
Provincial People's Government Portal, https://tjj.hunan.gov.cn/hntj/
xxgk/gkbg/index.html.

[32

—

[33] MEE, "Guidelines for Compilation of Emission Inventory of
Atmospheric Fine Particulate Matter (PM2.5) Sources (Trial),"

Environmental Protection Technical Documents.
https://www.mee.gov.cn/gkml/hbb/bgth/201401/W02014012440925065
3376.pdf.

[34] Hunan PBS, "Hunan Statistical Yearbook 2023," Hunan Provincial
People's Government Portal, https://tjj.hunan.gov.cn/hntj/xxgk/gkbg/
202401/t20240130_32638486.html.

[35] Hunan PDRC, "Hunan Province Electric Power Support Capability
Enhancement Action Plan (2022-2025)," Hunan Provincial People's

Government Portal,
https://fgw.hunan.gov.cn/fgw/xxgk_70899/ghjh/202210/t20221013_290
53290.html.

[36] Hunan Energy Planning Research Center, "Hunan Energy Development
Report 2021." Hunan Provincial People's Government Portal,
https://www.hunan.gov.cn/hnyw/zwdt/202206/t20220612_25444056.ht
ml.

[37] NBS, China Energy Statistical Yearbook 2021, Beijing, China: China
Statistical Publishing House, 2022.

[38] Hunan Regulatory Office of the National Energy Administration,
"Hunan’s New Energy Development is Rapid with Significant Structural
Differentiation," Hunan Provincial People's Government Portal,
https://hunb.nea.gov.cn/dtyw/jgdt/202406/t20240619_264764 .html.

[39] Hunan PDRC, "l4th Five-Year Plan for Renewable Energy
Development in Hunan Province," Hunan Provincial People's
Government Portal,
https://fgw.hunan.gov.cn/fgw/xxgk_70899/zcfg/gfxwj/202206/t2022062
7_26526958.html.

[40] Hunan Provincial Government, "Hunan Accelerates the Construction of
Wind and Solar Power Projects," Hunan Provincial People's

Government Portal,
https://www.hunan.gov.cn/hnszf/hnyw/zwdt/202410/t20241025_334846
42 html.

[41] China Power Grid, "1.48 Millio Kilowatts: Hunan Province Plans to
Terminate 31 Wind Power Projects! (Including Project List)," China
Electric Power Network, http://mm.chinapower.com.cn/flfd/gnxw/
20210312/57742.html.

[42] "How Can Hunan Address the ‘Tight Balance’ in Power Supply?,"
China Energy News, https://news.qq.com/rain/a/20241125A02VCHO00.

[43] S. Nemdili, I. C. Ngaru, and M. Kerfa, "Solar-Wind Hybrid Power
Generation System Optimization Using Superconducting Magnetic
Energy Storage (SMES)," Engineering, Technology & Applied Science
Research, vol. 12, mno. 6, pp. 95159522, Dec. 2022,
https://doi.org/10.48084/etasr.5236.

[44] Hunan Provincial Department of Industry and Information Technology,
"Virtual Power Plant: Generating Electricity Without Factories or

Units," Hunan Provincial People's Government Portal,
https://gxt.hunan.gov.cn/gxt/xxgk_71033/gzdt/qyzx/202406/t20240626_
33337054.html.

www.etasr.com Xiao et al.: Analysis of Wind-Solar Power Development and Policy Strategies for Carbon Neutrality in ...



