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T5s W introduction

Amid ongoing global climate change, China announced a
landmark pledge at the General Debate of the 75th Session
of the United Nations General Assembly on September 22,
2020, aiming for carbon emissions to peak by 2030 and
striving for carbon neutrality by 2060. This pledge propels
China towards a low-carbon future through a profound energy
transformation. Driven by this strategy, advancing renewable
energy sources such as wind and solar becomes crucial for
meeting carbon reduction goals, transforming the electricity
system, and leading the charge towards a "zero-carbon"
electricity grid. Innovations in wind and solar technologies
and their supporting systems are key to enhance efficiency
and reliability, laying a solid foundation for the sustainable
growth of wind and solar power (WSP) generation. In this
context, the Technology Outlook on Wind and Solar Power
towards China's Carbon Neutrality Goal report, led by the
Tsinghua University Institute for Carbon Neutrality, provides an
in-depth analysis of the comprehensive risks and challenges
facing the WSP industry. It identifies the inherent advantages
of WSP generation and captures new industrial opportunities
and business patterns. The report outlines a roadmap and
timeline for China's WSP development and offers clear
recommendations for establishing an advanced, cost-effective,
secure, stable and eco-friendly WSP generation technology
system, supporting the sustainable development of China's

renewable energy sector.
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WSP under China’s goal of achieving carbon neutrality
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China's wind and solar resources possess the immense
potential to meet the nation's entire power demand.
The country is endowed with rich wind and solar energy
resources, enabling the potential development of wind energy
technologies up to 10.9 to 20.1 terawatts (TW), and solar energy
technologies ranging from 45.6 to 58.9 TW. This vast theoretical
capacity of WSP far surpasses the requirements for achieving
China’s carbon neutrality goals, with the annual generation
potential of wind energy estimated to be 4 to 6 times, and solar
energy 9 to 13 times, the total power consumed across the
country in 2020.

The significant regional disparities of wind and solar
resources in China challenge the future equitable
expansion of the nation's power systems. The vast territory
and diverse topography of China result in notable variations
in the potential for WSP resources across different regions.
Onshore wind power potential is concentrated mainly in
the North, Northeast, and Northwest, while offshore wind
power is prevalent in East China and the southern coastal
areas. Photovoltaic (PV) power has substantial potential
in the Northwest and North, with distributed PV potential,
dependent on the availability of rooftop space, being more
prevalent in the North and East. These regional variations
in WSP potential could lead to uneven energy development
and disparities between regional power supply and demand,
indicating that some regions might advance more quickly in
large-scale renewable energy development, while others may
be constrained by relatively lower potential.

China's installation of WSP capacities has surged over the
past fifteen years, making a significant contribution to
mitigating global climate change. China’s renewable energy
technologies, with a focus on wind and PV systems, have
advanced steadily since 2000. These advancements have led to
a rapid increase in the installation scale of WSP, progressively
elevating their share within the overall power generation mix.
By the end of 2022, China's combined installed capacity of
WSP reached 758 GW, accounting for 29.6% of the country’s
total power installations and contributing to 13.8% of the total

electricity generated.

China's WSP deployment is expected to grow exponentially
in the context of “dual carbon” goals. Numerous reports
and studies forecast that by 2023, the cumulative installed
capacity of WSP in China could range from 1,582 to 2,130 GW.

By 2060, this capacity is expected to soar to between 5,496
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and 7,662 GW. Accordingly, WSP's share of the electricity
supply is anticipated to exceed 23% by 2030 and 65% by 2060.
Furthermore, leaders at the 18th G20 Leaders' Summit held
in September 2023 reached a consensus to “pursue tripling
renewable energy capacity globally by 2030” . In November
2023, Chinese President Xi Jinping met with U.S. President
Joseph Robinette Biden in Bali, Indonesia. Both sides
reaffirmed their commitment to work jointly and together
with other countries to address the climate crisis with other
countries. Their joint statement emphasized: “Both countries
support the G20 Leaders Declaration to pursue efforts to triple
renewable energy capacity globally by 2030 and intend to
sufficiently accelerate renewable energy deployment in their
respective economies through 2030 from 2020 levels so as to
accelerate the substitution for coal, oil and gas generation,
and thereby anticipate post-peaking meaningful absolute
power sector emission reduction, in this critical decade of
the 2020s.” This underscores the imperative for China to
hasten the installation pace of WSP,

, contributing

significantly to global climate action.
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The installed capacity for various power sources in 2020, 2030 and 2060 under the prevailing scenarios of

carbon peaking and carbon neutrality (The vertical error bars on the columns for different power sources in
2060 represent the forecast ranges from different reports)
Note: The G20 summit did not specify WSP installation targets for each country. The G20 data in this Figure
for 2030 represents the predicted WSP installation under a goal three times the renewable energy installed

capacity.

@ _HEEH (G20) S AHE+/URIES (The 18th Group of 20 Leaders’ Summit)

4500

4000

3500

(GW)

ty

2.

3000

(
paci

2500

Installed ca

[\
[=]
[=]
o

1500

1000

500

2020 2030 2060

R
(BfsE.
‘)
Wind power
(including
onshore
and offshore
wind power)

2020 2030 2060

R
(25,
HaIt)
Photovoltaic
power(including
centralized and
distributed
photovotaic
power)

G IT_-ﬁ

2020 2030 2060
1 (BCCS)

Coal-fired power
(including CCS)

2020 2030 2060
TS (BCCS)

Natural gas
(including CCS)

2020 2030 2060
ZB

Nuclear power

2020 2030 2060

7KES,
Hydropower




2.

MR L RERE

Development outlook of WSP technology
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2.1 Wind power technology

The evolution of wind power technology in China has
traversed four distinct stages: initial application exploration,
demonstration and broader promotion, subsequent
preparation for large-scale development, and ultimately, the
large-scale deployment. Today, China's wind power sector
boasts a mature industry chain and robust capabilities in
technological research and development, epitomized by a
trend towards increasingly large wind turbine models. In
2022, the average installed capacity of newly commissioned
onshore and offshore wind power projects was 4.3 MW and
7.4 MW, respectively. Simultaneously, China has solidified its
position as the world's largest manufacturing base for wind
power equipment. Chinese wind turbine output contributes to
over two-thirds of the global total, with key components such
as generators, hubs, racks, blades, gearboxes, and bearings
accounting for 60%-70% of the global output. By the end of
2022, wind turbines developed independently in China have
been deployed in over 40 countries and regions around the
world.

Over the past 30 years, China has meticulously crafted an

all-encompassing industrial ecosystem for wind power,

Average capacity of newly commissioned onshore and offshore wind turbines in China
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which includes development, construction, equipment
manufacturing, technological innovation, testing and
certification, and financial and insurance services. The
country has essentially achieved a 95% rate of domestic
manufacturing, except for mainshaft bearings, indicating a still
present dependency on imported components for some parts.
Notably, for large-scale wind turbines exceeding 5 MW, around
60% of their mainshaft bearings are imported. Additionally,
70% of the IGBT modules used in domestic wind turbine
converters are sourced from international companies such
as Infineon (Germany), Fuji (Japan), and ABB (Switzerland).
Furthermore, 100% of the PLC modules for controllers are

procured from overseas companies.

In terms of costs, the average levelized cost of electricity (LCOE)
for onshore wind power projects in China has witnessed a
remarkable 70% reduction since 2006. Similarly, the LCOE
for offshore wind power projects has experienced significant
cost reductions, with a 56% decrease from 2010 to 2021. This
decrease is largely due to efficiency gains in power generation
achieved through technological advancements. As the trend
towards large wind turbines models continues, there is

significant potential for further cost reductions in wind power
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projects, primarily driven by decreases in the cost of wind
power products. Projected figures suggest that the LCOE for
onshore wind power projects will range from CNY 0.17 to 0.22
per kWh for the period between 2025 and 2030, with offshore
wind power projects estimated to achieve an LCOE of CNY 0.34 to
0.38 per kWh. By 2035, the LCOE for onshore wind power projects
is expected to decline to between CNY 0.14 and 0.19 per kWh, and
for offshore wind power projects, to between CNY 0.21 and 0.23
per kWh. Looking further ahead to 2060, the LCOE for onshore
wind power projects is anticipated to be the range of CNY 0.1 to
0.15 per kWh, while offshore wind power projects are expected
to achieve an LCOE of between CNY 0.19 and 0.20 per kWh.

Looking ahead to the next decade, the wind power sector is
poised to continue its focus on scaling up and lightening the
design of turbines. The Global Wind Energy Council's recent
analysis forecasts that the capacity of individual offshore wind
turbines is expected to hit approximately 15 MW by 2025, and
rise to 20 MW by 2030. As offshore wind ventures further into
deeper and more distant waters, this evolution will necessitate
elevated standards for turbine research and development,
manufacturing, installation, operation, and maintenance,
as well as for the production of associated equipment.
Given the current trajectory of wind power technology and
the development of China's wind power industry chain, we
recommend the following strategies for advancing wind power
technology and its industry ecosystem:

Prioritize the
development of large-scale and lightweight blades, modular
and intelligent gearboxes, and the integrated and subsystem

modular inverter control systems.

Electronic chips
are critical for efficient data collection, processing, and
transmission. Chips that are high-performing and energy
efficient can enable wind farms to process vast amounts of
data more effectively, and support sophisticated data analytics
and Al applications, thereby offering more precise support for

operational and maintenance decisions.

Such platform would develop common standards and norms,
raising the industry's overall quality, and ensuring wind power
projects meet specific quality and performance standards.
Simultaneously, it would also encourage technological
innovation, elevate industry standards, and promote
sustainable development.

Enhance the

o7



ENRmME, R#HENEES, REFAER.
EHRETIZHR, KIBMAD RS BTEMEE.
FAMENEE S DR BRFERMIEE, 15
R EE R A BREIFR AR ;

5. Eimhitezh KB + SFEk” MRS &K RIR
FARBAESMUBNNATR, WXEFS. BL
R + 83417, ERDFIMRARMEERE, UK
RILBRA, BIAEMT “WEK” Bir.

2.2 KRR

PEIAREARS =B R RHESENRK
BeED. BINHZRIEIRIRK. BRSHiZERR
BRI R R, LAK NS BIiR B ek Er. BRT,
PENRARBREHFFERF LA, BMLEERERRY
RIFTRARLE R, PEAXRREEIAELICEERNEE
G, MIERBIEAR. ENEF IR NP E B
FRERA BEIRBHERN 1o

I 2010-2022 FHREFARFMRBRATTE

performance, quality, and yield rate of raw materials like
carbon fiber and large blade products to achieve scalable
production, continually reducing costs and increasing
efficiency. Employ epoxy resin in the new process scheme for
the cost-effective decomposition of blades. Develop novel resin
materials that are easily decomposable or soluble, enhancing
the potential for material reuse and recycling.

5.Encourage and facilitate the integrated development
model of "wind power + diverse industries." Expand the
application of wind power across various domains, such as
wind-to-hydrogen production, the integration of offshore
wind power with marine farming, energy islands, and other
innovative technological integrations, including advancements
in deep-sea technology. This multifaceted approach is key
to achieving the ambitious "carbon peaking and carbon
neutrality” targets.

2.2 PV technology

The evolution of China's PV technology and its industry
encapsulates a journey from humble beginnings with small-
scale applications to a period of growth propelled by overseas
markets, followed by a phase of expansive development
driven by a synergistic demand from both global and domestic
markets, leading to the current focus on quality and efficiency
enhancement. Presently, the output of PV modules in
China is on a continual rise, with cell laboratory efficiencies
continuously setting new benchmarks. Positioned at the global

Output of key technologies of PV products in China (2010-2022)
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forefront of PV generation technology, China's prowess in PV
technology, installation, and its industry chain have become
instrumental in propelling the nation's renewable energy

sector forward.

For global PV module manufacturing, Chinese mainland has
emerged as the core hub for the production of PV components.
In 2021, the output of polycrystalline silicon in the Chinese
mainland reached approximately 506,000 tons, constituting
78.8% of the global output. The silicon wafer production
was around 226.6 GW, representing a dominant 97.3% of
the worldwide market. Moreover, the cell output in China
amounted to nearly 197.9 GW, capturing 88.4% of the global
share. PV module production stood at 181.8 GW, accounting
for 82.3% of the global output. That year, China's export value
of PV modules amounted to US $24.61 billion, encompassing
86.6% of the total export value of PV products, which includes
silicon wafers, cells, and modules. Notably, the export volume
of PV modules stood at about 98.5 GW, constituting 54.2% of
China's total PV module output.

While China stands as the world's largest manufacturer of PV
products, the country still predominantly relies on international
sources for specific components and raw materials.
Notably, the silver powder used in PV cells is sourced from
manufacturers in Japan. Furthermore, the critical raw material
for PV encapsulant films, the encapsulant particles, sees its
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Photovoltaic cell Module
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primary production capacity situated abroad. Additionally,
the production of polysilicon and monocrystalline silicon PV
products requires high-purity quartz sand for diffusers, load
receptors, and crucibles, which is predominantly imported
from the United States.

The continuous refinement in PV technology combined
with the economies of scale has markedly accelerated the
downward trend in the cost of PV generation. In China,
the Levelized Cost of Electricity (LCOE) for centralized PV
generation has reduced from CNY 1 per kWh in 2012 to CNY 0.30
per kWh in 2021. Projections indicate that by 2030, the LCOE
for centralized PV generation in China will further decrease
to approximately CNY 0.13 per kWh, while that of distributed
PV generation will see costs reduce to around CNY 0.18 per
kWh. Looking ahead to 2060, it is anticipated that the LCOE for
centralized PV generation will decrease to roughly CNY 0.05 per
kWh, with distributed PV generation expected to reach about
CNY 0.13 per kWh.

Over the past decade, the global photovoltaic industry has
prioritized the advancement of large-scale silicon wafers. As
we look to the next ten years, the trend towards not only larger
but also lighter PV silicon wafers, alongside the diversification
of cell technologies, is poised to become a defining movement.
Drawing insights from the existing technology landscape and
the evolution of China's industry chain, we recommend the
following directions for the development of PV technology and
its industry framework:

Expedite the development of high-efficiency,
large-size, ultra-thin monocrystalline silicon wafers. Enhance
the efficiency of czochralski silicon production and reduce the
costs linked to silicon wafers multi-wire cutting and machining
to maximize the output from each silicon rod. Foster the
research, development, and industrialization of high-efficiency
cell and module encapsulation technologies and advocate
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for the exploration and widespread adoption of innovative
PV cell structures alongside multidimensional technological
strategies.

Establish a comprehensive and advanced technical standards
system for PV technologies, covering modules, generation
systems, and associated equipment. This initiative aims to
catalyze technological innovation, facilitate industry elevation,
and adapt to the fast-evolving needs of the sector.

Collaborate on advancing automation, digitization, and
smart technology solutions. Foster the R&D and application
of intelligent production tools and processes, boost the
integration of enterprise information management systems
and digital tools, and improve digital management practices
throughout the PV production cycle. Aim to achieve intelligent
production operations and precise manufacturing control,
steering the industry towards a digital and intelligent
manufacturing transition.

Bolster the testing and
verification system for domestic alternative technologies to
streamline R&D, build market confidence, and ensure the
commercialization readiness of new products. Empower
PV testing institutions, motivate enterprises to fortify their
capabilities, and promote the development of third-party
agencies. Implement rigorous standards to ensure the
reliability of quality and services, and establish an information
sharing platform for testing data to foster technological
innovation and progress.

Address the challenge of large land
occupation by PV power generation and promote absorption
by exploring integrated development models that combine
PV with industries such as manufacturing, construction, and
transportation. This approach supports the development,
deployment, and implementation of related projects, aiding
other industries in achieving their "dual carbon" goals.

Concentrated solar power (CSP) technology stands as a pivotal
element within renewable energy, playing a crucial role in
power generation, energy storage, and heating. While the global
focus on CSP generation technology and its demonstration
projects began in the 1870s, China's engagement in this field
started relatively later and is currently in the early stages of
broad-scale deployment. Despite its early stage of development,
China's new CSP generation demonstration projects boast a high
degree of domestic sourcing, with up to 95% of autonomous
equipment and materials being locally produced, offering
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for trough power stations.

Currently, the Levelized Cost of Electricity (LCOE) for new CSP
generation projects in China stands notably higher, ranging
from approximately CNY 0.7 to CNY 1.0 per kWh, significantly
surpassing the costs associated with wind and PV power
generation. The discrepancy primarily stems from the hefty
upfront investment required for CSP technology. For instance, a
standard100 MW CSP station equipped with 8 hours of thermal
storage is priced between CNY 12,000 and CNY 17,000 per kW.
A considerable portion of this initial cost, approximately 77%,
is dedicated to the concentrators, heat absorption, storage,
and exchange systems, highlighting them as the pivotal
factors influencing CSP station costs. The elevated costs of
key equipment and materials are further exacerbated by the
relatively small scale of domestic CSP projects and market
volatility due to policy fluctuations. Through an analytical
breakdown of the cost structure for CSP stations in China,
three primary dynamics have been pinpointed as influencing
the cost of electricity: the economy of scale, operational and
maintenance expenses, and the contributions of technological
advancements and management efficiencies. Looking forward,
projections suggest a downward trend for CSP LCOE in China,
with expectations to fall below CNY 0.70 per kWh by 2030.
As new technologies break through comprehensively, it is
anticipated that between 2040 and 2050, the LCOE could
decrease to between CNY 0.35 and CNY 0.45 per kWh.

As the focus on carbon emissions intensifies and the quest
for clean energy persists, CSP technology is poised for
further advancements and broader application. To spur the
commercial use of CSP technology in China, considering the
present CSP technological landscape and the evolution of
China's CSP industry chain, the following recommendations
are put forward for the development of CSP technology and its

industry ecosystem:

A consistent electricity pricing policy
is essential for the sustainable development of renewable
energy. Echoing the supportive measures for PV generation
(2019-2020) and biomass power generation (2020-2022), it is
recommended to allocate dedicated annual funds during the
"14th Five-Year Plan" period to support the construction of
new CSP projects. Enhancing electricity pricing support and
encouraging market participation are crucial steps towards
reducing construction costs and enhancing project returns.

Expand support through targeted
funds dedicated to the development of renewable energy to
encourage research and development of new CSP generation
technologies and the execution of demonstration projects.
This funding should support the advancement of cost-efficient,
technologically progressive paths, underpinning the research,
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development, and demonstration of state-of-the-art CSP
technologies. Furthermore, funds should be designated within
national science and innovation projects to explore core or
innovative CSP technologies.

Deepen
international cooperation to attract additional international
investment and technical collaborations, fostering a more
rapid exchange within the CSP field and collectively advancing
global technology development. Demonstrating its feasibility
and cost-effectiveness will pave the way for CSP technology's
market acceptance.

Encourage the construction of
integrated projects that blend CSP with wind and PV power
to achieve industry sustainability. In resource-rich areas,
such as deserts, gobi, and desert steppe, continue to allocate
CSP capacity within extensive wind and solar bases. By
offsetting CSP generation costs with more affordable wind and
solar projects, it is possible to achieve economically viable,
complementary consumption of diverse renewable energies,
including wind, solar, CSP, and hydroelectric power, either on-
site or through long-distance distribution.
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3.1 WSP generation forecasting technology

The inherent variability of WSP introduces significant
uncertainties in grid integration. To mitigate these challenges,
WSP generation forecasting technology plays a pivotal role,
enabling precise planning and reliable operations within the
power system. This technology is key to optimizing energy
deployment and storage, reducing energy costs, and enhancing
revenue. The future advancements in WSP forecasting hinge
on progress in power forecasting and numerical weather
prediction technologies. Continual innovation in both long-
term and short-term forecasting methods will greatly enhance
power system management and support strategic decision-
making in the power market, thereby providing a more robust

foundation for consistent electricity supply.

Considering the current landscape and future demands of WSP

Common forecasting methods and application scenarios of forecasting types at different scales

bitiesis) TR RE

Forecasting scale

Forecasting type

TR A5 %
Forecasting method

REEG. FIIMNENNETS)
Weather map, statistical extrapolation
and machine learning

AZZE7 5
Application scenario

SSEYIEED. REBEIE
Real-time deployment, power
generation management

DEHE. HEMRAS. BT

BEDHEATN
Ultrgaﬁsﬁz?frm 1M LPY
) ) Within 1hour
forecasting
ZHAT
e 1 RLAR
Short-term e
. Within 1 day
forecasting
HRYH
Mel:(?i/f r?ffrm LRASR
1-15 days

forecasting

KHAFHR WA N8I

KR, RAERARHE. BRBAHhY
Economic dispatch, system standby
arrangement, day-ahead power market

1J1E Satellite data, numerical
weather prediction system, and
machine learning correction

MAZH. KB BAOmHRS5. AEER
Turbine arrangement, maintenance
plan, electricity market transaction,
congestion management

BETURARF. FitAyEEFE>
Numerical weather prediction system,
statistics and machine learning

RSN, EBMAE. BINEMOT

SREBNGIHEE

Long-term
forecasting

On a monthly/
yearly basis

Weather model and statistical algorithm

Power station planning, power network
planning, accident analysis
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forecasting technology, we present the following two focused

suggestions:

Central to advancing power forecasting technology
is the development of models that accurately convert
meteorological data into power output predictions. This initiative
should extend beyond refining traditional methodologies
to embracing artificial intelligence algorithms for enhanced
accuracy in power generation forecasting. Future strategies
should also explore advanced methods to model the
medium- and long-term output traits of wind and PV powers.
Additionally, integrating operational, maintenance, climatic,
and energy storage considerations into these models will make

more responsive to the needs of an evolving power system.

Currently, numerical weather prediction
faces challenges related to model accuracy, multi-model
support, data assimilation, and high-performance computing
requirements. Going forward, it is imperative to strengthen
earth system modeling and foster international cooperation
and dialogue. This concerted effort aims to boost the accuracy
and extend the utility of numerical weather prediction,
ensuring they meet the nuanced needs of wind and PV energy
systems and their effective incorporation into the broader

power infrastructure.

The impacts of extreme weather, intensified by global climate
change, significantly challenge WSP generation. These events,
increasingly frequent, intense, and simultaneous, can damage
WSP infrastructure and disrupt operations, while also affecting
power quality. Enhancing resilience against such extremes
is pivotal for reducing energy security risks associated with
WSP, boosting the efficiency of wind and solar resource
use, and optimizing the regional WSP industry's structure.

Consequently, we propose the following six countermeasures:

For existing power stations, it is critical to
reinforce infrastructure robustly, conduct regular hazard
assessments, and ensure promptly equipment maintenance
or replacement. For upcoming projects, priorities are given
to raising construction standards for distribution networks
and power stations, along with designing for resilience
against extreme weather conditions like lightning, wind, rain,
freezing, and high temperatures. These steps aim to mitigate
the likelihood of multiple faults, limit the extent of potential

outages, and enhance distribution network resilience.
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2.Enhance monitoring, forecasting, and early warning
of extreme weather. Install meteorological measurement
equipment in areas dense with renewable energy installations.
Conduct advanced research in forecasting technologies
specifically under extreme weather conditions, and establish
emergency plans and early warning systems for significant
outages. Promptly deploy standby equipment, leverage
alternative energy sources, or adjust power flow to prevent
fault escalation. For specific microgrids, consider off-grid
operations to ensure continuity of critical loads and collaborate
with energy storage devices to enhance the controllability of
the entire isolated island.

3.Develop plans and emergency responses for WSP station
accidents during extreme weather. Developing emergency
plans should thoroughly account for the extreme weather
impacts, preparing for swift and effective responses to

incidents at WSP stations under severe conditions. Enhancing
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Extreme low temperature
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Extreme high temperature
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Solar eclipse
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Sand and dust

Thunderstorm
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Severe icing

XA
Wind turbine

XAl Fek
Wind turbine, PV

XA
Wind turbine
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Wind turbine, PV
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PV
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XA
Wind turbine
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PV

1 RAVEREN; 2. HREK
1. The wind turbine stops at low temperatures;
2. The blades areicing

1 EREINEERA, IREWN; 2. KRR, KA
FERFHIRE; 3. B8R TR BRI
1. High temperature affects equipment cooling,
accelerating aging; 2. As the wind speed is extremely
small, the wind turbine is in a windless idling condition;
3. Low PV conversion efficiency at high temperatures
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Wind turbine stops due to gale
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1. Aﬁect the reliability of large components of
wind turbine; 2. Snow on PV panels
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Reduced irradiance leads to decreased power
output or inability to generate electricity
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Reduced irradiance leads to decreased power
output or inability to generate electricity

ERERS, RBEHITKE
Reduced irradiance results in fluctuating power output
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Lightning strikes cause the wind turbine to be damaged or
even burst, and the communication components burned

BREKNERNFRIEKT, ZBHIRNETELSB

Extended periods of low irradiance lead to decreased

power output or inability to generate electricity
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emergency response mechanisms and strengthening dispatch
operators' ability to manage emergencies are essential. It is
also critical to optimize post-fault recovery strategies, elevate

fault repair efficiency, and reduce downtime.

In the past two decades, European and American countries
have extensively investigated the overarching impacts of WSP
generation on the ecological environment. These investigations
have zoomed in WSP's interactions within ecosystems, with
a special focus on their long-term effects on soil, vegetation,
and water resources. It is crucial to acknowledge that the
manufacturing phase of WSP generation involves significant
resource and energy consumption, potentially causing
harm to the ecosystems of raw material extraction sites. The
construction stage demands widespread land utilization,
involving numerous earthmoving activities. These activities
can lead to environmental impacts such as construction dust
emissions, wastewater discharge, waste generation, noise
pollution, and the erosion of vegetation and surface soil, all
contributing to local ecosystem degradation. Moreover, during
the operation and maintenance stage, WSP facilities can cause
noise and meteorological disturbances, adversely impacting local
meteorological conditions, as well as affecting animals, plants,
and water resources. The decommissioning stage poses crucial
environmental challenges, particularly concerning the disposal of
waste materials and land restoration. Embracing a holistic view of
environmental impacts across all these stages and implementing
targeted, scientific interventions to minimize negative outcomes
are crucial for promoting the sustainable development of WSP

generation and moving closer to achieving clean energy goals.

It is crucial to optimize the spatial layout of WSP generation
projects, especially when considering new land allocations'
scale, layout, and development timeline. Implementing
advanced ecological restoration measures becomes
paramount. To support the integration of ecologically low-
impact technologies into WSP projects, we propose the

following policy recommendations:

Identify potential lands suitable for WSP
development that also have ecological restoration needs.
Establish a comprehensive database to resolve land ownership
issues, conduct land resources assessments, and manage
resources categorically. Planning should be driven by
considerations such as carbon neutrality, energy security,

ecological stability, and food security.

Utilize

land spatial planning data and integrate key ecological
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Management technology with low
ecological environment impact

elements to create an eco-conscious map for WSP project
siting. This strategy aims to minimize adverse ecological

impacts and reduce site selection costs.

In policy design, consider factors such as solar
energy resources, power grid accessibility, urgency for
ecological restoration, ecological red line, environmental
bottom line, resource upper limit, and social and economic
capacity. Aim to cohesively plan WSP development and
ecological restoration, formulating comprehensive county-
level macro-governance plans that align energy generation

with environmental conservation.

Design a park-style ecological management approach to
encourage synergy and mutual support among stakeholders,

including energy companies and forestry departments.

Introduce a
market-oriented trading mechanism for the ecological costs
associated with WSP stations to boost ecological investments.
Develop eco-labels for projects that merge WSP generation
with ecological restoration, encouraging the market to

prioritize green power with such eco-label attributes.

RERREEE B2 Gobi
— Wind
ohness EAE saltdesort
APRIESIFEE DI Desert
— Solar radiation N
richness SR EAJE Desert steppe
iR #HHh cultivated land
— Land
and ype HRih Forest land
__ RiHNER ¥ Sooc
Design stage
| BEIRKER : BYEI F2E97KE{FF Soil and water conservation measures

1 during construction

Construction stage

:rﬂ,ﬁﬂ Wind power station :
o MESRIRE Reduce low frequency noise
BOTFHURS ERRES IR IENE

i
'
'
'
'
'
Reduce the ecological impact measures disturbing migratory birds !
'
'
'
'
'
'

i
B i
| Operation and '
maintenance stage

i F¢(REBI4 Photovoltaic power station :

o TKEGEERIAR Water-saving clean technologies
1

i

« R¥¢E*D Photovoltaic agriculture

E ERESKRIFE, IERIRREMFIA
——— Use eco-friendly materials and strengthen recycling of the
\ decommissioned

— SHEME, RIESIRIEEIAUE Coordinate and harmonize to select scientific and reasonable site
— REE,

L [z

Recycling

ﬁ&i,w'ﬁkgf’éﬁﬁ Reduce field leveling and synchronize ecological restoration

| — FEHIE, SEHESITFEETE Make material optimization and whole process management

— 7][]?&6)}9’%, FEK,&EQSHEH’;;MU Strengthen research and carry out long-term data monitoring
— SEMSHEMERNEERMNIESR Take biodiversity as an important monitoring indicator

— RIEAT, EBINEIENTFE Conduct scientific

and add post process
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The technical route outlook and policy suggestions for the

development of WSP in China
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To attain the installed capacity targets for WSP generation
within the framework of carbon neutrality, a comprehensive
development roadmap based on the preceding sections
encompassing development potential, technical routes, and
the ecological environmental impact of WSP is designed.

Meanwhile, the following policy suggestions are proposed:

(1) 2024 ~ 2030: As China strides towards carbon peaking
and reshaping its power landscape, the 28th Conference of
the Parties to the United Nations Framework Convention on
Climate Change has set forth more ambitious expectations
for WSP development. By 2030, the WSP installed capacity in
China is anticipated to hit between 2,200 and 2,400 GW.

Accelerate WSP R&D, promote CSP commercialization,
enhance efficiency, and rapidly reduce costs. Commit to
broadening the WSP base and advancing semiconductor
research to break new ground in essential component
technologies. Strive for harmonious development among
onshore wind power, concentrated PV, offshore wind power,
and distributed PV.

Prioritize the "wind +" initiative by incorporating
supporting technologies and platforms like energy storage,
hydrogen production, and short-term forecasting. Launch
pilot projects that demonstrate the collaborative potential
of wind power, PV, and CSP. Promote the expansion of cross-
regional power transmission and the enhancement of grid
construction. Formulate intelligent short-term wind and PV
power generation forecasting technologies and platforms that
utilize advanced earth system modeling and data sharing to

intelligently address WSP generation variability.

Conduct extensive research on the ecological impacts
of WSP development, and establish eco-friendly WSP
utilization technologies. Tighten regulatory oversight
to mitigate the ecological footprint of centralized WSP
installations. Improve recycling processes for WSP materials,
establishing a standardized, regulated industry framework for

material recovery.

Enhance the legislative and policy landscape governing
WSP generation to facilitate the shift away from fossil fuel
towards renewables. Develop incentivizing subsidy schemes,

strengthen environmental guidelines, and establish a carbon
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market to promote sustainable and healthy development
within the WSP sector. Establish dynamic, market-driven
mechanisms to encourage innovation and competitiveness,
thus enhancing the renewable energy industry's market

presence.

(11) 2030 ~ 2050: The critical period for the profound
transformation of China's power system, focusing on achieving
carbon neutrality. WSP generation is poised to surge, with
projections suggesting the installed capacity could swell
to between 4,700 and 6,731 GW by 2050, a two to fourfold

increase from 2030.

Vigorously promote the expansion of onshore and offshore
wind power, centralized and distributed PV power, and
decentralized wind power. Aim to achieve more than 95%
localization of the entire industry chain and enhance public
testing and verification platforms. Accelerate and synchronize
the development of complementary energy storage and
hydrogen production technologies. Focus on establishing
integrated bases around CSP stations for a synergistic multi-

energy ecosystem.

Prioritize local ecological restoration during the construction
of WSP stations. Harmonize the development of WSP with
the ecological environment to minimize land resource
waste. Ensure ecological considerations are paramount in the
site selection, design, and construction phases, promoting
rigorous land management and advocating for space-
efficient, multi-functional, and shared land use that aligns with

ecological objectives.

Strengthen the safeguard measures for WSP stations
facilities. Transform the power grid and power generation
facilities through hardware and software upgrades. Enhance
short-term forecasting to anticipate and manage the
impacts of extreme weather, creating a cohesive and resilient
energy network that enhances the power system's stability and

reliability.

Achieve coordinated green development of WSP with other
industries. Foster synergies that integrate WSP with other
sectors such as agriculture and transportation, optimizing
the overall resource efficiency and system flexibility. Aim
for a collaborative effort to reduce carbon emissions and

environmental impacts across industries.

Gradually enhance recovery technology and the industry
chain for WSP generation. Develop new processes and
materials to steer the entire industry chain towards the
zero-carbon era. Address the growing dependence on rare
earth materials. With the decommissioning of WSP equipment
in the future, increase recycling efficiency to achieve the

effective recycling of WSP equipment, thereby promoting the
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sustainable evolution of WSP generation.

The decisive stage for achieving the goal of
carbon neutrality. During this decade, WSP installations are
expected to grow steadily, furthering the deep decarbonization

of the power system.

In this decade, digital WSP
technologies will reach full maturity, offering systematic
support for the smart evolution of the power system.
Leveraging big data for day-ahead optimized scheduling
of WSP resources will catalyze the full-scale intelligence of
the power system. This includes seamless blend of sources,
the grid, loads, and storage, along with deep integration
of emerging resources such as virtual power plants with
flexible assets like energy storage and hydrogen production,
thereby enhancing the system's operational efficiency and
reliability.

In the context of carbon
neutrality, fully embracing zero-carbon WSP stations that align
with their ecological environments but also champion the
green transformation of the entire WSP sector is inevitable.
Ensuring the sustainable use of resources is key to propelling
the green and sustainable forward momentum of China's

power system.
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RABESTTEREMER (2024-2030)

Stage of high-speed diversified development of wind

and solar power (2024-2030)
HEMEESABRRERRE DTS THRPHIBRIE FRICENIIE

The potential of wind and solar resources in China far
exceeds the scale needed for carbon neutrality goals.
RERBDENEE “Fi8" XK. 2030FMKSENSIG
K, AFFERIRESENMIENSS, EERBERIILL
FikFI27%RIKF

The installed capacity of wind and solar power generation will
experience "exponential" growth: by 2030, the total installed
capacity of wind and solar power will double, reaching 45% of
the total installed capacity of all power sources, and
accounting for 27% of the total electricity generation.

MEFEAR (Wind power technology)
REBXEME, BEARRE, INERIFHFIIEINERL

Enhance the technological advancement of large-scale and
lightweight wind turbines, along with the accelerated
development of environmentally friendly new materials.
FfREAR (Photovoltaic technology)

FARBEHKRBUL, FEURRE, BRRARERR

Promote the development of large-scale and lightweight
photovoltaic modules, with rapid advancements in solar cell
technologies.

FHHEER (CSP technology)

FeARF R R H— SR, SRAKRRARERR
Advance the maturity of the CSP industry chain and the
fourth generation of CSP technology.

ECER AR (Supporting technologies)

RKEEEE. TISHARERR, SERREBHRE
Develop energy storage and hydrogen production
technologies rapidly and lay the foundation for the initial
establishment of a new power system.

KHUER SRS AR I sEiE R Bt TR SRS, S
MR, EWREE. TIRIEDSRFKLRR

The development of large-scale wind and solar power
stations may lead to the destruction of local soil and
vegetation, resulting in exposed ground, vegetation damage,
soil fertility loss, and soil erosion.
RFeRBINETRRARRETE. REXW, TR
HINFEitEK, HIERERERESE

During the operation of wind and solar power stations, the
decrease in surface wind speed and temperature changes
may affect local precipitation, soil moisture, and vegetation
coverage.

FREREBRIEESESTETE, BUNABITESIER
Conduct demonstrations of ecological restoration for wind
and solar power stations and establish ecological
assessment standards.

RcERDRLZREME (2031-2050)

Stage of efficient and collaborative development of wind and

solar power (2031-2050)

RFRBSENBBREGI: 2035, 2040, 2050FERKSENES B
EEIFFE RS ENIMER55%, 65%. 75%, RKASIHRBEE2035,
2040, 2050FRYSRBENIILLESRIXTI35%. 45%. 55%HIKF
The total installed capacity of wind and solar power is poised for rapid
growth: by 2035, 2040, and 2050, the cumulative installed capacity of
wind and solar power is expected to represent 55%, 65%, and 75% of
the total capacity of all power sources. Wind and solar generation will
contribute 35%, 45%, and 55% to the total power generation in 2035,
2040, and 2050, respectively.

MEHEAR (Wind power technology)

BRI ARRFARIR, Bheth. HFHR BRI
Enhance mature application of new materials and technologies in wind
power, coupled with the commercialization of intelligent and digitalized
wind power generation.

FREAR (Photovoltaic technology)
FETHBNARBEARERR, Baeh. BFUARRBTIEIRNA
Develop resource-saving photovoltaic technology, and promote
commercial application of intelligent and digital photovoltaic power.

FeHEER (CSP technology)

MEARRATEHER, KMERARBIRN=IE. HlRA,
“fiR+" SEEBEINERERE

Develop new types of CSP and achieve industrialization and

commercialization of large-scale CSP generation. Realize coordinated

development of “CSP+” multi-energy complementary bases.

EEE#A (Supporting technologies)

TRE A SRR RHEMEAC A, RAHSRATIE LR

M, HERORFTIMEAIFHRAMACRRE

Advance grid-forming energy storage technology commercially. Enable

commercial adoption of “WSP + hydrogen” production technology, and

advance innovation and maturity in new power systems.

KHURRFHEHRIR S A IR AT SEE R El A B S5 S M HE B RE
The large-scale retirement and disposal of wind and solar materials
IMEVACH issues related to solid waste and pollutant emissions.

KHURR R BT R TaEER T RRIREE
Large-scale wind and solar power generation development may lead to
inefficient use of land.

IFZARRARIEESEETE, BEXMERRRENZEZN
Widespread initiatives in ecological restoration at wind and solar power
stations aim to mitigate the adverse effects of large-scale wind and
solar development.

FERKRISZZNESIRE, FRESRIFEMBIGES

Improve the ecological standards for the construction of wind and solar
power stations and promote the construction of eco-friendly wind and
solar power stations.

RERMATRERRMER (2051-2060)

Stage of mature and stable development of wind
and solar power (2051-2060)

REBMAPEERBEENBRIBIKEBME: FI20605FK,
FBRNEAFIFERRDEMELN83%, BRBERN
LbEES1BIT65%AIKTE

The growth trend of installed capacity for wind and solar
power generation is slowing down: by 2060, the total
installed capacity of wind and solar power will reach 83%
of the total installed capacity of all power sources, with
their share of total electricity generation exceeding 65%.

KEHEAR (Wind power technology)
REBEREL. HFUREATMRAERA
Enhance the systematic application of intelligent and
digital technologies in wind power.
FIREAR (Photovoltaic technology)
FREREN. BFERATRARFIERMA
Promote the systematic application of intelligent and digital
technologies in photovoltaic power.
FHFEAR (CSP technology)

“Feih" SHEEMRINSTMEY. RAEMRA
Advance the efficient and systematic application of “CSP+"
multi-energy complementary bases.
ECER AR (Supporting technologies)
RABERE. HSEAERSHNA, FEBHARFLE
2457
Accomplish mature and efficient application of wind and
solar energy storage, hydrogen production technologies,
and the comprehensive establishment of a new power
system.

BLLEGRMSENG, WRARBHESINHTE
AR, R AR A RS R

Implement a life-cycle management system for real-time
monitoring of the ecological impact of wind and solar
stations and promptly address emerging ecological issues.
SCHRERSHE T Z=AMAEDR, RO LihERRSE

Achieve coordination between wind and solar stations and

land use to minimize land resource wastage.
RFERBYOESITESRRACRA, SEEHESRIF
BIRSCRBIEERIR

The mature application of ecological standards in wind
and solar development advances the comprehensive
construction of eco-friendly wind and solar power stations.
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REREEE

RAEDESTRREMER (2024-2030)
Stage of high-speed diversified development of wind
and solar power (2024-2030)

FEEREBIERRE, ERHNBLRENTEERBT
Promote the balanced development of onshore and ommsoqm
wind power, driving the development of distributed wind
power and demonstrating offshore wind power.
SPANS AR REERE
Develop centralized photovoltaic and distributed photovoltaic
comprehensively .
R, KR, SRFBRAIMERR, H#—TRERBEE
Accelerate the technological development of WSP and CSP,
further enhance power generation efficiency.
RGBSR ENEARER R, ZEEREEM= kb
Accelerate the development of recycling technologies for
retired wind and solar materials and gradually establish a
recycling industry chain.
E&mﬂ*ﬁammﬂﬂ BRE, MSERESHER

te projects considering synergistic development of WSP
with ecology, laying the groundwork for ecological standards.
BOTRBRARE S HEERIERA

Develop high-resolution  hourly potential foreca

RESHNFALREMER (2031-2050)

Stage of efficient and collaborative development of wind and
solar power (2031-2050)

FrhmaikE LR, iEiEig ENBIMSHIKBHEaRE
Develop onshore wind power in the Eastern, Central, and Western
ns, as well as nearshore and deep offshore wind power, along

with distributed wind power comprehensively. power system, and has achieved efficient and stable
£hl. SHERAARNEERE utilization as well as cross-regional transmission.

|
|
“ RFERAISERRMER (2051-2060)
|
|
|
|
|
Achieve :.5 integrated development of centralized and distributed “ R+ B R RS S S a5 AR, 3t
|
|
|
|
|
|
|
|
|
|

Stage of mature and stable development of wind

and solar power (2051-2060
RFRBRAIBHRGREEE, HLRSHRENRS
EXigisix

WSP generation is the main sources of electricity in the

photovoltaic. SR
RFHEIBIRAIZHRE, B8, MEENAREHRRRENS 9.
e mature market and technology of the new model and

Carry out WSP and CSP co-located projects, with mature solutions for X ’
hydrogen production, energy storage, and new power systems. new formats of integrated development of “WSP+ other

mm ~cm

Development

industries” are widely applied.
LEEMRFEF=IHESKFBRREIBRITHNERFIA
Achieve comprehensive zero-carbon green development
of WSP industry chain and the recycling of retired
materials.

HXIMFR R NSRRI RS- b hE
Develop a mature recycling system and industry chain for retired
and solar materials.

RFREREM ST BEFUREA R, IEEXHRRSIRS AR
Apply supporting sub-second forecasting technology maturely, and
strengthen response to extreme weather events.
ETRIFBINFRIET TR, NARRSESHTEIREET
Establish eco-friendly wind and solar power stations widely, and
improve standards for the ecological norms.

EEERRFNSESHRRORRRE
Achieve comprehensive coordination between WSP
development and the ecological environment.

technology. |

—— e ——— - s e e SR
4000 4000 1
; - E-l 25 2z 50 25 1
3500 3500 8 o 8 1
9] xﬂ = m. w g =

3 7 o - o > ©
5 3000 33000 W b ] 5 40 20 B s 40 20 FR!
e a o _ - 2 > 2 Sol
W. m \D\t e ] Hmo er ww.t_

o 5 2500 = 22500 . (] wes T2e A A WO
22 = At T 30 15 8 gt o wgs!
(TS o3 o #so So #5830 15 524,

=2 =352 P Kz 22 23 235
5 2000 hooo LR o 0 o o 2 mﬂﬁo_
S W 5 v s M=o B ge)
%% 1500 B 51500 v mss w 0 EEe WE3 10 Mm%_

s a F ’ 3 A -5 ] A o 5
FRRNE |1 %K S &3 7 #25 goe K82 228
mEHES [ B3 o0 £ g000 | s Es e B2 4 338!
= o 2z 9 10 5 NE3 2% 10 5 aESI
Roadmap for e > 3 i 4 8 853 #¢ Sc8,
installed £ 500 |g* 5 S00iY 2 _ ~E & 23
capacity of 5 . 3, ! P R o &3
<<W_u“ in the 2025 2030 2035 2040 2045 2050 2055 2060 2025 2030 2035 2040 2045 2050 2055 2060 m b &£F £h Kt B BHe @A (G] m ik % o Kb B BmE AR "
uture - B - PE2030FEAEFRB N R REHLFAFTR2060FRE - o - BAHHKRHYE (2020-2030) : FPESCIBAAYHEZ B North East Central North- North- South- South North East Central North- North- South- South 1
Research on China's energy and power development Zero carbonization of power growth (2020-2030): the only way for east west west east west west 1
planning in 2030 and outlook in 2060 China to achieve carbon neutrality 1
Statista Research Department, 2022 W 2020-2022[7F L1 5% W 2020-20257N1% 3 W 2025-2030FF01% 3R 1
Outlook for China's energy transformation in 2022 - Historical growth rate from Predicated growth rate from Predicated growth rate from 1
Reference scenario 2020 to 2022 2020 to 2025 2025 to 2030 1
- - - chEREREBIREE 2022 - FrhAtE 21 He%, Nature Communications, 2020 . |
Outlook for China's energy transformation in 2022 - He et al., Nature Communications, 2020 2030-20507M 1R 2050-2060FM 13 A 2022-2060FA B KAEH 1
Carbon neutrality scenario 1 Predicated growth rate from Predicated growth rate from Growth multiple for installed 1
- v - HEREE R REE2022- BohiIE 2 —+E%R (G20) FRAL+/VRES 2030 to 2050 2050 to 2060 capacity from 2022 to 2060 .
Outlook for China's energy transformation in 2022 - The 18" Group of 20 (G20) Leaders' Summit o 1
Carbon neutaltyscenario 2 - phy ) 1 BRI She e e Spr AT 2 HE S RIR B S AREN TR R REIS KRS |
Future installed capacity path of wind power and photovoltaic _u_.ma_om:.o: on installed capacity of wind power .m:a uroﬁo<o=m_.o power in China by "
power in China region and the growth rate and multiple of installed capacity in the future .
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