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Fine-grained prediction of solar-wind deployment
unlocks China’s 2060 pathways to carbon
neutrality and lower energy costs†

Jing Guo,‡a Ruomei Wang,‡b Li Zhang, *c Siqin Wang,d Linyan Li,ef

Mengbing Du,*g Fangyuan Zhong,g Chuan Zhang, h Yafei Li,b Yixuan Zheng,i

Xiaoya Liu,b Xi Luj and Jinnan Wanga

The global transition from fossil fuels to renewable energy is vital for mitigating climate change, yet

plans to transition China are generally coarsely resolved. This study introduces the China New Energy

Database, offering the first 10-km resolution feasibility ranking for wind and solar installations across

China. By incorporating land-use regulations and construction constraints, we present an optimized

development pathway from 2022 to 2060. Our results highlight substantial climate and economic

benefits of renewable energy deployment, with wind and solar energy reducing up to 16.9 billion tons of

carbon dioxide emissions and generating 12.8 trillion CNY economic benefits by 2060. Regions with

abundant renewable resources show significant potential for economic gains, demonstrating that

reasonable strategic deployment could effectively ‘‘turn resources into gold’’. These insights serve as a

valuable reference for countries like India, Saudi Arabia, and South Africa in their transition to renewable

energy, contributing to global progress in sustainable energy systems.

Broader context
The urgent global transition to renewable energy is essential for effectively combating climate change. It is crucial to establish high-resolution datasets and
actionable pathways for renewable energy deployment. In this study, we develop a nationwide, grid-level database to present the first-ever 10 km resolution
feasibility ranking for wind and solar installations in China, providing an optimized development pathway that incorporates land-use regulations and
construction constraints from 2022 to 2060. Our analysis provides valuable insights into how grid-level renewable energy deployment fosters long-term climate
and economic benefits. Our findings play a crucial role in shaping effective renewable energy policies, driving investment, and accelerating China’s transition
to a sustainable energy future, serving as a valuable reference for countries such as India, Saudi Arabia, and South Africa in their transition to renewable energy
and contributing to global advancements in sustainable energy systems.

Introduction

The world is close to the 1.5 1C threshold of global warming,
while air pollution contributes to over 7 million deaths each
year.1,2 For developing countries, e.g., China, fossil fuel com-
bustion and bioenergy use contribute substantially to air
pollution-related premature deaths and respiratory diseases,
intensifying public health and environmental challenges.3 Sta-
bilizing global temperatures necessitates a fundamental shift to
energy systems with nearly zero carbon dioxide equivalent
emissions worldwide.4–8 Solar and wind resources frequently
provide a significant portion of electricity,9,10 contributing
nearly two-thirds of the global growth in renewable energy
capacity.11 In particular, for developing nations, anticipated
reductions in installation costs suggest a potential leapfrogging
directly to solar and wind energy.12 China’s development of
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wind and solar clean energy is rapidly advancing, and its future
goals are highly ambitious.13,14 It sees the clean energy transi-
tion as a means to address both environmental and health
concerns. By 2022, China’s total installed capacity of wind and
solar power stood at approximately 760 million kilowatts (kW).
This figure grew significantly to 1.35 billion kilowatts by 2024,
representing a remarkable 78% increase compared to 2022.
This achievement surpassed the 2030 target of 1.2 billion
kilowatts—more than six years ahead of schedule. To further
meet the requirement of achieving carbon neutrality before
2060, China’s installed wind and solar power capacity is
projected to reach over 5 billion kilowatts—more than six times
the total installed capacity of 2022.15

To advance China’s clean energy transition, the central
government has made substantial efforts in grid infrastructure
development and related supporting systems. These invest-
ments have significantly reduced the geographical constraints
on renewable energy spatial planning and lowered the grid-
connection costs for clean energy projects.16 As of 2024, China
has completed the construction of 37 long-distance transmis-
sion lines, including five �800 kV ultra-high-voltage interpro-
vincial corridors. These lines facilitate interconnection across
eastern, western, northern, and southern regions, with a single-
corridor transmission capacity reaching up to 16 GW.17

To ensure grid stability in the context of large-scale renew-
able energy integration, China has also planned for 30 GW of
storage capacity, including a combined 6 GW of planned
storage in Gansu, Qinghai, and Inner Mongolia. China has
already achieved 73.76 GW of new-type power storage capacity
and 58.69 GW of pumped hydro storage, meeting and even
exceeding its planning targets. In order to reach its dual carbon
goals, recent research by Zhang et al.18 suggests that China will
need to install 538 GW of pumped hydro storage (8-hour
duration) and 740 GW of battery storage (4-hour duration).
Additionally, further development of interprovincial transmis-
sion lines—such as Inner Mongolia East to Shandong, and
Ningxia to Shandong—is essential to balance supply and
demand across regions.18

Although several studies have proposed and quantified
100% renewable energy pathways across multiple sectors in
China and globally, demonstrating significant reductions in
emissions, costs, and positive employment effects,1,2,19,20

achieving China’s renewable energy targets necessitates not
only ambitious goals but also well-defined pathways that inte-
grate resource deployment with national policy coordination
and regional socio-economic considerations. For example, von
Krauland et al.21 developed high-resolution maps of wind and
solar resource availability in India, underscoring the impor-
tance of spatial granularity in guiding large-scale renewable
energy planning. Jacobson et al.22 explored the variability,
economics, and policy aspects of wind and solar energy, and
deeply analyzed the feasibility of using wind and solar energy to
support global energy demands across all sectors (electric
power, transportation, heating/cooling, etc.). Without such
detailed and integrative strategies, future renewable energy
expansion in China may face substantial constraints, including

grid supply-demand imbalances, infrastructure mismatches,
and inefficient site selection. Therefore, a scientifically reason-
able and clearly targeted wind and solar installation planning
route is crucial to effectively align national and regional strate-
gies, minimize energy lock-ins, and ensure strategic progress
toward both climate and economic objectives.

China’s abundant solar and wind resources have the theo-
retical potential to meet its long-term energy needs.23–26 How-
ever, most studies to date have focused on energy potential
assessment or technology, often neglecting the broader plan-
ning context that includes practical policy and economic con-
siderations. Unlike traditional dispatchable energy sources
such as coal or nuclear power, wind and solar energy are
inherently variable, and heavily influenced by geophysical
location, local terrain, and weather conditions.27 High-
resolution, grid-level analyses are crucial to address these
challenges, enabling accurate assessment of the spatial distri-
bution and variability of resources to identify optimal installa-
tion sites. Furthermore, policy constraints—such as regional
land-use regulations, zoning restrictions, and the need to
align local development with national renewable energy tar-
gets—must be integrated into planning. A comprehensive
approach that combines spatial-temporal analyses with policy
frameworks is essential for scaling up renewable infrastructure
feasibly and sustainably across regions.

In wind-solar capacity planning, alternative land-use oppor-
tunity benefits reflect potential value losses from agriculture,
forestry, or other economic activities while providing a scien-
tific basis for regional resource allocation via quantified eco-
nomic return differences among land use types. These
differences directly shape development priority logic—regions
where long-term wind-solar project benefits exceed current
land-use opportunity costs receive higher development weights,
especially in areas with scarce land or intense multi-use com-
petition. For example, Lazo et al.28 used a real options model to
quantify agricultural land conversion costs for photovoltaic
(PV) plants, finding that uncertainties delay land-use decisions
and inform dynamic development timelines. Similarly, Lamy
et al.29 showed that U.S. Midwest wind farm siting balances
land opportunity costs against transmission costs, requiring
grid expansion for remote high-wind areas to offset land value
losses.

In addition, advancements in technology and proactive
climate policies have made renewable energy increasingly
competitive with fossil fuels.6,30,31 Studies from America,32,33

German,34,35 and United Kingdom36 have highlighted the local
economic and environmental benefits of renewable energy
development, emphasizing its dual benefits in shaping the
spatial layout and evolutionary pathway of future renewable
energy. However, China’s transition to renewable energy
remains underexplored, particularly regarding the specific
costs and economic benefits at a refined grid level. These
assessments must account for installation constraints under
carbon neutrality goals. Policymakers in China face the urgent
challenge of assessing not only the feasibility of renewable
energy deployment but also ensuring that the economic
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benefits are realized. Achieving this balance is critical to driving
investment, accelerating the energy transition, and aligning
renewable energy development with national and regional
priorities.

This study presents a fine-grained, grid-level assessment of
wind and solar development feasibility across China, offering a
detailed roadmap for renewable energy deployment from 2022
to 2060. We introduce the first national-scale feasibility ranking
for wind and solar installations at a 10 km resolution, incor-
porating land-use regulations, construction constraints, and
alignment with both national and provincial ‘‘dual-carbon’’
targets. Additionally, using big data techniques, we collect
provincial-level renewable energy installation cost data,
enabling an assessment of the economic costs and environ-
mental benefits from renewable energy development. This work
provides fine-grained transition pathways for China and serves
as a pioneer model for global renewable energy strategies.

Methodology

Fig. 1 presents the framework of this study, including calcula-
tion of grid-level wind and solar installation in 2022, evaluation
of technical installation potential of wind and solar power,
construction of wind-solar indicators, pathways for grided new
energy installation under different scenarios, and estimation of
potential climate and economic benefits.

Data source

We have collected geographical and statistical data (Table 1)
from the National Bureau of Statistics of China,37 NASA Earth
data, OpenStreetMap (OSM),38 Global Wind Atlas (GWA),39 and

Global Solar Atlas (GSA).40 The National Bureau of Statistics
collected installed wind and solar capacity by provinces, which
is used to analyze the current status of national installed
capacity. To understand the spatial distribution of installed
equipment across the country, we combine this data with wind
and solar spatial distribution data from the OSM platform,
thereby preparing for future wind and solar spatial planning
based on the current situation. In addition to providing spatial
distribution data of wind and solar equipment, OSM data also
includes land use data such as roads, residential areas, and
water bodies, which pose restrictions on wind and solar energy
construction. GWA and GSA both provide global wind and solar
resource data, where average wind speed and global horizontal
irradiation (GHI) are indicators used to assess the national
installed capacity potential and future temporal and spatial
layout.

Wind and solar installation grid calculation in 2022

Based on the provincial installed capacity in 2022, this study
allocates the data to grid cells (10 km � 10 km) to reflect the
spatial distribution of installed capacity across the country.
Using wind turbine points data and PV panel polygon data from
OpenStreetMap (OSM),38 combined with wind and PV power
development statistic data by province in 2022 from the
National Bureau of Statistics,37 these resources are assigned
to grid cells across the country.

For wind power resource allocation, the proportion of wind
power site numbers within each grid cell relative to the total
number of turbines in the corresponding province is used to
distribute the provincial wind power development capacity to
each grid cell. For photovoltaic resource allocation, the

Fig. 1 Research framework of this study.
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proportion of the coverage area of PV panels within each grid
cell relative to the total provincial PV area is used to allocate the
provincial PV development capacity to the respective grid cells.

Evaluation of the technical installation potential of wind and
solar power by considering terrain and land-use policy
constraints

The wind capacity measurement. The objective of wind
capacity measurement is to analyze valid areas and calculate
the potential installed capacity of these areas based on capacity
density. The valid area takes into account factors such as
redline area, slope, altitude, and residential area41,42 (Fig. 2).
For the onshore area, the assessment of technical installed
capacity is 5 MW km�2 for the flat area.43,44 As the terrain slope
changes, the installed capacity decreases.11 The variation in
installed capacity density under the influence of slope is shown
in Table S1 (ESI†). The offshore wind capacity density is 8 MW
km�2 for all areas.45 The installed capacity in each region of the
country is reflected in the 10 km � 10 km grid. The detailed
evaluation method can be found in Supplementary Note 1
(ESI†). The selection of reasonable installed capacity is essen-
tial to minimize the impact of the competition for available
kinetic energy among the planned wind power installations,
identified as the saturation wind power potential (SWPP)
threshold by Jacobson & Archer.46 Detailed information on
the explanation of competition among turbines for available
kinetic energy can be referred to Supplementary Note 2 (ESI†).
Fengjiang 3.0 software (first Chinese software certified by
international Det Norske Veritas, https://fengjiang.goldwind.
com.cn/login/common) is used to simulate kinetic energy
under varying capacity densities at three typical wind sites
(i.e., Gansu, Inner Mongolia, and Guangxi). In general, simu-
lated generation hours decrease as capacity density increases,
suggesting a loss in available kinetic energy (Table S2 and Fig.
S1, ESI†). In addition, sensitivity analyses are also performed
with onshore wind capacity density at 5, 8, 10, and 20 MW
km�2, and offshore wind capacity density at 5 and 8 MW km�2

(Tables S3 and S4, ESI†).
The solar capacity measurement. The solar capacity

measurement also considers the valid areas and power capacity

density. The identification of effective PV installation areas is
primarily achieved by excluding restrictive zones, which
include areas designated by redlines, roads, water bodies, and
slope47 (Fig. 2). The capacity density for PV installations
referred to the method in ‘‘Land Use Control Indicators for
Photovoltaic Power Station Projects’’ political instructions,
which provides installation recommendations based on differ-
ent altitude14 (Table S5, ESI†). The PV installation density in
residential areas is calculated by multiplying the above assess-
ment density by 25%.11 The detailed evaluation method can be
referred to Supplementary Note 3 (ESI†).

Construction of wind-solar indicators

The wind and solar planning at the grid level is determined by
using the construction priority score (from high to low) eval-
uated by the GIS-based multi-criteria decision-making method
(MCDM).47–49 The installation evaluation of technical weights
is assessed based on environmental characteristics, resource
potential, and infrastructure. Due to differences in installation
methods and evaluation approaches, onshore wind power,
offshore wind power, and onshore photovoltaics are analyzed
separately.

Wind onshore power construction priority. The wind power
onshore installation weight (Fig. 2a) is calculated as follows
(Table 2).

(1) Environmental characteristics: terrain and topography
are the main factors considered. China’s terrain is relatively
complex, with flatter areas being more suitable for the installa-
tion of most wind turbine units.50,51 Therefore, for flat terrain
with an elevation below 3 km, the installation index is 1; for
small hilly terrain, the index is 0.8; for hilly areas with a large
number of hills, the index is 0.6. For mountainous areas with
an elevation higher than 3 km, the index is 0. Terrain and
topography data sources are from Global Mountains K352 and
250m resolution DEM files published by USGS.52

(2) Resource potential: includes technical installation capa-
city and average wind speed.

(a) Technical installation capacity: the larger the installed
capacity, the higher the priority for selection as a wind power
development area. Since areas with a large installed capacity

Table 1 Data source

Source Name Format Note

National Bureau of Statistics Current installation Excel Wind and solar capacity statistics by provinces
NASA DEM GeoTiff Digital Elevation Model with 250 m spatial resolution
USGS Global Mountains K3 GeoTiff Global mountain map at 250 m resolution, based on terrain features
Open Street Map Wind turbines Points (shapefile) Includes B10 000 turbine locations

PV panels Polygon (shapefile) Covers B15 427 PV panel areas
Roads Polylines (shapefile) Includes trunk, motorway, primary, and secondary roads
Residential areas Polygon (shapefile) —
Water body Polygon (shapefile) —

Global Wind Atlas Wind speed GeoTiff 250 m resolution wind data
Wind power density GeoTiff

Global Solar Atlas GHI GeoTiff 250 m resolution solar radiation data

Notes: National Bureau of Statistics (available at https://data.stats.gov.cn/easyquery.htm?cn=C01), Open Street Map (https://www.openstreetmap.
org), Global Wind Atlas (https://globalwindatlas.info/), Global Solar Atlas (https://globalsolaratlas.info/download/world), DEM (https://www.un-
spider.org/links-and-resources/data-sources/digital-elevation-model-srtm-41-cgiar-csi, downloaded from Global Solar Atlas).
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are more suitable for centralized installations, the associated
infrastructure construction costs are relatively lower.53 The data
is normalized to a 0–1 range based on the 10 km � 10 km grid
installation capacity for onshore areas.

(b) Average wind speed: wind speed is an important refer-
ence for wind power generation efficiency. The higher the wind
speed, the higher the efficiency and power generation.54 Based
on current mainstream turbine models, the starting wind speed
for turbines is above 4 m s�1, so areas with wind speed below
4 m s�1 are considered inefficient and are excluded from the
power generation evaluation.24 Areas with average wind speeds
above 7 m s�1 are considered to have favorable wind resource
distribution, with higher power generation efficiency and better

returns.48 Wind speeds between 4 m s�1 and 7 m s�1 are
distributed across the indices with a step size of 1 m s�1. The
average wind speed at a height of 100 meters used in this study
is sourced from the Global Wind Atlas.39

(3) Infrastructure: due to the large size of wind power
equipment, there are significant requirements for road width
and height clearance.55 Transporting the equipment on exist-
ing roads is more cost-effective than constructing new transport
routes. Roads of Grade 2 and above are typically designed with
at least two lanes wider than 3 meters, suitable for the trans-
portation of wind turbine equipment.25 Additionally, construct-
ing shorter transport roads based on the existing road
infrastructure can help save overall construction costs. We

Fig. 2 Feasibility priority map and set of restrictive factors for wind power and solar photovoltaic installation. (a) and (b) Feasibility priority map of wind
power (1 km � 1 km grid; (a)) and solar photovoltaic (b). The colour gradation of the block shows the feasibility priority score of installation. (c)–(h) Set of
restrictive factors for wind power and solar photovoltaic installation. Restrictive factors include road (c), slope (d), elevation (e), redlines (f), residential area
(g) and water area (h).
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mainly discuss areas within a 50 km radius of main roads,
standardized with a spatial index ranging from 1 to 0.2 in
10 km increments. Buffer zones greater than 50 km are all set to
an index of 0.2. The road network is from OSM,38 and only
considers motorway, trunk, primary and secondary roads
(Fig. 2c).

Wind offshore power construction priority. The analysis of
the installation priority of offshore wind power is primarily
based on the distance from the coastline and resource potential
(Table 3).

(1) Environmental characteristics: unlike onshore wind
power installation priorities, the further an offshore wind
power project is from the coast, the higher the construction
cost. In China’s 12th Five-Year Plan, the optimal offshore wind
power development zone is within 10–20 km from the
coastline.56 Later policies permitted the development of deep-
sea areas, allowing wind power installations within a 30 km
range from the coastline.45 For this, the weight evaluation gives
priority to the 10–30 km area, with compensation distribution
based on the distance from the 10 km zone.

(2) Resource potential: includes installation capacity and
average wind speed.

(a) The installation capacity is normalized based on the
offshore 10 km � 10 km grid calculation.

(b) Average wind speed is an important factor for wind
turbine efficiency. However, for power generation benefits,
the average wind speed must exceed 6 m s�1.57 Areas with wind
speeds greater than this threshold are selected, then standar-
dized and adjusted to a range between 0.2 and 1.

Construction of photovoltaic indicators. The factors for
determining the installation sequence of onshore PV installa-
tions include environmental characteristics, resource potential,
and infrastructure. The PV onshore value of indicators is shown
in Table 4.

(1) Environmental characteristics: even at the same latitude,
the solar radiation received by photovoltaic (PV) modules
installed in rugged terrain may differ significantly from that
in flat terrain, primarily influenced by factors such as topo-
graphic shading and microclimate changes.58–60 To reflect the
potential constraints of terrain on PV resource utilization, we
set a scoring index ranging from 0.6 to 0.8 based on terrain
types. The relevant terrain data were derived from the Global
Mountains K3 and the 250-meter resolution Digital Elevation
Model (DEM) data published by the U.S. Geological Survey
(USGS).

(2) Resource Potential: includes capacity potential and glo-
bal horizontal irradiance (GHI) values.

(a) The technical potential is based on the solar capacity
measurement results. The calculation method is to normalize
the photovoltaic potential of the onshore areas to a range
between 0 and 1.

(b) Global horizontal irradiance61 is a main condition referring
to the richness of solar resources.62 We use GHI data provided by
SolarGIS and normalize this data to a range between 0 and 1.

(3) Infrastructure: similar to the infrastructure assessment
for onshore wind power. T

ab
le

4
P

h
o

to
vo

lt
ai

c
si

te
se

le
ct

io
n

w
e

ig
h

t
sc

o
ri

n
g

ta
b

le

Pr
im

ar
y

fa
ct

or
y

W
ei

gh
t

(%
)

Se
co

n
d

ar
y

fa
ct

or
y

W
ei

gh
t

(%
)

E
va

lu
at

io
n

in
d

ex

0a
0.

2
0.

4
0.

6
0.

8
1

E
n

vi
ro

n
m

en
ta

l
ch

ar
ac

te
ri

st
ic

s
30

T
er

ra
in

sl
op

e
30

O
ce

an
,

h
ig

h
m

ou
n

ta
in

s,
an

d
m

ou
n

ta
in

ra
n

ge
s

w
it

h
el

ev
at

io
n

s
4

3
km

—
—

Lo
w

m
ou

n
ta

in
ra

n
ge

s
w

it
h

el
ev

at
io

n
s

r
3

km

Lo
w

m
ou

n
ta

in
s

w
it

h
el

ev
at

io
n

s
r

3
km

Fl
at

te
rr

ai
n

w
it

h
el

ev
at

io
n

s
r

3
km

R
es

ou
rc

e
Po

te
n

ti
al

40
T

ec
h

n
ic

al
in

st
al

la
ti

on
po

te
n

ti
al

20
N

or
m

al
iz

ed
to

a
0–

1
sc

al
e

G
lo

ba
l

h
or

iz
on

ta
l

ir
ra

d
ia

n
ce

20
N

or
m

al
iz

ed
to

a
0–

1
sc

al
e

In
fr

as
tr

u
ct

u
re

30
D

is
ta

n
ce

to
ro

ad
n

et
w

or
k

bo
u

n
d

ar
y

30
—

4
50

km
40

–5
0

km
30

–4
0

km
20

–3
0

km
r

20
km

T
ot

al
10

0
—

10
0

—
—

—
—

—
—

a
N

ot
e:

if
a

gr
id

sc
or

e
is

ze
ro

,
it

is
n

ot
pe

rm
it

te
d

to
bu

il
d

a
po

w
er

ge
n

er
at

io
n

.

Energy & Environmental Science Paper

Pu
bl

is
he

d 
on

 1
8 

Ju
ly

 2
02

5.
 D

ow
nl

oa
de

d 
by

 Y
un

na
n 

U
ni

ve
rs

ity
 o

n 
8/

1/
20

25
 1

2:
50

:3
4 

A
M

. 
View Article Online

https://doi.org/10.1039/d5ee01853f


Energy Environ. Sci. This journal is © The Royal Society of Chemistry 2025

Scenario setting

Two scenarios are considered based on the extent of the
development of wind and solar energy generation. The Policy
Scenario represents moderate wind and solar PV installation by
considering comprehensive development indicators in existing
national and provincial planning policies, as detailed in our
previous studies.63 Low-carbon Scenario represents a higher
expectation of wind and solar energy development compared to
the level in the Policy Scenario, by referring to scenario settings
in the IPCC AR6 database. Specifically, the installed capacity in
2025 and 2030 refers to policy requirements and the installed
capacity in 2060 is calculated by allocating the national target to
provinces using the weight of provincial technical potential
values. Then the provincial pathway among the above years is
estimated, assuming a consistent growth rate.

Spatiotemporal grid allocation for installed capacity planning
at the provincial level

(1) Ranking the installation potential data in descending order
based on the score values.

Sdesc = {s1,j,s2,j, . . ., si,j} (1)

Psorted by Sdesc
= {p1,j,p2,j, . . ., pi,j} (2)

In the formula, si,j refers to the 10 � 10 km grid evaluation
score; i is the national grid ID (i A {1,2, . . ., n}); j is the
provincial ID ( j A {1,2, . . ., 31}), with a total of 31 provincial
administrative regions in this study. Sdesc represents the
national grid evaluation score dataset, which is arranged in
descending order based on the score values(s1,j Z s2,j Z . . . Z

si,j). Pi,j refers to the 10 � 10 km grid installation potential,
measured in kW. Psorted by Sdesc

represents the technical installa-
tion capacity dataset, where the values are aligned in descend-
ing order according to the IDs in Sdesc, reflecting the technical
installation potential in each grid based on descending scores.

(2) Distributing the grid values by province. The distribution
logic prioritizes the allocation of grids with existing installa-
tions in 2022 (ki,j,2022) that have not yet reached their technical
installation potential. If the total grid capacity does not meet
the planned installation capacity, grids with higher scores are
selected until the total installation capacity of the selected grids
reaches the planned capacity, at which point the process stops.

kremain
i,j,year = min(pi,j � min(ki,j,2022, pi,j), pi,j) (3)

ki,j,year = ki,j,2022 + kremain
i,j,year (4)

k
year
j ¼

Pn

i¼1
ki;j;year (5)

Kyear = {kyear
1 , kyear

2 , . . ., kyear
j } (6)

where kyear
j represents the total installation capacity of province

j in the year in a scenario. pi,j is installed capacity, and pi,j A
Psorted by Sdesc

, measured in kW.

Economic benefit calculation

After completing the potential installation data and spatial
planning models, it is now necessary to calculate the

environmental and economic benefit characteristics in the
temporal and spatial planning of wind and solar energy. The
calculation methods include lifecycle cost (installation, opera-
tions, and maintenance), carbon reduction from clean energy
construction and operation, and profit estimation.

(1) Installation cost calculation

cyear
i,j,cost = kyear

i,j � cyear
j,cost (7)

where, cyear
i,j is the installation cost for grid i in province j in year

(year), unit: yuan; cyear
j,cost is the unit installation cost in the

province j in year (year), unit: yuan/W; kyear
i,j is the installation

capacity for a grid in a year (year), unit: kW. The unit installa-
tion cost is obtained from Table S6 (ESI†).

In addition, the share of installation cost in total lifecycle
cost (including installation, operations and maintenance) is
assumed to be 69.9%, 81.5%, and 76.4% for onshore wind,
offshore wind, and solar PV, respectively (Table S7, ESI†).64–68

(2) Carbon emission reduction

eyear
i,j = kyear

i,j � hj � eyear
j (8)

where, eyear
i,j is carbon emissions reduction for grid i in province

j in year (year), with unit kg; eyear
j is grid emission factor69 for

province j in year (year); hj is provincial equivalent hours
in 2022.

(3) Profit calculation

Pyear
i,j = eyear

i,j � cyear
j,emiss � cyear

i,j,cost (9)

where, Pyear
i,j is profit for grid i in province j in year (year), unit:

yuan; cyear
j,emiss is the carbon price in province j in year (year), unit:

yuan. The carbon price is estimated from Table S8 (ESI†).

Results
Spatial-temporal distribution and vast installation potential of
gridded new energy resources

From 2012 to 2022, the total wind and solar power installed
capacity experienced significant growth, with notable variation
across different provinces. China’s total wind and solar power
capacity grew at a compound annual growth rate (CAGR) of
25.3% in the 10 years (79.6–758.0 GW), with wind power
installations increasing from 75.3 to 365.4 GW and solar power
capacity expanding from 4.2 to 392.6 GW (Fig. 3). The increase
in total wind and solar capacity across provinces over these
10 years varies significantly, ranging from the smallest change
of 1 GW in Beijing to the largest change of 60 GW in Shandong.
Inner Mongolia remains the leader in total wind and solar
installed capacity nationwide (18.9–61.1 GW), despite its share
of the total capacity declining from 23.8% in 2012 to 8.1% in
2022 (Fig. 3a and b).

We assessed the grid-level spatial patterns of wind and PV
installed capacity in 2022 based on the location of wind
turbines and PV panels. We identified substantial regional
disparities in wind and PV installed capacity (Fig. 3a and b).
Northern regions dominate wind and solar grids compared to
the southern regions, but the solar grids are more sparsely

Paper Energy & Environmental Science

Pu
bl

is
he

d 
on

 1
8 

Ju
ly

 2
02

5.
 D

ow
nl

oa
de

d 
by

 Y
un

na
n 

U
ni

ve
rs

ity
 o

n 
8/

1/
20

25
 1

2:
50

:3
4 

A
M

. 
View Article Online

https://doi.org/10.1039/d5ee01853f


This journal is © The Royal Society of Chemistry 2025 Energy Environ. Sci.

distributed (Fig. 3a), while the wind grids are more concen-
trated (Fig. 3b). In southwestern regions such as Tibet, there are

large areas without wind turbine installation grids, but there
are solar power installation grids.

Fig. 3 The 10 km grid spatial distribution of Chinese wind turbine and solar photovoltaic installed capacity in 2022 and historical installed capacity of
each region. (a) and (b) Distribution of wind power installed capacity in China (totaling 104 439 wind turbines; (a)) and solar photovoltaic (15 427
photovoltaic fields; (b)). The colour gradation of the block shows the installed capacity. The maximum installed capacity of wind power grids does not
exceed 80 � 104 kilowatt (kW). The maximum installed capacity of solar power grids does not exceed 1000 � 104 kW. Inserts show the historical changes
in the total installed capacity in China. (c)–(h) Typical high-density wind power installation area (c)–(e) and solar photovoltaic (f)–(h). (i) and (j) The
historical wind power installed capacity of each region (i) and solar photovoltaic (j). The colour lines show the provinces within the region. The statistic
wind and solar historical data do not include the regions of Hong Kong, Macau, and Taiwan.
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North, including Inner Mongolia, Shanxi and Hebei, East,
including Shandong, and Northwest, including Xinjiang and
Gansu, collectively account for over 166.5 GW of wind installed
capacity, representing 45.6% of the wind power national total
in 2022 (Fig. 3i). These regions also generate over 263.2 billion
kWh of wind power in 2022, comprising 34.5% of the nation’s
total.30 This dominance is attributed to favorable geographic
conditions, abundant wind resources, and supportive policies.
Specifically, Inner Mongolia boasts wind densities exceeding
200 W m�2, with annual hours at wind speeds of Z3 m s�1

surpassing 5000 hours and Z6 m s�1 exceeding 3000 hours,
resulting in high efficiency.70 Conversely, southern regions
exhibit relatively lower onshore wind energy potential, but the
southern coastal areas offer promising offshore wind resources,
which are inherently a key focus for future development. These
findings highlight regional differences in wind energy potential
and strategic opportunities for optimized deployment.

Similar to wind power, PV installed capacity also exhibits
significant regional variation, with capacities ranging from
0.7 GW to over 42.6 GW in 10 years (Fig. 3j). China’s solar
energy potential is immense, with the land surface receiving
approximately 50 � 1018 kJ of annual solar radiation. Total
solar radiation varies across the country, ranging from 335 to
837 kJ cm�2�a, with a median value of 586 kJ cm�2�a.71 Regions
such as Qinghai and Gansu host the highest concentration of
PV installations, underscoring their strategic importance in
China’s renewable energy landscape. Unlike wind energy,
which is more concentrated in the north, PV installations
appear to be more diversified, spanning western and southern
China. This wider distribution is due to PV systems’ adapt-
ability across diverse geographic locations, from high-sunlight
regions to areas with lower solar intensity.

China’s regions have enormous wind and solar resource
potential, and the geographical constraints for PV installations
are lower than those for wind power installations. We estimated
China’s national wind technical potential at 16 276.1 GW, and
the PV installed capacity potential is 276 206.9 GW (Fig. 4a and
b). The North and Northwest regions exhibit a high proportion
of wind power installation potential, each exceeding 30%
(Fig. 4c). Regions such as Inner Mongolia, Xinjiang, Heilong-
jiang, and Gansu show the highest technical potential, collec-
tively comprising approximately 50% of the national capacity,
which aligns with the current state of wind power development
(Fig. 4c). China’s extensive coastline, spanning 18 000 kilo-
meters and offering over 3 million square kilometers of exploi-
table marine area, estimated at approximately 2584
GW—15.9% of the total technical potential. Consistent with
wind power installation potential, the Northwest region of
China has immense PV installation potential, exceeding 30%
(Fig. 4d). However, the Southwest region ranks second in terms
of PV installed capacity, accounting for 24%, which contrasts
sharply with the wind power distribution, where it only
accounts for 2% (Fig. 4c and d). Notably, Xinjiang, Tibet, Inner
Mongolia, and Qinghai stand out for their high technical
accessibility, making significant contributions to China’s PV-
installed capacity—accounting for 40.9% of the national PV

capacity, with Xinjiang alone contributing 17.9% of the total
capacity, boasting a PV installed capacity of 49 342.4 GW.

Pathways for grided new energy resources in China by 2060

The technological potential for both wind and solar energy in
China is vast, yet current development remains minimal. Wind
power installations account for just 2.2% of their potential,
while solar power installations represent only 0.1% in 2022.
This gap highlights the urgent need for strategic planning to
fully exploit these resources.

These findings are in line with prior research, which sug-
gests that wind and solar energy have sufficient potential to
support China’s carbon neutrality vision.72 Nevertheless, the
key challenge lies in enhancing the precision of site-specific
planning to ensure a successful energy transition. To address
this, we propose a priority sequencing for installations that
integrates natural endowments and technical potential, build-
ing on existing wind and solar development frameworks. This
approach provides a tiered, grid-level (10 km� 10 km) planning
roadmap for wind and solar deployment in each province,
advancing the precision of site-specific planning and optimiz-
ing the allocation of resources for efficient wind and solar
deployment.

Considering the adaptability of wind and solar power instal-
lations to their operating environments, we comprehensively
incorporated factors including ground slope, elevation, ecolo-
gical redlines, residential areas, restriction of land use, and
water bodies (Fig. 2). Based on these factors, we developed an
evaluation framework for prioritizing land-based wind power,
offshore wind power, and land-based solar power installations
in China at a 10 km grid scale. The resulting feasibility priority
maps (Fig. 2a and b) reveal significant geographic disparities in
renewable energy potential. Areas with high wind power prior-
ity are primarily located in the northeastern and western
regions (characterized by elevated terrain and abundant natural
resources resources) and the North China Plain (noted for
infrastructure advancement). Optimal solar energy potential
is concentrated in the northwestern and southwestern regions,
where high sunlight exposure enhances feasibility.

Here, we employed two scenarios to assess the potential
development pathways for new energy resources guided by
weighted scores/feasibility by 2060: the Policy Scenario and
the Low-carbon Scenario. The Policy Scenario represents mod-
erate wind and PV installation by considering comprehensive
development indicators in existing national and provincial
planning policies. In contrast, the Low-carbon Scenario repre-
sents a higher expectation of wind and PV development, by
referring to the scenario settings in the IPCC AR6 database.73

Under the Policy Scenario, from 2022 to 2060, all provinces
in China experience an increase in installed wind capacity, but
the pace of growth varies (Fig. 5a and e). Hainan, with the
fastest growth rate (CAGR of 9%) in wind installation, is
projected to have an installed capacity of only 7.7 GW by
2060 (Table S9, ESI†). In contrast, provinces such as Hebei
(CAGR, 4.6%) and Shanxi (CAGR, 4.2%) exhibit growth rates
close to the national average of 4.7% over the same period.
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Their total installed capacities rank among the top five in the
country, 152.4 GW and 110.9 GW in 2060. Offshore wind power
is expected to reach a total planned installed capacity of 615.3
GW by 2060, with a CAGR of about 8.2%.

In terms of regional installation growth, most provinces are
expected to see grid expansion similar to 2022 levels by 2060,
with notable exceptions such as Sichuan, Inner Mongolia,
Xinjiang, Chongqing, and Shanxi, where grid expansion
exceeds 400 grids. This significant increase in grid numbers
is primarily attributed to two factors: the low installation
capacity density per grid and the excessively large provincial
installation targets. Sichuan’s grids, for example, will expand
from 59 in 2022 to 1259 by 2060. This is primarily driven by the
terrain, as the lower installed capacity per grid in mountainous
areas necessitates more grids to meet the planned capacity of
23.7 GW by 2060–well below the provincial average of 69.7 GW
for onshore installations. On the other hand, Inner Mongolia,
Xinjiang, and Heilongjiang plan for much larger installed
capacities by 2060, reaching 486.2 GW, 382.9 GW, and
165.7 GW, respectively. These ambitious targets require extensive
grid layouts to accommodate the higher installation demands.

From a spatial-temporal perspective, northern China (Xin-
jiang, Inner Mongolia, Liaoning, Jilin, Heilongjiang) and south-
western China (Sichuan, Yunnan, Chongqing, Guizhou) will see
significant additions of dense red grids, indicating that these
regions will need more land area to meet planned capacity
targets (Fig. 5a). Coastal areas will generally experience an

increase in new grids, with the most significant concentration
near Fujian, where superior wind resources (average wind
speed at 100 meters exceeds 10 m s�1) make it an optimal
location for offshore wind development.

Similar to the wind power installation scenario, the
provincial-level PV installation scenario also shows a mismatch
between the growth amount and the growth rate (Fig. 5c and g).
However, the changes in PV installation are generally larger
than those in wind power. From 2022 to 2060, the total CAGR of
PV installed capacity nationwide is expected to reach 7.8%
(392.6–6917.6 GW), with the highest growth rate for Tibet
(16.6%, 1.8–606.5 GW) (Table S9, ESI†). Shandong and Hebei
were consistently among the top five provinces in planned
installed capacity in the early stages of development. However,
by 2060, they will be overtaken by Xinjiang and Tibet.
The northern regions are the main drivers of PV development.
In most provinces (25 out of 31), the CAGR of solar power
exceeds that of wind power, with the largest differences
observed in Sichuan and Tibet (exceeding 10%). In a few
provinces (6 out of 31), wind power has a higher CAGR, but
the differences are all within 2%. This variation is mainly due
to the flexibility of land use for solar power construction, such
as the ability to install rooftop solar panels in residential areas,
as well as the fact that solar power generation is not restricted
by high altitude.

The land area required to safely accommodate wind turbines
is greater than that required for solar PV systems. By 2060, only

Fig. 4 The technological potential capacity of wind power and solar photovoltaic. (a) and (b) Technological potential capacity of wind power (1 km �
1 km grid; (a)) and solar photovoltaic (b). The colour gradation of the block shows the technological potential capacity. (c) and (d) The technological
potential capacity of wind power (c) and solar photovoltaic (d) in each province.
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five provinces will have more than 100 grid units, including
Xinjiang, Tibet, Qinghai, Inner Mongolia, and Gansu (Fig. 5c).
Meanwhile, 12 provinces, including Inner Mongolia, Gansu,
Ningxia, Hebei, Shanxi, Henan, Anhui, Jiangsu, Zhejiang, Hai-
nan, Beijing, and Tianjin, will experience no growth in the
number of grid units (Fig. 5c). These areas have higher land use
efficiency for PV development. In certain regions of Tibet,

Xinjiang, Qinghai, Northeast China, and Southwest China, a
limited number of red grids emerge, signaling the need for
enhanced land-use planning by 2060 to accommodate PV
development requirements.

We further established an ambitious new wind energy
expansion strategy, named the Low-carbon Scenario, which
surpasses the targets outlined in the Policy Scenario. From

Fig. 5 The roadmap for gridded-level wind and solar installation from 2022 to 2060 under the Policy and Low-carbon Scenarios. (a)–(d) The roadmap
for gridded level wind power (a) and (b) and solar photovoltaic (c) and (d) installation under the Policy (a) and (c) and Low-carbon (b) and (d) Scenarios.
(e) and (f) The annual installed capacity of wind power (e) and (f) and solar photovoltaic (g) and (h) under the Policy (e) and (g) and Low-carbon (f) and (h)
Scenarios from 2022 to 2060.
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2022 to 2060, the CAGR of wind power in the Low-carbon
Scenario in each province is expected to reach 6.4%, 1.4 times
higher than the growth rate in the Policy Scenario. In particular,
Inner Mongolia (977.3 GW in 2060), Xinjiang (769.6 GW),
Heilongjiang (333.1 GW), Hebei (278.3 GW), and Gansu
(167.4 GW) will be the main contributors to wind power
installations by 2035 and 2060 (Table S10, ESI†). The enormous
development demand in the Low-carbon Scenario of wind
power requires more extensive land use. The number of land
grids in Inner Mongolia, Xinjiang, Sichuan, Shanxi, and Fujian
is expected to increase by over 1000 grids from 2022 to 2060,
with Inner Mongolia and Xinjiang seeing an increase of more
than 2000 grids (Fig. 5b). Offshore wind installations are
projected to increase by 1455 grids from 2022 to 2060, doubling
the number in the Policy Scenario. Post-2050, the planned wind
installation space in central China, including regions near
Ningxia, southern Fujian, and the southwest, will show a
significant expansion (Fig. 5b).

Under the Low-carbon Scenario, the national average CAGR
of PV installation is expected to reach 10.4% from 2022 to 2060,
approximately 1.3 times higher than that under the Policy
Scenario. Xinjiang and Inner Mongolia emerge as the
main drivers of PV development, with installed capacities
reaching 126.7 GW and 119.3 GW by 2035, and 3021.1 GW
and 1364.6 GW by 2060, respectively. The combined installed
capacity of these two provinces will account for 14.7% of the
national total in 2035 and 26.1% in 2060. Xinjiang’s planned
grid units will reach 895 by 2060, becoming the province with
the largest installed capacity (Fig. 5d).

In addition, by conducting sensitivity analyses for onshore
and offshore wind power separately, we found that as capacity
density increases (from 5 MW km�2 to 20 MW km�2 for
onshore wind power and from 5 MW km�2 to 8 MW km�2 for
offshore wind power), the technical installation potential of
wind power in individual grid increases substantially, and the
total number of grid cells required to reach the 2060 installa-
tion target gradually decreases, as shown in Fig. S2 and
Table S3 (ESI†).

Both development scenarios show significant potential to
meet China’s future electricity needs, projected to reach 16
PWh by 2050 and 17 PWh by 2060.72 Our analysis reveals that
wind and solar energy can effectively meet China’s low-carbon
power demands. By 2060, under the Policy Scenario, the
combined electricity generation of solar and wind energy is
projected to reach 13.2 PWh, with 5.8 PWh from wind and
7.4 PWh from solar energy. In contrast, the Low-carbon Sce-
nario projects a total electricity generation increase signifi-
cantly to 29.2 PWh, driven by 18.0 PWh from solar energy
and 11.2 PWh from wind energy. Over 60 years, the total
electricity generated by wind power could be 2.2 to 5.0 times
greater than that from thermal power in 2022.74

Potential climate and economic benefits of new energy
resources in China by 2060

Our estimates of the potential climate and economic benefits
from wind and solar energy reveal significant temporal and

spatial variations across China. Both the Policy and the Low-
carbon Scenario show a shift in economic benefits from nega-
tive to positive over time. Notably, the Low-carbon Scenario
achieves this reversal earlier than the Policy Scenario, further
accelerating positive outcomes due to stricter carbon reduction
targets. Both scenarios enable the realization of the goal of
‘‘turning resources into gold’’ (Fig. 6 and Fig. S3, ESI†).

Under the Policy Scenario, we observed a gradual reduction
in carbon emissions initially, followed by a marked acceleration
from the mid-2030s, ultimately achieving a projected reduction
of around 3.8 billion tons of CO2 by 2060 for wind installation.
Inner Mongolia, Xinjiang, and Heilongjiang are the major
contributors to carbon emission reductions by developing
wind power, with the reductions of 808.8 million tons,
566.5 million tons, and 254.1 million tons, respectively. Eco-
nomically, the national benefits of wind power start negative in
2022 (�239.9 billion CNY), turn positive around 2050 (645
billion CNY), and are projected to reach their peak by 2060
(1923.9 billion CNY) (Fig. S3j, ESI†). Provinces like Inner
Mongolia (521.45 billion CNY), Xinjiang (314.1 billion CNY),
Hebei (165.96 billion CNY), and Heilongjiang (161.77 billion
CNY) are expected to achieve the highest economic benefits by
2060. In the initial stage, before 2035, all provinces will experi-
ence negative profitability. After 2035, some provinces will
gradually become profitable, starting with Hebei and Henan.
However, Tibet, Hainan, Qinghai, Yunnan and Sichuan are
projected to consistently experience negative returns by 2060,
with estimated losses ranging from 0.02 billion CNY to �6.73
billion CNY. Additionally, offshore wind energy is expected to
remain in a state of negative returns before 2040. However, we
anticipate a shift to positive returns beginning in the late 2050s,
with projections reaching 100 billion CNY by 2050 and
327.47 billion CNY by 2060.

The PV installation scenario also brings a huge amount of
installed capacity. Xinjiang (reducing 1036.4 million tons of
CO2 in 2060), Inner Mongolia (619.2 million tons in 2060),
Gansu (201.5 million tons in 2060), and Heilongjiang
(198.2 million tons in 2060) are the top contributors to these
reductions and generates substantial revenues (625.3 billion
CNY, 416.6 billion CNY, 80.0 billion CNY and 63.7 billion CNY)
(Fig. S3k, ESI†). The deployment of PV installations remains
below zero until 2050, ultimately showing positive profitability
by 2060 (Fig. S3l, ESI†). Power generation efficiency is a critical
factor determining whether provinces can shift from negative
to positive profitability. The substantial planned installation
capacity in Qinghai results in costs (161.2 billion CNY in 2060)
that cannot be offset by the revenues generated from power
generation and carbon reduction, ultimately leading to a nega-
tive balance that persists until 2060 (�96.9 billion CNY), mak-
ing it the province with the lowest return on investment.

In the Low-carbon Scenario, wind power deployment
achieves substantial carbon emission reductions (Fig. 6). By
2060, the total reductions reach approximately 7.4 billion tons,
with Inner Mongolia leading at 1.6 billion tons, followed by
Xinjiang and Heilongjiang with 1.1 and 0.5 billion tons, respec-
tively. Shanghai, Chongqing, Beijing, Sichuan and Tibet
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experience lower reductions, less than 10 million tons, due to
less favorable wind conditions and lower installed capacities.
The national economic benefits of wind power under
the Low-carbon Scenario initially show a negative return

(�239.87 billion CNY in 2022) but shift to positive around
2040 (187.91 billion CNY), 5 years earlier than under the Policy
Scenario (Fig. 6j). By 2060, the overall economic benefit is
projected at about 5.47 trillion CNY. Inner Mongolia, Hebei,

Fig. 6 Cost-benefit analysis from 2022 to 2060 under the Low-carbon Scenario. (a)–(h) Cost-benefit for gridded level wind power (a-d) and solar
photovoltaic (e)–(h). (i)–(l) Cost-benefit analysis for provincial wind power (i) and solar photovoltaic (k). Insets show the corresponding national cost-
benefit (j) and (l) from 2022–2060. The pink shaded area indicates the 95% confidence interval, reflecting the uncertainty of the data. The gray dash line at
the zero scale serves as the division between positive and negative economic benefits, clearly differentiating between gains and losses.
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Henan and Heilongjiang are the 4 provinces that achieve
profitability as early as 2030, with profits reaching between
2.48 billion yuan and 14.88 billion yuan. Yunnan and Sichuan
are the only two provinces that will remain unprofitable by
2060, with a loss of �3.00 billion CNY and �3.71 billion CNY.

The deployment of PV installations under the Low-carbon
Scenario is projected to result in substantial carbon emission
reductions. The national carbon emissions, totaling 9.5 billion
tons, are 2.4 times the total PV emissions under the Policy
Scenario in 2060. Xinjiang (2.5 billion tons), Inner Mongolia
(1.5 billion tons), and Gansu (0.5 billion tons) achieve the
largest reductions in 2060. Economically, national profits are
expected to turn positive by 2040, nearly 5 years earlier than in
the Policy Scenario. By 2060, total economic benefits are
estimated to reach 7.3 trillion CNY, 4.2 times greater than
those under the Policy Scenario. Nearly all provinces are
expected to achieve positive economic returns, with Xinjiang
(2.2 trillion CNY in 2060), Inner Mongolia (1.4 trillion CNY in
2060), and Gansu (0.4 trillion CNY in 2060) realizing significant
gains due to their substantial carbon mitigation efforts
(Fig. 6k). The only exception is Qinghai, which is anticipated
to continue reporting negative economic returns, projected at
�0.1 trillion CNY by 2060. In 2060, Qinghai’s installation cost is
256.2 billion CNY, making it the second highest among pro-
vinces. However, Qinghai’s carbon emissions in 2060 are only
195.3 million tons. This significantly lower carbon emission
level results in the benefits from carbon reduction and elec-
tricity generation, rendering them insufficient to cover the
lifecycle costs.

Our analysis reveals that the transition to renewable energy
resources in China by 2060 is projected to yield substantial
climate and economic benefits. Under both scenarios, wind
power will reduce carbon emissions by 3.8 to 7.4 billion tons,
while PV systems are expected to cut emissions by 3.9 to 9.5
billion tons in 2060. Economically, the wind and solar power
could generate 3.7 to 12.8 trillion CNY in 2060 under different
scenarios, equivalent to 3.1% to 10.6% of the 2022 GDP.75

Among total benefits, PV systems are expected to contribute
between 42.7% and 57.3%. These economic benefits are parti-
cularly significant in regions like Inner Mongolia, Hebei,
Xinjiang, Guangdong, and Jiangsu. Our findings highlight the
critical role of these regions in driving both China’s carbon
reduction and economic growth through the transition to
renewable energy.

In addition, as to the sensitivity analysis, based on the
simulation results for different installed capacity densities
using Fengjiang software, as the installed capacity density
increases, the equivalent power generation hours decrease
(Tables S2, ESI†). Therefore, we made corresponding reduc-
tions in the estimated power generation for different installed
capacity densities (Tables S3 and S4, ESI†). The reduction rates
for installed capacity densities of 8–20 MW km�2 are approxi-
mately 7–37%. Based on this, we calculated the changes in the
profit estimation and found that under the 2060 Policy Scenario
and Low-carbon Scenario, the economic benefits of onshore
wind power generation at an installed capacity density of

20 MW km�2 decreased by 54.3% and 50%, respectively,
compared to the situation at 5 MW km�2 (Fig. S4 and
Table S3, ESI†).

Discussion and conclusions

Our study provides a pivotal assessment of wind and solar
energy’s transformative potential to reshape China’s energy
landscape, revealing their capacity to drive the nation’s transi-
tion to a low-carbon economy. This transformation is expected
to rely heavily on northern regions such as Inner Mongolia,
Xinjiang, and Heilongjiang, which exhibit the greatest renew-
able energy potential. By evaluating grid-level data, we highlight
that the Policy Scenario and Low-carbon Scenario offer robust
pathways for achieving China’s renewable energy targets. The
anticipated climate and economic benefits of this transition are
profound and multifaceted. Under the Policy Scenario, the
planned installed capacity of wind and solar power is sufficient
to support China’s 100% renewable energy transition.1 Under
the Low-carbon Scenarios, the projected reductions in
carbon emissions—up to 7.4 billion tons from wind power
and 9.5 billion tons from solar PV—demonstrate the critical
role of renewables in mitigating climate change. Economically,
the potential gains of approximately 5.5 trillion CNY from
wind and 7.3 trillion CNY from solar underscore the
financial incentives for accelerated investment in these tech-
nologies. This dual impact of substantial emissions reductions
coupled with significant economic returns positions renew-
ables as central to China’s sustainable development strategy.
However, Sichuan, with lower resource conditions and challen-
ging mountainous terrain that limits technical installation
capacity, ultimately results in negative returns under the Policy
Scenario.

Our findings present several far-reaching policy implications
that align with China’s policy framework. First, there is a
pressing need for stronger policy support for wind and solar
power. Especially, regions such as Inner Mongolia and Xin-
jiang, endowed with abundant renewable resources, hold the
potential to generate significant economic benefits. By ‘‘turning
resources into gold’’, these regions can meet China’s future
electricity needs while significantly boosting economic devel-
opment in underdeveloped areas. This strategy leverages their
natural resources to drive growth and support the nation’s low-
carbon transition efficiently. Furthermore, our grid-level com-
parison reveals that PV systems are more economically
viable than wind energy, with PV offering economic advantages
that are approximately 1 to 1.3 times greater than wind,
primarily due to cost disparities. This finding highlights
the importance of tailoring development strategies based
on local resource endowments and economic feasibility. Our
finding reinforces the need to move beyond general resource-
based siting principles by incorporating localized cost-
performance assessments, land-use constraints, and long-
term policy alignment to guide technology-specific deployment
strategies that are both economically efficient and regionally
adaptive.
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In addition to robust policies, adequate infrastructure sup-
port is critical for the successful transition to renewable energy.
Current grid constraints, particularly the inability to fully
absorb new energy electricity in high-generation regions, must
be addressed. Expanding grid capacity and improving power
transmission infrastructure are essential for guaranteeing
renewable electricity consumption. Additionally, policies that
encourage the spatial relocation of energy-intensive industries
to regions with abundant renewable resources can help solve
grid congestion issues. Establishing initiatives such as ‘‘zero-
carbon electricity industrial and trade zones’’, where export-
oriented enterprises receive certification for using zero-carbon
electricity, can provide a concrete market-driven solution to
scaling up renewable energy consumption. Coal-producing
provinces, fossil fuel-dependent areas, and energy-importing
regions can leverage this strategy to diversify energy sources,
driving a more equitable and sustainable energy transition
across China.

Furthermore, our findings suggest that China’s total
installed capacity of wind and solar power is projected to reach
22 184.7 GW under the 2060 Low-carbon Scenario. However, the
current energy storage infrastructure is far from sufficient to
accommodate the volatility introduced by such a large-scale
integration of renewables, posing significant challenges to grid
operation. To ensure stable grid performance, continuous
power supply, and cost-effective operation, coordinated efforts
across technological, policy, and financial dimensions are
urgently needed. First, accelerating the construction of inter-
provincial transmission corridors—such as Eastern Inner Mon-
golia–Shandong and Ningxia–Shandong—can help balance
regional electricity supply and demand.18 Second, given that
China’s current energy storage capacity is less than 1% of the
projected requirement, substantial investments are recom-
mended to expand and deploy new storage technologies to
meet future grid flexibility needs. Finally, the development of
ancillary services and capacity markets is critical for improving
system flexibility. Since 2025, China has allowed renewables to
participate in electricity markets, using price signals to pro-
mote peak shaving and lay the groundwork for a high-
renewable power system.76–78

Our study makes several significant contributions to the
field of renewable energy and climate change mitigation. First,
we provide a long-term, high-resolution dataset of wind and
solar capacity inputs for integrated assessment models, offer-
ing a robust foundation for future energy and climate policy
research. Second, we offer a detailed and operationally imple-
mentable roadmap for wind and solar capacity planning, which
can guide policymakers in achieving a balanced and sustain-
able energy mix. Third, by addressing the unequal distribution
of renewable energy resources across provinces, we propose
strategies to mitigate regional disparities in green energy
supply and economic inequality through optimized renewable
energy installations.

Moreover, our research provides valuable insights for other
countries undergoing energy transitions from traditional fossil
fuels to renewables. For nations, like India, Saudi Arabia, and

South Africa, facing similar challenges in transitioning to clean
energy, our findings offer strategic guidance on leveraging
regional renewable energy potential to maximize both climate
and economic benefits. Specifically, at the data level, countries
should acquire medium- to long-term wind and solar deploy-
ment plans and integrate key spatial constraints—such as
slope, elevation, land-use restrictions, and protected
areas—while incorporating country-specific factors. For
instance, in India, additional considerations include grid con-
nection right-of-way, grid capacity requirements for new
energy, public acceptance willingness, wildlife risks, vegetation
distribution and shading conditions, as well as buffer
zone.21,79,80 In Saudi Arabia, critical factors include regional
dust conditions, high-temperature extreme weather, employ-
ment impacts and transmission network maturity.81 Methodo-
logically, this study outlines a five-step framework—
resource assessment, technical potential estimation, scenario-
based deployment, generation simulation, and benefit evalua-
tion—that can be directly adopted in other national or regional
studies.

In our study, the economic benefits are assessed from an
environmental economics perspective. However, we acknow-
ledge that a more comprehensive evaluation should also con-
sider the opportunity costs associated with alternative land
uses. In renewable energy planning, land-use opportunity costs
are not only a core dimension of economic evaluation but must
also be dynamically balanced against the alternative economic
functions of land—such as high-value agricultural production
and ecosystem service provision. For example, the IEA82 notes
that in regions with exceptionally high agricultural productiv-
ity, solar PV development should adopt an agricultural-
photovoltaic hybrid model to reconcile food security goals with
energy transition priorities. Similarly, empirical studies on U.S.
federal lands suggest that, despite the vast technical potential,
actual deployment must prioritize the avoidance of ecologically
sensitive areas and high-value farmland. Furthermore, research
by Dinesh et al.83 shows that the multifunctional value of
land—such as biodiversity conservation—can substantially
increase its opportunity cost, thereby altering the logic of siting
priorities. In ecologically fragile regions, such trade-offs may
raise the economic viability threshold for wind and solar
projects significantly.
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