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Land use impacts the environmental
benefits of wind energy farms in China
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Wind energy plays a vital role in meeting rising electricity demand and climate goals, but its land-use
footprints from vegetation removal, construction, and road sprawl may overestimate greenhouse gas
(GHG) mitigation benefits. Here we used life cycle assessment (LCA) to explore the land-use impacts
on GHG emissions and energy performance for three typical wind farms located in forest, grassland
anddesert ecosystems.We incorporated vegetation/soil removal during the installation stage, and the
loss of additional carbon sink capacity during the operation andmaintenance stage. Land-use change
(LUC) contributed 37.9% of the life cycle emissions for the forest farm, while much lower for the
grassland and desert farm (4.3% and 1.2%, respectively). Grassland deployment offered a triple win
with highest energy return, lowest land-use intensity, and lowest GHG emissions. With mitigation
measures, all farms achieved low emission intensity (below 5 g CO2-eq kWh−1), greatly reducing land-
use and ecosystem-based emission intensity differences.

China has the largest electricity sector in theworldwith an installed capacity
of 2.2 TW (Tera Watt) and a total generation of 7521 TWh (Tera Watt ⋅
hour) in 20201. Meanwhile, greenhouse gas (GHG) emissions fromChina’s
electricity sector have risen sharply and contributed 47% (around 5.4 Gt) of
the national total GHG emissions in 20202. To tackle climate change and
improve the sustainability of its socio-economic development, China’s
government pledged in 2019 to “achieve peak emissions before 2030 and
carbon neutrality before 2060”. This pledge requires strong decarbonization
of China’s electricity sector, including increasing renewable power genera-
tion, phasing out conventional coal-fired power plants, and increasing the
flexibility of power grids3.

Wind energy provides substantial benefits for achieving climatic
goals. Currently, the GHG emission intensity of China’s wind energy is
19.88 g CO2-eq kWh−1, providing 98% mitigation effect compared to
fossil fuels4. With the world’s fastest wind power growth, China
accounted for 56% of global new installation in 20205. Wind energy is
growing rapidly and will continue to grow to meet the increasing elec-
tricity demand and displace existing fossil-based generation. It is esti-
mated that the wind power generation of China will reach 4860 TWh and
5760 TWh in 2050 under 2 °C and 1.5 °C scenario, accounting for 37%
and 40% of the total electricity demand, respectively6. However, wind
farms require more land than other energy sources7–9, with turbines

typically spaced 7–15 rotor diameters apart10. The rapid and large-scale
deployment of wind energy requires substantial land areas, creating
significant land-use footprints through vegetation removal and on-site
construction of wind facilities11.

Continental-scale occupation of wind farms causes non-negligible
impacts on heat and moisture fluxes12,13 and global carbon cycle14, induces
habitat deforestation/destruction11 and leads to increasing threats to
biodiversity15,16. However, life cycle assessment (LCA), the widely employed
method in evaluating the GHG emissions associated with wind energy
facilities17, often overlooks the critical effects from land-use change (LUC).
Vegetation removal reduces biomass storage and further causes soil carbon
losses. The construction of a single wind turbine in grassland damaged
approximately 3000m2 of pasture land18. Remote-sensing data also revealed
reductions in the vegetation index after wind farm installation, indicating
that wind energy deployment within natural ecosystems inhibits vegetation
growth and productivity19,20. Furthermore, on-site construction of
impermeable surfaces, such as turbine foundations and road sprawl, will
inhibit the carbon input. Pekkan et al.21 found that a 466 ha wind farm
significantly decreased soil organic carbon by 18 kt over ten years. For
energy forms with higher land-use intensity than wind, studies still report
non-negligible LUCemissions. For example, for unconventional oil and gas,
LUC induced emissions accounted for 4% of the life cycle emissions22. For
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renewables like solar photovoltaics, neglecting changes of carbon flux will
result in an underestimation of emissions by 25–51%23. GHG emissions of
biofuels fromLUCevenproducemuchmoreCO2 thanGHGreduction they
provide by replacing traditional fossil fuels24, especially for intensified
production25. Therefore, it is imperative to integrate LUC induced GHG
emissions fromwind energy. The neglection of the carbon losses from LUC
leads to incomplete and falsely estimation of life cycle GHG emissions and
overestimation of wind’s climate change mitigation potential compared to
other energy sources.

In this study, we selected three typical wind farms located in forest,
grassland and desert ecosystems to explore their life cycle GHG emissions
and energy performance, as well as the contribution of LUC impact. We
developed a comprehensive LCA framework integrating the effects of
vegetation and soil destruction by wind farm deployment. The objectives of
this study are (1) to estimate the contribution of emissions from LUC to life
cycle emissions and energy efficiency of wind farms deployed in different
ecosystems; (2) to quantify LUC emission contributions to life cycle emis-
sions and energy efficiency across ecosystems; and (3) to propose feasible
site-planning methods balancing emission mitigation, land use, and energy
efficiency based on scenario analyses.

Results
Land-use impacts on the life-cycle GHG emissions
The results showed substantial carbon losses caused by LUC for wind farm
installation, operation and maintenance, especially in forest and grassland
ecosystems. In the forestwind farm(FWF), biomass carbon losswas 243.88 t
C turbine−1 in theFWF location,whichdominated the carbon losses (Fig. 1).
Vegetation removal also resulted in a loss of additional carbon sink capa-
city (LASC) of 23.54 t C turbine−1. Soil organic carbon (SOC) losses were
28.01 t C turbine−1 over 20 years due to impermeable surfaces inhibiting
carbon input. The large carbon losses in the FWF were determined by its
greater land-use footprint (44.3 m2 GWh−1; Table 1). In the grassland wind
farm (GWF), biomass carbon loss (9.95 t C turbine−1) was a larger source of
carbon losses than SOC reduction (5.27 t C turbine−1). Minimal carbon
losses (5.04 t C turbine−1) occurred in the desert wind farm (DWF) location
due to low LASC, low soil carbon content and biomass in the desert eco-
system. Overall, the total carbon losses caused by the deployment of FWF
weremore than 13 times those in the GWF and nearly 60 times those in the
DWF (Fig. 1).

LUC induced emissions comprised 37.9% of total life cycle emissions
(2865 t CO2-eq turbine

−1) for the FWF. For the GWF, the emissions during
the installation and operation stage were underestimated by 27.4% if
ignoring carbon losses (Fig. 2), while 4.3% of the life cycle emissions were
contributed by LUC. In contrast, the LUC induced emissions accounted for
only 1.2%of the life cycle emissions for theDWF (1520 t CO2-eq turbine

−1).
Ignoring land-use impacts substantially underestimates onshore wind
energy emissions, especially in high-biomass ecosystems like forests. LCAs
that overlook land-use impacts likely overestimate wind power’s climate
mitigation potential.

The FWF hadmuch higher life cycle emission intensity (emissions per
unit of electricity generation) than GWF and DWF (Table 1). Decom-
position of emission intensity differences between the FWF and GWF
showed LUC as the primary source (62%; Fig. 3a), with wind energy
potential and turbine specifications explaining only 12% and 25% of the
variance, respectively. For the FWF-DWF comparison, LUC remained the
dominant source of difference (87%). These results indicate LUC alone
causes considerable variations in the life cycle emissions of wind farms
installed in diverse ecosystems, independent of factors likewind potential or
turbine type differences.

Land-use impacts on energy performance
The power generation intensity of the FWF, the GWF and the DWF
selected in this study was 56.9, 61.8 and 52.8 GWh MW−1, respectively
(Table 1). The energy return on investment (EROI) was the highest in the
GWF (26.0), followed by the DWF (16.9) and the FWF (14.7, Fig. 4;

Table 1). That means the GWF could achieve the greatest economic
benefits, and a unit of energy input can produce 26.0 times of electric
output throughout the entire life of this wind farm. The energy payback
of the GWF was the fastest, which took less than 1 year, while the energy
payback time (EPT) was 16 months and 14 months for the FWF and
DWF, respectively (Table 1).

Despite substantial differences in power generation and energy per-
formance between the threewind farms, land-use contributedmarginally to
the changes in life cycle energy input (Figs. 2, 3). For the FWF, timber
transportation increased energy input by about 0.1%. For the GWF and
DWF, land-use energy costs could be negligible (<1%). EROI pairwise
difference analysis also showed marginal LUC contributions (<1%). Wind
turbine was another important factor affecting energy performance,
accounting for 25% of EROI difference between the FWF and GWF
(Fig. 3b). Wind potential contributed minimally to energy performance
(Fig. 3b and Supplementary Fig. 1).

Sensitivity analysis of impact factors
The sensitivities of the wind power potential to the most important para-
meters are shown in Fig. 4. Emission intensity and EROI were highly sen-
sitive to capacity factor and lifetime. The substantial variation of emission
intensity causedby capacity factor reflected thediversewindpotential across
geographical locations, particularly for forest-located farms. Due to eco-
system variations in vegetation coverage and SOC content across ecosys-
tems, emission intensity of the FWF was also sensitive to land-use area and
ecosystem type (Fig. 4a). For the FWF, themost primary factor contributing
to variations in GHG emission intensity for the FWF is the land-use area.
However, for the GWF and the DWF, the emission intensity was less sen-
sitive to the variation of land-use. While the emission intensity of our
specific case-study FWF (33.59 g CO₂-eq kWh⁻¹) was higher than themean
value calculated for all forest-located wind farms in China (28.27 ± 3.55 g
CO₂-eq kWh⁻¹), it should be noted that the mean GHG emission intensity
for wind farms located in forests was demonstrably higher than the mean
emission intensities forwind farms in deserts (19.43 ± 0.20 gCO₂-eq kWh⁻¹,
p < 0.05) and grasslands (14.65 ± 0.38 g CO₂-eq kWh⁻¹, p < 0.05). The
Cement and the Steel & Iron were also important contributors with varying

DWF

GWF

FWF

0 10 20 30 40 50 60 280 300
Carbon losses from land−use change (t C turbine−1)

Biomass C loss
SOC loss
LASC

Fig. 1 | Carbon losses per turbine caused by LUC of wind farms in different
ecosystems. Carbon losses include biomass C loss, soil organic carbon (SOC) loss,
and loss of additional sink capacity (LASC).

Table 1 | Life cycle performance of the three wind farms

FWF GWF DWF

Land Conversion per MW (ha MW−1) 0.25 0.19 0.42

Land-use footprint (m2 GWh−1) 44.3 30.1 77.8

GHG emissions (t CO2-eq turbine−1) 2865 1795 1520

Emission intensity (g CO2-eq kWh−1) 33.6 14.5 19.2

Energy consumption (TJ turbine−1) 20.9 17.1 16.9

Power generation (GWh turbine−1) 85.3 123.6 79.2

Generation Intensity (GWh MW−1) 56.9 61.8 52.8

Energy payback time (month) 16 9 14

Energy return on investment 14.7 26.0 16.9
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impacts on the emission intensity and EROI among the wind farms. Var-
iations in the Other materials, Transport distance, and Curtailment rate
generally had minimal effects on GHG emission intensity and the EROI in
most cases.

Benefits from different mitigation measures
We found that implementing all measures (the Combination of all 7 sce-
narios including Slifetime, Sadvanced, Sclean, Srecycling, Sland, Scurtailment and S6MW)
would reduce emission intensity by 89% for the FWF (i.e., reach 3.67 gCO2-
eq kWh–1), 83% for theGWF (i.e., reach 2.45 gCO2-eq kWh–1), and 78% for
the DWF (i.e., reach 4.21 g CO2-eq kWh–1; Fig. 5). Under the Combination
scenario, wind farms across different regions achieved extremely low and
similar emission intensity, indicating excellent emission reductionpotential.
For the GWF and DWF, the S6MW, Sadvanced, and Slifetime led to significant
emission reductions. In contrast, Srecycling, and Sland together proved the
most effectivemitigationmeasures for the FWF, due to the greater land-use
intensity and associated carbon losses in forest ecosystems. Regardless of the
deployment location, the combination of scenarios substantially increased
EROI across all wind farms: 487% for the FWF, 426% for the GWF, and
377% for the DWF (Fig. 5). The S6MW, Sadvanced, and Slifetime each enhanced
EROI across regions. Notably, under the S6MW, EROI increase for the DWF
was lower than for the FWF andGWF. This resulted in slightly lower EROI
of theDWFversus theFWF in theCombination scenario—contrastingwith
Baseline results.

Discussion
Impacts of LUC on LCA results
Land requirements of onshore renewables impose apparent constraint on
future large-scale deployment23,26. However, few studies link land-use
impacts to wind energy’s emission mitigation potential or other socio-
economic benefits of wind energy. We developed a comprehensive LCA
framework integrating the effectsof vegetation removal, soil destruction and
LASC caused by LUC due to wind farm deployment, and explored these
effects on GHG emissions and energy performance. Our results highlight
that LUC induced GHG emissions could play a vital role in total emissions.
Ignoring the LUC induced emissionsmay underestimate emissions by one-
third emission for forest-located wind farms. When excluding the impacts
of land-use, our results (13.90–20.86 g CO2-eq kWh–1) align with previous
studies on China’s wind energy (19.88 g CO2-eq kWh–1)4. Therefore,
omitting LUC effects substantially overestimates GHG emissionmitigation
potential and providesmisleadingmessages policy guidance for energymix
optimization.

Compared to its sizableGHGemission impact, LUCmarginally effects
on energy performance metrics of wind farms such as EROI. Our analysis
showed that land-use impact like vegetation removal and soil disruption
contributed <1% to installation and operational energy inputs. This con-
trasts sharply with LUC’s considerable emission contributions, particularly
in forest and grassland ecosystems.We propose that LUC induced emission
changes should be regarded as a critical ecological indicator in future wind

Fig. 2 | Life cycle greenhouse gas emissions and
energy consumption of the three wind farms.
Open circles represent the contributions of different
life cycle stages to the total energy consumption (left
column) and GHG emissions (right column) for
three types of wind farms: a FWF, b GWF, and (c)
DWF. The life cycle stages include manufacturing,
transportation, installation, operation and main-
tenance, and disassembly and disposal. The con-
tributions from land-use change are highlighted by
green boxes.
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site selection, while the impacts of LUC on economic advantages of wind
energy are negligible.

In addition to generating extra GHG emissions, LUC from wind farm
deploymentmight threaten local habitats of wildlife and alter the ecosystem
functioning. Though directly impacted lands account for a small fraction of
total landscape area (1–4%)11, permanently occupied zones significantly
reduce habitat quality and limit installed capacity density27. Pursuing higher
energy efficiency necessitates dedicated land buffers from habitations,
drastically expanding land-use footprint (increasing landscape land-use
intensity). Larger inter-turbine spaces improve energy efficiency but expand
the indirect climate impact areas. The divergence between direct land-use
footprint and landscape land-use provides opportunities for joint human-
environment synergies such as energy self-sufficient livestock farms28 or
plant factories29. Therefore, energy efficiency-land requirement tradeoffs
highlight synergies between renewables with agriculture production. Pur-
suing these synergies, alongside habitat-conscious siting and compact land-
use footprints, can help offset potential land-use conflicts between wind
power and conservation priorities.

Mitigation potential and energy performance under different
scenarios
A key motivation for rapidly upscaling wind energy is displacing higher-
emission fossil power generation. However, unmitigated wind farm emis-
sions, especially from LUC, can erode the expected climate benefit. Our
baseline emission intensity of wind farms built in areas with high biomass
and low wind resources (e.g., 33.59 g CO2-eq kWh–1 for the FWF in this

study) even exceeded hydropower (26 g CO2-eq kWh–1) and approached
bioenergy (45 g CO2-eq kWh–1)30, conflicting with decarbonization priorities.

Recycling removed forest biomass for wood production specifically
addressed LUC induced emissions, reducing life cycle GHG emissions by
28% (9.53 gCO2-eq kWh–1). This compensates for the highest LUCburden,
at an economic expense (–8% efficiency). Investors will likely employ such
nature-based mitigation only if revenue and emission reductions outweigh
losses.Meanwhile, extending the service lifetimeof the turbines to 25.4 years
or adopting advanced manufacturing technology can effectively reduce
emissionswhile increasing returns. It is noted that the lifetime ofDenmark’s
wind turbines is relatively short for modern turbines, making our results
conservative estimates of emission reduction benefits for lifetime extension
andmayunderestimate the LUC inducedGHGemissions in the Slifetime. For
allwind farms, extending lifetime, improvingmanufacturing, anddeploying
next-generation turbines can reduce emissions and increase efficiency -
favorable options across regions. Further performance improvements are
foreseeable post-repowering.

The combined measures dramatically increased EROI by 377% –
487%. Wind no longer necessitates inherent trade-offs between climate
mitigation and economic viability. With holistic advancement pathways
targeting key life cycle stages, from manufacturing to decommissioning,
win-win climate and economicoutcomesare achievable even for established
renewable options.

Where to build wind farms?
Beyond quantifying land-use impacts, an objective of this work was
exploring ecosystem contexts balancing land-use, climate goals and eco-
nomic returns. Our LCA results revealed a triple win for the GWF with
highest EROI, lowest land-use intensity, and lowest GHG emissions. Our
results contradict that of Gao et al.’s31, who highest emission intensity for
grassland farms and lowest for Gobi farms. This inconsistency stems from
the differences in wind potential and inadequate consideration of LUC
induced emissions are the major reasons for the inconsistency between the
two studies, because LUCandwind turbine type explain emission reduction
variations across farms. Even excluding impacts of wind turbine type and
considering both climate and energy benefits, grasslands are more suitable
deployment sites. Despite the limitation of incomplete life cycle inventory
data, our initial focus on a single grassland farm expanded through
decomposition (Fig. 3) and sensitivity analyses (Fig. 4), incorporating 140
Chinese grassland farms’ geographic coordinates (key emission drivers),
yielding a final output of 14.65 ± 0.38 g CO2-eq kWh–1 (Fig. 4b). This result
is notably lower than that of China’s forest wind farms (28.27 ± 3.55 g CO2-
eq kWh–1) and comparable to Gobi wind farms (19.43 ± 0.20 g CO2-eq
kWh–1). Grassland wind farms exhibited a higher EROI (20.62 ± 0.05)
compared to that of desert wind farms (16.52 ± 0.03), suggesting superior
energy efficiency (Fig. 4b).

Prioritizing deserts exploits large wind potential via sprawling instal-
lations, though reasonable capacity factorsmay enlarge inter-turbine spaces.
The cost of installation planning in remote areas cannot be ignored (Fig. 2)
and may potentially damage fragile arid ecosystems. Given desert ecosys-
tems’ vulnerability, low biodiversity, and low resistance stability, the nega-
tive impacts on biodiversity and socio-ecological resources weaken the
ecosystem services caused by relatively high land-use footprint of many
renewable facilities should not be ignored32. Desert species exhibit limited
climate resilience and restoration potential33. Although direct habitat
destruction is minor relative to landscape scales, ecosystem fragility
heightens conservation concerns.

High turbulence in and around forests reduces power generation and
shortens the lifetime of wind turbines34. Meanwhile, clearing vegetation
incurs land-use emissions via biomass and soil carbon losses (1.35 kt CO2-
eq turbine–1 in this study), which led to the extremely high emission
intensity. The greater uncertainty in power generation from wind farms
located in forests compared to those in grasslands and deserts reflects the
higher variance of wind resource in forest sites (Fig. 4a). Additionally, 2% of
the forest wind farms (3 out of 128) operate at a capacity factor of less than
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Fig. 3 | Key drivers of variations in environmental and energy performance. The
drivers contributing to the differences in (a) GHG emission intensity and (b) EROI
among different wind farms include land-use change, the type of wind turbine, local
wind potential, and other relevant factors. The numbers under the suspended bars
indicate the effect of the single factor, while the numbers in parentheses indicate the
contributions in percentage.

https://doi.org/10.1038/s43247-025-02833-w Article

Communications Earth & Environment |           (2025) 6:905 4

www.nature.com/commsenv


0.2 even after applying bias-correction to thewind speed data (Eqs. (1), (2)).
This high variability underscores the inherent challenge of predicting power
generation in such complex terrain from global climate data. Therefore,
considering the environmental impacts and energy efficiency, deploying
wind farms in forests with low wind speed and high biomass faces greater
risks. Selecting forest areas that need thinning and utilize the existing net-
work of forestry roads for the development of the wind farm site are prior
measures to reduce the negative impacts of forest wind farms35.

Siting wind facilities on agricultural or marginal land, contaminated
sites or in the built environment rather than in undisturbed natural systems
might decrease unintended consequences of wind energy development.
Specifically on agricultural land, wind energy deployment is often compa-
tible with agriculture and allows power generation and crop production to
coexist on the same landscape. Empirical studies consistently show that co-
locatingwind infrastructurewith farmingoperations inducesminimal land-
use change36,37, Emerging evidence even suggests certain configurationsmay
enhance neighboring crop yields throughmicroclimate modification38. The
Chinese government actively promotes wind energy integration in agri-
cultural areas, such as “Thousands of townships and tens of thousands of

villages harnessing thewindprogram”, to advance rural energy’s green, low-
carbon transformation and boost farmers’ incomes39,40. However, siting
wind turbines in rural areas that include a mix of homes and smallholder
farms can also be challenge given the fact that building turbines would
require permission and lease agreements with multiple landowners. In
addition, attention needs to be paid to turbines located in built environment
due to the noise and shadow-clicker which promote annoyance and stress
effects on people living nearby41,42. When these socio-technical challenges
are adequately addressed, agricultural areas represent a high-priority avenue
for sustainable wind development that balances energy goals with land
stewardship.

Limitations and implication
Our work emphasizes that incorporating ecosystem-specific LUC induced
emissions within LCA boundaries significantly affects climate impact
assessment for wind siting contexts. However, consideration of potential
effects of wind farms on surrounding vegetation and wildlife habitat at
broader landscape scalesneed tobe considered. Some studies indicatedwind
facilities may inhibit vegetation growth at regional scales based on remote-
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distance across the 128 forest, 141 grassland, 124 desert wind farms within China.
The mean values for FWF, GWF, and DWF are represented by dotted-dashed lines,
dotted lines, and dashed lines, respectively. Red and blue circles indicate the increase
(+20%) and decrease (–20%) of input parameters, respectively.
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sensing observation19,20, while others reported neutral43,44 or positive
effects45,46, due to differences in community structure and microclimate
changes inducedbywindwakes. This depends on long-term remote sensing
monitoring or field experiments to explore the response of vegetation to
climate change across the entire life cycle. Due to incomplete life cycle
inventory data, our study focused on three typical wind farms. However,
decomposition and sensitivity analyses considering the China’s geo-
graphical variation of wind farms yielded consistent results. In future, more
openly available wind turbine inventory data will be essential to more
accurately assess the contribution of LUC.

We encourage future studies to combine the LCA methodology with
quantitative ecological models (such as species-area curves, population
models, species distribution models, and collision risk models) to quantify
impacts of wind farm size and land-use footprint on ecosystems, including
plant richness, population size, habitat quality and collision risk47,48. The
indirect impacts on landscape areas for habitation should also be quantified.
LUC may not be the primary source of conflict between wind energy per-
formance and climate benefits; however, it will be a factor in the conflict
between ecological impacts and climate benefits. Modeling the emission
intensity and energy efficiency as well as the impacts of carbon sink

Fig. 5 | Scenario analysis for GHG mitigation and
EROI enhancement from different measures.
a–f the contributions of variousmitigationmeasures
for reducing the GHG emissions (a–c) and
increasing the EROI (d–f) of the three wind farm
types: FWF (a, d), GWF (b, e), and DWF (c, f). The
values within the open black squares indicate the
GHG emissions and EROI of the wind farms under
baseline scenario (Baseline) or with all mitigation
measures combined (Combination), while the
numbers adjacent to the colored bars indicate the
individual effects of each mitigation measure.
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potential, habitat alterations, disturbance, and collisions within an inte-
grated LCA framework can balance trade-offs between climate change
benefits (largerwind turbines andmore land) andbiodiversity threats (small
turbines and less land) from wind power development.

Methods
LCA framework
In this study, we developed a comprehensive LCA framework to quantify
the GHG emissions resulted from LUC and to evaluate the contribution
of LUC impacts to the overall climate and energy performance of wind
power. The environmental and energy indices include GHG emission
intensity, land-use footprint, energy consumption, EROI and EPT. The
functional unit is defined as 1 kWh of electricity generated. The system
boundary of the wind farm life cycle in this study includes five stages:
manufacturing, transportation, installation, operation and maintenance,
and disassembly and disposal (Fig. 6). The assumed baseline lifetime was
20 years.

In addition to indoor and outdoor works, the installation stage further
involves land-use alterations—impermeable surfacing, vegetation clearance,
soil disturbances - triggeringGHGemissions frombiomass and SOC losses,
and foregone carbon sequestration19,21,49. These impacts are accounted for in
our LCA framework, including carbon storage losses during installation and
lost sink capacity during operation (the green boxes in Fig. 6). The detailed
information of the LCA framework see Supplementary Methods 1.1.

Site description
Three quarters of turbines in China located in natural areas including
grassland (37.4%), desert (20.6%) and forest (18.0%; Supplementary
Fig. 2a), while in the United States, over half of wind farms were sited in
cropland (Supplementary Fig. 2b). According to the distribution of
China’s wind energy, three representative wind farms, sited in forest,
grassland and desert, were selected. Table 2 lists the basic information of
each wind farm. Detailed information of the three wind farms sees
Supplementary Table 1. The resolution of remote sensing images of cities

provided by Google Earth is up to 0.61m, which make it possible to
identify the boundary and land occupation of artificial facilities by visual
interpretation50. We used high-resolution digital photographs to distin-
guish pre-construction and post-construction roads using on-screen
digitizing methods according to the on-site installation time. Then, we
visually identified the post-construction roads and foundation areas
paving for wind transportations and installations and mapped the per-
manent land occupations and their boundaries using polygon tool in
Google Earth Pro (version 7.3.4.8248) to estimate the land occupied by
wind farm construction. Figure 7 shows the entire/partial remote sensed
images of each wind farm, and the parts marked by the red lines are the
permanent land occupation (including access roads, foundation clearing
areas, cable areas all the paved surface area generated by wind power
construction) by wind farms.

Data collection and inventory
The life cycle inventory data was developed based on multiple sources
including Ecoinvent V3.8, manufacturers and previous studies (see Sup-
plementary Table 2). Material consumption data for wind turbines were
obtained from manufacturers or prior studies31,51,52. The GHG emission
factors and energydatawere derived from IPCCguidelines and corrected by
recent studies of China53–55.

Due to the high geographical dependence of wind energy, site-
specific capacity factor and electricity production should be estimated
based on accurate wind resource data with high temporal resolution56.
Site-specific capacity factors and electricity generation were calculated
using turbine power curves and hourly wind speed. The power curves
were derived from manufacturers and the power curve database of
Renewables.ninja57 and hourly wind speed data were from MERRA-2
(M2I1NXLFO)58 and Global Wind Atlas v2.0 (GWA v2). We conducted
bias-correction for wind speed data using GWA v2. We first calculated
the ratio between GWA v2’s long-term wind speed values (VGWA2) and
20-year mean wind speeds from each reanalysis dataset (MeanMERRA-2

and MeanERA5-Land). Hourly wind speeds were then corrected using the
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Fig. 6 | System boundaries covering all life stages of wind power in this study.

Table 2 | The selected wind farms in this study

Name Province Ecosystem type Longitude (°E) Latitude (°N) Total installed capacity (MW)

Shaobaishan wind farm (FWF) Heilongjiang forest 129.69 47.76 49.5

Dongshan wind farm (GWF) Inner Mongolia grassland 117.94 42.64 200

Guazhou Qiaowan wind farm (DWF) Gansu desert 95.84 40.65 201
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Fig. 7 | Geographical overview and land occupation of the studied wind farms.
The left column represents the geographical overview of the three wind farms: a
FWF, b GWF, and (c) DWF. The right column represents a magnified view of the

wind farms. The red lines overlaid on the images represent the areas of permanent
land occupation associated with each wind farm’s infrastructure. The satellite
images were sourced from Google Earth Pro (version 7.3.4.8248).
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following equation:

VMERRA�2 corrected ¼ VMERRA�2 � VGWA2=MeanMERRA�2 ð1Þ

VERA5�Land corrected ¼ VERA5�Land � VGWA2=MeanERA5�Land ð2Þ

The corrected hourly wind speed was then used to calculated the
corrected capacity factor (cf) of each turbine.

Estimates of land-use change emissions were modeled using the
CENTURY process-based model. The CENTURY model was first run to
reach a steady-state where SOC input from vegetation and litter equal to the
SOC loss frommineralization. Then the carbon input to soil was set to 0 and
the model was run for 20 years. Considering the ecological succession after
construction, we simulated the offsetting of grassland plants in the second
year of the overall life cycle. Subsequently, productivity recovered to 50%
(with ANPP and BNPP recovering from 0 to 50% between the second and
sixth years). For FWF, based on remote sensing images indicating the long-
term presence of paved road surfaces for transportation purposes, vegeta-
tion restoration was not factored into the CENTURY model. Similarly, for
DWF, due to the slow restoration of perennial vegetation and low biomass,
vegetation restorationwas also not considered. Inputs for vegetation carbon
density were derived fromGlobal Aboveground and Belowground Biomass
Carbon Density Maps in 201059, and soil organic carbon densities (SOCD)
are from the Soil Database of China for Land Surface Modeling60.

LASC drew on measured net ecosystem production (NEP) or net
ecosystem exchange (NEE) of in-situ ecosystems from previous studies. For
the Shaobaishan FWF, this was 311.72 g C m–2 y–1, following Cai et al.’s
results on forestNEP innortheasternChina61. ForDongshanGWF, thiswas
78.89 g C m–2 y–1 grassland NEE from a nearby flux tower (Duolun
Restoration Ecology Experimentation and Demonstration Station of China
FLUX). For Guazhou Qiaowan DWF, this was 18.52 g C m–2 y–1 Gobi
ecosystemNEEmeasured using the eddy covariance systems62. Thesemean
annual NEP/NEE values were used to estimate the LASC in the entire
operation and maintenance stage.

Impact assessment
Keymetrics calculated include LUC inducedGHGemissions andmaterials/
energy use (t/t CO2-eq), emission intensity (g CO2-eq kWh–1), land-use
footprint (m2 GWh–1), EROI and EPT (month).

The LUC induced GHG emissions include biomass carbon loss
(CLbiomass) fromvegetation removal, SOC losses due to landoccupation, and
the loss of additional carbon sink capacity from land conversion. Biomass
carbon loss (CLbiomass) was estimated by multiplying direct land area
occupied (A) by the carbon density of the existing vegetation (CDbiomass).

CLbiomass ¼ A×CDbiomass ð3Þ

The SOC loss (CLsoc) over 20 years was modeled using the CENTURY
process-basedmodel, by running a simulationwith zero carbon input to the
soil after wind farm construction.

CLsoc ¼ A× SOCD0 � SOCD20

� � ð4Þ

The biomass and SOC losses were converted to equivalent GHG
emissions (GHGCS) using their relative molecular masses. The loss of
additional carbon sink capacitywas also estimated (GHGLASC), basedon the
assumed 20-year lifetime of the wind farm. This equals theNEP value of the
original ecosystem multiplied by the area A and the lifetime.

TheoverallGHGemissions (GHGtotal) includeGHGCS, GHGLASC, and
the emissions from materials and energy used in turbine construction,
transportation etc. (i.e., GHGM).

GHGtotal ¼ GHGM þ GHGCS þ GHGLASC ð5Þ

The GHG emission intensity per kWh (GHGint) was derived from the
GHGtotal divided by the estimated total power generation (PG) over 20
years. ThePG among the entire life cyclewas calculated as the product of the
cf, nominal power of turbine (P), and lifetime

PG ¼ 8760 × 20 × cf × P ð6Þ

In addition, accounting for the potential decline in wind turbine per-
formance, the calculated cf values of wind farms were estimated to decrease
by 0.53% per year following the mean value from global studies on wind
turbine performance decline (Supplementary Table 3). The detailed calcu-
lation of hourly cf and construction of aggregate power curve were detailed
in Supplementary Methods 1.3.1. Land-use footprint and capacity density
accounts for the requirement of direct occupation area per unit of wind
power generation and direct occupation area that is needed to support per
unit installed capacity, respectively. EROI and EPT compared total energy
outputs from PG to inputs over the full wind farm life cycle. Detailed
calculations and details are provided in the Supplementary Methods 1.3.

Result interpretation
Result interpretation of life cycle assessment integrates inventory analysis,
impact assessment and the LCA goal to reach robust conclusions. We
employed three additional analyses: decomposition analysis to parse out the
specific impacts of factors like LUC and wind characteristics on overall
results; sensitivity analysis to gauge uncertainty and parameter importance;
and scenario analysis to explore mitigation potential of different solutions.

GHG emission intensity and EROI among the wind farms are affected
by turbinemodel, wind regime and ecosystem type.We isolated the effect of
each factor by fixing it between two farms through factorial simulations.
Specifically, holding turbines identical between wind farms could reveal
turbine-related differences in the GHG emission intensity and EROI, while
using uniformed wind speed directly examined the impacts due to wind
resource. Similarly, keeping identical LUC induced emissions betweenwind
farmsdistinguished the impacts fromecosystemdifferences. This elucidated
the relative contributions of these parameters.

Factors such as turbine size, life time, types of turbine, capacity factor,
energyproduction, and transport distance are often considered in sensitivity
analysis of previous wind LCAs63. We conducted sensitivity analysis using
both: (1) location-specific capacity factors from existingwind farms, and (2)
systematic ±20%parameter variationswith aMonteCarlo simulation in key
factors including capacity factor, consumption of different materials (divi-
ded into three parts: steel & iron, cement and other materials), life time,
land-use area, transport distance, curtailment rate, and ecosystem. Geo-
graphic location was the most important factor affecting the energy per-
formance and emission intensity; thus, we considered the potential variance
of wind resource and conduct the uncertainty analysis. We examined all
China’swind farmswith same land type to the threewind farmswe selected,
aiming to calculate the variation in wind capacity across different regions64.
Wind turbines and wind farms within a 1 km radius were aggregated into
one wind farm, and we have identified a total of 128 forest wind farms, 141
grasslandwind farms, and 124desertwind farms.We applied the samebias-
corrected method (following Eqs. (1) and (2)) to calculated the corrected
capacity factors. These capacity factors, derived from these geographically
representative wind farms, were further used as inputs in the LCAmodel to
quantify the uncertainty ranges for the three selected wind farms. Con-
sidering the variance of SOC and biomass across different ecosystems, we
simulated the 20-year SOC loss and estimated the biomass loss attributable
to the installation and operation stage of the 493 wind farms China (see
Methods section Impact assessment). The resulting uncertainties in SOC
and biomass changes were systematically incorporated into the Ecosystem
uncertainty category. To assess the uncertainty of other factors including
material consumption, life time, land-use area, transport distance and
curtailment rate, ±20% changes in key factors and assumptions combined
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with Monte Carlo simulation were applied to the LCA modeling. The
probability distributions of input parameters in theMonte Carlo simulation
were determined based on previous research and database65–67 (see Sup-
plementary Methods 1.4 for details).

Seven scenarios were designed in the study to explore the mitigation
potential ofwind farms including (1) Lifetimeprolonging scenario (Slifetime),
(2) Advanced manufacturing scenario (Sadvanced); (3) Clean manufacturing
scenario (Sclean); (4) Recycling and reuse scenario (Srecycling); (5) Land
reclamation scenario (Sland); (6) Reduced curtailment scenario (Scurtailment);
(7) Large-scale (6MW) turbine deployment scenario (S6MW). Detailed
information of scenario design was provided as follows.

Slifetime. Wind turbines are conventionally designed for a lifetime of
20–25 years. In this scenario, the lifetime was assumed to reach 25.4 years
following themaximum lifetime expectancy (95%CI) ofDenmark’swind
turbines under scrapping schemes68. The annual inputs and outputs of
extended service in operation longer than the design lifetime were
assumed to be the same as that within the designed lifetime span.

Sadvanced. In this scenario, the main materials of wind facilities were
assumed to be produced using advanced manufacturing technologies,
while the emission factors and energy consumption factors were further
reduced. Specifically, (1) a larger share of steel production using electric
arc furnaces ( ~ 70%) with the GHG emission factor dropped to the
Mexican level69; (2) iron was produced using direct reduced iron tech-
nology (following default assumptions in the 2006 IPCC guidelines); (3)
copper was produced using secondary production copper54; (4) alumi-
numwas produced using secondary production aluminumwith theGHG
emission factor dropped to the European level70; (5) silica was produced
using continuous bioinspired processes71; (6) cement was produced from
cement-based waste materials (clinker-to-cement ratio: 57%)72,73.

Sclean. In this scenario, the electricity consumption in themanufacturing
stage was assumed to be produced from wind power instead of coal-fired
power (with a GHG emission factor of 800 g CO2-eq·kWh–1 in the
baseline scenario69). The emission factor of wind energy was used here
following the national average in 2019 (19.88 g CO2-eq·kWh–1)4. As a
result, over 16% of the GHG emissions of manufacturing stage could be
further reduced.

Srecycling. In contrast to the assumption of all vegetation losses as CO2

emissions in the baseline scenario, the felled trees due to the construction
of wind facilities in the forest ecosystem (the FWF) in this scenario was
assumed to be further recycled for wood products. Foliage and fruit mass
of trees were not reused (the same as that in baseline solution), while stem
mass was recycled and used for further wood products. The biomass
allocation data to distinguish foliage, fruit, root and stem mass was from
the dataset of global forests74, and the water content and carbon content
followed previous measurements75 and IPCC default. For stem mass, we
assumed that 87% of the stem mass was used for producing solid wood
products (hardwood lumber) and 13% of that was used for manu-
facturing papers76. The displacement factor (tWHP/reducing tC) from
meta-analysis77,78 and energy consumptions of manufacturing hardwood
products based on LCAs79 were used to quantify the GHG mitigation
contributions and energy inputs for manufacturing solid wood products.
The GHG emission factor and energy consumption factor of China’s
paper products were used to estimate the emissions and energy inputs of
wood recycling80,81.

Sland. In this scenario, two-thirds of the land occupation areas were
assumed to be reclaimed by soil with 30 cm depth. It is assumed that the
soil covering work took 1 hour on the area of 0.005 ha using VOLVO
EC60B 37.4 kW82. For the forest ecosystem, the restored area was further
implemented a reforestation project, and the extra energy inputs and
LASC was quantified in this scenario83.

Scurtailment. It is assumed that the curtailment rate of wind generations
would reduce to 0.5% with no transmission constraints due to increasing
transmission capacity and the rapid development of pumped hydro
storage and electric boilers84.

S6MW. In this scenario, the existing wind turbines at the three sites were
assumed to be upgraded with large-scale wind turbines Vestas V150 -
6MW onshore turbines. The material breakdown of the turbine was
obtained from the comprehensive life cycle inventory provided byVestas,
which facilitated a thorough life cycle assessment report85. The impact of
land-use changes caused by larger turbine spacing distances as larger
wind turbines was estimated based on the rotor diameter86 as follows:

turbine spacing distance ¼ 0:39 � rotor diameter1:38 ð7Þ

Data availability
All data generated in the publication, as well as the data underlying the
Figures, are available from the Figshare repository: https://doi.org/10.6084/
m9.figshare.28598276. Detailed information on wind farms and wind tur-
bines, along with the life cycle inventory data, are provided in Supple-
mentary Tables 1, 2 in the Supplementary Information.

Code availability
The analysis code used for data processing, power curve calculation, capa-
city factor and carbon loss simulation, andLCAcalculation is available from
the Figshare repository: https://doi.org/10.6084/m9.figshare.28598276.
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