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Abstract
As  wind  power  capacity  continues  expanding,  its  carbon-reduction  effectiveness
increasingly hinges on the spatiotemporal alignment of production, deployment, and power
systems.  However,  these  dimensions  are  assessed  separately,  and  the  role  of
spatiotemporal interactions in shaping carbon mitigation benefits remains unclear. Here,
we develop a spatiotemporal life cycle assessment framework and systematically evaluate
the carbon mitigation benefits of global onshore wind power across historical (2014-2023)
and future (2025-2060) periods. We show that global wind power achieved cumulative
net carbon mitigation benefits of 3,690 Mt CO2e over 2014-2023, while carbon emissions

accounted  for  8.5%  of  the  direct  carbon  mitigation  benefits  from  fossil-fuel  electricity
displacement.  Under  counterfactual  settings,  the  climate-priority  deployment  scenario
(C3) increases cumulative mitigation to 53,711 ± 935 Mt CO2e by 2060, approximately 2.3

times  that  of  the  baseline  deployment  scenario  (C1).  The  clean-oriented  production
scenario  (M3)  yields  comparatively  modest  gains,  reducing  carbon  emissions  by
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approximately 14% relative to the baseline production scenario (M1). The spatially diversified production scenario
(M2)  achieves  the  lowest  transportation  emissions,  with  cumulative  reductions  of  approximately  6%  and
approximately 24% relative to M1 and M3. Under the baseline and balanced deployment scenarios (C1/C2), annual
net mitigation peaks around 2034 and then declines persistently. In some production-deployment combinations, it
turns  negative  by  2060  due  to  grid  decarbonization.  Conversely,  scenario  C3  remains  positive  throughout
2025-2060. The work provides scientific evidence for enhancing the carbon mitigation effectiveness of wind power
development and boosting climate benefits through international coordinated planning, alongside decision support
for optimizing wind power deployment and supply chain configurations.

INTRODUCTION
Achieving global net-zero greenhouse gas emissions places profound demands on the large-scale deployment

of renewable energy technologies
[1]

. Wind energy has expanded rapidly over the past decade, driven by its

technological maturity, continuously declining costs, and increasingly strong policy support. It has now

become one of the most important pillar technologies in the global decarbonization process
[2]

. Global

cumulative installed wind power capacity increased sharply from 24 GW in 2000 to 1,299 GW in 2025
[3]

,

corresponding to a compound annual growth rate of approximately 17.3%. Currently, wind power

generation accounts for around 9.5% of global electricity demand, making a substantial contribution to

carbon mitigation in the power sector. Notably, onshore wind remains the dominant component of total

installed capacity. At the same time, greenhouse gas emissions from wind turbine production, alongside the

climate mitigation benefits derived from substituting fossil-fuel-based electricity, are jointly determined by

multiple factors
[4,5]

. These factors give rise to pronounced spatial heterogeneity and temporal dynamics.

Given the significant variations in the development trajectories of wind power supply chains across regions,

overlooking the geographical configuration of the supply chains and regional disparities in electricity mix

during global wind power expansion could lead to missed opportunities to maximize the carbon mitigation

potential of wind energy. This concern grows particularly critical as wind power continues to expand and

supply chains become more globally integrated
[6]

.

Life cycle assessment (LCA) has been extensively applied in existing studies to evaluate the environmental

impacts of wind power systems
[7-15]

. Existing studies confirm that wind power is not entirely “zero-emission”

at the life cycle level
[16]

. Empirical evidence from China indicates that the life cycle emission intensity of wind

power is approximately 19.88 g CO
2
e/kWh, which translates into a nearly 98% reduction compared with

fossil-fuel-based generation
[17]

. The manufacturing stage is consistently identified as the primary contributor

to environmental burdens
[18]

. Multiple factors, including turbine size, technology pathway, site conditions,

capacity factors, and recycling assumptions, exert substantial impacts on the emission estimates
[19,20]

.

Moreover, most current LCA studies rely on static emission factors for electricity, fuels, and key materials.

These factors are derived from the Intergovernmental Panel on Climate Change (IPCC) guidelines, national

databases, or published academic literature
[21]

. However, static grid emission factors may overestimate wind

power’s long-term CO
2
 mitigation benefits, as they neglect the dilution effect of grid decarbonization

[22]
.

The global geography of wind turbine production and deployment has evolved through interactions among

technology leadership, industrial competitiveness, and policy support
[23]

. In the 1990s, Europe and the United

States led early market formation. Since around 2010, China has achieved rapid expansion, emerging as both

a key manufacturing center and the world’s largest deployment market. Meanwhile, countries such as India

and Brazil have strengthened their regional manufacturing roles. As a result, the current supply chains are

organized around several major production hubs, including China, Europe, India, the United States, and

Brazil
[24]

. This evolving production-deployment structure directly shapes the geographic distribution of life

cycle carbon emissions and the realization of net carbon mitigation benefits.
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Given the current concentration of global manufacturing capacity and growing policy intervention, the

future spatial configuration of the wind power supply chains remains uncertain. Increasing attention to

supply-chain concentration, industrial resilience, trade risks, and carbon leakage has prompted renewed

interest in more diversified and regionalized production arrangements. Policies such as the U.S. Inflation

Reduction Act (IRA) and the European Union’s Carbon Border Adjustment Mechanism (CBAM) aim to

reshape clean energy supply chains. By incentivizing domestic or regional production, these policies

potentially alter the current global production landscape
[25,26]

. Driven by national net-zero targets and the

demand for supply chain diversification, the geographical configuration of the global wind power industry

may evolve along multiple pathways in the future. Given the substantial variations in electricity mix and

emission intensities across production regions, alternative production layout choices will directly affect the

spatial distribution of carbon emissions along the wind power supply chains, as well as their overall carbon

mitigation performance.

Against the backdrop of rapidly expanding global installed capacity and evolving supply chain

configurations, it is crucial to understand how the production and deployment patterns of the global wind

power industry shape net carbon mitigation benefits. Nevertheless, studies on the spatiotemporally dynamic

characterization of carbon emissions and mitigation intensities at the global scale - particularly across

production and deployment stages - remain insufficient
[27-30]

. These intensities are affected not only by the

emission characteristics of production processes, but also by technological levels, regional wind resource

endowments, cumulative electricity generation, and the emission structure of local power systems
[31,32]

.

Furthermore, most mainstream future scenario projections rely on inertial assumptions rooted in electricity

demand growth and historical trends. These assumptions fail to adequately consider how alternative

production-deployment scenario choices may reshape the global mitigation landscape. This oversight may

lead to missed opportunities to enhance the climate benefits of wind power through coordinated

international planning. Therefore, it is essential to conduct quantitative analyses of different production-

deployment scenarios on the basis of projected installation scales and regional allocations in existing

mainstream scenarios.

Here, this study develops a spatiotemporal LCA framework that integrates multi-source heterogeneous data

to construct dynamic grid emission factors, historical activity levels, and future activity projections. The

framework is applied to quantify regional carbon emissions and carbon mitigation benefits during the

historical period (2014-2023). This process identifies evolutionary trends and regional disparities in both

carbon mitigation and emission intensity. For the future period (2025-2060), the study further incorporates

Global Change Analysis Model (GCAM) scenario data and material flow analysis. It compares baseline

scenarios with counterfactual scenarios across production and deployment, examining how different

pathway combinations shape global and regional carbon emissions and mitigation benefits. The findings

provide scientific evidence for enhancing the carbon mitigation effectiveness of wind power development

and for improving climate benefits through international coordinated planning. They also offer decision

support for optimizing global wind power deployment and supply chain configurations.

METHODS
Life cycle assessment

This study employs a process-based life cycle assessment (LCA) approach to systematically evaluate the life

cycle carbon emissions and net carbon mitigation benefits of global onshore wind power systems during the

historical (2014-2023) and future (2025-2060) periods [Figure 1]. The system boundary encompasses the

entire life cycle from material production, component production, international transportation, construction

and installation, operation and maintenance, as well as decommissioning and recycling. The framework

adheres to ISO 14040/14044 standards
[33,34]

. The functional unit is defined as the life cycle carbon emissions
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Figure 1. Technical roadmap of the spatiotemporally dynamic life cycle assessment framework for global onshore wind power. The country
boundary data are obtained from the Folium example GeoJSON dataset (h ​t ​t ​p ​s ​: ​/ ​/ ​r ​a ​w ​. ​g ​i ​t ​h ​u ​b ​u ​s ​e ​r ​c ​o ​n ​t ​e ​n ​t ​. ​c ​o ​m ​/ ​p ​y ​t ​h ​o ​n ​- ​v ​i ​s ​u ​a ​l ​i ​z ​a ​t ​i ​o ​n ​/ ​f ​o ​l ​i ​u ​m
/​m​a​s​t​e​r​/​e​x​a​m​p​l​e​s​/​d​a​t​a​/​w​o​r​l​d​-​c​o​u​n​t​r​i​e ​s​.​j​s​o​n​). GCAM: Global Change Analysis Model.

per MW of installed onshore wind power capacity. Carbon mitigation benefits are measured by the

greenhouse gas reductions achieved by substituting fossil-fuel-based electricity during the operational phase.

The lifespan of wind turbines follows a Weibull distribution
[35]

, with a mean lifespan of 20 years, as an

assumption widely recognized in the wind industry
[36]

. This study quantifies four core indicators, namely life

cycle carbon emissions, direct carbon mitigation benefits, net carbon mitigation benefits, and regional

contributions. Life cycle carbon emissions refer to the emissions associated with wind turbine production,

transportation, installation, and related life cycle stages. Direct carbon mitigation benefits represent the

emission reductions from substituting non-renewable electricity generation with wind power. Net carbon

mitigation benefits are derived by subtracting life cycle carbon emissions from carbon mitigation benefits.

Regional contributions reflect the variations in mitigation benefits associated with regional deployment and

production patterns.
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Table 1. Country groupings and the corresponding regions in GCAM[41]

Study areas Corresponding regions in GCAM

Africa Africa Eastern, Africa Northern, Africa Southern, Africa Western

South America Argentina, Colombia, South America Northern, South America Southern

EU EU-15, EU-12, European Free Trade Association

Central and South Asia Central Asia, Pakistan, South Asia

Southeast Asia Indonesia, Southeast Asia

Middle East & Non-EU Europe Europe_Non-EU, Middle East

GCAM: Global Change Analysis Model.

The Life Cycle Inventory (LCI) is compiled by drawing on data from relevant academic literature, LCA

reports published by wind turbine manufacturers, and datasets provided by the Chinese Wind Energy

Association and wind energy enterprises
[5,37-40]

. Multi-source data are integrated to calibrate the material

composition of diverse turbine models. The manufacturing stage includes key material requirements for core

components such as towers, nacelles, blades, generators, and gearboxes. These materials encompass steel,

aluminum, copper, fiberglass, resin, concrete, and rare earth metals. For future turbine models, material

demands are extrapolated to larger units (e.g., 8.5 MW) via power-based linear interpolation to reflect the

trend of turbine upscaling. The construction and installation stage covers foundation works, fuel

consumption of lifting equipment, and on-site energy consumption. The operation and maintenance stage

focuses on lubricants, spare part replacements, and transportation-related energy consumption. The end-of-

life stage involves the decommissioned capacity (Outflow), which is tracked in the material flow analysis.

However, the greenhouse gas emissions associated with dismantling, transportation, and material recycling

are excluded from the system boundary, given limited data availability and the absence of harmonized

methods at the global scale. For the transportation stage, domestic transportation is assumed to cover a

distance of 200 km and is modeled using road freight by trucks. All inventory parameters are quantified

based on mass and energy consumption to ensure a consistent accounting framework across different

regions.

Moreover, based on data availability and the Global Change Analysis Model (GCAM) regional classification,

we cluster-weighted and averaged activity levels, dynamic emission factors, grid carbon intensities, and wind

resource parameters across regions. This harmonization ensures consistent cross-regional comparison of the

emission and mitigation estimates. The corresponding regions defined in the GCAM model are further

aggregated in this study. The corresponding aggregated regions and their constituent GCAM regions are

listed in Table 1
[41]

.

To reflect the spatiotemporal heterogeneity of carbon emission impacts, this study ensures that emission

factors for materials in the LCI are spatiotemporally dynamic. Given the lack of high-precision

spatiotemporal emission factors in existing LCA databases, the emission factors are processed and

transformed. Region-specific emission factors are sourced from the GaBi Professional and Ecoinvent

databases
[42,43]

. For regions without exact matches, “Rest of World” (RoW) data are applied. For temporal

dynamics, grid emission factors are prioritized, given their high spatiotemporal resolution and ready

availability. For key materials with high emission contributions (steel, iron, aluminum, resin, and concrete),

we disaggregated their emission factors into electricity-related and non-electricity-related components, as

shown in Equation (1) below:

EF𝑝,𝑖,𝑡 = EFfix
p + EFelec

p × EFgrid
𝑖,𝑡 (1)
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This study is based on historical country-level grid emission factor data provided by Our World in Data
[44]

.

These data are clustered and averaged using national electricity generation as weights, yielding historical grid

emission factors for the regionally aggregated classifications adopted in this study. We applied the percentage

reduction in grid emission factors by 2050 from the EnerBlue scenario (reflecting Nationally Determined

Contributions (NDCs) and announced pledges), as provided by Enerdata. By integrating actual historical

grid emission factors and applying the same reduction rates, we projected future grid emission factors for the

corresponding regions, thereby deriving the total grid emission factors across regions
[45]

.

Activity level estimation for the wind power industry

This study employs the Material Flow Analysis (MFA) method to establish a unified model covering the

newly installed capacity, in-service stock, and decommissioned volume of wind power systems
[46]

. Since

future scenario projections for capacity growth, electricity demand, and generation are derived from the

GCAM, the regional classification strictly follows its region system to ensure consistency between historical

accounting and future scenario predictions. The in-service capacity S
i,t

 satisfies the stock conservation

relationship in Equation (2):

where S
i,t
 denotes the in-service capacity in region i during year t; I

i,t
 denotes the newly installed capacity in

region i during year t; O
i,t
 denotes the decommissioned capacity in region i during year t.

For the future period, we assume that wind turbine lifetime follows a Weibull distribution, which

characterizes the retirement probability of turbines installed in a given year in the t-th year of operation.

Based on this distribution, the decommissioned capacity is then calculated
[35,47]

.

where the cumulative distribution function F(x) denotes the decommissioning probability at lifespan x years,

with shape parameter k = 2 (dimensionless) and scale parameter λ = 20 years (mean lifespan).

Notably, the Weibull distribution models the temporal probability distribution of wind turbine retirement,

instead of presuming a uniform fixed retirement age for all turbines. This approach enables the model to

capture the variability inherent in turbine service lifetimes.

Due to the absence of systematic and harmonized global statistics on wind turbine production, this study

reconstructs historical production activities across regions using a trade-flow-based inversion approach. By

integrating import and export records of wind turbine nacelles, towers, generators, and other major

                                                                                          

where EF
p,i,t

 denotes the emission factor of material p in region i during year t, 1234, represents the fixed

emission portion inherent to material p, 12345, is the electricity consumption required to produce one unit

of material p, and 12345, denotes the grid emission factor of region i in year t, calculated by integrating

historical emission factor data with projected trends from relevant institutions.

EFfix
𝑝

EFelec
𝑝

EFgrid
𝑖,𝑡

𝑆𝑖,𝑡 = 𝑆𝑖,𝑡−1 + 𝐼𝑖,𝑡 −𝑂𝑖,𝑡 (2)

𝑂𝑖,𝑡 =
𝑡∑

𝑥=1
𝐼𝑖,𝑡−𝑥 · [𝐹 (𝑥) − 𝐹 (𝑥 − 1)] (3)

𝐶
adj
𝑖 = 𝐶unit

𝑖 +
∑
𝑘

NEk,𝑖 × 𝐸𝐹𝑘 (4)
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components from national customs and regional trade databases, it establishes an interregional trade flow

structure. This structure is then used to infer the spatial distribution of the global supply chains across

different years
[48-51]

. The core principle is that the correspondence between a region’s newly installed wind

capacity and its import sources can serve to estimate its production output. Conversely, for regions with

domestic production and consumption, the self-supply quantity can be estimated from trade balance

identities.

At the turbine level, regional turbine flows are represented in the form of a trade matrix. Based on the mass

balance between each region’s new installations (imports plus domestic production) and its outward flows

(exports plus domestic production), the implied domestic production volume is resolved. This enables

estimation of regional production shares during the historical period. This approach circumvents the need

for complete production datasets, offering an analytical basis for reconstructing the global spatial pattern of

production when statistical data are incomplete.

To further improve the spatial accuracy of carbon emission attribution for the manufacturing stage, a net-

export adjustment is applied to key components such as towers and generators. For each component

category, the regional net exports (exports minus imports) are utilized to reallocate production-related

carbon emissions across regions. Regions with sustained net exports of a specific component assume a larger

share of component-related carbon emissions, whereas net-importing regions receive correspondingly lower

allocations. The reallocation process is conducted using component-specific unit emission factors, thereby

aligning regional carbon emissions with the actual upstream structure of the supply chains. The final

adjusted carbon emissions attributed to regional wind turbine production are expressed as Equation (5):

This correction enhances the representativeness of regional production emissions, as it accounts for the

impact of concentrated component production and large-scale component trade on the spatial distribution

of upstream carbon emissions in the global wind power supply chains.

Future scenario settings

This study adopts the SSP1-2.6 scenario provided by the GCAM model to obtain projections of total

electricity demand and wind power generation across global regions over the period 1995-2060. This

scenario is consistent with the global target of achieving net-zero greenhouse gas emissions by 2050, offering

a unified macro-level scenario framework for defining future wind power deployment scenarios. Based on

these projections, regional capacity factors - estimated based on local wind resource endowments - are

applied to back-calculate the operating wind power capacity (stock) and annual newly installed capacity

(inflow). These variables serve as the core activity inputs for future wind power deployment in the life cycle

assessment framework.

To verify the global-scale plausibility of the scenario settings adopted in this study, the projected wind power

installation scale is compared with key milestone projections from major international institutions under

net-zero-oriented scenarios
[52,53]

, as summarized in Table 2. The comparison indicates that both the

                                                                                           

𝐶
adj
𝑖 = 𝐶unit

𝑖 +
∑
𝑘

NEk,𝑖 × 𝐸𝐹𝑘 (5)

where 1234 denotes the preliminary carbon emissions of region i assigned based on turbine-level production

attribution; NE
k,i

 denotes the net export volume of component k in region i; EF
k
 denotes the unit emission

factor of component k; and 234 represents the final carbon emission allocation after net-export adjustment.

𝐶unit
𝑖

𝐶
adj
𝑖
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Table 2. Comparison of wind installation projections in this study with other sources[52,53]

Year Projections in this study (GW) IEA NZE Scenario (GW) IRENA TES Scenario (GW)

2030 2847 3101 2692

2040 5986 6526 4368

2050 8618 8265 6044

NZE: Net Zero Emissions by 2050; TES: Transforming Energy Scenario; IEA: International Energy Agency; IRENA: International Renewable Energy
Agency.

Table 3. Scenarios of global new production and new installation of wind power

Deployment C1 C2 C3

Scenario types Baseline deployment Balanced deployment Climate-priority deployment

Description
Deployment follows GCAM-projected
regional allocation patterns, reflecting
historical installation inertia

Installations allocated in proportion to
regional electricity demand shares

New wind capacity is preferentially
allocated to regions with carbon-intensive
power systems and high grid emission
factors

Production M1 M2 M3

Scenario types Baseline production Spatially diversified production Clean-oriented production

Description

Production follows historical regional
shares, reflecting existing industrial and
supply-chain inertia

Production expands into Southeast
Asia and Africa, forming a
geographically diversified supply-
chain structure

Production is concentrated in low-carbon
electricity regions, primarily Europe and
North America

GCAM: Global Change Analysis Model.

magnitude and growth trajectory of global wind power capacity under the scenario adopted in this study are

broadly consistent with those reported in mainstream international net-zero scenarios. This consistency

demonstrates that the assumed wind power deployment scale is reasonable and comparable, thereby

providing a robust foundation for subsequent scenario analysis.

This study constructs three deployment scenarios and three production scenarios to evaluate carbon

emissions and carbon mitigation under alternative “production-deployment” scenarios [Table 3]. Among the

deployment scenarios, C1 represents the baseline deployment scenario and is constructed based on the

regional allocation provided by the GCAM model. This scenario implies a continuation of historical

electricity mix inertia, under which developed economies - with historically high penetration levels -

continue to dominate new wind power installations. Accordingly, the newly installed capacity in each region

directly adopts the inflow values derived from the GCAM model. C2 represents a balanced deployment

scenario, where annual installations are allocated across regions in proportion to their shares of global

electricity demand. It represents a more balanced and equity-oriented deployment scenario that decouples

future capacity expansion from historical installation patterns. C3 represents a climate-priority deployment

scenario, which preferentially allocates new wind capacity to regions with carbon-intensive power systems,

particularly those characterized by high grid emission factors. Unlike C1, which serves as a baseline, C2 and

C3 are counterfactual scenarios representing different deployment principles. They are designed to explore

the theoretical carbon mitigation potential of alternative regional allocation schemes, rather than to serve as

realistic transition pathways.

The grid emission factor of region i in year t is expressed as Equation (6):

𝐸𝐹
grid
𝑖,𝑡 = 𝐸𝐹grid

tradition ,𝑖,𝑡
× 𝑆tradition ,𝑖,𝑡 + 𝐸𝐹grid

renew ,𝑖,𝑡 × 𝑆renew ,𝑖,𝑡 (6)
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Figure 2. Annual cumulative wind power operating capacity in various regions from 2025 to 2060. In C1 (baseline deployment scenario),
installations follow GCAM-projected regional allocation patterns, reflecting historical installation inertia. In C2 (balanced deployment
scenario), installations are allocated in proportion to regional electricity demand shares. In C3 (climate-priority deployment scenario),
deployment is prioritized in carbon-intensive power systems. GCAM: Global Change Analysis Model.

In the baseline scenario, the projected temporal evolution of the total grid emission factor 12345 for region i

in year t is taken from authoritative scenario outlooks; S
renew,i,t

 denotes the share of renewable generation in

total electricity generation of region i in year t, derived from GCAM-projected renewable generation and

electricity demand; and 123456789 is set to zero. Assuming that the emission factor of non-renewable power

generation evolves independently with technological progress, 123456789012 can be back-calculated from

the baseline scenario and subsequently used to rank regions in Scenario C3 for climate-efficient allocation of

new installations.

In addition, two feasibility constraints are introduced into the dynamic allocation process to ensure that the

constructed deployment scenarios remain consistent with realistic power system conditions. (1) To maintain

the stability of regional power systems, the share of wind power generation is capped at 70% of total

electricity generation
[54,55]

. Regional electricity demand and total generation are sourced from GCAM

projections. (2) The annual wind power generation associated with each region’s installed capacity cannot

exceed its maximum technically available wind resource potential, thereby preventing deployment beyond

the physical limits of wind resource. Based on these constraints, this study derives the annual cumulative

wind power operating capacity across regions from 2025 to 2060 for each of the three deployment scenarios

[Figure 2].

For production scenarios, M1 represents the baseline production scenario, which retains the current global

manufacturing structure. It assumes that each region’s production share remains consistent with recent

historical patterns, reflecting a continuation of existing industrial distribution and supply-chain inertia. M2

represents a spatially diversified production scenario, in which manufacturing activities expand beyond the

existing five major production hubs through increased production shares in Southeast Asia and Africa. This

forms a more geographically distributed and resilient global supply chain structure. M3 represents a clean-

oriented production scenario with stronger regional concentration. It is designed to explore the potential

emission-reduction effect of relocating production to regions with lower manufacturing emission intensities.

Under this scenario, approximately 90% of global wind turbine production is allocated to Europe and North

EFgrid
renew ,𝑖,𝑡

EFgrid
tradition ,𝑖,𝑡

12345EFgrid
𝑖,𝑡
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Figure 3. Annual wind turbine production capacity across regions from 2025-2060. In M1 (baseline production scenario), production
follows historical regional shares, reflecting existing industrial and supply-chain inertia. In M2 (spatially diversified production scenario),
production expands into Southeast Asia and Africa, forming a geographically diversified supply-chain structure. In M3 (clean-oriented
production scenario), production is concentrated in low-carbon electricity regions, primarily Europe and North America, to minimize
manufacturing-related life cycle carbon emissions.

America, forming a highly concentrated “clean production” structure aimed at minimizing life cycle

manufacturing-related carbon emissions. M2 and M3 are counterfactual scenarios designed to explore the

theoretical carbon emission potential of alternative production allocation schemes. For both scenarios, the

target production structures are assumed to be realized by 2035, and the dynamic transition from the

historically derived 2025 production structure to the 2035 configuration is modeled using linear

interpolation. This study derives the annual wind turbine production capacity across regions from 2025 to

2060 for the three production scenarios [Figure 3].

The transportation stage includes three types of logistics routes: maritime shipping, cross-border land

transportation, and intra-regional transportation. For intra-regional transportation, we assume an average

distance of 200 km from production plants to installation sites and apply standard road-transportation

emission factors. Cross-border transportation is modeled using a combination of maritime and land routes.

Maritime distances are calculated between major representative ports of each region using the shortest

available shipping routes, while land distances represent the connection from the regional port to the

representative installation hub
[56]

. Emission factors for both maritime and land transportation are sourced

from established life cycle databases.

Based on these inputs, we developed an optimization model to determine transportation routes under each

combination of production and deployment scenarios. The model assigns annual flows from production

regions to installation regions by minimizing transportation distance, thereby ensuring consistent and

comparable spatial attribution of transportation carbon emissions. Finally, we calculated transportation

emissions for all nine “deployment-production” scenario combinations by integrating the optimized

transportation routes with transportation mode-specific emission factors.
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Calculation of carbon emissions and net carbon mitigation benefits

Life cycle carbon emissions for each region i in year t are calculated in a matrix framework to capture the

temporal and spatial heterogeneity of the global wind power system. The manufacturing-stage emission

matrix is expressed as Equation (7):

where A
p,i,t

 denotes the activity level matrix of material p in region i and year t, and EF
p,i,t

 denotes the

corresponding dynamic emission factor for material p. Construction, operation, maintenance, and

decommissioning emissions are formulated in an analogous manner.

Transportation carbon emissions are calculated as Equation (8):

where D
i,j,t

 represents the optimized transportation distance from production region i to installation region j

in year t, and EF
trans

 is the transportation mode emission factor.

The total life cycle carbon emissions of the wind power system in region i and year t are the sum of all stages

as given in

Where 234, 234, 234, denote emissions from the installation, operation, and maintenance, and

decommissioning or recycling stages, respectively.

Carbon mitigation during the operation stage is estimated as the product of wind power generation and the

regional grid emission factors. We assume that grid emission factors are not internally updated with

manufacturing relocation and that wind power is fully grid-integrated. The estimated results thus represent

the theoretical mitigation potentials. Historical wind generation is obtained from empirical datasets, whereas

future generation is derived from projected operating capacity multiplied by region-specific capacity factors.

For future wind installations in the period 2025-2060, annual carbon mitigation is calculated as the product

of wind power generation from newly installed capacity and the non-renewable grid emission factor of each

region. The direct carbon mitigation benefits are outlined in Equation (10):

where M
t
 denotes the total mitigation in year t, 1234567890 denotes the non-renewable grid emission factor

for region i, and P
wind,i,t

 denotes the annual wind power generation from newly installed capacity in region i.

Moreover, we conducted an uncertainty analysis that explicitly accounts for grid emission factors ( ± 10%

baseline), scenario-specific coefficients (reflecting increasing uncertainty in counterfactual scenarios), a

𝐸
pro
𝑖,𝑡 =

∑
𝑝

(
𝐴𝑝,𝑖,𝑡 × 𝐸𝐹𝑝,𝑖,𝑡

)
(7)

𝐸 trans
𝑡 =

∑
𝑖

∑
𝑗

𝐷𝑖, 𝑗 ,𝑡 × 𝐸𝐹 trans (8)

𝐸 total
𝑖,𝑡 = 𝐸pro

𝑖,𝑡 + 𝐸 trans
𝑖,𝑡 + 𝐸 inst

𝑖,𝑡 + 𝐸𝑜𝑚
𝑖,𝑡 + 𝐸𝑑𝑖𝑠

𝑖,𝑡 (9)

𝐸 inst
𝑖,𝑡 1234𝐸om

𝑖,𝑡 234𝐸dis
𝑖,𝑡

𝑀𝑡 =
𝑎𝑖∑
𝑖=1

(
𝐸𝐹

grid
tradition ,𝑖,𝑡

× 𝑃wind ,𝑖,𝑡

)
(10)

1234567890EFgrid
tradition ,𝑖,𝑡
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Table 4. Key assumptions and rationale in this study

Category Assumption Description

Technical parameters Turbine lifetime distribution Weibull-distributed turbine lifetime, with annual retirement probability by year t[35,47]

Technical parameters
Material inventory
extrapolation for larger turbines

Material intensity extrapolated via turbine size or capacity scaling, with linear
interpolation to larger units (e.g., 8.5 MW)[56]

Supply chain
parameters

Trade-flow reconstruction
Trade flows reflect supply chain distribution; imports proxy production, and trade
balances indicate self-sufficiency[48-50]

Supply chain
parameters

Transportation routes Estimation based on major trade routes and shipping distances[56]

System boundary Recycling credits
Decommissioned capacity (Outflow) is estimated based on the Weibull
distribution[47], but recycling credits are not included

Model settings Grid emission factor projections
Grid emission factors are assumed exogenous and invariant to manufacturing
relocation or capacity changes in the model, although they are dynamic in reality[57]

Scenario settings Wind power grid integration
A full-absorption assumption is adopted to estimate the theoretical mitigation
potentials, while curtailment is recognized as a practical constraint[58,59]

Scenario settings Scenario feasibility constraints
All input parameters except the allocation rules are identical across the deployment
scenarios, including the 70% penetration cap and the wind resource potential
limit[54,55]

temporal factor (capturing growing uncertainty in long-term projections), and a regional data-quality factor.

This framework is applied to both carbon emissions and net carbon mitigation benefits, with cumulative

uncertainty derived by aggregating annual uncertainties through standard error propagation, where the total

variance equals the sum of the annual variances. All reported uncertainties are reported as mean ± 1 standard

deviation (σ).

Key assumptions and rationale

The key assumptions adopted in the modeling framework of this study are categorized and summarized in

Table 4. The table encompasses technical parameters, supply chain parameters, system boundary, model

settings, and scenario settings, accompanied by corresponding descriptions for each assumption.

RESULTS
Spatial-temporal evolution of the impacts and benefits of the global wind power industry in the
historical period

During 2014-2023, wind power systems generated cumulative global net carbon mitigation benefits of 3,690

Mt CO
2
e, accounting for approximately 1.01% of total global carbon emissions over the same period [Figure

4]. Specifically, the cumulative direct carbon mitigation benefits amounted to 4,035 Mt CO
2
e, while the life

cycle carbon emissions associated with the wind power industry totaled 345 Mt CO
2
e. Thus, total life cycle

carbon emissions were equivalent to merely 8.55% of the direct carbon mitigation benefits. This indicates

that although the wind power supply chains generate a certain amount of greenhouse gas emissions, these

emissions are far smaller than the mitigation benefits achieved during the operational phase. These benefits

stem from the substitution of fossil-fuel-based electricity generation. Overall, wind power offers substantial

carbon mitigation benefits. Its associated emissions are negligible when compared with conventional

generation technologies such as coal- and gas-fired power. Over the past decade, the equipment production

stage dominated life cycle carbon emissions, contributing nearly 270 Mt CO
2
e and accounting for 78% of

total emissions. The construction stage followed, accounting for 18%. In contrast, operation and

maintenance as well as transportation contributed only about 2% and 1%, respectively, indicating relatively

limited contributions [Figure 4C].

Over the ten-year period, global net carbon mitigation benefits remained positive, showing a steady upward

trajectory. Despite regional fluctuations in net mitigation levels, an overall upward trend was evident. Global
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Figure 4. Global distribution of wind power carbon emissions and mitigation benefits during 2014-2023. (A) Global net carbon mitigation
benefits across regions, with gray regions indicating the absence of data; (B) Regional comparison of net carbon mitigation benefits and
life cycle carbon emissions from 2014 to 2023; (C) Carbon emissions by stage in the life cycle of the wind system. The country boundary
data are obtained from the Folium example GeoJSON dataset (h ​t ​t ​p ​s ​: ​/ ​/ ​r ​a ​w ​. ​g ​i ​t ​h ​u ​b ​u ​s ​e ​r ​c ​o ​n ​t ​e ​n ​t ​. ​c ​o ​m ​/ ​p ​y ​t ​h ​o ​n ​- ​v ​i ​s ​u ​a ​l ​i ​z ​a ​t ​i ​o ​n ​/ ​f ​o ​l ​i ​u ​m ​/ ​m ​a ​s ​t ​e ​r ​/
e​x​a​m​p​l​e​s​/​d​a​t​a​/​w​o​r​l​d​-​c​o​u​n​t​r​i​e​s​.​j​s​o​n​).

direct carbon mitigation benefits increased from 220.78 Mt CO
2
e in 2014 to 565.76 Mt CO

2
e in 2023, a 2.56-

fold rise that represents an 11.0% compound annual growth rate. During the same period, direct carbon

mitigation benefits increased from 247 Mt CO
2
e to 617 Mt CO

2
e, a 2.50-fold increase that outpaced the 1.96-

fold rise in carbon emissions, which grew from 26 Mt CO
2
e in 2014 to 51 Mt CO

2
e in 2023. This pattern

reflects the rapid expansion of wind power capacity in recent years. As the cumulative stock of operating

turbines increased, the growth rate of carbon mitigation outpaced that of emissions generated during turbine

production, thereby further amplifying net mitigation effects. Taking China as an example, which has

extensive wind power installed capacity and exhibits the most pronounced growth rate, carbon emissions

from wind power activities increased by 2.91 times between 2014 and 2023. In comparison, net carbon

mitigation benefits increased by 4.02 times. This robust growth propelled China’s share of global net carbon

mitigation benefits from 31.9% in 2014 to 50.0% in 2023. Conversely, other countries and regions exhibited
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more modest growth in scale and installation rates, resulting in either fluctuating or declining shares of

global net mitigation. For example, the European Union’s share dropped from 30.5% to 18.4%, and the

United States’ share fell from 25.63% to 18.01%.

Among all regions globally, China, the European Union, and the United States emerged as the dominant

contributors. Their cumulative net carbon mitigation benefits totaled 1,587 Mt CO
2
e, 822 Mt CO

2
e, and 764

Mt CO
2
e, respectively, accounting for 43.0%, 22.3%, and 20.7% of the global total. Collectively, these three

regions contributed 86% of global net mitigation. Their high mitigation levels are closely proportional to

their substantial cumulative installed capacities. Wind power development in these regions started earlier

and reached more advanced stages. Over the decade, their cumulative installed capacities accounted for 43%,

26%, and 15% of global installed capacities, respectively, amounting to a combined share of 84.0%. Moreover,

turbine production for these installations was predominantly undertaken domestically. This made these

regions both major production hubs and the primary sources of carbon emissions within the wind power

supply chains. During the ten-year period, their turbine production output accounted for 53.2%, 21.4%, and

11.1% of the global total, respectively, with a combined share of 85.7%. As a result, cumulative carbon

emissions associated with wind power supply chain activities in these regions accounted for 83.8% of global

life cycle carbon emissions. Among the remaining regions, India accounted for 4.72% of global carbon

emissions, followed by Australia with 2.49% and Canada with 1.17%. In contrast, regions such as Brazil,

Southeast Asia, Central America, Russia, and Eastern Europe exhibited the lowest net mitigation

contributions, accounting for less than 1% of the global total. For Southeast Asia, Central America, Russia,

and Eastern Europe, their low net mitigation contributions were primarily due to their limited installed

capacities. By 2023, these regions accounted for merely 0.88% of global cumulative installed capacities.

Brazil’s cumulative installed capacity accounted for 2.87% of the global total, far exceeding its net mitigation

share of 0.06%. This extremely low net mitigation benefit stems primarily from the country’s relatively clean

power mix. Consequently, wind power yields lower marginal mitigation benefits here than in other regions.

From a refined temporal and regional perspective, the net carbon mitigation benefits in most countries and

regions remained positive across all years. Only in the early years did a few countries or regions record

negative values. This indicates that, during those periods, the life cycle carbon emissions associated with the

local wind power industry exceeded the mitigation benefits from wind turbine operation. Regions such as

Brazil, the European Free Trade Association, Indonesia, and parts of southern South America fell into this

category. The primary driver of these negative values was that a large proportion of turbines produced in the

early period were exported, and their marginal carbon mitigation benefits were not significant. The

previously discussed expansion of mitigation effects driven by increased installed capacity has improved the

situation in these regions that initially had negative net carbon mitigation benefits. By 2022, all regions

worldwide achieved positive annual net carbon mitigation. For instance, Brazil experienced negative net

carbon mitigation between 2014 and 2016, with the magnitude gradually decreasing from 0.89 Mt CO
2
e to

0.28 Mt CO
2
e. It subsequently turned positive, reaching cumulative net carbon mitigation benefits of 2.23 Mt

CO
2
e by 2023. Moreover, southern South America exhibited the net carbon mitigation benefits of -0.02 Mt

CO
2
e in 2014. In the following years, the values remained positive and showed an overall increasing trend,

reaching 1.39 Mt CO
2
e in 2023.

Spatio-temporal variation of carbon mitigation and carbon emission intensity

The carbon emissions stemming from wind power systems, along with their carbon mitigation benefits, are

not solely determined by installed capacity. Instead, they are shaped by multiple spatiotemporal factors
[5,60]

.

To capture the impact of these factors on wind power performance across different regions, this study

constructs two metrics: carbon mitigation intensity and carbon emission intensity. Carbon mitigation

intensity is defined as the amount of carbon mitigation achieved per unit of installed capacity within one
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Figure 5. Spatiotemporal dynamics of carbon mitigation intensity and carbon emission intensity. (A) Carbon mitigation intensity across
regions in 2014; (B) Carbon mitigation intensity variation expressed as the ratio of carbon mitigation intensity in 2023 to that of 2014; (C)
Carbon emission intensity across regions in 2014; (D) Carbon emission intensity across regions in 2023. White and gray regions indicate
the absence of data. The country boundary data are obtained from the Folium example GeoJSON dataset (h ​t ​t ​p ​s ​: ​/ ​/ ​r ​a ​w ​. ​g ​i ​t ​h ​u ​b ​u ​s ​e ​r ​c ​o ​n ​t ​e ​n ​t ​.
c ​o​m​/​p​y ​t​h​o​n ​-​v​i​s ​u​a​l​i​z ​a​t​i ​o​n​/​f​o​l​i ​u​m​/​m​a​s​t​e​r​/​e ​x​a​m​p​l​e​s ​/​d​a​t​a​/ ​w​o​r​l​d ​-​c​o​u ​n​t​r​i​e​s​.​j​s​o​n​).

year. It is expressed in kg CO
2
e/(kW·a) and quantifies the actual mitigation effectiveness of wind power in

substituting conventional fossil energy, especially coal-fired power. The spatiotemporal variations of this

intensity are mainly determined by regional wind resource endowment and the carbon emission factors of

the local grid. As grids gradually decarbonize (e.g., a declining share of coal power and an increased share of

other renewables), the carbon mitigation intensity of wind power within the same region dynamically

changes. Therefore, its calculation must account for the characteristics of the grid in each year.

In contrast, carbon emission intensity focuses on greenhouse gas emissions along the wind power supply

chains. It denotes the cumulative carbon emissions per unit of installed wind capacity (kg CO
2
e/kW) across

the full life cycle, including turbine production, component transportation, on-site operation and

maintenance, and decommissioning. Its magnitude is primarily shaped by production technologies, the

electricity mix, and regional industrial features.

Carbon mitigation intensity is primarily determined by regional wind resource endowment and grid

cleanliness. Spatially, over the past decade, the highest carbon mitigation intensity was observed in northern

Africa in 2014, reaching 1,381.35 kg CO
2
e/(kW·a) [Figure 5A]. This is mainly attributed to its abundant wind

resources, vast deserts, and open terrain, which deliver stable and strong wind speeds conducive to large-

scale wind power development. Additionally, coal power constituted a high share of the electricity mix in this

region, and its emission factor was significant. Substituting wind for coal power avoided substantial carbon

emissions, thereby greatly enhancing carbon mitigation intensity. Beyond northern Africa, regions such as

Australia, South Africa, and the Middle East also exhibited relatively high overall carbon mitigation intensity.

In contrast, the European Free Trade Association had relatively low carbon mitigation intensity, with a

global minimum of 50.40 kg CO
2
e/(kW·a) in 2021. This is because the region’s grid is highly decarbonized, so

the carbon reductions from wind substituting coal are relatively limited. Moreover, the average regional wind

speed that year might have been suboptimal, resulting in lower overall turbine output and, in turn, reduced

carbon mitigation intensity. Similarly, South American countries like Brazil and Colombia had grids

dominated by hydropower, leading to high grid cleanliness and relatively low carbon mitigation intensity,

with mean values of 105.25 and 90.75 kg CO
2
e/(kW·a), respectively.
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Temporally, carbon mitigation intensity across most regions worldwide showed a clear decreasing trend due

to grid decarbonization from 2014 to 2023 [Figure 5B]. For example, the carbon mitigation intensity of

China decreased from 854.72 kg CO
2
e/(kW·a) in 2014 to 721.77 kg CO

2
e/(kW·a) in 2023, representing a

reduction of 16%. This decline primarily stems from China’s active promotion of electricity mix adjustment

over recent years. The country has gradually reduced coal’s share while expanding the capacity of other clean

energy sources, such as hydro and solar, thereby lowering the grid carbon emission factor. As grid

decarbonization accelerates, the relative carbon reductions achieved by substituting wind for coal decrease,

leading to a decline in carbon mitigation intensity. However, in certain regions, the downward trend was not

significant, with periodic fluctuations or even upward shifts observed. For instance, in eastern Africa, carbon

mitigation intensity rose from 242.81 kg CO
2
e/(kW·a) in 2014 to 261.50 kg CO

2
e/(kW·a) in 2017, then

declined to 209.69 kg CO
2
e/(kW·a) by 2023. In western Africa, carbon mitigation intensity over the decade

showed no clear downward trend, instead increasing from 376 kg CO
2
e/(kW·a) in 2014 to 392.31 kg

CO
2
e/(kW·a) in 2023. This pattern may be attributed to lagging wind power development in these regions.

Installed capacity had not increased significantly from 2014 to 2023, whereas electricity demand continued to

grow alongside economic development. Coal-fired power remained the dominant source, and grid

cleanliness fluctuated. Consequently, the mitigation effect from substituting wind for coal became more

pronounced, resulting in a rise in carbon mitigation intensity. The observed decline in carbon mitigation

intensity serves as a warning. With continued grid decarbonization, the marginal mitigation benefit per unit

of installed capacity will continue to decline. In the long term, relying solely on capacity expansion may not

sustainably amplify global mitigation effects.

The spatial distribution of carbon emission intensity exhibited significant regional differences. In global

regions, Europe showed relatively low carbon emission intensity overall. For example, in 2014, carbon

emission intensities of EU-12, EU-15, and the European Free Trade Association were 304.19, 302.30, and

294.91 kg CO
2
e/kW, respectively, well below the global average [Figure 5C]. This is mainly due to Europe’s

relatively clean electricity mix, where low-carbon power constitutes a high share of the electricity system,

leading to lower emission intensity in turbine production. Furthermore, mature production technology and

strict environmental regulations further promote energy efficiency and emission control during the

production process. In contrast, emerging production centers such as China and India exhibit relatively high

carbon emission intensity. In 2014, China and India reached 481.44 and 499.94 kg CO
2
e/kW, respectively,

significantly higher than European levels. This disparity mainly stems from the high coal share in the two

countries’ electricity systems, which means turbine production relies heavily on high-carbon electricity,

thereby elevating carbon emissions per unit of installed capacity.

Temporally, the global average carbon emission intensity exhibited a decreasing trend from 2014 to 2023,

declining from approximately 414.19 kg CO
2
e/kW in 2014 to 318.51 kg CO

2
e/kW in 2023 [Figure 5D]. This

indicates that technological progress and electricity mix optimization in turbine production have achieved

notable results. In China, carbon emission intensity decreased from 481.44 kg CO
2
e/kW in 2014 to 367.64 kg

CO
2
e/kW in 2023, a reduction of about 24%. The trend toward cleaner production has, to a certain extent,

offset the emission pressures from capacity expansion. A brief decomposition shows that turbine size

increase was the primary driver behind carbon emission intensity decline in China from 2014 to 2023,

contributing 100.94 kg CO
2
e/kW, which accounted for approximately 88.70% of the total decline.

Meanwhile, production decarbonization contributes about 6.38%, indicating that improvements in the

electricity mix during the production stage also play a key role in reducing emission intensity.
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Comprehensive assessment of net carbon mitigation benefits from wind power under future
scenarios

Historical results indicate that the net carbon mitigation benefits of global wind power have primarily relied

on the direct carbon mitigation benefits of wind power. These effects are influenced not only by installed

capacity and electricity generation but also by the dynamically changing regional carbon mitigation intensity.

In practice, they highly depend on the spatial alignment between production and deployment stages. Against

the backdrop of continued global wind power expansion, different production-deployment scenario choices

may further amplify or alleviate this mismatch between emissions and benefits
[60]

. This study, grounded in a

uniform assumption regarding global total installed capacity, systematically compares the carbon mitigation

and emission performance of newly installed wind power systems under different deployment scenarios (C1-

C3) and production scenarios (M1-M3). The objective is to reveal the relative contributions of each stage to

future mitigation potential and their interaction mechanisms.

Decisive role of deployment scenarios in future net carbon mitigation benefits

Under the premise of maintaining the same global installed wind capacity, different regional deployment

scenarios lead to significant divergence in global net carbon mitigation benefits. As shown in Figure 6, in C1

and C2, global annual net carbon mitigation benefits peak around 2034 and then decline. The cumulative

benefits continue to rise throughout the study period, reaching 6,634 ± 77 Mt CO
2
e and 6,744 ± 97 Mt CO

2
e

(mean ± 1σ) by 2034, with cumulative growth slowing thereafter. In contrast, C3 prioritizes the installation of

new wind capacity in regions with higher grid carbon emission factors, effectively amplifying the marginal

carbon mitigation per unit of installed capacity. Consequently, the cumulative global net carbon mitigation

benefits in C3 after 2034 are significantly higher than those of C1 and C2, reaching 53,711 ± 935 Mt CO
2
e

(mean ± 1σ) in 2060, substantially exceeding the baseline and demand-driven scenarios.

At the regional level, compared with C1, scenario C2 sees increased carbon mitigation in regions such as the

Middle East, non-EU Europe, Russia, China, and Japan/Korea. This rise stems from higher shares of newly

installed capacity, driven by electricity demand. Conversely, Africa, India, and Central America experience a

decrease in carbon mitigation, attributable to reduced allocation. When further adjusting from C2 to the C3

scenario, global net carbon mitigation benefits jump by 28,514 Mt CO
2
e. The primary contributions come

from Central and South Asia, Russia, the Middle East, and non-EU Europe, Africa, and India. Their carbon

mitigation increases by 9,022 Mt CO
2
e, 7,811 Mt CO

2
e, 8,164 Mt CO

2
e, 6,437 Mt CO

2
e, and 5,838 Mt CO

2
e,

respectively. This is primarily because, under the climate-priority allocation strategy, these regions are

allocated new capacity preferentially, with installation scales significantly larger than in C1 and C2.

Additionally, the regional grid carbon emission factors in these regions are on average about 50% higher than

the mean of C1/C2. This amplifies the marginal carbon mitigation per unit of installed capacity and

substantially boosts total carbon mitigation.

Conversely, in regions such as the United States, South America, Japan/Korea, Europe, Mexico, and China,

carbon mitigation under C3 is lower than that under C2. This is because their grid carbon emission factors

are not particularly high, so they are not prioritized for new capacity allocation. Coupled with the retirement

of older turbines and the reduction in operational wind turbines, electricity generation from wind decreases,

leading to lower carbon mitigation. These results indicate that the mitigation potential of wind power is not

solely determined by installed capacity. Instead, the regional deployment structure is the primary factor

shaping future global carbon mitigation effectiveness.

Impacts of production scenarios on life cycle carbon emissions and costs

Compared with deployment scenarios, adjustments in production scenarios have a relatively limited impact

on the life cycle carbon emissions of wind power systems. Nevertheless, they still hold certain mitigation

potential. Under different production scenarios, cumulative carbon emissions during the wind turbine
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Figure 6. Comparison of global carbon mitigation across deployment scenarios. (A) Annual trends of net carbon mitigation benefits by
scenarios (2025-2060); (B) Cumulative net carbon mitigation benefits by scenarios from 2025 to 2060; (C) Regional contributions to
global net carbon mitigation benefits during the transition from scenario C1 to scenario C2. (D) Regional contributions to global net carbon
mitigation benefits during the transition from scenario C2 to scenario C3. The three deployment scenarios are baseline deployment
scenario (C1), balanced deployment scenario (C2), and climate-priority deployment scenario (C3).

production stage vary. As shown in Figure 7A, over the 2025-2060 study period, cumulative carbon

emissions (mean ± 1σ) for the three scenarios are 5,467 ± 92 Mt CO
2
e (M1), 5,299 ± 70 Mt CO

2
e (M2), and

4,718 ± 104 Mt CO
2
e (M3), respectively, with M3 reducing emissions by 13.7% compared to M1. M1 exhibits

the highest cumulative production emissions. In contrast, the M3 scenario, led by Europe and the U.S.,
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Figure 7. Life cycle carbon emissions and transportation impacts of production scenarios. (A) The life cycle carbon emissions by
production scenarios from 2025 to 2060; (B) Contribution to life cycle carbon emissions by region under production scenarios (%); (C)
Life cycle carbon emissions from inter-regional transportation. The three deployment scenarios are baseline deployment scenario (C1),
balanced deployment scenario (C2), and climate-priority deployment scenario (C3). The three production scenarios are baseline
production scenario (M1), spatially diversified production scenario (M2), and clean-oriented production scenario (M3).

benefits from cleaner electricity grids and lower unit production emission intensity, achieving the lowest

emissions during the production stage. Carbon emission intensity in M3 decreases by approximately 15%

relative to M1 and M2, resulting in roughly 700 Mt CO
2
e lower cumulative emissions during the production

stage.

Examining regional contributions under each scenario, M1 sees carbon emissions concentrated in China, at

3,955.5 Mt CO
2
e (72.4%), and the EU, at 577.1 Mt CO

2
e (10.6%) [Figure 7B]. In M2, the production centers

are more dispersed, with production shares rising in Africa and Southeast Asia. China’s share drops to 44.1%

(2,336.8 Mt CO
2
e), while contributions from other major production centers rise. In M3, Europe and the

U.S. become the primary sources of emissions. The EU accounts for 2,397.1 Mt CO
2
e (50.8%), and the U.S.

for 1,368.5 Mt CO
2
e (29.0%), whereas China’s share falls to 17.5% (823.8 Mt CO

2
e). Meanwhile, Africa, South

America, and other regions contribute less than 1%. For example, Africa contributes 5.0 Mt CO
2
e during the

future period (2025-2060).

The scenario comparison validates the effectiveness of the “localized clean production” strategy. However,

compared with the mitigation gains from deployment scenarios, the emission improvements achievable

through production scenarios adjustments remain secondary. This indicates that while decarbonizing

production can reduce life cycle carbon emissions, it alone cannot dominate the mitigation performance of

wind power systems on a global scale. Furthermore, the spatial configuration of production and deployment

directly affects transportation routes. When cross-regional transportation is considered, the relative

performance of different production scenarios exhibits more complex characteristics.

In addition, this study quantifies cross-regional transportation distances and volumes under M1, M2, and

M3 scenarios, relying on shortest-path planning [Figure 7C]. Transportation planning results show that

under deployment scenarios C1, C2, and C3, the M2 scenario consistently achieves the shortest overall
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transportation distance. This advantage stems from its more dispersed production centers, such as localized

production in Southeast Asia and Africa. Regarding carbon emissions from transportation, M2 consistently

yields the lowest emissions: 103.54 Mt CO
2
e (C1), 99.88 Mt CO

2
e (C2), and 289.11 Mt CO

2
e (C3). M3

produces the highest emissions (C1: 157.27 Mt CO
2
e, C2: 168.78 Mt CO

2
e, C3: 324.04 Mt CO

2
e), while M1 is

intermediate (C1: 119.46 Mt CO
2
e, C2: 103.63 Mt CO

2
e, C3: 301.73 Mt CO

2
e). By dispersing production

centers, M2 reduces transportation emissions by approximately 24% relative to the M3 scenario, which is

characterized by Europe-U.S.-centralized production. Nevertheless, the transportation stage accounts for less

than 2% of total emissions. Hence, its overall impact is minor compared to the production stage.

In realistic global production layouts, other factors such as economic viability and safety must also be taken

into account. According to the latest global renewable energy generation cost report from the International

Renewable Energy Agency (IRENA), onshore wind power, as an incremental renewable electricity source,

exhibits significant regional cost differences worldwide. Projects in developed regions such as Europe and

North America typically have overall costs above the global average due to structural factors, including labor,

capital costs, and equipment depreciation. In contrast, regions with higher learning rates and lower

production costs, such as Asia, South America, and Africa, generally incur lower costs. Additionally, IRENA

notes that in certain mature markets, higher capital costs and complex supply chains present greater

economic challenges for renewable energy, alongside higher uncertainties in project permitting, financing,

and material supply
[61]

.

Against this backdrop, production in low-carbon electricity regions in Europe and the U.S. (e.g., M3)

theoretically reduces unit production emission intensity. However, this centralized strategy faces notable

practical barriers under the current industrial policy landscape. Considering production costs, financing

challenges, and supply chain risks, this centralized strategy is not necessarily optimal. A dispersed production

layout (e.g., M2) helps bring production closer to major deployment markets. It reduces long-term

transportation and inventory holding costs. It also enhances overall resilience in response to policy shifts,

such as the IRA and CBAM, while mitigating risks associated with supply chain disruptions. Moreover,

large-scale production advantages in cost-effective regions such as Asia and other emerging markets reduce

production unit costs. These advantages provide globally competitive products, enhancing overall economic

feasibility in international trade and project bidding. Therefore, when comparing carbon emissions in the

production stage with overall economic costs and supply chain risks, the dispersed production scenario (M2)

presents clear practical advantages. It offers an intermediate pathway for global wind power production that

attempts to balance economic and risk management constraints.

Integrated impacts of production-deployment scenarios and long-term risks of inertia-based deployment

By integrating deployment, production, and transportation stages, the relative contributions of each phase to

the life cycle carbon emissions and mitigation benefits of wind power systems can be more clearly identified

[Figure 8A]. Over the 2025-2060 period, the deployment stage dominates the life cycle carbon mitigation

across all scenarios, as it replaces fossil-fuel-based electricity generation, accounting for an absolute share of

86% [Figure 8B]. In contrast, emissions from production and transportation primarily act to “erode” net

carbon mitigation benefits, contributing only 13% and 1%, respectively. Scenario comparisons show that the 

mitigation gains from deployment are also significantly higher than the optimization benefits achieved

through production or transportation. This underscores the critical importance of effective deployment

planning in the future development of the wind power sector.
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Figure 8. Integrated impacts of production-deployment scenarios. (A) Comparison of total impacts under different deployment and
production scenarios; (B) Average contribution of deployment, production, and transportation stages; (C) Annual variation in net carbon
mitigation benefits under the baseline deployment scenario (C1) from 2025 to 2060; (D) Annual variation in net carbon mitigation
benefits under the balanced deployment scenario (C2) from 2025 to 2060; (E) Annual variation in net carbon mitigation benefits under
the climate-priority deployment scenario (C3) from 2025 to 2060. The three production scenarios are baseline production scenario (M1),
spatially diversified production scenario (M2), and clean-oriented production scenario (M3).

On an annual basis, under deployment scenarios C1 and C2, the global electricity system undergoes

substantial decarbonization. Consequently, the carbon mitigation intensity of wind power in many regions

declines to near zero during 2050-2060. This reduction sharply diminishes the mitigation benefits of wind

power systems in these regions. Combined with persistent production and transportation emissions, this

may result in negative net carbon mitigation benefits, weakening the long-term net mitigation intensity of

wind power systems. We find that net mitigation becomes negative in 2059 under C1 and in 2060 under C2 

[Figure 8C and D]. This is driven primarily by the pace of grid decarbonization, as the declining 

mitigation benefit is offset by persistent life cycle carbon emissions. In contrast, under scenario 

C3, new installed capacity is continuously allocated to regions with high-carbon grids. This 

effectively delays the decline in marginal mitigation benefits, ensuring that wind power expansion 

continues to provide significant net carbon mitigation benefits in the mid to long term [Figure 8E]. 

This finding further indicates that if future wind power expansion primarily follows historical trends 

or electricity-demand-driven inertia in regional deployment, the marginal mitigation benefits of wind 

systems may gradually weaken. Despite continued growth in total installed capacity, the systems’ 

contribution to long-term climate goals would be constrained.

Overall, the full realization of wind power system mitigation potential does not rely on extreme optimization

in a single stage. Instead, it relies on systematic adjustments of the deployment structure, complemented by

more pragmatic production configurations. Within this counterfactual framework, the C3-M2 combination
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stands out as a useful theoretical reference for balancing mitigation effectiveness with practical constraints,

with its realization requiring additional implementation assessments.

Sensitivity analysis for production and deployment scenarios

To assess the robustness of the relative differences in manufacturing-related carbon emissions across

production scenarios, we conduct a one-at-a-time (OAT) sensitivity analysis for non-grid emission factors of

key materials
[62]

. For key materials with relatively high emission contributions that have undergone

electricity-input decoupling, including steel, iron, aluminum, and resin, we impose perturbations to their

non-grid emission factors. We preserve the dynamic evolution of the electricity-related component

throughout this process. The resulting changes in future manufacturing-related carbon emissions are then

quantified. As the responses exhibit an approximately linear relationship across different perturbation

magnitudes, we primarily present the benefits for a 10% upward adjustment in the emission factors [Figure

9].

Under the 10% upward setting, steel is identified as the most sensitive material affecting future

manufacturing-related carbon emissions, with increases of 5.52%, 5.54%, and 5.81% under Scenarios M1, M2,

and M3, respectively. Resin ranks second, with corresponding increases of 1.93%, 2.00%, and 1.98%. The

impacts of aluminum and iron are comparatively marginal, with all increases remaining below 1%.

Temporally, the sensitivity of each key material exhibits slight variations over the study period, yet remains

generally stable. For instance, steel shows a change from 5.08% in 2025 to 5.68%-5.96% in 2060 across the

three scenarios. Resin changes from 1.72% to 2.01%-2.10%, while iron and aluminum display even narrower

fluctuations. In summary, the effect of the non-grid emission factors of key materials on future

manufacturing-related carbon emissions is subject to multiple factors, namely annual production scale,

regional production distribution, and the structural evolution of turbine sizes
[18]

. Nevertheless, the direction

and relative ranking of these effects remain generally consistent. Therefore, the conclusions regarding the

relative differences among the various production pathways in this study are reasonably robust.

In addition, to assess the robustness of the deployment scenario rankings among C1, C2, and C3, we

analyzed the potential effects of key parameters based on study assumptions and existing literature [Table 5].

The parameters encompass resource conditions (wind capacity factors), grid characteristics (emission

factors, decarbonization rates, and displacement factors), technical parameters (turbine lifetime and

manufacturing intensity), demand (electricity demand and demand-side feedback), and other factors (grid

access, social acceptance, and policy frameworks)
[63-70]

.

The ranking is primarily driven by the spatial pattern of deployment and the associated grid emission factors.

Parameters such as wind capacity factors, regional grid emission factors, grid decarbonization rate, turbine

lifetime, and manufacturing carbon intensity affect only the absolute magnitude of mitigation benefits,

without changing scenario rankings. Wind capacity factors exhibit region-specific uncertainty due to natural

climate variability
[64]

. Their spatial distribution is also subject to long-term shifts driven by climate change.

However, in this study, capacity factor scales all scenarios proportionally. Even a ± 10% deviation in capacity

factors would not alter the relative ranking of the three deployment scenarios, as identical datasets and

assumptions are applied consistently across all scenarios. Our uncertainty analysis confirms that the relative

ranking of the three scenarios is stable even if regional grid emission factor disparities narrow, with

cumulative mitigation estimates (mean ± 1σ) by 2060 of 23,198 ± 167 Mt CO
2
e (C1), 25,198 ± 239 Mt CO

2
e

(C2), and 53,711 ± 935 Mt CO
2
e (C3). Turbine lifetime and manufacturing emission intensity also affect the

absolute magnitude of life cycle carbon emissions and carbon mitigation benefits, but do not alter the relative

ranking of the three deployment scenarios. Nevertheless, carbon mitigation benefits are sensitive to

electricity demand changes. It would also benefit from a positive demand-side feedback loop from capacity
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Figure 9. Sensitivity of future manufacturing-related carbon emissions to a 10% upward perturbation in non-grid emission factors of key
materials. (A) Overall impact across production scenarios, and temporal evolution of (B) steel, (C) resin, (D) aluminum, and (E) iron from
2025 to 2060. The three production scenarios are baseline production (M1), spatially diversified production (M2), as well as clean-
oriented production (M3).

expansion. In this loop, greater installed capacity lowers electricity prices, which in turn stimulates demand

and supports further capacity expansion
[57]

. Despite these sensitivities, the comparison remains meaningful

because all deployment scenarios are evaluated within a consistent framework. The relative ranking offers

relatively robust insights into the carbon mitigation benefits of alternative deployment pathways.
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Table 5. Sensitivities of carbon mitigation benefits to key parameter variations across three deployment scenarios (C1, C2, C3)

Key parameters
Parameter
treatment

Real-world dynamics
Impact on
ranking

Description

Wind capacity factors
(CF)

Uniform
Climate change alters spatial
distribution of wind resources[63,64]

Largely
unchanged

CF is a uniform multiplier; scenario
rankings remain stable

Regional grid emission
factors

Uniform
Carbon-intensive regions may
decarbonize faster, narrowing inter-
regional disparities[65]

Unchanged
C3 advantage varies with disparity
magnitude; ranking unchanged

Regional grid
decarbonization rate

Uniform
Regional decarbonization paces
differ[65]

Largely
unchanged

Decarbonization pace differences may
narrow C3’s gap with C2

Fossil-fuel displacement
factors

Uniform
Regional variation in marginal
generation mix (coal vs. gas)[66,71]

Largely
unchanged

C3 may be underestimated if marginal
factors in carbon-intensive regions
exceed averages, and vice versa

Turbine lifetime Uniform
Actual lifetime depends on
maintenance strategies and
environmental loads[67]

Largely
unchanged

Affects absolute magnitude, not
scenario rankings

Manufacturing emission
intensity

Uniform
Technological progress reduces
emissions in specific regions[68] Unchanged Symmetric effect across all scenarios

Regional electricity
demand

Uniform
Economic growth or electrification
accelerates demand[57] May change

Demand growth in carbon-intensive
regions benefits C2, narrowing the gap
with C3

Demand-side feedback
from capacity expansion

Not modeled
Wind deployment and electrification
may both increase electricity
demand[57]

May change
Demand-side feedback would likely
favor C2 over C3 in the long term

Grid access conditions and
social acceptance

Not modeled
Grid constraints and stakeholder
acceptance may affect deployment[69] May change

Grid constraints in carbon-intensive
regions may weaken C3, potentially
benefiting C2 or C1

Policy and institutional
frameworks

Not modeled
NDCs, subsidies, and carbon pricing
may affect deployment[70,72] May change

Limited policy support may affect C3
more significantly relative to C1 or C2

DISCUSSION
We present a spatiotemporal life cycle assessment framework that combines multi-source heterogeneous

data to derive dynamic grid emission factors and activity levels. Building on this framework, we

systematically evaluate the carbon mitigation benefits of global onshore wind power for both historical

(2014-2023) and future (2025-2060) periods. By integrating dynamic grid emission factors, region-specific

wind resource conditions, and evolving supply-chain configurations, the analysis enables a more nuanced

evaluation of carbon mitigation benefits across both spatial and temporal scales. Historical production

patterns are reconstructed using trade-flow information to improve the attribution of upstream emissions.

Meanwhile, future deployment scenarios are aligned with GCAM-based projections to maintain consistency

between historical accounting and long-term scenario analysis. The joint assessment of counterfactual

production and deployment scenarios further facilitates the comparison of the relative mitigation impact of

supply-chain organization and deployment strategies. This comparison is conducted within a unified

analytical framework.

The results confirm that wind power delivers robust net climate benefits at the global scale. During

2014-2023, cumulative net carbon mitigation benefits reached 3,690 Mt CO
2
e, while life-cycle supply-chain

emissions accounted for only 8.5% of direct carbon mitigation benefits. This underscores the strong climate

advantage of wind energy from a life cycle perspective. At the same time, mitigation benefits exhibit

pronounced spatial heterogeneity, driven not only by installed capacity expansion but also by regional grid

carbon intensity and wind resource endowments. Regions characterized by carbon-intensive power systems

and favorable wind conditions achieve substantially higher mitigation intensity.
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The future climate contributions of wind power are dominated by deployment scenario choices rather than

production layouts, reflecting theoretical mitigation potentials. The climate-priority deployment scenario

(C3), which prioritizes installations in carbon-intensive grid regions, achieves approximately 2.3 times the

cumulative global net mitigation of the baseline deployment scenario (C1) over 2025-2060, given the same

total installed capacity. In contrast, inertia-driven or demand-driven deployment trajectories may lead to

continuously declining marginal mitigation benefits. In certain regions, they may pose risks of negative net

mitigation as power systems decarbonize. This is driven primarily by grid decarbonization in this study.

However, other factors, including declining marginal fossil-fuel displacement, manufacturing and

replacement emissions, and regional deployment patterns, may also affect this trend, though their

contributions are not quantified here given data and methodological constraints. In contrast to deployment

scenario choices, while optimizing production layouts can reduce supply-chain emissions, its overall

contribution to mitigation remains secondary. The clean-oriented production scenario (M3) reduces

manufacturing-stage carbon emissions by about 14%, while transportation emissions account for less than

2% of life cycle carbon emissions, exerting only a marginal influence on total mitigation benefits.

Nevertheless, among production-side strategies, the spatially diversified scenario (M2) consistently delivers

the lowest transportation emissions through improved spatial matching.

Several limitations and uncertainties should be acknowledged when interpreting the results. First, the

deployment scenarios impose a penetration constraint that caps wind power generation at 70% of regional

electricity supply to ensure power system stability. While this assumption reflects conservative planning

considerations, it may underestimate the grid integration potential of wind power in regions with high

system flexibility, advanced transmission networks, and large-scale storage deployment. Empirical evidence

from regions such as the U.S. Midwest and Northern Europe suggests that through enhanced cross-regional

transmission, demand response, and large-scale energy storage, wind penetration levels exceeding 80%-85%

are technically achievable without compromising system reliability. This implies that the estimated

mitigation potential in high-resource regions represents a lower-bound outcome
[73,74]

. The Weibull-based

lifetime distribution provides a tractable representation of turbine retirement patterns, though we

acknowledge the associated parameter uncertainties. The key parameters of this Weibull distribution are

subject to further calibration against empirical operational data from wind farms. Moreover, this simplified

assumption does not account for non-technical factors such as policy incentives and economic feasibility that

affect decommissioned capacity. Future improvements could be achieved by incorporating a system

dynamics model for comprehensive refinement
[75]

.

In addition, despite efforts to construct region-specific and time-varying emission factors, global life cycle

inventory data still face persistent limitations. For regions with insufficient detailed production data, relying

on “Rest of World” proxies may obscure local technological characteristics and electricity mix, potentially

smoothing regional differences in manufacturing-stage carbon emission intensity. We acknowledge that the

historical production reconstruction involves inherent uncertainties due to the scarcity of systematic and

transparent global manufacturing statistics. Our mass-balance approach, while providing a practical means

to estimate regional production shares when direct data are unavailable, relies on trade and installation data

that may be subject to reporting gaps and inconsistencies. This limitation highlights the necessity of

regionalized inventories to be improved, particularly for emerging manufacturing centers in developing

economies
[76]

. Future changes in electricity demand and grid emission factors, driven by manufacturing

relocation, regional industrial expansion, and power-system feedback, could affect the actual mitigation

benefits achieved. These impacts warrant deeper exploration in future integrated energy-system modeling

studies. Meanwhile, technological uncertainty in the future remains an important source of variability
[18]

.

While this study accounts for turbine upscaling trends, it does not explicitly model internal technological

learning or disruptive innovations such as advanced composites, low-carbon steel, or hydrogen-based
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manufacturing. These could further alter life cycle emission profiles in ways not captured in this work
[77]

.

Furthermore, the onshore wind power capacity in this study is subject to uncertainties. These uncertainties

arise from the extrapolation of stock dynamics, variations in data availability across regions, and the fact that

capacity expansion pathways vary considerably across deployment scenarios. Future installed capacity is

constrained by multiple factors, including resource endowments, grid infrastructure, land availability, and

environmental regulations such as ecological conservation red lines and biodiversity protection
[16]

. It is also

shaped by market mechanisms, energy storage deployment, wind power forecasting capability, and policy

and institutional frameworks
[78,79]

. This study focuses on the effects of production and deployment scenarios

on manufacturing, transportation, operational substitution of fossil-fuel power for carbon mitigation, and

economic performance. Future research could extend the system boundary to encompass full

decommissioning and recycling. Special priority should be placed on blade material recovery and critical

metal reuse once more comprehensive data become accessible.

A potential controversy raised by this study lies in the tension between climate-efficient deployment and

economic or equity considerations. The climate-priority deployment scenario reallocates new wind

installations toward regions with carbon-intensive power systems, many of which are developing economies.

While such a strategy maximizes near-term global emission reductions, it may also intensify investment

burdens and grid integration challenges in regions with limited financial and institutional capacity. The

estimates presented here presuppose full grid absorption of wind-generated electricity. In actual deployment

settings, the realized mitigation benefits could be moderated by curtailment, transmission constraints, or grid

integration challenges, especially in regions with weaker grid infrastructure
[58,59,80]

. These challenges

underscore the necessity of embedding deployment optimization within a broader framework of

international policy coordination. Climate-oriented allocation strategies should be accompanied by

innovative financing mechanisms. These include concessional climate finance, blended investment

instruments, and earmarking of carbon border adjustment revenues to support grid and flexibility

investments in regions with high mitigation potential. In this sense, the deployment scenarios analyzed in

this study can be interpreted not as prescriptive planning prescriptions, but as counterfactual benchmarks

that reveal where international cooperation could yield the largest climate dividends. Importantly, this

counterfactual perspective complements rather than contradicts existing scenario narratives based on

demand-driven or nationally determined pathways. By quantifying the opportunity cost of spatially

inefficient deployment, this study provides an empirical basis for aligning climate ambition with

considerations of fairness and shared responsibility. Future scenario designs would benefit from explicitly

incorporating practical constraints across both production and deployment dimensions, including

manufacturing capacity expansion rates, transmission expansion, regional technology-learning effects,

investment costs, trade barriers, mineral supply, permitting, and policy implementation.

CONCLUSION
This study develops a globally resolved, spatiotemporally explicit life cycle assessment framework to evaluate

the carbon mitigation benefits of onshore wind power across the historical period (2014-2023) and future

production-deployment scenarios (2025-2060). The findings demonstrate that wind power provides

substantial net climate benefits from a life cycle perspective. However, these benefits are highly contingent on

wind capacity deployment locations, the evolution of regional electricity systems, and the spatial

organization of supply chains.

The comparison of production and deployment scenarios shows that deployment planning has a stronger

influence on global carbon mitigation benefits than production-side optimization, reflecting theoretical

mitigation potentials under the counterfactual scenario settings. Global cumulative net carbon mitigation
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reached 3,690 Mt CO
2
e over 2014-2023, while life cycle carbon emissions accounted for only 8.5% of the

direct carbon mitigation benefits from fossil-fuel electricity displacement. Prioritizing new wind installations

in carbon-intensive regions can preserve high marginal mitigation benefits if significant inter-regional grid

emission factor disparities persist. However, this advantage is conditional and may weaken over time if these

regions decarbonize faster, narrowing the gap with low-carbon regions. In contrast, relocating production to

cleaner manufacturing regions reduces upstream emissions but plays a secondary role in overall mitigation.

The spatially diversified production scenario reduces cross-regional logistics and transportation emissions by

improving the spatial alignment between manufacturing and deployment regions.

Overall, maximizing the long-term carbon mitigation potential of wind power will require coordinated

planning across deployment and production systems. International cooperation, targeted investment, and

support for grid flexibility in regions with high mitigation potential are essential for converting continued

wind power expansion into more robust and enduring climate benefits.
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