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Abstract

Wind energy is expanding rapidly in Europe and plays a crucial role in the energy tran-

sition, yet existing life cycle inventory databases are outdated and lack the flexibility to

accommodate continuously growing sizes of wind turbines. Here, we introduceWind-

Trace, an open-source parametricmodel built on Brightway that generates customized

life cycle inventories for onshorewind turbines and parks. Fed by up-to-date data from

literature and industry reports, the model uses 20 user-defined parameters, cover-

ing both turbine characteristics (e.g., hub height and power capacity) and wind park

attributes (e.g., number of turbines and coordinates). Such parameters serve to unveil

the influence of onshore wind turbines’ design on their respective environmental

impacts.

In this work, we first demonstrate WindTrace’s advantages by comparing the differ-

ences in life cycle inventories and environmental impacts of 800 kW, 2 MW, and 4.5

MW wind turbines with their Ecoinvent counterparts. This is particularly true for 4.5

MW turbines, where differences in tower design, land use, and end-of-life assump-

tions cause 16× higher freshwater ecotoxicity, 2.2× higher climate change, and 1.6×
lower land use impacts in Ecoinvent. By testing model parameters, we highlight that

scaling up from 1990s turbines (700 kW; 60 m) to current average sizes (4.5 MW;

100 m) has reduced the turbines’ climate change intensity by 38%. Furthermore, tran-

sitioning to future cleaner steel production could cut climate change impacts by 28%.

Finally, increasing the European capacity factor from 24% to 35%, as suggested by

WindEurope, reduces climate change impacts per kWh by 31.4%.
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1 INTRODUCTION

The European Union (EU) has set an ambitious target of 42.5% of its energy to be renewable by 2030. This will require expanding its installed wind

power capacity (including both onshore and offshore turbines) to 500 gigawatts, roughly doubling the existing capacity (European Commission,

2023). Even though wind energy is a renewable energy source, the deployment of wind turbines is not environmentally harmless. Rather, it entails

the consumption of rawmaterials, water, and energy during themanufacturing, installation, maintenance, and decommissioning processes.

Life cycle assessment (LCA) is a key framework in the evaluation of the environmental performance of energy technologies, including wind tur-

bines. Nevertheless, a major challenge to performwind turbine LCAs lies in the scarcity of updated, open, and accessible data (Arvesen &Hertwich,

2012; Mello et al., 2020; Mendecka & Lombardi, 2019; Price & Kendall, 2012). For example, datasets in GaBi represent 1.65 MW turbines, with

data from 2011 (Kupfer et al., 2021). Alternatively, Ecoinvent contains turbines up to 4.5MWbased on reports published between 2003 and 2010,

which, in turn, rely on primary data collected as far back as 1998 (Wernet et al., 2016). These datasets describe an instance of a turbine, with certain

technical and technological specifications, and a geographical context. Therefore, they fail to represent today’s or near-future turbines properly.

First, they cannot capture current growing trends in Europe, where the average onshore turbine size scaled from 2.7 MW in 2017 to 4.5 MW in

2023 (WindEurope, 2019, 2024), nor technological improvements, which notably affect thematerial demands of the turbine. Second, they use con-

stant values for crucial factors significantly influencing electricity production, such as capacity factor (CF) and lifetime (Li, Mogollón, Tukker, Dong,

et al., 2022; Padey et al., 2013; Xu et al., 2023). These parameters are location-specific and are also improving with technological advancements.

Consequently, these static datasets have a limited ability to assess whether the EU’s wind energy expansion strategy aligns with broader sustain-

ability objectives (Telsnig et al., 2022). In addition, they hinder the understanding of comprehensive environmental trade-offs of critical future EU

technologies that depend on wind electricity, such as green hydrogen production, or industries like steel manufacturing (European Commission,

2020).

1.1 Existing parametrized life cycle inventory models for wind turbines

Parameterized life cycle inventory (LCI) models leverage data from literature or databases to generate customized life cycle inventories using spe-

cific technical parameters. They are increasingly adopted in the LCA field to bridge detailed micro-product descriptions (Hellweg & Milà Canals,

2014) with generalizable applications. This is evidenced by the development of dedicated frameworks such as lca_algebraic (Jolivet et al., 2021),

already used to update inventories for solar photovoltaic systems (Besseau et al., 2023).

Table 1 summarizes the existing parametrized LCI models for wind in the literature. Initial attempts began in the early 2010s, when Blanc et al.

(2012) proposed amodel designed to provide environmental guidance for new offshorewind park projects in Northern Europe. They parametrized

cabling, foundations, and transportation, but not the turbine itself, for which they relied on a single 5 MW dataset from literature. Zimmermann

(2013) presented a tool built upon direct data gathered from industry but restricted to analyzing combinations of three Enercon turbine models

TABLE 1 Comparison of characteristics and parameters of currently available life cycle inventory (LCI) wind turbine parametrizedmodels and
the present paper.

Blanc et al. (2012)

Zimmermann

(2013) Padey et al. (2013)

Li, Mogollón,

Tukker, Dong, et al.

(2022) Sacchi et al. (2019)

WindTrace

(this paper)

Scope Offshore (only park,

not turbine)

Onshore (only

Enercon)

Onshore Offshore Onshore and

Offshore

Onshore

Region of

application

Northern Europe Global Europe Global Denmark Europe

Open-source

availability

No No No No Yes Yes

Background

adjustments

No No No Prospective

background

databases

Time-adjusted

electricity and steel

(Danish context)

Geographically and

time-adjusted steel

Data sources on

material demands

Weinzettel and

Kovanda (2009)

Primary data from

Enercon

Different reports

and literature

Different reports

and literature

Burger and Bauer

(2007)

Vestas reports

(2014–2023) and

Sacchi et al. (2019)

Power range and

number of turbine

datasets

5MW

1dataset

2–2.3MW

7 datasets

22 datasets – 30 kW–2MW

6datasets

150 kW–6.2MW

24 datasets
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SIERRA-MONTOYA ET AL. 3

with four possible tower types. Finally, Padey et al. (2013) proposed a simplified model to provide life cycle greenhouse gas emissions per kWh of

wind energy.

Later attemptswere complete andmore robust and includedadvancedLCAcapabilities suchas timeandgeographical adaptationof thedatabase

background. Li, Mogollón, Tukker, Dong, et al. (2022) proposed a material flow analysis model to explore the material requirements for an offshore

wind turbine. It allows building a turbine by choosing among different component technologies in a puzzle-like approach. This study evolved into a

complete LCAmodel, including all life cycle stages, and allowed the use of prospective background databases from premise (Sacchi et al., 2022) for

future offshore wind implementation scenarios (Li, Mogollón, Tukker, & Steubing (2022). Nevertheless, the model is not open-source, and it uses

constant material intensities perMW, overlooking possible material efficiency gains from scaling up to bigger turbines (Caduff et al., 2012).

Finally, Sacchi et al. (2019) presented an open-source model that encompasses onshore and offshore turbines. It was later applied to assess

the environmental footprint of Denmark’s wind fleet (Besseau et al., 2019), and eventually evolved into an open-source Python package named

windisch (Sacchi, 2021). The model builds on data from six sets of discrete turbines, and upscales the material demands with a great level of detail

(e.g., materials in the bed framewithin the nacelle). Moreover, it adjusts the LCA background to theDanish context for electricity, heat, non-ferrous

metals, and plasticsmarkets geographically, and also electricity and steel, with national time series data.However, the primary limitation arises from

the dataset sources used to determine material demands, which rely on a 2007 report featuring data from turbines ranging between 30 kW and 2

MW. This limits the potential of the tool to build reliable inventories for current or near-future turbines, which in 2023 are 4.5 MW on average

(WindEurope, 2024). Finally, despite being open source, it does not comewith detailed guidelines and examples to easily apply its functionalities.

1.2 Contribution and novelty

In this work, we introduceWindTrace, a parametric LCI model that allows building tailor-made life cycle inventories for onshore wind turbines and

parks in Europe using a set of user-defined parameters (see source code in Sierra-Montoya, 2024). It is implemented in a Python module, building

on the LCA framework Brightway 2.5 (Mutel, 2017). The main contribution of WindTrace is to provide life cycle inventories using a broad and up-

to-datewind technology data used in its foundations, compared to existing databases and tools. Thematerial inputs of the turbine are derived from

24 datasets, four dating back to 2007 and the rest spanning the 2014–2023 period, covering a power range from 150 kW to 6.2 MW. Its detailed

cradle-to-gate life cycle stages coverage, combinedwith 20 customizable input parameters, enhances its flexibility and adaptability to a wide range

of scenarios and settings. This fills a gap by offering a flexible tool for current and future turbine modeling. Moreover, WindTrace serves as a useful

screening tool in the early phases of the eco-design process, where key technical decisions aremade but detailed product specifications are not yet

available (ISO14006:2020). Its strength lies in supporting strategic choices at a point in the process where decisions can still significantly influence

the sustainability of the final product. The tool is openly available at Zenodo (Sierra-Montoya, 2024) and GitHub, with examples on how to use it in

a Jupyter Notebook.

After explaining the design of theWindTrace model in Section 2, we investigate in Section 3 how our approach improves upon static Ecoinvent

inventories, focusingonclimate change, freshwater ecotoxicity, and landuse impact categories. In Section4,wecomplete a studyof sensitiveparam-

eters in the environmental performance of wind turbines, with emphasis on climate change impacts. This analysis sheds light on the complexity of

wind energy environmental assessments, overlooked in static turbine representations. It also identifies opportunities to reduce the environmental

footprint of wind turbines, supportingmore informed decision-making. Finally, in Section 5, we highlight the contributions of the study.

2 METHODS

2.1 WindTrace overview and inputs

Figure1 shows the schematic representationofWindTrace’sworkflow. It requires20 inputparameters introducedby theuser (Table1of Supporting

Information S1). Ten parametersmust be defined based on user needs, whereas the other 10 parameters are optional, asWindTrace has predefined

default values in case the user lacks specific information. The inputs are combined with up-to-date technical data from the literature and industry

reports to build an LCI. The outputs include the LCIs of: (1) thewind park, constituted by the number ofwind turbines, the intra-array cables, and the

transformer; and (2) a singlewind turbine, including itsmaterials, manufacturing, transport, installation, maintenance, and end-of-life. Both outputs

can be obtained per unit of infrastructure (e.g., 1×wind turbine and 1×wind park) and per kWh of electricity produced.

2.2 LCI modeling approach

In this section, wewill describe the systemboundaries, data sources, and assumptions to build the LCI foreground of thewind turbines and park. For

background data, we employed Ecoinvent v3.9.1 (Wernet et al., 2016) using the cut-off system model. However, compatibility with versions 3.10
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4 SIERRA-MONTOYA ET AL.

F IGURE 1 Scheme of theWindTrace’s workflow. Gray arrows correspond to input data, and black arrows are outputs. The blue boxes define
the input parameters introduced by the user. The purple box lists the technical data we used to buildWindTrace. FU, functional unit; LCI, life cycle
inventory.

and 3.10.1 is also granted. Further details on WindTrace’s development process and its validation can be found in Supporting Information S1 and

S2.

2.2.1 Wind turbines

Material demands

Materials from the turbine and the foundations were modeled using data from 21 Vestas turbines (2–6.2 MW), sourced from Vestas LCA reports

from the period 2011–2023 (Section 1.1.1 of Supporting Information S1). Additional data from three smaller turbines (150–800 kW)were incorpo-

rated from Sacchi et al. (2019). Turbinematerial inputs weremodeled by fitting themass of each aggregatedmaterial to turbine capacity, except for

steel, whichwas fitted to hub height or D2h (see Figure 1 of Supporting Information S1). Normal distributionswere used for all fitting curves except

steel, where a uniform distribution was applied (Section 1.1.1.2 of Supporting Information S1). Mean standard deviations of material masses were

stored in the inventory to represent uncertainty.

Although rare earth elements are absent from the reference data, meeting future wind industry demands poses a major challenge (Alves

Dias et al., 2020; Li et al., 2020). Therefore, WindTrace includes material intensities for praseodymium, neodymium, dysprosium, terbium, and

boron depending on the type of generator used (Carrara et al., 2020). Details on material types, data collection process, allocations, and selected

background activities are detailed in Section 1.1 of Supporting Information S1.

Steel, primarily used in the tower, is the heaviest material in a wind turbine (54%–71% by mass, excluding foundations, according to Vestas

reports). Europe produced 126Mt of steel in 2023 and has only been a net importer since 2016 (Eurofer, 2024). Thus, WindTrace adapts the steel

background activity to assume entirely European production, accounting for primary and secondary steel shares (56.4%–59.5%) with geographical

and temporal resolution (2012–2021).

Manufacturing and transportation

Themanufacturing stage covers the industrial processes shapingwind turbinematerials, each linked to an Ecoinvent process (Table 6 of Supporting

Information S1). It also includes electricity use in the nacelle assembly. To ensure geographic specificity, European manufacturing sites (Vestas,

SiemensGamesa,Nordex, Enercon, LMWind)were identified fromofficial sources. Thenearest factory locationdetermines transportationdistance

to the wind farm and the national electricity mix for manufacturing. For simplicity, a single manufacturing site for all components and straight-line

road transport are assumed.

Installation

The installation stage includes the temporary and permanent land transformation due to the deployment of the access roads, the substation, the

transformer, and the turbines, according to land use shares provided byDenholm et al. (2009). Since these data are provided at the wind farm level,

we attribute the corresponding land-use intensity per unit of capacity to individual turbines.
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SIERRA-MONTOYA ET AL. 5

It also includes the excavation activities to set the turbine foundations and the construction of the access roads.

Maintenance

The maintenance stage includes inspection trips every 6 months (Elsam Engineering, 2004) and lubricating oil changes every 2 years (Abeliotis &

Pactiti, 2014). The replacement of turbine sub-components during their operational lifetime is excluded from the system boundaries due to their

highly case-specific nature, being too unpredictable to be generalized.

End-of-life

We followed a cut-off systemmodel approach, considering no environmental burdens related to recycling processes (Figure 8 of Supporting Infor-

mation S1), as these are allocated to the user of the recycled material (Sonderegger & Stoikou, 2022). Four end-of-life scenarios can be selected in

WindTrace (further details in Section 1.4 of Supporting Information S1).

Wind turbine electricity production

Theannual electricity productionof awind turbinedependson the annual capacity factor,whichmeasures theelectricity output of a turbine relative

to its maximum electricity output at full capacity. However, as the turbine gets older, its efficiency is reduced due to physical attrition of turbine

components, affecting its capacity factor (Germer & Kleidon, 2019; Olauson et al., 2017; Staffell & Green, 2014).WindTrace calculates the lifetime

electricity production of a wind turbine using the initial annual CF provided by the user as input. It adjusts this CF over time based on an attrition

rate, also specified by the user, to account for performance degradation. The resulting time-dependent CF is applied over the turbine’s operational

lifetime (Equation 1), where CF is the annual capacity factor, CFi is the capacity factor of the first year, k is the attrition rate, and age is the operation

year. Considering this, the electricity production of a turbine (Eturbine) is defined as the sum of the annual electricity production of a turbine of a

certain power (Pturbine) throughout its operation lifetime (LT) as expressed in (Equation 2).

CF = CFi × (1 − k)
age

(1)

Eturbine = Pturbine × Annual total hours × CFi

LT−1∑

0

(1 − k)
age

(2)

2.2.2 Wind park

The wind park inventory contains the wind turbines, the intra-array cables, and the transformer. The system boundaries of the park are set at

the transformer. The cables are modeled considering the materials, manufacturing process, and excavation activities. The transformer is modeled,

scaling an ABB transformer of 500MVA, including its materials, electricity, and heat requirements (ABB, 2003). Data sources and assumptions for

cables and transformers are detailed in Section 1.5 of Supporting Information S1. The wind park power (Ppark) serves to calculate the electricity

production of a wind park (Epark; Equation 3).

Epark = Ppark × Annual total hours × CFi

LT−1∑

0

(1 − k)
age

(3)

2.3 Model validation

For validation purposes, we compared the Life Cycle Impact Assessment (LCIA) results of 18 Vestas turbines modeled using WindTrace against

data from the original Vestas reports. The comparison was evaluated using root mean squared error, mean percentage error, and R2, with results

presented in Figures 5 and 7 of Supporting Information S1. Additionally, we assessed the material phase separately by conducting a Monte Carlo

analysis on a reference turbine, comparing the static LCIA result with the upper and lower confidence intervals. Further details are in Section 2 of

Supporting Information S1.
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F IGURE 2 (a) Climate change, freshwater ecotoxicity, and land use results for Ecoinvent (purple) andWindTrace (gray) life cycle inventories
(LCIs) in the 0–5MW range. (b) Contribution analysis by life cycle phase of Vestas V80/2.0modeled inWindTrace (left) and Ecoinvent (right). TA,
terrestrial acidification; CC, climate change; FET, freshwater ecotoxicity; MET, marine ecotoxicity; TET, terrestrial ecotoxicity; FRS, fossil resource
scarcity; FE, freshwater eutrophication;ME, marine eutrophication; HTc, human toxicity: cancer; HTnc, human toxicity: non-cancer; IR, ionizing
radiation; LU, land use;MRS, mineral resource scarcity; OD, ozone depletion; PMF, fine particulatematter formation; HOF, photochemical oxidant
formation: human health; EOF, photochemical oxidant formation: ecosystems quality;WU, water use. The underlying data for this figure are
provided in the “Figure 2a” and “Figure 2b” sheets of Supporting Information S3.

3 COMPARISON OF WINDTRACE AND ECOINVENT INVENTORIES

3.1 Definition of a reference turbine and LCIA parameters

We defined a reference turbine (Vestas V90/2.0), which is the most installed onshore turbine in Europe up to 2021 (Pierrot, 2021). Its parame-

ters are detailed in Table 15 of Supporting Information S1, which also summarizes how we varied these parameters both for their application in

Sections 3 and 4.

We used Brightway 2.5 (v1.0.6) to calculate the LCIA results presented in the following sections. The impact assessment was performed with

the ReCiPe 2016 v1.1 midpoint (H) method (Huijbregts et al., 2017). We focused mainly on the climate change impact indicator for simplification

purposes, unless otherwise specified.

3.2 LCIA comparison for 0–5 MW turbines

In this section, we compareWindTrace inventories to Ecoinvent’s to highlight differences and showcase the advantages of ourmodel. For this com-

parison, we used Ecoinvent’s inventories for the 800 kW (Nordex N50/800), 2 MW (Vestas V80/2.0), and 4.5 MW (Enercon E-112) turbines to

represent the 0–1, 1–3, and 3–5 MW ranges, respectively. In contrast, WindTrace was applied using the reference turbine parameters from Table

15 of Supporting Information S1, analyzing power outputs from 0 to 5MW and hub heights of 40, 80, and 120 m, capturing the trend of towers to

growwith increasing capacity (method details and limitations in Section 3.1 of Supporting Information S1).

In the 0–3 MW range, climate change impacts in Ecoinvent increase more steeply (660 tons CO2eq/MW) compared to WindTrace (≈500 tons

CO2eq/MW) (Figure 2a). The most significant difference, however, appears in the 3–5 MW range, where Ecoinvent’s impacts are up to 2.2 times
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SIERRA-MONTOYA ET AL. 7

higher. This discrepancy arises because Ecoinvent models a concrete tower instead of a steel one, resulting in 18% higher emissions than Wind-

Trace’s tower. Although concrete towers are used in some turbines, their adoption is rare, whereas steel towers remain the dominant and widely

preferred solution (Stehly et al., 2024).

For freshwater ecotoxicity, Ecoinvent’s impacts are up to 1.5 times higher for 2 MW turbines and 16 times higher for 4.5 MW turbines.

This difference stems from Ecoinvent assuming 100% incineration for copper at the end-of-life, whereas WindTrace accounts for 90% recycling

and 10% landfill (see Section 1.4 of Supporting Information S1). Regarding land use, WindTrace applies higher land transformation intensities

(10,000 m2/MW across all capacities by default; see Section 1.3.1 of Supporting Information S1) compared to Ecoinvent (69.8–1,400 m2/MW),

leading to consistently higher impacts in the 0–5MW range (see Section 1.3 of Supporting Information S1).

3.3 Contribution analysis of Vestas V80/2.0

Thematerial phase is the dominant contributor across nearly all impact categories for bothVestas V80/2.0 turbine inventoriesmodeledwithWind-

Trace andEcoinvent (Figure 2b). ForWindTrace,materials account for 73.2% to96.9%of impacts in all categories except landuse,where installation

dominates with 79.0% due to land transformation for turbine erection and supporting infrastructure. Ecoinvent’s results also highlight the domi-

nance of thematerials phase, contributing between 54%and93%of impacts, except for land use andmarine and freshwater ecotoxicities. However,

its material contributions are lower than in WindTrace, as Ecoinvent attributes higher impacts to the installation phase. This is due to Ecoinvent’s

inventory including8.4 timesmorem*year of access roads andassuming they are asphalted,whereasWindTrace considers rural paths (Section1.3.2

of Supporting Information S1). The discrepancy inmarine and freshwater ecotoxicity stems from differences in end-of-life modeling as explained in

Section 3.1.Maintenance impacts remain negligible in bothmodels. Although Ecoinvent does not include transport, this does not affect the compar-

ison, asWindTrace also showsminimal transport impacts. Comparison for 800 kWand 4.5MW turbines is also provided in Figure 11 of Supporting

Information S1, as well as method details in Section 3 of Supporting Information S1.

4 INFLUENCE OF SENSITIVE PARAMETERS ON THE ENVIRONMENTAL IMPACTS OF WIND TURBINES

4.1 Identification of sensitive parameters

This section synthesizes the theoretical relevance of five key parameters identified in the literature as influential in the environmental assessment

of wind energy.

4.1.1 Turbine power

LCA faces the challenge of linearity, meaning that doubling the demand for the same system product results in doubled environmental impacts

(Guinée et al., 2011). However, this linearity does not hold for scalable technologies, where economies of scale can reduce the material footprint

and the environmental impact (Pizzol et al., 2021). Scalability in wind energy has been discussed in previous works, showing that environmental

impacts per kWh decrease with turbine size (Caduff et al., 2014), but its role perMWhas barely been addressed before.

4.1.2 Steel production process

Steel production in Europe is carbon-intensive, with emissions in 2018 ranging from 1.3 kg CO2eq/kgsteel (BloombergNEF, 2021; Holappa, 2020)

to 1.5 kg CO2eq/kgsteel in our European adaptation of Ecoinvent. The dominant primary steel route, blast oxygen furnace (BOF), emits ∼2.2 kg

CO2eq/kgsteel globally, while secondary steel via electric arc furnace (EAF) emits ∼0.3 kg CO2eq/kgsteel, depending on the electricity mix (Institute

for Energy Economics&Financial Analysis, 2022). Thus, increasing secondary steel production (nowat a constant∼42%since 2011 (Eurofer, 2022))

and renewable energy use would lower future emissions (International Energy Agency, 2020), crucial for wind turbines, where steel is the primary

material bymass (excluding foundations).

4.1.3 Generator types

Rareearth elements are key forwind turbine generatormagnets.Gearboxdesigns, less reliant on rare earths, dominate theonshore turbinesmarket

(Alves Dias et al., 2020; Verma et al., 2022), while gearless direct-drive trains, more rare earth abundant, are leading in offshore due to easier
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8 SIERRA-MONTOYA ET AL.
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F IGURE 3 WindTrace results of climate change intensity (ton CO2eq/MW) per turbine power for hub heights from 40 to 140m. The
underlying data for this figure are provided in the “Figure 3” sheet of Supporting Information S3.

maintenance (Depraiter & Goutte, 2023). Many wind turbine LCAs exclude rare earths due to 0.1%–1% cut-off criteria (Vestas, 2015). However,

rare earth mining releases nitrogen into water (Shu et al., 2024) and often involves extracting radioactive materials, leading to radiation exposure

during mining and processing (Bittner et al., 2023). Moreover, their ore concentration is decreasing faster than that of other metals such as copper

(Gschneidner & Pecharsky, 2024).

4.1.4 Lifetime

Lifetime strongly affects the electricity production of a turbine, thus influencing its environmental impact per kWh. LCAs typically assume 20 years

for onshore turbines (Arvesen & Hertwich, 2012; Vestas, 2022), though actual lifetimes vary. Decommissioned turbines in Denmark (1977–2016)

averaged 18.4 years (Sacchi et al., 2019), while those in Europe decommissioned by 2020 averaged 18.9 years (Figure 16 of Supporting Information

S1). Nevertheless, some have been running for over 45 years (Tvindkraft, n.d.), and new turbines, especially offshore, are expected to last at least 30

years (Vestas, 2024).

4.1.5 Capacity factor

CF depends onwind availability, hub height, and turbine technology (Jung& Schindler, 2023; Xu et al., 2023).Wind availability influences howoften

and how efficiently a turbine can generate power, while hub heightmodulates access to laminar flows. Furthermore, new technologies tend to have

improved power curves, meaning enhanced conversion of wind to power output. Given the intricate interplay of these drivers, CFs vary widely

among locations. However, the global 3-year mean CF rose from 0.22 to 0.25 in the period 2010–2012 to 2018–2020 (Jung & Schindler, 2023),

while the European onshoremean is expected to rise from 0.24 of the current fleet to 0.30–0.35 for new installations (WindEurope, 2024).

4.2 Environmental assessment of turbine parameters

4.2.1 Power and hub height

To explore potential economies of scale in wind turbines, this section assesses the relationship between climate change impacts and turbine power.

Figure 3 shows an exponential decline in impact intensity (ton CO2eq/MW)with power, meaning that themarginal reduction diminishes as capacity

grows. A similar trend was observed by Sacchi et al. (2019) for Danish turbines ranging from 100 to 500 kW, though their study did not find the

same intensity decay trend for larger turbines. In contrast, Mendecka and Lombardi (2019) reported a consistent exponential decrease across the

entire 0–3MW range in their harmonized LCAmodel.

Here, wemodeled steel demand as a function of hub height, while all othermaterial demands are a function of power. Thismakes the hub height-

to-power ratio a key factor in determining environmental impacts.When turbine power increases without changing hub height, the total embodied

material mass perMWdecreases, as the relative share of steel is reduced. This results in lower climate change intensity per unit of power. Empirical

data from turbines installed in Europe until 2021 (Pierrot, 2021) show that the hub height-to-power ratio declines exponentially with increasing

 15309290, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jiec.70114 by Spanish C

ochrane N
ational Provision (M

inisterio de Sanidad), W
iley O

nline L
ibrary on [22/10/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



SIERRA-MONTOYA ET AL. 9

0

100

200

300

400

500

600

700

800

0 20 40 60 80 100

C
lim

at
e 

ch
an

ge
 (

to
n 

C
O

2
eq

/M
W

)

Recycled steel (%)

Norway

Poland

Europe

Recycled steel in Europe 2021

Electricity mix

F IGURE 4 Climate change impacts per turbine according to the share of recycled steel and electricity mix (Norway, Poland, or Europe).
Recycled steel in Europe in 2021 from Eurofer (2022). The underlying data for this figure are provided in the “Figure 4” sheet of Supporting
Information S3.

power (Figure 14 of Supporting Information S1), from 0.235 m/kW for 100 kW turbines to 0.012 m/kW for 12 MW turbines. This confirms that

bigger turbines tend to have less embodiedmaterial.

This finding underscores the economies of scale in wind turbine design, where increasing nominal power improves material efficiency (Beiter

et al., 2022; Sieros et al., 2012). For example, scaling up from a typical 1990s turbine (700 kW and 60 m height) to the 2023 average (4.5 MW and

100m height) has reduced the climate change intensity perMWby 38%, primarily due to a lower total embodiedmass per unit of power. The same

behavior occurs for other LCIA indicators (Figure 15 of Supporting Information S1).

4.2.2 Steel production

Steel accounts for 36.2% of the climate change impacts of the reference turbine in WindTrace which, combined with chromium steel, increases to

48.7% (Table 16 of Supporting Information S1). Given this significant contribution, we evaluated the influence of steel recycling rates (0%–100%)

and the electricitymix in steel production on the climate change impacts of a turbine. To capture a range of carbon intensities, we selected the 2019

electricity mixes of Poland, Europe, and Norway, representing the highest (0.95 kg CO2eq/kWh, Poland), average (0.35 kg CO2eq/kWh, Europe),

and lowest (0.024 kg CO2eq/kWh, Norway) carbon-intensive grids in Europe (Ecoinvent). These electricity mixes were applied to both BOF and

EAF production of steel and chromium steel.

Figure 4 shows there is a 38% difference in climate change impacts between the worst-case scenario (0% recycled steel and Poland’s electricity

mix; 744 tons CO2eq/MW) and the best-case scenario (100% recycled steel and Norway’s electricity mix; 462 tons CO2eq/MW).

Assuming a scenario with 100% recycled steel without altering the electricity mix, the climate change impacts of the wind turbine decrease by

21.7% from the current situation. Conversely, adopting amore decarbonized electricitymix (Norway) withoutmodifying the recycled steel content

results in a climate change impact reduction of 3.5%. Thus, increasing recycled steel has a greater impact-reduction potential than switching the

electricity mix.

However, in the best-case scenario, climate change impacts could be reduced by 28.2% compared to the current situation. In this case, steel and

chromium steel impacts would be cut by 74.7% and 9.5%, respectively.

4.2.3 Generator type

WindTrace models different generator concepts, allowing the exploration of their environmental impacts. These concepts differ in total rare earth

elementmass intensity (values in brackets), with detailed element-specific breakdowns (e.g., neodymium) in Table 3 of Supporting Information S1:

1. Direct-driven permanent magnet synchronous generator (dd-pmsg) [238 t/GW]
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10 SIERRA-MONTOYA ET AL.
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F IGURE 5 Mineral resource scarcity andmarine eutrophication variation compared to the reference turbine (gb-dfig) when changing the
generator type. The underlying data for this figure are provided in the "Figure 5" sheet of Supporting Information S3.

2. Gear-boxed permanent magnet synchronous generator (gb-pmsg) [61 t/GW]

3. Direct-driven electrically excited synchronous generator (dd-eesg) [45 t/GW]

4. Gear-boxed double-fed induction generator (gb-dfig) [14 t/GW]

A contribution analysis of the reference turbine equipped with gb-dfig revealed that neodymium accounted for 19.5% of marine eutrophication

and 39.2% of mineral resource scarcity (Table 16 of Supporting Information S1), underscoring the importance of incorporating rare earth metals

into the LCI.

Figure 5 illustrates that using the dd-pmsg generator increases impacts on mineral resource scarcity by 6.7 times and marine eutrophication

by 3.6 times compared to gb-dfig. This is due to the higher intensity of neodymium and dysprosium for this generator type, which are 15 and 8.5

times greater than for gb-dfig, respectively. Consequently, the combined contribution of these two metals to the total impacts rises to 82.2% for

marine eutrophication and 92.1% for mineral resource scarcity when using dd-pmsg. For gb-pmsg, neodymium and dysprosium intensities are 4.5

and 3 times higher than for gb-dfig, respectively, resulting in impact variations of 73.2% for marine eutrophication and 141% for mineral resource

scarcity. Similarly, for dd-eesg, neodymium and dysprosium intensities are 2.3 and 3 times higher than for gb-dfig, respectively, leading to impact

variations of 48.2% for marine eutrophication and 82.9% for mineral resource scarcity.

Although literature suggests potential impacts of rare earth metals on ionizing radiation, no significant impacts were observed in this study.

These results aremarkedly influenced by the selected LCIAmethod (Section 4.1 of Supporting Information S1).

4.3 Environmental assessment of electricity production parameters

4.3.1 Lifetime

Figure 6 presents the climate change impacts per kWh under a varying operational lifetime ranging from 8 to 30 years, reflecting the current Euro-

peanmean lifetime±2 times the standard deviation, and considering different attrition rates. Attrition refers to the gradualwear and deterioration

of wind turbines with use and depends partially on uncontrollable factors such as weather conditions and component failures, contributing to the

uncertainty in a wind farm’s lifetime electricity production.We included three possible attrition rates:

1. No-attrition (k= 0%)

2. Baseline (k= 0.9%), as in Xu et al. (2023)

3. High attrition (k= 2%), themean from themaximum k values in Xu et al. (2023) andHamilton et al. (2020).

For all three options, a European average CF of 24%was applied for the first 2 years. As shown by the dashed lines in Figure 6, after 20 years, the

CF remains at 24%with no attrition, drops to 20.2% under the baseline scenario, and to 16.4%with high attrition.

In the baseline, climate change impacts for an 8-year turbine lifetime (44.2 g CO2eq/kWh) are 3.6 times higher than for a 30-year lifetime (12.1 g

CO2eq/kWh), as extending operational life effectively amortizes early life cycle impacts (e.g., materials extraction) over a larger electricity output.

Although consideration of turbine attrition has been neglected in previous LCA studies, our results show it can have a notable effect: Over an 8-

year operational lifetime, high attrition reduces cumulative electricity production by only 6.7% (as the capacity factor declines from 24% to 20.8%),
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F IGURE 6 Climate change impact depending on the lifetime and attrition options (solid lines; left axis) during the lifetime of a wind turbine
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(2020) vertical green line refers to the average age of decommissioned turbines in Europe up to 2021. The underlying data for this figure are
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F IGURE 7 (a) Climate change impacts by capacity factor (CF) according to the literature (data details in Table 20 of Supporting Information
S1); (b) climate change impact by CF of three turbine sizes usingWindTrace. Equations of the curves in Table 19 of Supporting Information S1. The
underlying data for this figure are provided in the “Figure 7a” and “Figure 7b” sheets of Supporting Information S3.

yet this results in a 23% increase in climate change impacts per kWhcompared to the no-attrition case. For a 30-year lifetime, the increase in climate

change impact per kWh reaches 38%.

Newer turbines are expected to last longer due to advancements in technology andmaintenance practices (Vestas, 2024). Increasing the average

European lifetime beyond the current 18.9 years to 25 years could lower impacts from 18.3 to 14.2 g CO2eq/kWh, a 26% reduction under baseline

attrition.

These findings are also relevant for informing repowering strategies and assessing their trade-offs (Pérez-Sánchez et al., 2025), especially as 1.6

GWof wind capacity was repowered in Europe in 2024, up from 600MW in 2015 (WindEurope, 2025).

4.3.2 Capacity factor

Figure 7a reviews climate change impacts per kWh across 59 studies, covering turbines from 5 kW to 6.2MWwith CF values from 15.1% to 55.4%.

Reported impacts range from4.4 to52.7 gCO2eq/kWh, averaging14.3 gCO2eq/kWh.As shown inFigure7a, higherCF correlateswith lower climate

change impacts per kWh, highlighting its key role in environmental performance. However, the figure also underscores the strong influence of

assumed electricity production values on the climate change results. For example, it is improbable for a turbine under 2MWto achieve a CF as high

as 50%, as one of the studies claims. This illustrates the need for greater transparency in reporting electricity production assumptions, something

that is often lacking.
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12 SIERRA-MONTOYA ET AL.

To understand the current and future role of capacity factors, we calculated the climate change impacts of the reference turbine (2MW), as well

as 800 kW and 4.5 MW turbines in the range of 10% to 50% CFs (baseline attrition). This demonstrates that the performance of a wind turbine

can vary substantially depending on the wind conditions at the site where it is installed. To illustrate this point, we also present results for three

turbines (Nordex-0.8MW, Vestas-2.0MW, and Enercon-4.5MW) assessed at the same location (see Table 18 of Supporting Information S1), using

site-specific CFs obtained from Renewables.ninja (Staffell & Pfenninger, 2016). Because wind speed generally increases with height, as described

by the power law, taller turbines are better positioned to harness stronger and more stable winds, resulting in higher CFs than those achieved by

smaller, shorter turbines. These examples underscore the critical role of local wind conditions in shaping the environmental performance of wind

energy systems.

Climate change impacts show a decreasing trendwith increasing CF across different turbine sizes. Impacts per kWhdecrease around 80% for all

turbines analyzed (Figure 7b). This pattern highlights that higher electricity production over a turbine’s lifetime improves infrastructure efficiency,

reducing material requirements per kWh. Thus, CF can have a greater influence on climate change than lifetime. This goes in concordance with the

scalability effect discussed in Section 4.2.1 and in the literature (Figure 7a).

The current average ratedpowerof theEuropean turbine fleet, including early-generation installations, ranges from660kWto2MW,depending

on the country (Pierrot, 2021). Assuming a CF of 24%, we estimate climate change impacts of 17.4–28.5 gCO2eq/kWh. By 2023, newly installed

turbines averaged 4.5MW,while CFswere expected in the range 30%–35% (WindEurope, 2024), lowering the impacts of current turbines to 10.8–

9.2 gCO2eq/kWh.

4.4 Limitations of the model

Despite its advantages, WindTrace has several limitations. Data availability for large, next-generation turbines remains scarce, introducing uncer-

tainty in model calibration as well as in land use estimates. Our land-use intensity default values are based on farm-level data from Denholm et al.

(2009), derived from turbines of 1.6 MW on average, and may not fully represent current large-scale installations. Furthermore, detailed data for

certain life-cycle stages, such as turbine maintenance, were not accessible, although these can influence lifetime performance. Material demand

data were sourced exclusively from Vestas, restricting comparison across alternative design configurations. Finally, the use of the cut-off approach

in Ecoinvent may oversimplify recycling benefits, underscoring the need for more refinedmodeling of secondarymaterial flows in future work.

5 CONCLUDING REMARKS

WindTrace contributes to reducing the lack of open access, updated, and flexible LCI data on wind energy. It goes beyond static LCIs, helping users

keep pacewith the growing sizes of turbines and parks.WindTrace’s key advantage over similarmodels lies in its integration of up-to-date, industry-

sourced data from diverse datasets, its high level of detail across all life cycle phases, and its open-access availability, complemented by examples

to facilitate usability. Additionally, WindTrace can support early-stage eco-design by enabling screening of environmental impacts before detailed

product specifications are available.

Our results highlight important limitations in using Ecoinvent’s wind turbine datasets for generalized purposes. These limitations strongly affect

environmental indicators, especially climate change, marine and freshwater eutrophication, and land use, and thereby compromise the accuracy of

assessments for both the existing wind fleet and future designs. This, in turn, hinders the evaluation of processes heavily dependent on renewable

energy, such as those central to the European decarbonization strategy.

In contrast, WindTrace offers greater flexibility by allowing key parameters to be adjusted, acknowledging their significant influence on

environmental performance. This makes it suitable to create generalized datasets for different contexts (see Supporting Information S2).

Our analysis in Section 4 highlights the complexity of wind energy environmental assessments and hints at potential improvements. The finding

can be summarized as follows:

∙ Turbine power and hub height: the bigger the power of the turbine, the lower its climate change intensity per MW, due to economies of scale.

This impact descent is exponential and shows a decrease of 38% from early 1990s turbines (700 kW; 60m) to current (2023) turbines (4.5MW;

100 m). We show still a 6.5% potential climate change intensity improvement if bigger turbine designs announced are implemented in the near

future (7.8MW; 120m).

∙ Steel production: a potential reduction of 28.2% in the climate change impacts of wind turbines could be achieved by using a 100% recycled steel

and a cleaner electricity mix (Norwegian) in the steel production.

∙ Generator types: The use of permanent magnet generators in direct drivetrains entails the extraction of 17 times more rare earth metals than

themore conventional gear-boxed double-fed induction generator. This translates to moremineral resource scarcity andmarine eutrophication

impacts. However, a limitation of this study is that it does not account for the broader technical trade-offs involved in selecting one drivetrain

over another.
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SIERRA-MONTOYA ET AL. 13

∙ Lifetime: Increasing the lifetime of European wind turbines from the current 18.7 years up to 30 years would lead to a reduction of 37% kg

CO2eq/kWh due to infrastructure amortization. Moreover, we report for the first time the effect of mechanical wear in climate change impacts.

However, a key limitation is that we do not account for the replacement of broken components or unscheduled maintenance, which could

potentially offset some of the benefits of extending the lifetime.

∙ Capacity factor: For a given 4.5MW turbine, increasing the CF from the current EU average of 24% to 35% (reflecting differences in site-specific

wind resources) would reduce climate change impacts per kWh by 31.4%. This highlights the decisive role of location in shaping the turbine’s

environmental performance: The same turbine can yield very different environmental outcomes depending on the quality of the wind resource

at its site.

Future WindTrace developments will also include an offshore wind module to expand its applicability to emerging offshore technologies. In

parallel, refining themodel to better reflect interdependencies between technical parameters represents a promising avenue for future work.
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