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Tomas-Pascual, A. & Madrid-Lépez, C. WindTrace: Testing the
environmental impacts of wind energy designs with a parametric life
cycle inventory model. Journal of Industrial Ecology.

I Summary

This supporting information provides additional details on the methods to develop and

validate WindTrace, as well as analysis that complement the results in the main text.
[ |

1. WindTrace development

WindTrace is an open-source parametrized life-cycle inventory model for wind turbines. The
code and simple examples of use <can be consulted in  GithHub:
https://github.com/LIVENlab/WindTrace public. Table S1 summarises the input data
required by the model to run.

1.1. Modelling the material phase
1.1.1. Modelling the foreground

The general approach to model the materials from the turbine and foundations was to adjust
first order fitting curves to each material mass versus the power of the turbine. Mass of steel
was modelled as a function of the hub height instead of the power capacity, as most of the
steel in a wind turbine is contained in the tower. The data was collected from Vestas LCA
reports from the period 2011-2023. The reports include the following models:

e 2MW:V90-2.0[1], V100-2.0 [2], V110-2.0 [3], V116-2.0 [4], V120-2.0 [5].

e 2.6 MW:V100-2.6 [6].

e 3.0 MW:V90-3.0 [7].

e 33MW:V105-3.3 [8], V112-3.3 [9], V117-3.3 [10], V126-3.3 [11].

e 3.45 MW: V105-3.45 [12], V112-3.45 [13], V117-3.45 [14], V126-3.45 [15], V136-3.45

[16].
o 42MW:V117-4.2 [17], V136-4.2 [18], V150-4.2 [19].
e >6.0 MW:V150-6.0 [20], V162-6.2 [21].
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Table S1. WindTrace input data.

Overview of its function in

P te Descripti Default vals .
arameter escription efault value WindTrace
To name the wind park and
Park name Name of the wind park No wind turbine Brightway2.5
activities
T le the di i f th
Park power Total power of the wind park No o scale the dimensions ot the
transformer
Number of turbines Number of turbines in the wind park No To create wind park inventory
Abbreviation of the country where the To give a location to wind
Park location turbine is located (ISO 3166-1 alpha-2 | No 8l . .
turbine activities in Brightway
codes)
. WGS84 coordinates of the wind park To calculate transport distance
Park coordinates . . No S
(latitude, longitude) from manufacturing site
Name of the manufacturer of the To find the closest
Manufacturer turbines from the following (Vestas, LM Wind manufacturing site of the
Siemens Gamesa, Enercon, Nordex) manufacturer to the wind park
To calculate distance between
Rotor diameter Diameter of the rotor (in meters) No turbines needed to model cable
length
. Nominal power of the individual To scale the materials’ amounts
Turbine rated power . No
turbines except for steel
Hub height Height of the turbine No To scale steel mass
1 ion of D*h or H
Regression adjustment Ste?e mass as function o or Hub D%h To scale steel mass
height
To define the turbine
L Year when the turbine started the manufacturing year and the
Commissioning year No

operation

corresponding recycling share of
steel for that year

Recycled steel share

Share of recycled steel in the turbine

Data from Eurofer
(2012 - 2021)

Direct input

Electricity mix steel

Electricity mix used to produce steel
and chromium steel

Mix according to
Eurofer’s production
data per country

Direct input

Generator type

Use of gearbox and type of generator

Doubly fed induction
generator (gearbox)

To scale the amount of rare
earth metals in the turbine

Land use permanent

Permanent direct land transformation

. . 3000 m¥MW Direct input
intensity per MW P
Land cover type prior to the turbines’ . .
Land cover type . vertypep No Direct input
installation
. . Selection of end-of-life scenario based . . .
End-of-life scenario . . . Baseline Direct input
on different materials recycling rates
To calculate land occupation,
o Lifetime of the turbine (expected, if it and the electricity production
Lifetime . 20 years .
has not yet been decommissioned) throughout the operation
lifetime
Ratio of average delivered electricity To calculate the electricity
Capacity factor to theoretical maximum electricity 0.24 production throughout the
production operation lifetime
.. Annual rate of efficiency reduction of To adjust the annual capacit
Attrition rate 4 0.009 ) pacity

the turbine due to attrition

factor

The materials, their names in Vestas’ report, part of the turbine where the material is located

and associated background Ecoinvent activities are described in Table S2.
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Table S2. Summary of the materials in the LCl of wind turbine, their inclusion in the different parts (turbine or
foundations) and the chosen Ecoinvent activity.

Material’s name in Material in Part (Turbine or Ecoinvent v3.9.1 activi
Vestas reports WindTrace Foundation) o v
Steel unalloyed, low Turbine and market for steel, low-alloyed*
Low alloyed steel . . .
alloyed foundations / market for reinforcing steel
Steel. hiehly alloved | Chromi ceel Turbine and market for steel, chromium
eeh ighly alioye FOTRIUT stee foundations steel 18/8
Cast iron Cast iron Turbine market for cast iron
Aluminjum and . . market for aluminium,
.. Aluminium Turbine
aluminium alloys wrought alloy
C d
OPPer and copper Copper Turbine market for copper, cathode
alloys
Polymer materials* | Polymer materials* Turbine™ -
. Polyvinyl chloride . market for polyvinylchloride,
Th 1 Turb
ermoplastics (PVCQC) urbine bulk polymerised
Elastomers Rubber Turbine market for synthetic rubber
Thermoplastic
elastomers
Duromers Epoxy resin Turbine market for epoxy resin, liquid
Polymeric
compounds
Lacqu.ers and Polyurethane (PUR) | Turbine market for polyurethane, rigid
adhesives foam
™ :
Modi . ed organic Not included Not included Not included
materials
market for glass fibre
Ceramic / glass Fibreglass*™** Turbine reinforced plastic, polyamide,
injection moulded
Oth terials and
er materials an Not included Not included Not included
compounds
Concrete Concrete Foundations market group for concrete,
normal
Electrics Electrics Turbine cable production, unspecified
Electronics . . market for electronics, for
Electronics Turbine .
Magnets control units
Lubricants Lubricating oil Turbine market for lubricating oil
ket f i
Not included Praseodymium Turbine mar et for praseodymium
oxide
Not included Neodymium Turbine market for neodymium oxide
Not included Dysprosium Turbine market for dysprosium oxide
Not included Terbium Turbine market for terbium oxide
Not included Boron Turbine market for boron carbide

*Polymer materials appeared as disaggregated categories in Vestas’ reports until 2014. To disaggregate the polymer
materials category of the post-2014 reports, we calculated the mean values for each polymer material with data

from reports until 2014. Then, we extrapolated the missing data for post-2014 reports. The equivalence between
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the polymeric categories in Vestas’ reports (column: Material’s name in Vestas reports) and how they were
categorized in WindTrace (column: Material in WindTrace) was done considering the chemical and mechanical

properties of the materials.

**Although plastic materials were also described in the foundations of several Vestas’ reports, it was not included
due to negligible values. Site-cable materials from Vestas’ reports were not considered because the inventories refer
to a specific wind park design in a particular location in Germany and therefore cannot be extrapolated to other

designs and settings.

**Background adjustments were made to the Ecoinvent activity, and instead, tailor-made markets for steel

activities were created and used. The background adjustments methods are explained in section 1.1.2.

***Fibreglass is the only material for which manufacturing wastes are included as input materials. The reason is

that these wastes add up to 10% of the total fibreglass contained in the blades [22].

Figure S1 shows the fitting curves for the mass of all materials in the wind turbine and the
foundations as a function of power. In the case of steel, mass is correlated with hub height.

The shaded area corresponds to the mean standard deviation of the residuals.

For those materials where the fitting curve has a high deviation from the origin of
coordinates, another fitting curve was built between 0 and 0.8 MW. In those cases, the
intersection point between the curves is highlighted with a red dot. Also, the R? for those
materials with intersection points corresponds to the fitting curve for values >0.8 MW. For all
materials, R? is above 0.8 except for electronics, fibreglass and lubrication oil, due to outliers,

and chromium steel in the foundations due to variability in the input data.

Finally, WindTrace includes material intensities for praseodymium, neodymium, dysprosium,

terbium, and boron from Carrara et al. [23]. These intensities, presented in
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Figure S1. Materials in the turbine and foundations. Steel (turbine) represented as a function of hub height and as a
function of D?h.

Table S3 are assigned according to different combinations of drivetrain (direct drive or
gearbox, plus type of generator): Double-Fed Induction Generator (DFIG), Permanent Magnet

Synchronous Generator (PMSG) and Electrically Excited Synchronous Generator (EESG).

These include:

1) Direct-driven Permanent Magnet Synchronous Generator (dd-pmsg)

2) Gear-boxed Permanent Magnet Synchronous Generator (gb-pmsg)

)
)

3) Direct-driven Electrically Excited Synchronous Generator (dd-eesg)
)

4) Gear-boxed Double-Fed Induction Generator (gb-dfig)
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Figure S1. Materials in the turbine and foundations. Steel (turbine) represented as a function of hub height and as a

function of D2h.
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Table S3. Rare earth metal material intensities (t/GW) used by WindTrace.

Material dd-eesg dd-pmsg gb-pmsg gb-dfig
Dysprosium 6 17 6 2
Neodymium 28 180 51 12

Praseodymium 9 35 4 0
Boron 0 6 1 0
Total 45 238 61 14

All materials in this section are included as inputs in the inventory using Brightway2.5 [24].
They include a Normal Distribution uncertainty with the interpolation of the fitting curve
stored as the ‘loc’ parameter in the Brightway2.5 inventory and the standard deviation of the
residuals stored as the ‘scale’ values. Rare earth material inputs were not assigned uncertainty

due to a lack of data.

1.1.1.1. Alternative approaches

Although materials masses were calculated as a function of power (or hub height in the case of
steel) as explained above, other approaches could have been used. Here, we summarize the

range of alternatives that were considered and why they were discarded.

e Fibreglass and epoxy as a function of the rotor diameter

Fibreglass and epoxy resin represent a proportion of 58-61% and 21-28% of the total mass of a
wind turbine blade, respectively, according to material passports made publicly available by
LM Wind Power and Vestas [25,26]. Thus, calculation of their masses as a function of the
rotor diameter was tried. However, as shown in Figure S2, the R? were 66% and 62%,
respectively, less than the 72% and 88% obtained when power was the independent variable.
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e TFoundations materials as a function of steel

An alternative approach to calculate the amount of foundation materials was to assess their
masses as a function of the steel mass. The idea comes from the fact that the size of the
foundations depends partially on the mass it needs to support, which is mostly the mass of the
steel tower. The results are shown in Figure S3, where there is a tiny improvement in the R?
shown for all the materials. This is 0.61 instead of 0.59 for chromium steel, 0.96 instead of 0.88

for concrete and 0.90 instead of 0.88 in the case of steel.
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Figure S3. Mass of the materials in the foundations (chromium steel, concrete and low alloy steel) as a function of the
mass of steel in the turbine.

The R? differences between modelling the foundations as a function of the power as we finally
did in the main text and this approach are small. Thus, to further test the accuracy of this
alternative approach, we performed a validation of both modelling approaches. We took 18
Vestas turbines as blind samples (a set of datasets employed to model the materials in
WindTrace) and modelled the entire turbine with WindTrace using both approaches for the
foundations. We then calculated LCIA results for both inventories using ReCiPe 2016 v1.1
midpoint (H) [27]. We also took the original material masses from these 18 Vestas turbines
from the official reports and performed LCIAs to them. Finally, we compared the LCIA results
from each approach to the LCIA results of original masses to check how much each modelling
approach deviates from the original LCIA results. We applied Mean Squared Error (RMSE),
Mean Percentage Error (MPE), and R?for the comparison. The results of these comparisons

are plotted in Figure S4 and Figure S5.

Table S4 shows that when modelling the foundations as a function of the mass of steel, the R?,
RMSE and MPE improves only for 5, 3 and 6 categories, respectively, of a total of 18

categories. There is also a general drop in the MPE, there being 12 negative results with the
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steel mass approach while in the power approach it is only one. This means that WindTrace is
slightly underestimating the impacts with the power approach. Therefore, for most impact
categories the validation shows better statistical results using the power approach, and we
stick to it to calculate the foundation material masses in WindTrace.

Table S4. LCIA results comparison of two foundations modelling approaches and the LCIA results from the original

masses reported by Vestas. The foundation modelling approaches are: (1) as a function of power, and (2) as a
function of the mass of steel.

Foundations as a function of power Foundations as a function of the mass
of steel
Impact category R? RMSE (%) | MPE (%) R? RMSE (%) | MPE (%)
Climate Change 0.96 6 1.55 0.93 8 -0.82
Ozone Depletion 0.95 6 4.73 0.96 6 3.86
Ionising Radiation 0.96 6 0.84 0.93 9 -1.15
Fine Particulate Matter Formation 0.97 5 0.35 0.96 6 -0.89
Photochemical Oxidant Formation:
Ecosystem Quality 0.96 6 0.89 0.94 8 -1.56
Photochemical Oxidant
0.96 6 0.89 0.94 8 -1.56
Formation: Human Health
Terrestrial Acidification 0.97 5 0.92 0.97 5 -0.38
Freshwater Eutrophication 0.97 6 0.17 0.96 7 -1.47
Marine Eutrophication 0.93 8 6.31 0.94 7 5.56
Human Toxicity: Cancer 0.92 9 0.68 0.87 13 -1.92
Human Toxicity: Non-cancer 0.95 7 0.25 0.96 7 -0.49
Terrestrial Ecotoxicity 0.96 6 -0.05 0.97 5 -0.36
Freshwater Ecotoxicity 0.95 7 0.39 0.96 7 -0.47
Marine Ecotoxicity 0.96 7 0.36 0.96 6 -0.55
Land Use 0.96 6 0.28 0.94 8 -2.11
Water Use 0.96 6 4.55 0.96 6 3.39
Mineral Resource Scarcity 0.92 10 0.72 0.87 13 -2.11
Fossil Resource Scarcity 0.97 6 1.80 0.95 7 0.02
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Figure S5. LCIA results comparison between the inventories modelled with WindTrace using the ‘power’ approach for
the foundations and the inventories using original data from Vestas reports.

1.1.1.2. Statistical analysis of regression models for materials

This section details the statistical assessment of the linear regression models developed for the
wind turbine and foundation materials. This analysis was undertaken to thoroughly
understand the inherent uncertainty and appropriateness of the derived fits, which are
foundational for subsequent life cycle impact assessments.

For each material, the residuals from the initial linear regression models (material mass vs D*h
for low alloy steel, and vs power for all other materials) were first subjected to a Normality
test using the Shapiro-Wilk method. This test is particularly well-suited for evaluating
normality with relatively small sample sizes (N), as it has demonstrated high power for this
purpose [70]. Table S5 presents the outcomes of these normality tests; a p-value exceeding
0.05 was considered indicative of residual normality. As observed, the normality assumption
was declined for the residuals of Low Alloy steel, Fiberglass, Copper, and Lubricating oil. The

Q-Q plots for all materials are presented in Figure S6.

Table S5. Normality test results for material regression residuals

Chromium

Material ~ Aluminium  Cast iron steel Chz‘;‘;“m (Ffu:“"daz.mm) Copper  Electrics E‘:.’u‘l"
(Foundations)
Normality Accepted Accepted Accepted Accepted Accepted Declined  Accepted  Accepted
Test Result  (p=0.996) (p=0.112) (p=0.563) (p=0.941) (p=0.224)  (p=0.043) (p=0.843)  (p=0.109)
Low alloy Lo
Material steel Lowalloy  Lubricating PUR PVC Rubber electronics  Fiberglass
. steel oil
(Foundations)

Normality Accepted Declined Declined Accepted Accepted Accepted  Accepted  Declined
Test Result (p=0.244) (p=0.043) (p=0.000) (p=0.153) (p=0.153) (p=0.096)  (p=0.112)  (p=0.039)

To further investigate the reasons for the declined normality, a Q-Q plot was generated for
each material (Figure S7). Upon inspection, the Q-Q plots for Copper, Fiberglass, and
Lubricating oil clearly revealed the presence of two distinct outliers. Despite these outliers
leading to a decline in normality by the Shapiro-Wilk test, normality was nonetheless
accepted for these materials. This decision is justified by the understanding that outliers,
while affecting statistical tests, do not always invalidate the underlying distribution,
especially when the bulk of the data still aligns with a normal distribution [71]. For practical
modeling purposes, and given the identified cause, a normal distribution was deemed

sufficiently representative for these materials.
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Ordered Values

Ordered Values

Ordered Values

Conversely, the Q-Q plot for Low Alloy steel did not exhibit such clear outliers. In this
specific case, further investigations into alternative residual distributions were conducted. We
sequentially tested for lognormality (using the Shapiro-Wilk test on log-transformed
residuals), triangular, and uniform distributions, both latter employing the Kolmogorov-
Smirnov test. The lognormality and triangular tests were declined, indicating a poor fit.
However, the uniform distribution test yielded an acceptance (p=0.063), suggesting that a
uniform distribution provides a more appropriate description for the residuals of Low Alloy

steel. Consequently, a uniform distribution was applied for the statistical treatment of Low

Q-Q Plot: Chromium steel (Full Range) (Normal reference)
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Figure S6. Q-Q plots for all materials for which the Shapiro test was accepted.

Alloy steel residuals.
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Q-Q Plot: Low alloy steel (Full Range) (Normal reference)
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Figure S7. Q-Q plots for all materials for which the Shapiro test was rejected.

1.1.2. Modelling the background of steel

WindTrace assumes that steel is produced in Europe and adapts the inventories. It takes into
account annual data on: (1) the share of steel produced in each country (e.g., 27% Germany,
16% Italy, 9% France, 8.4% Spain, ...), and (2) the secondary steel share (e.g., 43% secondary,
57% primary). By default, data is taken from the Furopean Steel in Figures Report 2022 [28],
which shares data series on the steel production by country from 2017 to 2021 and on

secondary steel production from 2012 to 2021.

In Ecoinvent, secondary steel production can be represented by the activity 'steel production,
electric, low-alloyed', while primary production can be represented by the activity 'steel
production, converter, low-alloyed'. Instead of using these unmodified activities, WindTrace
adapts the share and location of all the natural gas and medium voltage electricity inputs for
the primary and secondary steel production activities according to Eurofer’s data. Although
natural gas adaptation would always follow this pathway, the electricity mix can be manually
fine-tuned. This is done by changing the input variable ‘Electricity mix steel’ (electricity mix
in the python package code) to either 'Europe’, 'Poland’, or 'Norway'. This would take the
amount of electricity needed to produce primary and secondary steel and would assign it to
the activity ‘market for electricity, medium voltage’ for the Ecoinvent location of ‘RER’, ‘PL’,

or ‘NO’, respectively.
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After this, WindTrace considers that the turbine is manufactured one year before the
commissioning date (given as an input by the user), and it creates a new market activity
considering the share of primary and secondary steel of that year. Eurofer provides time series
data on primary and secondary steel shares only for 2012-2021. For turbines manufactured
outside this period, WindTrace uses the average share over these years. Since the 2012-2021
series values vary only slightly (from a minimum of 40.6% in 2016 to a maximum of 43.7% in
2018), this simplification has little effect on the results. If the user wants to use another
secondary share (not following Eurofer’s data), this is possible by manually changing the input
variable ‘Recycled steel share’ (recycled_share in the python package code) by the desired

share.

Applying the background changes with Eurofer’s data, the modelled Climate Change impact
(ReCiPe 2016 v1.1 midpoint (H)) in the period 2012-2021 oscillates between 1.499 and 1.546
kg COxq per kg of steel produced. This variability is very small, as the share of secondary
production steel does not change much with time either, oscillating between 40.5% and
43.5%. However, there is 25% of impact reduction if these values are compared to the Climate
Change intensity of Ecoinvent’s global market (transportation discounted). This is the result of
allocating production in Europe, with a lower carbon intense electricity mix compared to the

World average.
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1.2. Modelling the manufacturing and transport phases

Table S6 summarises the turbine and foundations manufacturing processes and the Ecoinvent

background processes in WindTrace.

Table S6. Summary of the manufacturing processes included in the LCI and the chosen Ecoinvent activity.

. . . Manufacturing process
Material Part (Turbine or Foundations) . 8P .
(Ecoinvent v3.9.1 activity)
. market for wire drawing,
Copper Turbine o
copper
.. ) market for sheet rolling,
Aluminium Turbine o &
aluminium
. . . market for sheet rolling,
Chromium steel Turbine/Foundations .
chromium steel
. . market for section bar rolling,
Turbine/Foundations
Steel steel
Turbine market for welding, arc, steel
. . market for section bar rolling,
Cast iron Turbine e
steel
Zinc* Turbine zinc coating, pieces

*Zinc is a coating used for protection in the tower. The process ‘zinc coating, pieces’ already contains the amount of

zinc required for the coating. Thus, zinc has not been included as a material input to avoid double accounting.

““market for wire drawing, copper’ is a proxy both for aluminium wire drawing and copper sheet rolling in the
turbine, because a better fitting activity does not exist in Ecoinvent. Same with ‘market for section bar rolling,
steel’ for cast iron in the turbine.

All the material processing activities have a functional unit of kilograms except for ‘market for
welding, arc, steel’, which is in meters. In this case, two times the hub height was defined as
the amount of the process, following Sacchi et al. [41]. The electronics and electric
components (i.e., cables) inside the turbine have not been assigned processing activities

because they are already included in the materials dataset selected in the material’s phase.

The transportation phase includes the delivery of the materials from the manufacturing site to
the wind park location. We assume a single manufacturing site for all wind turbine parts
except for the tower and the foundations. The closest manufacturing facility of the

manufacturer is chosen, and road transportation in a straight-line distance is assumed. As the
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tower (steel) and foundations (concrete) are wusually manufactured in a different
manufacturing site, not owned by the same company, we assume 450 km truck transportation
of steel and 50 km truck transportation of concrete, following Vestas’ reports (see Vestas,

(2018b) as an example).
1.3. Modelling the installation phase

1.3.1. Modelling the foreground

According to Denholm et al. [29], the land use changes in a wind park can be divided into
permanent (i.e., those that will last the entire lifetime of the wind park) and temporary (i.e.,
those that happen during the installation and that will recover its previous state in a few years

even while the turbine is still operating).

First, WindTrace considers the total area of permanent and temporary changes. By default, it
takes intensities of 3000 m* MW and 7000 m* MW, respectively. These values are derived at
the wind farm level, i.e., they represent average land-use intensities per unit of installed
capacity, based on 172 wind park projects in the US commissioned between 2000 and 2009,
with an average turbine capacity of 1.6 MW [29]. In our model, we allocate these farm-level
intensities to individual turbines on a per-MW basis. However, the permanent value can be
manually adapted by changing the input parameter ‘Land use permanent intensity’
(land_use_permanent_intensity in the Python code). Then, transformation and occupation
flows are calculated considering the type of land cover prior to the wind park installation.
The land cover type can be assigned as a parameter. However, if the user has no information,
it is assigned according to the probability of occurrence of each land cover type in Siemens

Gamesa [30], which is based on data on land cover types of European wind farms.

Transformation flows describe from which initial to which final type of land cover the land
use is being transformed. Initial land cover types, and associated biosphere transformation

flows are described in Table S7Error! No s'ha trobat 1'origen de la referéncia..

On the other hand, the final type of land cover depends on the use that the land is given

when the wind park is installed. In this case, the biosphere flow “Transformation, to traffic
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area, road network” was chosen when the final land purpose was related to roads, and

“Transformation, to industrial area” for the rest of purposes (Table S8).

Table S7. Land cover typology prior to the installation of a wind farm, their probability of occurrence, and biosphere
flows selected to model the transformation in WindTrace. Data from Siemens Gamesa [30] based on European wind
parks.

Share of projects
Land cover type installed on this Biosphere 3 ‘Transformation’ flow
land cover
Transf ion, from fi
Forest 30.6% rans c?r.matlon, rom forest,
unspecified
L Transformation, from annual
Non-irrigated crops 21.0% .
crop, non-irrigated
Row crops 11.5% Transformation, from annual crop
Transf ion, f hrub 1
Shrubland 17.4% ransformation, from shrub land,
sclerophyllous
Pasture 7 9% Transformation, from pasture,
man made
Unspecified 7.2% Transformation, from unspecified
Transf ion, f i ial
Industrial 4.4% ransformation, from industria
area

Table S8. Permanent and temporary area coverage per type of area. Data reproduced from Denholm et al. [29].

Permanent impacts Temporary impacts
Wind park areas Area coverage Wind park areas Area coverage
Roads 79% Temporal roads 62%
Turbine 10% Staging area 30%
Substation 6% Substatlor.l 6%

construction

Transformer 2% Other 3%
Others 2%
Intensity 3000 m¥MW Intensity 7000 m¥ MW

Occupation flows (Ecoinvent nomenclature) consider for how long that area is being

”»

occupied by the new land use. In this case, the “Occupation, traffic area, road network” and
“Occupation, industrial area” where chosen for network and all other purposes, respectively.

For permanent impacts, we considered the lifetime of the turbine, while for the temporary
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impacts, we assumed the area was completely restored in 2.5 years. This process is

summarised in Equations S1-S5.

Equation S1. Transformation, from land cover type (m2) = (3000 + 7000) (m2/MW) * turbine
power (MW)

Equation S2. Transformation, to industrial area (m2) = 7000 (m2/MW) * 0.21 * turbine power

(MW) + 7000 (m2/MW) *0.21 * turbine power (MW)

Equation $3. Transformation, to traffic area, road network (m2) = 7000 (m2/MW) * 0.79 * turbine

power (MW) + 7000 (m2/MW) *0.79 * turbine power (MW)

Equation S4. Occupation, industrial area (m2*year) = 3000 (m2/MW) * 0.21 * turbine power

(MW) * lifetime (years) + 7000 (m2/MW) * 0.21 * turbine power (MW) * 2.5 (years)

Equation 5. Occupation, traffic area, road network (m2*year) = 3000 (m2/MW) * 0.79 * turbine

power (MW) * lifetime (years) + 7000 (m2/MW) * 0.79 * turbine power (MW) * 2.5 (years)

1.3.2. Modelling the road background

For the road construction, gravel-based roads without asphalt were assumed. The original
Ecoinvent activity ‘road construction’ was adjusted, removing asphalt-related inputs and
wastes. Moreover, land use was also removed from the activity to avoid double accounting.
Thus, the activity includes gravel as a material, and diesel and electricity for the excavation
process as transforming activities. Only permanent roads construction was considered, while

temporary roads were left out of the scope due to lack of data on their composition.

To calculate the length of the roads installed, a surface road network intensity of 2370 m?MW

was used as indicated in Table S8, and a width of 5 m was considered [31].

Finally, the excavation activities were modelled according to the volume of the foundation

materials.

1.4. Modelling the end-of-life phase
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We use the cut-off approach to model the end-of-life phase in WindTrace. Figure S8
illustrates this approach with steel as an example, showing its role both before turbine
construction (left) and at the end-of-life stage (right). In WindTrace, steel demand is
represented as a mix of primary and secondary steel. To capture this, we developed a region-
specific European market model (taged as NEW activity in the Figure) based on Eurofer data
(2012-2021), which reflects historical shares of primary and secondary production. These
data show that Europe has a lower share of primary steel production (56.4-59.5%) compared
to the global average (74%), a difference that substantially affects environmental impacts
given the large steel requirements of wind turbines.

Within the cut-off approach, recycled materials enter the system burden-free, thereby
encouraging their use in the input mix. For instance, in the Figure, iron scrap, the main input
to secondary steel production, enters the system without upstream burdens. However, the
recycling process required to transform scrap into usable steel is fully accounted for. By
contrast, virgin iron used in primary steel production carries the full burdens of extraction
and processing.

At the end-of-life stage, we assign recycling shares to each material according to three
scenarios described later in this section. In two of these scenarios, we assume that 90% of steel
is recycled. Under the cut-off approach, this recycled share exits the system without burdens
or credits, while the remaining 10% is sent to landfill, where the associated disposal impacts

are included in the system boundary.

Three scenarios can be chosen for the end-of-life: the standard (std), optimistic (op) and
pessimistic (ps). The standard was defined following Bang et al. [32] and is the one used by
default in WindTrace and applied to all assessments in this study. The pessimistic scenario was

adapted from Li et al. [33]. We also propose an optimistic scenario based on four assumptions:

1. Rare earth metals are easier to recover, especially from permanent magnets in the
permanent magnet direct driven generators, which have high recycling potential [34].

2. Fibreglass and epoxy resin from current blades can be recycled. This assumption is
based on the many chemical and thermal treatments already under investigation [35].

3. Electronics are mostly recycled.
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4. Concrete aggregates are recycled as it is already the case in several applications [36].

Before the turbine

manufacturing
steel production,

With burdens converter, low-alloyed

market for steel, low-

primary alloyed (NEW activity)

Burden-free

Wind Turbine Burden-free
materials

steel production,
electric, low-alloyed

With burdens
steel

landfilling

treatment of scrap steel,
inert material landfill

When the turbine
reaches the end-of-life

Figure S8. Schematic representation of end-of-life modelling in WindTrace, illustrated with steel as an example.
Names of Ecoinvent activities used in itallics.

The recycling, landfill and incineration rates of all materials and scenarios are listed in

Table S9. Ecoinvent activities selected for incineration and landfilling are described in

Table S10. No activities for recycling were chosen.

We assume that no components of the wind turbine are reused following the end of its
operational life. Additionally, we do not account for the replacement of any components
during the turbine’s lifetime. As a result, all components are considered to have the same
lifetime as the turbine itself, which is specified manually as a user-defined input within the
model. Consequently, all materials physically embedded in the turbine are assumed to reach
their end of life simultaneously and are subsequently directed to one of three end-of-life

treatment pathways as described in Table S9: recycling, landfilling, or incineration.
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Table S9. End-of-life scenarios defined in WindTrace.

End-of-life scenarios (% of weight)
Standard (std) Optimistic (op) Pessimistic (ps)
Material Landfill | Incineration | Recycling | Landfill | Incineration | Recycling | Landfill | Incineration
Iron and alloys 10 10 52 48
Copper 10 10 42 58
Aluminium 10 10 42 58
Rare earth metals - 70 30 1
Plastics R (U S (O
Flb'reglass and 70 30
resins
Lubricants S (U
Electri
ectncs. and 50 50 -
electronics
Concrete - 50 50

1.5. Modelling the wind park

1.5.1. Modelling the cables

Intra-array cables connecting the turbines among them were modelled assuming 33kV 3-core
cables buried underground. The modelling included the materials, manufacturing and
excavation activities for the installation. The materials were modelled with data from Nexans’
cable technical datasheet [37] consisting of a conductor (copper/aluminium), and insulator

(polyethylene; PE) and an outer sheath (polyvinyl chloride; PVC), as shown in

Table S11Error! No s'ha trobat 1'origen de la referéncia.. Because according to Vestas’ reports,
both aluminum and copper are used for the intra-array cables indistinctively, the modelling

considers an arbitrary even material distribution of 50% each.

The section of the cables was calculated as a function of the park power, retrieving from a
second order regression curve. A distance between turbines of 8-12 times the rotor diameter
(D) headwind and 4-6D crosswind is recommended in the literature [38,39]. For simplicity, a
single headwind array of 8D is applied in the model. The mass of the conductors (copper and
aluminium) was calculated like in Equation S6. Other materials’ masses were rescaled
according to their mass share in the cable.

Equation S6. Conductor mass (kg) = cable section (m?) * 8D (m) * (number of turbines — 1) *
conductor’s density (kg/m?)
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Table S10. Ecoinvent activities to model the end-of-life of the materials in the turbine and foundations.

Material Ecoinvent 3.9.1 activity ;sroxy

treatment of scrap steel, inert material landfill No
Low alloy steel X X .

treatment of scrap steel, inert material landfill No
Chromium steel treatment of scrap steel, inert material landfill Yes
Cast iron treatment of scrap steel, inert material landfill Yes
Aluminium treatment of waste aluminium, sanitary landfill No
Copper treatment of copper slag, residual material landfill No
Rare earth metals | treatment of inert waste, sanitary landfill Yes
Epoxy resin treatment of inert waste, sanitary landfill Yes
Rubber treatment of inert waste, sanitary landfill Yes
PUR treatment of inert waste, sanitary landfill Yes
PVC treatment of waste polyvinylchloride, sanitary landfill | No
Fibreglass treatment of waste glass, sanitary landfill Yes
Electronics treatment of inert waste, sanitary landfill Yes
Electrics treatment of inert waste, sanitary landfill Yes

L. . treatment of waste mineral oil, hazardous waste
Lubrication oil L. . . No
incineration, with energy recovery

Concrete treatment of waste concrete, inert material landfill No

Table S11. Summary of the materials and their shares in the LCl of the wind park intra-array cables and the Ecoinvent
activities for the material and the manufacturing process.

Sh f
Material in Material Ecoinvent v3.9.1 Manufacturing Ecoinvent are .o )
WindTrace activity v3.9.1 activity material in
o the cable (%)
. market for aluminium, market for wire drawing,
Aluminium
wrought alloy copper 61
Copper market for copper, cathode market for wire drawing,
copper
Polyvinyl chloride | arket for
(;\/y g) y: cilonide polyvinylchloride, bulk extrusion, plastic film 9
polymerised
lyethylene, high ity, . -
Polyethylene (PE) polyethylene, high density extrusion, plastic film 30
granulate

1.5.2. Modelling the transformer

The turbines are connected to a transformer prior to the connection to the grid. This
transformer is included in the system boundaries of the wind park. In WindTrace, the

transformer is modelled according to data on material intensities from the Environmental
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Product Declaration of a power transformer TrafoStar 500 MVA from ABB (2000). The
adaptation of this inventory to Ecoinvent was made following Sacchi et al. [41]. However, in

the case of WindTrace, the transformer is scaled to the power of the park, considering an

equivalence of 1:1 between MVA and MW.

2. WindTrace validation

2.1. Materials phase Montecarlo analysis

Section 3.2 in the main text presents a contribution analysis of environmental impacts per
life-cycle stage (materials, manufacturing, transport, installation, maintenance, and end-of-
life) of the Vestas V80/2.0 modelled with WindTrace. Results show that the materials phase is
the most impactful. The contribution of this phase is 83.6% for Climate Change and between
73.2% and 96.9% for the rest of impact categories except for land occupation, which depends

on the installation.

Moreover, the material composition of a wind turbine depends on its design, even among
turbines with the same power. For example, the aluminium mass of all 2 MW Vestas turbines
can vary up to 141% depending on the turbine design (Figure S1). Due to the lack of
alternative data sources, data used in WindTrace only comes from one manufacturer (i.e.,

Vestas). Therefore, it is crucial to assess the uncertainty of the materials life cycle stage.

Table S12. Difference in % between the static LCIA value and the upper and lower 95% confidence interval values for
ReCiPe 2016 v1.1 midpoint (H) impact categories. Terrestrial Acidification (TA), Climate Change (CC), Freshwater
Ecotoxicity (FET), Marine Ecotoxicity (MET), Terrestrial Ecotoxicity (TET), Fossil Resource Scarcity (FRS), Freshwater
Eutrophication (FE), Marine Eutrophication (ME), Human Toxicity: Cancer (HTc), Human Toxicity: Non-cancer (HTnc),
lonising Radiation (IR), Land Use (LU), Mineral Resource Scarcity (MRS), Ozone Depletion (OD), Fine Particulate Matter
Formation (PMF), Photochemical Oxidant Formation: Human Health (HOF), Photochemical Oxidant Formation:
Ecosystems Quality (EOF), Water Use (WU).

Impact category
TA | CcC FET MET | TET | FRS | FE | ME | HTc HTnc IR LU | MRS | oD | PMF | HOF | EOF | wu
Lower | -17.6 -13.7 -486 -146  -958 -28.1 @ -69.8 -6.8 -199 -352 -184 -227 -226 -238

Upper | 60.2 39.3 23.6 26.6 - 49.6 - 45.1 144 337 928 679 793 831 439

With this purpose, we carried out a Montecarlo analysis consisting of 1200 LCIA runs of the
Reference Turbine. In 11 impact categories, the difference between the static LCIA result and
the upper or lower confidence interval is smaller than 100%, while in 5 impact categories,

one of the differences is between 100% and 150% (Table S12). Finally, HTc and IR are the
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categories with higher uncertainties, with differences between 221-353% and 2375-2373%,

respectively. Histograms of the Montecarlo analysis are shown in Figure S9.

2.2. Validation with Vestas reports original data

As the Montecarlo analysis concludes that uncertainties in the material stage are not
negligible, a validation of WindTrace’s inventories is required to ensure the reliability of the

results.

e LCI Validation

We analysed the materials LCIs results of 18 Vestas original datasets and contrasted them
with the materials LCIs of the same turbines modelled using WindTrace. The mean
deviations range from 7.23% (chromium steel) to 18.05% (copper) (Table S13). However,
lubricating oil and chromium steel (foundations) are out of this range. In the first case,
because it has two clear outliers in the input data (see 6.0MW and 6.2MW turbines in Figure

S1). For chromium steel (foundations), the fitting curve is very poor (Figure S1).

e LCIA Validation

We carried out the same analysis as in Section S1.1.1.1, analysing the LCIA results of 18
Vestas original datasets and contrasting them with the LCIA results of inventories modelled
using WindTrace. We applied Mean Squared Error (RMSE), Mean Percentage Error (MPE),
and R?for the comparison. Given the strong influence of the steel and foundations in the total

mass of the turbine, the process was repeated with and without.

Overall, the modelled LCIA impacts show a R? value between 0.92 and 0.97 and a RMSE
between 5% and 9% of the mean predicted value in the analyses with steel and foundations

(Table S14, Figure S5, Figure S10).

Table S13. Mean of the absolute variation of each materials comparing Vestas original data with WindTrace modelled
materials.

Material Steel Chr:t):;:um Iron Aluminium Copper Epoxy resin Rubber PUR

Mean £SD (%) [16.0+15.1 72+5.6 14.6 + 8.6 158+9.3 18.1+13.1 11.3 +£10.5 11.6 + 10 11.1 £11.5
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Lubricatin Steel Chromium Concret
Material PVC Fibreglass | Electronics | Electrics ubricating cc. Steel oncrete
oil (foundations) . (foundations)
(foundations)
Mean+=SD (%) [ 11.1+£115 85+6.7 179+£147 135+99 13.5+82 154 £13.1

Similarly, the results without steel and foundations show R? between 0.90 and 0.97 and RMSE
between 5% and 9%. Although in the analysis with steel and foundations the model tends to
slightly overestimate the results with positive values between 0.25% and 6.31%, a general
trend of slight underestimation is observed in the analysis without steel and foundations,
with 12/18 impact categories with negative values between -0.09% and -0.32%. The
categories with higher MPE are OD, WU, and ME, where there is a small overestimation of
impacts, especially for small turbines. This is because WindTrace slightly overestimates the
mass of fibreglass for small turbines, being fibreglass the top contributor to these three impact
categories. Although the results show a good material mass predicting behaviour by
WindTrace, a limitation is that we are using a subset of Vestas’ datasets to do the validation
and also to feed the material stage modelling in WindTrace. However, lack of other data

availability does not allow to have a separated wind turbine validation dataset.
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Figure S9. Montecarlo LCIA analysis of 1200 runs for all methods in ReCiPe 2016 v1.1 midpoint (H).
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Table S14. LCIA results comparison of WindTrace modelled Vestas’ turbines and the LCIA results from the original
masses reported by Vestas. Both LCIA results are given with and without steel and foundations.

With steel and foundations Without steel and foundations
Impact category R? RMSE (%) | MPE (%) R? RMSE (%) | MPE (%)
Climate Change (CC) 0.96 6 1.55 0.97 5 1.11
Ozone Depletion (OD) 0.95 6 4.73 0.94 8 5.57
Ionising Radiation (IR) 0.96 6 0.84 0.97 5 -0.65
Fine Particulate Matter Formation
(PMF) 0.97 5 0.35 0.97 5 -0.66
Photochemical Oxidant Formation:

Ecosystem Quality (EOF) 0.96 6 0.89 0.97 5 -0.13

Photochemical Oxidant
0.96 6 0.89 0.97 5 -0.10

Formation: Human Health (HOF)

Terrestrial Acidification (TA) 0.97 5 0.92 0.97 6 0.41
Freshwater Eutrophication (FE) 0.97 6 0.17 0.95 7 -1.23
Marine Eutrophication (ME) 0.93 8 6.31 0.90 9 7.52
Human Toxicity: Cancer (HTc) 0.92 9 0.68 091 9 -3.14
Human Toxicity: Non-cancer (HTnc) 0.95 7 0.25 0.93 9 -0.11
Terrestrial Ecotoxicity (TET) 0.96 6 -0.05 0.96 7 -0.47
Freshwater Ecotoxicity (FET) 0.95 7 0.39 0.93 9 -0.09
Marine Ecotoxicity (MET) 0.96 7 0.36 0.93 9 -0.17
Land Use (LU) 0.96 6 0.28 0.97 5 -1.06
Water Use (WU) 0.96 6 4.55 0.94 8 5.62
Mineral Resource Scarcity (MRS) 0.92 10 0.72 0.91 9 -3.32
Fossil Resource Scarcity (FRS) 0.97 6 1.80 0.97 5 1.56
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Figure S10. LCIA results comparison between the inventories modelled with WindTrace and the inventories using
original data from Vestas reports (without steel and foundations).
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3. Comparison of WindTrace and Ecoinvent

3.1. Methods and Limitations

To analyse the case studies, we define a Reference Turbine based on the Vestas V90/2.0, the
most installed onshore turbine in Europe up to 2021 (Pierrot, 2021). The parameters defining
the Reference Turbine are detailed in Table S15, which also illustrates how this Reference is
modified in the two case studies by adjusting specific parameters. A contribution analysis of
Ecoinvent’s 800 kW (N50/800), 2 MW (Vestas V80/2.0) and 4.5 MW (Enercon E-112) was

carried out and compared to WindTrace.

A potential concern in our analysis is the issue of data circularity, given that one of the data
points used in the WindTrace model (the 800 kW turbine) is also included in the comparison
with Ecoinvent data presented in this section. Specifically, the WindTrace regression dataset
includes information for an 800 kW turbine, and we also compare WindTrace outputs against
Ecoinvent's datasets for 800 kW (Nordex N50/800), 2 MW (Vestas V80/2.0), and 4.5 MW

(Enercon E-112) turbines, all of which are derived from Burger & Bauer (2007).

Despite this overlap, we consider the comparison in the 0-1 MW range (Figure 2a in the main

text) to be methodologically sound for three main reasons:
- Steel mass regression excludes Burger & Bauer data:

Steel mass is the dominant contributor to the environmental impacts of wind turbines (e.g.,
contributing 36.2% of Climate Change impacts for the 2 MW turbine, see Table S15). In the
WindTrace model, steel mass is regressed as a function of hub height. Because the Burger &
Bauer study does not report hub height for the 800 kW turbine, this data point was excluded
from the steel mass regression. As a result, the most impactful parameter in the model is not

influenced by the 800 kW Ecoinvent data, mitigating concerns of circularity.
- Other material masses are derived from global regressions:

While the 800 kW turbine is included in the WindTrace dataset, the mass of other materials

(e.g., concrete, fiberglass) is determined through regression across the entire dataset and not
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solely based on the 800 kW data point. Therefore, material masses in the WindTrace-modeled

800 kW turbine are not directly reflective of Burger & Bauer values.
- Divergence in life-cycle stage modelling approaches

Beyond material production, the modelling logic used in WindTrace differs significantly from
that of Burger & Bauer. For example, WindTrace employs updated assumptions for
transportation, end-of-life treatment, and installation logistics, ensuring that life-cycle stage

contributions differ even when similar capacity values are compared.
3.2. Comparison Results

Unlike WindTrace, Ecoinvent’s inventories are not classified in LCA phases (i.e., materials,
manufacturing, transport, installation, maintenance, and end-of-life). Thus, we had to
manually classify the inventory flows. Inputs identified as materials were assigned to the
materials phase, while their industrial processes were assigned to the manufacturing phase.
Installation included land use flows and excavation activities. Wastes were classified as end-
of-life and no transportation activities were identified. Maintenance was taken from the

activity ‘electricity production, wind, 1-3MW turbine, onshore’ in Germany and rescaled.

The results of the comparison are shown in Figure S11. Minimal differences are observed
among modelled contribution analysis (only marginal decrease in installation for Land Use in
800 kW, and marginal increase in materials for SO in 4.5 MW because it has proportionally
more rare earth, as the generator is dd_eesg instead of gb_dfig). The only significant
difference comes when comparing the Land Use indicator, where in Ecoinvent’s 45MW the
installation is only 28% instead of around 80% as in any of the other turbine powers and the
modelled 45MW. The explanation is two-fold: first, the land use intensity is 69.8 m? MW,
versus 1400 m?MW in 800kW or 112.5 m2/MW in 2MW. Second, in the materials phase the
amount of copper for the 45MW is 20 times the amount in the 2MW turbines. Because
copper is the highest material input in terms of LOP/kg (1.113 m?*a crop-Eq, in front of 0.031
m?*a crop-Eq in cast iron, or 0.043 m?*a crop-Eq in steel, for example), the direct land use

impact during the deployment of the turbine is reduced, due to the land use intensity in the
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background for copper mining. Moreover, although 800 kW does not include excavation

activities, this does not affect much the contribution of the installation phase.

Table S15. Reference Turbine parameters, and parameter changes introduced in each section in the main text. In
blue, Ecoinvent or unapplicable parameters. In purple, parameter variations in WindTrace. In orange, constant values
for the Reference Turbine. In all sections, the park power was 2.0 MW and the number of turbines was one.

3. Comparison of WindTrace and E

4.21 ing the il of

p s to the envir p of
wind turbines using WindTrace (FU: MW)

4.3 Understanding the
influence of sensitive
parameters to the
environmental impacts of wind
turbines using WindTrace (FU:

kWh)
3.3 3.2 4.21 4.2.2 4.2.3 4.31 4.3.2
P " . Steel - Capacity
Contribution analysis Impact comparison Power production Generator Lifetime factor
Reference " . " . . N N " :
Parameter Turbine Ecoinvent WindTrace Ecoinvent WindTrace WindTrace WindTrace WindTrace WindTrace WindTrace
Park location DE = DE = DE DE DE DE DE DE
Park coordinates (53.4356, _ (53.4356, _ (53.4356, (53.4356, (53.4356, (53.4356, (53.4356, (53.4356,
(latitude, longitude) 11.2142) 11.2142) 11.2142) 11.2142) 11.2142) 11.2142) 11.2142) 11.2142)
Nordex,
Manufacturer Vestas Vestas Vestas Vestas, Vestas Vestas Vestas Vestas Vestas Vestas
Enercon
. 50, 80,
Rotor diameter (m) 90 80 80 113 90 90 90 90 90 50,90,113
Turbine power 0.8, 2.0,
MW) 20 20 2.0 45 0.0-5.0 0.0-10.0 2.0 2.0 2.0 0.8,2.0,4.5
40, 60, 80,
Hub height (m) 97.14 78 78 Unknown, 5 80,120 100, 120, 97.14 97.14 97.14 CICHETAL,
78,120 120
140
S:;m'ss'o"'”g 2011 = 2011 . 2011 2011 2011 2011 2011 2011
Recycled steel
share 0.416 0.258 0.416 0.258 0.416 0.416 0-1 0.416 0.416 0.416
Electricity mix European Norway,
steel &4 Union (EU) - EU (2022) - EU (2022) EU (2022) Poland, EU EU (2022) EU (2022) EU (2022)
[2022] (2022)
L
Generator type gb_dfig gb_dfig gb_dfig gb_dfig, gb_dfig gb_dfig gb_dfig dd ¢ msg’ gb_dfig gb_dfig
dd_eesg _pmsg,
gb_pmsg
Land use 1400,
permanent 3000 112.5 3000 112.5, 3000 3000 3000 3000 3000 3000
intensity (m%/MW) 69.8
Land cover type Row crops Pasture Pasture Pasture Pasture Row crops Row crops Row crops Row crops Pasture
End-of?l\fe Baseline - Baseline - Baseline Baseline Baseline Baseline Baseline Baseline
scenario
Lifetime (years) 20 20 20 20 20 20 20 20 8y - 30y 20
Capacity factor 0.24 - - - - - - - 0.24 0.08-0.4
. 0.0, 0.009,
Attrition rate 0.009 - - - - = = = 0.02 0.009
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Figure S11. LCIA contribution analysis of 800 kW, 2MW and 4.5 MW turbines from (1) Ecoinvent, and (2) modelled
using WindTrace.
We also analyse how much each material contributes to the different impact categories both

in the case of WindTrace (Table S16; Figure S12) and Ecoinvent (

Table S17; Figure S13). In WindTrace’s analysis steel is the top contributor for all impact
categories except FET, HTn, and TET, where copper lead, and ME, OD and WC, where
fibreglass dominates impacts. In the case of Ecoinvent, steel is also the top contributor in most
impact categories, only surpassed by copper in FET, HTn, MET and TET, and fibreglass in
OD.

Table S16. Contribution of each material (in %) to the total impacts of a 2 MW turbine modelled with WindTrace.

Steel
Copper
Chromium steel
Fibreglass
Concrete

Iron

21

Electrics

Neodymium

SUBTOTAL
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RESTOFLC
PHASES

Table S17. Contribution of each material (in %) to the total impacts of a 2 MW turbine in Ecoinvent.

CC EOF FE FET FF HOF HT HTn IR Lo ME MET OD PMF SO TA TET WC

Steel
Copper
Chromium steel
Fibreglass
Concrete
Iron

SUBTOTAL

RESTOFLC
PHASES

Figure S12. Contribution analysis of the Climate Change impact of a 2 MW turbine modelled with WindTrace.
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— Transport 0.0%

Figure S13. Contribution analysis of the Climate Change impact of an Ecoinvent 2 MW turbine.

4. Understanding the influence of sensitive parameters to the
environmental impacts of wind turbines using WindTrace

4.1. Turbine parameters
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Figure S14. Hub height-to-power ratio of wind turbines in Europe in 2020.
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Figure S15. WindTrace results of (a) terrestrial acidification intensity (ton SO,eq/MW) and (b) water use intensity (m3
water consumed/MW) per turbine power for hub heights from 40 to 140 m.

e Generator type

The contribution of rare earth elements, particularly neodymium and praseodymium, to
ionizing radiation impacts is markedly influenced by the selected life cycle impact assessment
(LCIA) method. Under ReCiPe 2016, neodymium and praseodymium exhibit characterization
factors for ionizing radiation that are approximately 150 and 236 times higher per kilogram,
respectively, than that of steel. However, despite these high per-mass characterization factors,
their absolute contribution to the ionizing radiation impact at the scale of a wind turbine
remains limited due to the large disparity in mass between steel and rare earth elements.

For instance, in our 2 MW turbine case study (see Table S16), which uses a gearbox-based
doubly-fed induction generator (DFIG), the total mass of steel is approximately 12,546 times
greater than the combined mass of rare earths. Even when considering a drivetrain
configuration with a direct-drive permanent magnet synchronous generator (PMSG), this
ratio remains high, at approximately 836. Consequently, the impact of rare earths on the total
ionizing radiation score is significantly diluted when considered at the full turbine level.

It is important to acknowledge that the choice of LCIA method substantially affects the
magnitude of these impacts. For example, the Environmental Footprint (EF) v3.1 method
assigns even higher characterization factors to rare earths, with neodymium exhibiting up to
797 times the ionizing radiation impact per kilogram compared to steel. This is primarily due
to EF v3.1’s higher characterization factor for Carbon-14 emissions to air, which are
prominent in the life cycle inventories of neodymium and praseodymium. Specifically, EF
v3.1 uses a Carbon-14 characterization factor that is approximately 8.7 times higher than that

used in ReCiPe 2016, based on implementation details from Ecoinvent version 3.9.1.
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Despite these differences, ReCiPe 2016 was selected as the LCIA method for this study to
ensure consistency across all impact categories and to support comparative analysis. We
recognize that this choice may result in a more conservative estimation of the ionizing
radiation impacts associated with rare earths when compared to EF v3.1. This methodological
sensitivity is noted here to contextualize the presented results and to provide transparency

regarding the treatment of rare earth elements in the impact assessment.

4.2. Electricity parameters
o Lifetime

We took the 502 wind parks decommissioned in Europe until 2020 according to The Wind
Power [42] and calculated their mean lifetime in months (Figure S16), which is of 18.9 years

(226 months), with a standard deviation of 5.6 years (67.5 months).

Histogram and Fitted Normal Distribution
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Figure S16. Lifetime histogram distribution of decommissioned wind parks in Europe until 2020.

e Capacity Factor

The parameters used in WindTrace to model the Reference Turbine, the 800 kW and the 4.5
MW turbines are listed in Table S18. Parameters employed in WindTrace to model the
Reference Turbine, the 800 kW and the 4.5 MW turbines.Table S18. The capacity factors
for the three specific turbines (Nordex-0.8MW, Vestas-2.0MW, and Enercon-4.5MW) was
taken from renewables.ninja, in a location in Portugal where there is already a wind park
(43.38948, 2.45054). Data displayed in Figure 7b in the main text fits to the equations listed
in Table S19.
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Table S18. Parameters employed in WindTrace to model the Reference Turbine, the 800 kW and the 4.5 MW turbines.

Turbine model Parameter Default value
Reference Turbine Park power 2.0 MW
800 kW Park power 0.8 MW
4.5 MW Park power 4.5 MW
Common Number of turbines 1
Common Park location DE (Germany)
. 53.4356,
Common Park coordinates 11.2142 (Germany)
Common Manufacturer Vestas
Reference Turbine Rotor diameter 90 m
800 kW Rotor diameter 50 m
45 MW Rotor diameter 113 m
Reference Turbine Turbine power 2.0 MW
800 kW Turbine power 0.8 MW
45 MW Turbine power 4.5 MW
Reference Turbine Hub height 97.14m
800 kW Hub height 50.6 m
4.5 MW Hub height 120 m
Common Commissioning year 2011
Common Recycled steel share Data from Eurofer (2012 — 2021)
- . Data from Ecoinvent considering
Common Electricity mix steel
country shares from Eurofer
Doubly fed induction generator with
Common Generator type
gearbox
Common Lifetime 20 years
Common Land use permanent 3000 m¥MW
intensity
Common Land cover type Pasture
Common End-of-life scenario Baseline

Table S19. Climate Change variation with capacity factor for 800 kW, 2 MW and 4.5 MW turbines modelled with
WindTrace. The equations correspond to data displayed in Figure 7b in the main text.

Turbine model Equation
800 kW 684.35/x

2 MW 418.73/x

45 MW 323.03/x

Table S20. Summary of climate change impacts per kWh, CF, rated power and operating years reported in
theliterature, industry reports and databases. For those studies where the CF was not reported, we calculated it from

the reported electricity production and lifetime, assuming no attrition rate, as follows:
Anual electricity production (MWE) x 365 days x 24 Rours
Rated capacity (MW '
Authors Operating years Ra:ztjbc;;[;a(clit‘;llfer CF (%) Chglgt;j:;lﬁ; &
Vestas [21] 20 6200 39.7 6.2
Vestas [20] 20 6000 419 5.6
20 4500 18.3 33.8
Ecoinvent [43] 20 2000 18.3 20.0
20 800 18.3 19.1
Vestas [19] 20 4200 39.9 7.3
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Vestas [17] 20 4200 43.0 5.6
Vestas [18] 20 4200 47.3 4.4
Vestas [16] 20 3450 43.8 7.6
Vestas [15] 20 3450 47.5 6.4
Vestas [14] 20 3450 53.6 5.1
Vestas [11] 20 3300 37.2 8.2
Vestas [10] 20 3300 42.4 6.4
- 3250 35.8 18.3
- 2250 34.0 141
Lundie et al. [44]
- 2250 48.7 11.7
- 2250 46.2 18.0
20 3200 51.4 5.0
Bonou et al. [45]
20 2300 55.4 6.0
20 3020 15.1 22.3
Demir and Tagkin [46]
20 2050 22.1 16.2
20 3000 30.4 7.3
Schreiber et al. [47]
20 3000 30.4 12.4
Gomaa et al. [48] 20 3000 25.7 9.1
Vestas [49] 20 3000 29.3 7.0
Vestas [6] 20 2600 38.4 7.9
20 2500 30.0 10.4
Zhuo et al. [50]
20 2500 30.0 8.5
Ozsahin et al. [51] 25 2500 39.3 5.2
20 2300 35.0 5.6
Chipindula et al. [52] 20 2000 35.0 6.9
20 1000 35.0 7.1
30 2000 26.7 29.8
Rossi et al. [53]
30 2000 26.7 22.0
20 2000 16.8 52.7
Alsaleh and Sattler [54] 25 2000 16.8 42.2
30 2000 16.8 353
Wang et al. [55] 20 2000 32.2 22.8
Ji and Chen [56] 21 2000 25.8 5.7
Vestas [5] 20 2000 50.2 6.7
Vestas [57] 20 2000 43.2 7.2
Verma et al. [58] 20 1650 24.0 11.3
Vélez-Henao and
Vivanco [59] 20 1650 42.0 12.9
Al-Behadili and EI-Osta 20 1650 404 104
[60]
Liu et al. [61] 20 1500 32.8 6.6
20 1500 17.0 36.4
Teffera et al. [62]
20 1500 32.0 28.6
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20 1500 24.0 36.0
Oebels and Pacca [63] 20 1500 34.3 7.1
Gao et al. [64] 20 1500 31.8 5.2
Ozoemena et al. [65] > 1500 210 166
25 1500 22.0 10.3
Kumar et al. [66] 25 1500 31.1 18.7
Xu et al. [67] 20 750-1500 30.0 8.6
Ardente et al. [68] 20 660 19.0 14.8
Oguz and Sentiirk [69] 20 600 38.1 10.6
25 100 24.0 17.8
Kabir et al. [70] 25 20 22.0 25.1
25 5 23.0 42.7
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