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SHORT ABSTRACT FOR DISSEMINATION PURPOSES

Abstract | This report describes the development and application of
energy systems modelling across multiple spatial scales to
generate a set of scenarios which quantitatively assess the
system level implications of key local factors that shape wind
power siting. At the macro-scale (European continent) this
includes the further development, linking and application of
two models, JRC-EU-TIMES and highRES-Europe, to assess
these implications for Europe’s transition to net-zero. This is
combined with a local or micro-scale modelling approach
which is developed and applied to a case study for the Styria
region of Austrig, to capture details the former models cannot.
Where possible we make a concerted effort to ensure model
transparency and result reproducibility. Initial insights from
the scenario modelling show that greater prioritisation of
social and environmental protections in wind siting can lead
to a vastly different role for onshore wind across Europe and
systems that are potentially up to nearly 15% more costly in
2050. We demonstrate that the decade 2025-2035 is crucial
for scaling up renewable deployment in the electricity supply
to help decarbonise the demand and meet the intermediate
climate change mitigation targets. Our micro-scale analysis
highlights a clear trade-off between land availability and
economic efficiency, where greater energy production
potential may come at the expense of substantially higher
infrastructure investment, depending on the scenario. The
intention is that these scenarios are further analysed in WIMBY
Deliverable 4.6.
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EXECUTIVE SUMMARY

This report describes the development and application of energy systems
modelling across multiple spatial scales to quantitatively assess the system
level implications and trade-offs of the social and environmental factors
that shape wind power deployment and its role in Europe’s energy system
achieving net-zero. At the macro-scale (European continent), this includes
the further development, linking, and application of two models, JRC-EU-
TIMES and highRES-Europe. Additionally, a micro-scale modelling approach
is also developed, linked with highRES-Europe and applied to the Styria
region of Austria to capture details that the former models cannot.

To undertake the ambitious objective described above, the modelling draws
on and leverages earlier work from WIMBY Work Packages (WPs) 1 and 2, as
well as their deliverables produced by DTU, UU, IIASA, BOKU, and ETH. This
report also marks the culmination of extensive collaboration between the
partners of WIMBY WP4 in developing and linking their models.

The core outputs described in this report are two fold: i) the augmented
open source macro energy system models and the newly developed micro
scale model and ii) the scenario datasets which capture the implications for
the energy system of different levels of prioritisation of the social and
environmental dimensions that determine where wind power is sited.

Initial insights from our continental scale modelling demonstrate that the
decade 2025-2035 is crucial for scaling up renewable deployment in the
electricity supply to help decarbonise the demand and meet the
intermediate climate change mitigation targets. In this context, wind has a
central role requiring a doubling of its capacity from today. Beyond 2035,
wind deployment needs to maintain this momentum and accelerate further
to meet the net-zero target, with at least a quadrupling of the installed
capacity compared to 2025. We find that greater social and environmental
protections can lead to a vastly different role for onshore wind power across
Europe and systems that are potentially up to nearly 15% more costly in 2050.

Additionally, our micro-scale analysis highlights a clear trade-off between
land availability and economic efficiency, where greater energy production
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potential may come at the expense of substantially higher infrastructure
investment, depending on the scenario.

The scenario datasets will feed into WIMBY Deliverable 4.6, which will detail
synergies, best practice and trade-offs, to enable a more detailed analysis
of the trade-offs between key system planning objectives. Furthermore,
using the micro-scale modelling results, a multi-criteria decision analysis
(MCDA) will be carried out. The spatially explicit results from the macro-
scale modelling will also be integrated into the WIMBY interactive map
(Deliverable 5.2) to help users understand the outcomes of their particular
planning preferences at the continental scale.

This project has received funding from the European Union’s research and innovation programme Page 15 of 91
Horizon Europe under the grant agreement No. 101083460. This document reflects only the author’s view,
and the Commission is not responsible for any use that may be made of the information it contains



@ Yg.! mkgy WIMBY | D4.5 | V4.0 | P

1. INTRODUCTION

As of 2022, wind power already supplies almost 14% of Europe’s electricity
generation [1]. Some countries go well beyond this figure, with, for example,
57% of electricity generation in Denmark [2], 29% in the UK [3], and 27% in
Germany [4] coming from wind in 2023. Going forward, given its cost
competitiveness and maturity, wind is expected to play a key role in Europe
achieving its goal of climate neutrality by enabling the deep
decarbonisation of electricity generation. Indeed, the importance of net-
zero carbon electricity is only set to grow with the drive to electrify more of
the energy system, such as transport and heat.

However, the growth of wind power across Europe faces many challenges,
see [5] for a detailed review. Many of these challenges stem from the
concerns of local stakeholders regarding the potential impacts of wind
development on, for example, landscape aesthetics, human wellbeing (i.e.,
due to noise or shadow flicker), and wildlife. It is the relative prioritisation
amongst stakeholders and policymakers of these local, granular factors,
balanced with the national and continent-wide objectives of mitigating
climate change in a cost effective and secure manner, that will ultimately
determine the role wind will play in helping to deliver net-zero.

One of the primary objectives of WIMBY is to understand the system level
implications of these trade-offs by assessing theirimpact on the integration
of wind power across the European energy system. The goal of this report is
to respond to this challenge by coupling a set of energy planning models
across local (micro) to continental (macro) scales that capture key social
and environmental factors that shape wind resource availability. We aim to
elaborate the system cost and design trade-offs across these scenarios
and quantify the contribution of wind to Europe’s net-zero future.

At the macro level we bring together the high spatial and temporal
resolution electricity model for Europe (highRES-Europe) and the whole
energy system model JRC-EU-TIMES. We frame our analysis using land
availability scenarios for wind deployment which reflect a range of potential
futures where stakeholder’s priorities vary with respect to the social and
environmental aspects of wind power. The Geographical Information
System (GIS) part of highRES-Europe quantitatively models these land
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availability constraints and provides them to JRC-EU-TIMES which optimises
the transition of the whole European energy system to net-zero. Boundary
conditions for the electricity system in 2050 are then used to constrain
highRES-Europe, together with the land availability scenarios, to design
spatially detailed net-zero electricity systems. In addition, the land scenarios
are also used to set boundary conditions for the micro-scale modelling,
which here focuses on a case study for the Austrian region of Styria. Where
possible we make a concerted effort to ensure model transparency and
result reproducibility.

This report is structured as follows: the next section provides a description of
the micro- and macro-scale models and their development undertaken as
part of WIMBY. Section 3 describes the scenario modelling approach that we
take and the model coupling. Finally, we highlight a selection of results in
Section 4 and provide some brief conclusions in Section 5.

2. THE MODELS

In this section we describe the models used in this Deliverable and detail the
further augmentations made to them as part of WIMBY. These
improvements serve to both facilitate the scenario implementation
described in Section 3 as well as improve transparency and reproducibility.

2.1 highRES-Europe

The high spatial and temporal Resolution Electricity System model for
Europe (highRES-Europe) is an electricity systems modelling framework
specifically designed for modelling high shares of variable renewable
electricity generation in Europe [6], [7]. The model simultaneously makes
planning decisions, i.e., location and capacity, for a snapshot year and
hourly operational decisions within that year, i.e, dispatch, for electricity
generation, storage, and transmission, ensuring that supply meets demand
at least cost (for a more detailed overview of the model equations, see
Supplementary Information in [7]). This optimisation is usually constrained
to meet deep decarbonisation objectives such as net-zero. The version of
highRES-Europe used in this project models 25 EU countries (excluding
Cyprus and Malta) plus Norway, Switzerland, and the UK.
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As part of WIMBY, the teams at UCL and UiO have made significant
improvements to highRES-Europe (see the base version in [6] for more
details). These include the integration of the social and environmental
constraints from WIMBY WP1 and WP2, enhancements to the transparency
and reproducibility of the framework, and improvements to the model's
spatial resolution. These augmentations, detailed in what follows, serve to
enable and enhance the delivery of the overall objective of assessing the
implications of social and environmental restrictions on the role of wind
power in Europe achieving net-zero'.

2.1.1 Spatial disaggregation

A key aspect of capturing the location specific factors that shape where
wind power can be sited and, in turn, their implications on overall system
design is being able to model deployment with sufficient spatial granularity.
Furthermore, modelling variable renewables like wind and solar at higher
spatial detail also helps better represent the variation in weather conditions
across a country, thereby capturing whether specific regions offer more
preferential conditions for renewables. With this in mind, the one node per
country representation of the European electricity system in highRES-Europe
[6] has been significantly improved, particularly for onshore/offshore wind
and solar PV siting. All other generation, storage and transmission planning
remains at the one node per country level.

Following the testing of highRES-Europe at various resolutions and
considering the trade-offs between gains in planning fidelity (and the
usefulness to stakeholders) and computational expense, we concluded that
a good balance is struck by modelling wind and solar deployment at the
Nomenclature of Territorial Units for Statistics (NUTS) 2 level.

' The enhanced version of the highRES-Europe used in this report is publicly available in:
https://github.com/highRES-model/highRES-Europe-WF/releases/tag/WIMBYD4.5
https://github.com/highRES-model/highRES-Europe-GAMS/releases/tag/WIMBYDA4.5.
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Figure 1: Spatial coverage of countries (delineated by different colours) and NUTS2

regions (thin black lines) modelled in highRES-Europe.

Figure 1 shows the spatial coverage of the European power system modelled
in highRES-Europe, complete with the reference transmission network
topology taken from ENTSO-E’'s Ten Year Network Development plan from
2024 [8]. Subject to land availability, onshore wind and solar PV deployment
can take place in any of the ~280 NUTS2 regions shown.

2.1.2 Existing electricity system infrastructure
To enhance the model’s representation of the future electricity system, we
implemented improvements that incorporate the existing capacity
infrastructure in 2050 for renewable sources at the NUTS2 level and for
nuclear at the country level. This approach enables the model to
differentiate between existing and new installed capacity when making
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investment decisions, resulting in a system configuration more aligned with
reality.

We estimate the existing capacity based on the Global Energy Monitor
(Gem) [9], [10], [n]: an open-access platform, which provides detailed
information on power generation facilities worldwide. This database
contains information on onshore wind, offshore wind, solar, and nuclear
installations, including project names, operational status, precise locations
(latitude and longitude), and commissioning and decommissioning dates.

To determine the existing facilities in 2050, we first extract the power plant
data for the 28 European countries included in the model (25 EU countries
plus Norway, Switzerland, and the UK). We then apply a projection approach
to these entries based on their commissioning dates and expected
operational lifetimes. The commissioning date is directly obtained from the
provided information in the GEM database. The technology-specific lifetime
is defined depending on the technology being considered. For renewable
technologies, we set a lifetime of 30 years, while for nuclear infrastructures,
we define a lifetime of 41 years based on the 75th percentile of the retired
plant lifetime from GEM. Using these values, we estimate the retirement
dates for the power plants currently in operation and under construction, as
listed in GEM, by adding the expected lifetime to their commissioning dates.
Lastly, we filter out all plants projected to retire before 2050.

To aggregate the estimated existing infrastructure to the NUTS2 level, we
allocate each plant to its corresponding NUTS2 region by overlaying latitude
and longitude coordinates in GEM with the appropriate region. For onshore
plants, we directly use the NUTS2 region that coincides with their specific
locations, while for offshore plants, we associate the nearest coastal NUTS2
region as their reference area. With this information, we aggregate the
filtered capacities by NUTS2 regions, except nuclear capacities, which are
aggregated at the country level.

Figure 2 illustrates the spatial distribution of existing capacity projected to
remain operational in 2050. Although onshore wind capacity is present
throughout Europe, Nordic countries exhibit a higher concentration. Solar
capacity is predominantly located in southern regions, with Spain showing
the highest concentration. Offshore wind installations are mainly sited in the
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North Sea region, whereas nuclear facilities are limited to a few countries,
notably Finland, France, Slovakia, and the UK.

Figure 2: Estimated existing capacity by technology in 2050.

2.1.3 Bias-correction

Accurate representation of wind potential across NUTS2 regions requires a
reliable dataset that correctly estimates the wind speeds. For this purpose,
highRES-Europe employs ERA5 reanalysis data to calculate the wind
potential at the required height of the wind turbines. This dataset provides
high-resolution weather data (0.25°x0.25°, roughly 31km) [12], such as wind
speed at 100 m, amongst others, that are used to calculate the renewable
energy potential at the grid cell level, followed by an aggregation step of this
data to the corresponding NUTS2 regions.

This project has received funding from the European Union’s research and innovation programme Page 21 of 91
Horizon Europe under the grant agreement No. 101083460. This document reflects only the author’s view,
and the Commission is not responsible for any use that may be made of the information it contains



@ wimby o 145 w01

Although this dataset provides a good representation of the wind speed, it
is well known to contain bias in specific areas, particularly in regions with
complicated topography [13]. To mitigate this issue, bias-correction ratios
derived from WIMBY Deliverable 1.1 are utilised on the ERAS wind speed data
[14]. These ratios were developed by averaging microscale wind speed
values from the Global Wind Atlas (GWA) [15]over a 0.025°x0.025° grid and
then dividing them by the corresponding ERA5 values (see Deliverable 1.1 for
further details). Then, by applying these ratios, the ERA5 wind speeds are
corrected and downscaled to a resolution of 0.025°x0.025°. To ensure
consistency with other weather variables used in highRES-Europe, the
resulting values are resampled back to the original 0.25°x0.25° resolution.

Figure 3 shows the differences between the bias-corrected wind speed at
100 m using GWA ratios and the original ERAS data. Grid cells coloured red
highlight where ERA5 underestimates wind speed, while grid cells coloured
blue highlight where wind speed is overestimated. The figure reveals that
ERADS tends to underestimate the wind speed throughout most of Europe,
with particularly significant underestimations noted in mountainous regions,
such as Norway and the Alps [13].
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Figure 3: Difference between the mean ERA5 wind speed (m/s) corrected by GWA ratios
and the original ERAS data at 0.25°x0.25° resolution. The red colour highlights areas
where the wind speed from ERAS is underestimated, and the blue colour indicates
where it is overestimated.

214 Solar PV advancements
While not the specific focus of this project and deliverable, solar PV is
expected to play a critical role in enabling a net-zero emission European
electricity and energy system. As part of WIMBY, we have sought to improve
the representation of solar PV in highRES-Europe.

Firstly, similar to wind power, solar PV also faces a range of technical, socidal,
and environmental challenges related to its siting. On the technical side, we
implemented a slope restriction using the Copernicus Digital Elevation
Model at 90 m resolution [16], thus aligning our elevation model with that
used elsewhere in WIMBY. We set the slope restriction such that ground-
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mounted solar PV can be built in areas with a slope less than or equal to 11%
or 6.3 degrees based on [17].

In terms of environmental protection, we have set ground-mounted solar PV
so it is restricted from The International Union for Conservation of Nature
(IUCN) category la-IV (taken from the Common Database of Designed
Areas for Europe from 2023 [18] and for the UK from 2020 [19]) and Natura
2000 areas from 2020 [20]. For the former dataset, the European and UK
data years differ because of the UK leaving the EU and ceasing to contribute
to the database. This restriction is aligned with the medium level of the
environmental restrictions for wind power, as explained later in this
deliverable.

For social restrictions, we have utilised the CORINE land cover 2018 [21]
dataset at a 100 m resolution to exclude land covered by select urban areas,
forests and semi-natural areas, water bodies, and wetlands. To account for
concerns regarding food production, we use novel data [22] on agricultural
intensity for Europe to restrict deployment from medium and high intensity
crops and grasslands.

215 Wind energy related employment

Although wind energy come with certain negative impacts, motivating the
social and environmental exclusions in Section 3.2, it can also have positive
effects, such as new employment opportunities both locally and nationally.
Part of the work conducted in WIMBY D2.10 [23] included assessing the
impact of wind energy deployment on job creation in the wind energy
industry. To study this, a job creation model was developed, based on
existing literature on the topic. The model considers three types of jobs
(direct, indirect, and induced) created from wind power activities in five
different stages of its lifespan (development, construction, manufacturing,
operation and maintenance (O&M), as well as decommissioning). The
resulting employment factors in the different lifecycle stages can be
coupled to energy system models, such as highRES-Europe.

Table 1: Employment factors for wind energy related jobs, based on Bucha et al. [23]

Stage Direct | Indirect Induced | Total Geographical
scope of jobs
Development 1069 | 059 1059 1187 | local / national
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Manufacturing ‘ a ‘ 5.68 ‘ 3.65 ‘ ‘ international

Construction \ B \ 3.08 \ 416 \ \ local / national
Oo&M ‘ Y ‘ 9.36 ‘ 12.53 ‘ ‘ local / national
Decommissioning \ 8 \ 0.9 \ 1.01 \ \ local / national

Wind energy related jobs are calculated as a function of the number of
projects, and the employment factors are shown in Table 1. The employment
factor for direct jobs related to manufacturing, construction, O&M, and
decommissioning is a function of the turbine size and whether it is an
onshore or offshore turbine.

a=1337-95-0S (1)
B =9.46 — 3.65 - 0S — 4.07 (2)
y =19.38 4 0.92 - TC — 15.74 (3)
§=2.82-211-0S (4)

Equations 1-4 present the resulting direct employment factors, where OS
equals to one for an offshore wind turbine and zero for an onshore wind
turbine, and TC represents the turbine capacity in MW.

The number of jobs generated in the wind energy sector is hence derived
from turbines of different sizes and scales very poorly when aggregated to
a larger geographic area. An increase from 3 MW to 6 MW for an onshore
turbine only generates an additional 2.5 job-years (+5%). Energy system
model output on capacity deployment is typically presented for a larger
geographical region (e.g. NUTS2 or country-level). Applying the values in
Table 1 therefore needs to include assumptions on how many wind power
plants of a certain size is present in the geographical region. To account for
this, we take the same turbine sizes used when generating the capacity
factors (for onshore: 3 MW and for offshore: 15 MW) and estimate the number
of turbines per NUTS2 region. The wind energy employment estimation is
calculated after the model results have been generated and provides
additional information on the implications of the results, without being part
of the model optimisation.

The resulting wind energy related employment, based on the modelled
scenarios described in Section 3 will be presented in deliverable 4.6.

216 Advancements in transparency and reproducibility
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The highRES-Europe modelling framework is open-source and publicly
available on GitHub? Although the model itself is available, there have been
considerable advancements to the transparency and openness of the
model, particularly concerning the workflow for producing the input data
required for highRES-Europe. The new and updated preprocessing workflow
is now also publicly available®.

The highRES-Europe workflow is built using the workflow management
system Snakemake [24], which is based on the programming language
Python and is openly available. Building the highRES-Europe workflow with
Snakemake comes with a number of benefits in terms of automation,
scalability, and portability, making it reproducible.

2 https://github.com/highRES-model/highRES-Europe-GAMS
3 https://github.com/highRES-model/highRES-Europe-WF
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Figure 4: Simplified Directed Acyclic Graph (DAG) of the highRES-Europe workflow. Each
shape represents a rule, with the name listed first. Below the name are the wildcards

(scenario variables), if applicable.

A Snakemake workflow consists of different rules that typically have inputs,
outputs and shell commands or scripts to produce the outputs from the
inputs. Rules are connected, and the output of one rule is often the input of
another rule. A simplified workflow (single wildcards) is illustrated in Figure
4. The workflow begins with the rule build_shapes, which takes some inputs
(shapefiles of Europe) and processes them into reduced shapes of the
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regions of interest. The reduced processed shapes are then used as input to
rule build _vre_cf_grid, build_vre_land_avail and build_hydro_capfac.

Whereas code and data availability are crucial for openness and
transparency in modelling, there is a need for readability, traceability, and
documentation to fully achieve transparency [24]. Documentation for both
the model (highRES-Europe-GAMS) and the workflow (highRES-Europe-WF)
is available via a newly created ReadTheDocs*.

With access to the model structure and workflow via GitHub, the
documentation describing the Snakemake rules and GAMS modules, as well
as the data used in the workflow, is available via Zenodo [25], anyone is able
to set up and modify the highRES modelling framework, to verify results or
conduct their own analysis.

2.1.7 International interconnection updates

The reinforcement of interconnection between European countries is likely
to play a key role in enabling a highly renewable energy system. As such, we
have updated the reference grid modelled in highRES-Europe based on
data from ENTSO-E TYNDP 2024 [8]. Furthermore, we have also included all
potential network candidates described in TYNDP 2024 to constrain new
network investment in the model. This enhancement ensures that network
development in our modelled scenarios is aligned with the best available
data on the real-world buildout of the European electricity network.

2.2 JRC-EU-TIMES

JRC-EU-TIMES is a linear optimization bottom-up technology model that
minimizes the total energy system cost, including investments in
technologies, operational and decommissioning costs of plants, and other
costs. Resource potentials for energy extraction/production are, and policy
targets can be implemented as constraints. Technologies’ learning curves,
costs, and basic macroeconomic assumptions serve as inputs to the model.
As illustrated in Figure 5, the model, being a multi-sector and multi-carrier
energy systems model, encompasses all steps from primary resources to

4 https://highres-europe-wf.readthedocs.io/en/latest/
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end-use consumption, such as transformation, transport, and distribution. It
covers all end-use sectors in great detail, by representing 7 industrial
sectors, 6 services sectors, residential and services buildings by age and
type, and 18 transport modes. Its temporal resolution ranges from daily to
annually, with a geographical coverage of all 27 EU countries, Switzerland,
Norway, and the United Kingdom. It has a time horizon until 2050 with 5-year
time steps. The model output presents a comprehensive view of the
European energy system configuration. Its mathematical approach as a
linear optimization problem ensures maximum cost-effectiveness of the
energy services to satisfy demand, and the emission reduction constraints
mitigate negative environmental impact.

Among its unique characteristics are the endogenous trade of energy
carriers such as electricity, gas, and hydrogen, the endogenous trade of
carbon permits and green certificates, and a DC power flow approximation
of the electricity transmission grid in Europe. It also has a detailed
representation of other backbone European energy infrastructures, such as
storage, pipelines, and terminals. In addition, the model tracks the vintages
of energy technologies, including the option for early retirement of existing
capacities.
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Figure 5: Schematic representation of JRC-EU-TIMES energy system model.

The model has been significantly improved through a thorough re-
calibration from base year of 2010 to year 2019 in terms of energy and
emissions statistics within the WIMBY project. This process required
consolidating data from multiple sources to ensure consistency across
sectors and regions. As part of the re-calibration, the model structure was
refined to reduce computational complexity—for example, by excluding
years prior to 2019 from the optimisation process. The updated version of the
model includes 2020 as a milestone year to account for the impacts of the
COVID-19 pandemic. While 2024 has been roughly calibrated, full integration
of that year was limited due to the unavailability of complete energy and
emissions data at the time. A range of major databases was used for this
calibration effort, with the most relevant sources summarized in Table 14 in
the Annex. All statistical inputs were aligned to reflect 2019 as the new base
year for the model.

2.2.1 Granularity in wind technology modelling
Wind turbines have been disaggregated from four types in the previous
version of the model into 14 types in the WIMBY version of the model based
on more granular categorization of capacity factors. Leveraging the link with
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highRES-Europe, and sharing the same techno-economic characterisation
of the wind technology, this model development includes onshore wind
turbines with capacity factors ranging from 15% to >45%, and offshore wind
turbines from 25% to >55%. The representation of more granular capacity
factors for wind turbines reflects spatial differentiation of the resource
quality and enables a more realistic selection of turbines in scenarios with
strong exclusion constraints. The temporal resolution for wind is at a time
slice level, with distinctions of day, night and peak times for each typical day
(one typical day per season). In this regard, JRC-EU-TIMES retains its
aggregated temporal resolution but the availability factors for wind
technology are based on the new capacity factors are derived from the
spatial analysis performed by highRES-Europe and mapped to the timeslice
resolution of JRC-EU-TIMES.

Furthermore, the capacity potentials are updated for each of the newly
implemented turbine technologies based on highRES-Europe database,
considering in this way the links of WP4 with WP1 and WP2. These new
potentials are given as cumulative new capacities allowed to be installed
from 2020 to 2050. To ensure that the starting installed capacities align with
highRES-Europe assumptions, JRC-EU-TIMES has also adapted the
decommissioning profile of existing wind capacities from the highRES-
Europe database based on the assumed profile from 2020 to 2050 [9].

2.2.2 Model extension in PtX conversion sectors
With the foreseen penetration of renewable electricity in the energy system
[26]. and focus on decarbonizing hard-to-abate end-use consumer sectors
(e.g. aviation, industry), the consideration of the conversion sector becomes
important. Wind can be considered as one of the candidate renewable
technologies for synthetic fuels production [26]. The improved JRC-EU-
TIMES incorporates increased granularity in Power-to-X (PtX) technologies,
whereby three main low-carbon fuel production pathways were chosen as
shown in Figure 6; containing both electrochemical and thermochemical
processes [27]; Biomass-to-liquids (BtL), Sun-to-Liquids (StL) [28] and
Power-to-Liquids (PtL). More specifically, for BtL, we select vegetable oil as
feedstock for either transesterification or hydrotreating. For StL, we select a
syngas pathway, produced through a thermochemical reactor using solar
heat that is further fed into the Fischer-Tropsch (FT) process. For PtL, syngas
produced through hydrogenation of CO. using renewable electricity is fed
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into the FT synthesis or methanol produced using renewable electricity or
steam to be converted and refined further to produce crude oil.

Figure 6: Graphic representation of the processes for each type of synthetic fuel.

The implementation also reflects updated cost assessments and the
integration of emerging technologies in electrolysis and e-fuel production.
Furthermore, the model now includes endogenous trade of hydrogen (H,)
and PtX energy carriers, allowing for a more dynamic representation of
global energy flows. Additionally, the resource potentials for and respective
levelized cost of hydrogen and PtX imports from outside the EU have been
revised based on the latest data from the PtX Atlas [29], [30], enhancing the
reliability of cross-border supply projections.

2.2.3 Improvements in end-use consumer sector modelling
The end-use consumer sectors drive the demand for energy consumption
requirements, hence is a crucial factor in projection of the necessity for
renewable electricity and the contribution of wind.

The updated model features extensive improvements across all major
sectors. In the industry sector, enhancements include detailed material flow
tracking, revised metal scrap costs, modelling of iron pellet trade within and
beyond Europe, and expanded technology granularity. New options for
hydrogen use in process heat and updates in primary and secondary
aluminium production pathways are also included, alongside refined cost
and potential estimates for CO, capture technologies—bringing the total
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number of modelled industrial technologies to over 400. In the buildings
sector, the model now includes a more granular representation of electrical
appliances, a new endogenous building stock evolution submodule, and
geographically differentiated coefficients of performance (COPs) for heat
pumps. Corrections were also made to address inconsistencies in
technology characterizations. For the transport sector, the model reflects a
more detailed treatment of aviation technologies based on travel distances
and separates demand into national, intra-EU, and extra-EU segments.

224 Comprehensive policy implementation

JRC-EU-TIMES also takes into consideration the spectrum of current EU
directives and regulations on energy and climate. Structural changes were
implemented to account for policy instruments such as bans, mandates,
standards, and financial support mechanisms embedded in the EU
legislation, including the introduction of ETS2 for the buildings and transport
sectors. Table 2 includes legislations implemented until 11.2024 and are
foreseen as pillars of legislation from the EU Green Deal, ReFuel Aviation, and
REPower EU Plan (EU2023/435) which would alter the trajectory of the energy
system. Though this subsection will not dive into the specificities of the
legislation, which can be referred to in the citations, it will shortly elaborate
on the method of policy implementations in a bottom-up technology-rich
model.

Table 2: Simplified representation of policy implementation targeting Greenhouse Gas

Emissions.
# Directive Simplified Representation
1 ETS and ETS2 Directives (EC2003/87 to z ETSCO2, ., < CAP;
EU2023/959) TeR
2 GHG effort sharing (EU2018/842, EU2023/857) until | Ert = ETSCO2y ¢ prs < CAP, .
ETS2 is operational
3 n
CO, standards cars (EU2019/631, EU2023/851) Z Fi,-EF, < ES, -V,
i=1
4 i C
CO; standards heavy duty vehicles (EU2019/1242) Z Fi, - EF, <ES, - HV,
i=1

Overarching indices are r as region/country, t as time/year. Variables E
stands for the Greenhouse Gas Emissions, ETSC02 as CO, covered within the
ETS, F as the consumption of a certain fuel type, EF as the emission factor,
ES as emission standards (in gC0./km) and V and HV as stock of standard
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passenger vehicles (in passenger kilometre) and heavy-duty vehicles (in
passenger kilometre) respectively.

An example is the vehicles’ emissions standards (Eq. 3 and Eq. 4). The
emissions of the vehicles are dependent on their fuel efficiencies; thus the
constraint cannot be directly on the efficiency as these are hard technical
data. Instead of constraining individual vehicles, we apply an overall
emission constraint on the whole stock. This approach leaves flexibility for
the model to choose the vehicle type so long as it fulfils the overall emission
constraint.

Table 3: Simplified representation of policy implementation targeting Energy Supply.

H# Directive Simplified Representation
1 EED energy efficiency (EU2023/1791) zz Fosre<(1—R) ZZ Fos oot
SES fEF SES fEF

2 EPBD buildings energy performance ZZF”” <(1-R) ZZ Frofio1

(EU2018/844) 5eB feF SeB feF
3 EU RED Il renewable energy (EU2018/2001 GCrt 2prs (Ere — Hyp)

& 2023/2413)
4 Coal phase out E.e=0

vr € DK,FI,EL,HU,IE,IT,NL,PT,SK,ES,Vt
> 2030
E., = 0,Vr € DE,SI Vt > 2050

New indices shown in Table 3 are s for end-use consumer sectors, B for the
building sector. F represents fuel consumption and f for the type of fuel. GC
states for Green Certificates produced by renewable energy generation. R
for the reduction factor stipulated by the directives. p as the percentage of
renewable energy generation demanded by the directive. E as renewable
electricity generated, and renewable electricity generated for hydrogen
production.

It is worth noting, that in order to ensure that the additionality principle [31]
is considered for green hydrogen production, a new parameter is created,
serving as a form of certificate (GC in Eq. 3) to explicitly account for the
renewable portion of heat or electricity production. Such a parameter
ensures that when constructing the model constraints for renewable
electricity or hydrogen production, they are for direct end-use instead of
conversion or transformation purposes.
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Finally, the individual countries’ emissions mitigation targets and renewable
energy targets are collected from the latest National Energy and Climate
Plans (NECPs) [32].

The projections for new nuclear power plants planned or under construction
follow the national plans declared and collected by the World Nuclear
Association [33].

Other major policies implemented in the model include buildings standards,
appliances standards, and efficiency directives. We also consider Directives
related to the use sustainable fuels in aviation and maritime transport.

225 Model Transparency and Reproducibility

JRC-EU-TIMES has been an open-source model [34], which is based on the
TIMES framework developed within the Energy Technology Systems Analysis
Program (ETSAP) by the International Energy Agency (IEA) and extensively
used by the EU Commission. The TIMES framework lays a solid foundation for
the representation of Europe’'s energy system.

The input files with the new data for calibration are listed in the Annex Table
14, and changes in model structure can be found in form of dmp.files on
Gitea. With a valid GAMS/CPLEX license, the dmp.files can be solved by
running the command scripts to produce gdx. files. The gdx. files are then
processed with a gms. script to output the desired results from the model to
be printed on the format of a result template in form of excel sheets. The
graphs made uses a python script to further visualizes the results from the
excel sheets. For a more detailed and specified description of the model,
please refer to the Gitea repositorys®.

2.3 Micro-scale modelling
In this section, the development of a micro-scale model of wind farm

deployment is detailed. For this analysis, ETH has previously proposed
contributing with the existing municipal energy system model, RE3ASON.

5 WIMBY/JRC-EU-TIMES - JRC-EU-TIMES - PSI GIT Service
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However, we decided to develop a more comprehensive model that
advances the micro-scale analysis with wind farm deployment. This model
incorporates an integrated approach for wind farm design and a grid
integration model — both developed on a very high spatial resolution.
Compared to our new approach, the RESASON model has a lower spatial
resolution and considerably lower complexity regarding the wind
technology development. Moreover, our new approach can be applied to
any location of interest. The new approach was tested for the areas
identified as feasible for wind farm deployment. The scope of the analysis is
oriented toward the technical feasibility of individual wind farm deployment;
therefore, the internal and external cable costs are included in the analysis.

The developed micro-scale model includes four stages: i) an optimal wind
farm layout is generated for a given areaq, for which the theoretical annual
energy production (AEP) and internal wind farm connection costs are
estimated. ii) Dijkstra’s algorithm is applied to determine the most cost-
effective path to connect the wind farm to the power grid. iii) A multi-criteria
decision analysis is conducted to exclude wind turbines with the highest
perceived negative impact. iv) AEP and the grid connection costs are
recalculated using the remaining wind turbines for the adjusted wind farm
layout.

2.3.1 Wind farm layout generation
The wind farm layout model combines spatial wind-oriented random layout
generation, wake effect modelling, and multi-objective evolutionary
optimisation. The methodology of the layout model, together with the grid
connection model, is illustrated in Figure 7. The following sections describe
the implementation of the model in more detail.
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Figure 7: Methodology of the spatial wind farm design and internal grid integration.
DEM: digital elevation model [16], CLC: CORINE Land Cover 2018 [21], WS: wind speed
data [35] with hourly resolution for a year.

Spatial wind-oriented random layout generation

The initial layout is generated using a wind-oriented heuristic method to
generate the initial layout of a wind farm for a given feasible area. After
extracting the wind data, the dominant wind direction 6,, is determined from
the site-specific wind rose. The first turbine is positioned upwind in
alignment with 6, and the remaining turbines N, — 1 are placed pseudo-
randomly while constrained by a minimum spacing criterion as:

dlgijownwmd > 4D and dicjrosswmd > 4'
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where D is the rotor diameter and d;; is the distance between turbines i and
j in the respective directions. In this study, a minimum turbine spacing of 4
rotor diameters (4D) was adopted based on a balance between spatial
constraints and acceptable wake interaction. Although previous
optimisation studies [36] suggest that optimal efficiency is typically
achieved at larger spacings (7D-11D), using a 4D minimum reflects common
industry practice in land-constrained settings and enables the evaluation
of denser layout scenarios and therefore is the value using for our analysis
[37], [38].

To ensure suitability for different wind conditions and terrain, the model
automatically selects a suitable wind turbine type from a list of 10 turbines
with varying power ratings, selected from the Wind Power Dataset [39]. This
selection is based on the potential AEP, the required initial investment, and
the site’s mean wind speed site vg,,. Each turbine has two potential hub
heights, which are selected according to the local elevation of its siting
position.

Finally, the extrapolation of the wind speed at hub height v;(h;) is calculated
using the logarithmic wind profile as:

In (&)
Zo,k

In (href)’

Zo,k
where z,, is the site-specific surface roughness, and v,.r is the wind speed
at the reference height h,..

vi(hy) = Vyey -

Wake effect modelling and calculation of AEP
Estimating the wake deficit is crucial in quantifying the reduction in power
output caused by the spatial arrangement of wind turbines—a phenomenon
known as the wake effect. In complex terrain, variations in elevation can
intensify the wake deficit, making precise calculation even more critical. The
effective wind speed for each turbine v, is therefore recalculated by
accounting for the upstream deficits AV,,; caused by other turbines, as
demonstrated in the equation below:
Verr; = vihy) — Z Avj;,
jeu(i)
where u(i) is the set of upstream turbines affecting turbine i. Upstream
deficits Av;,; are calculated using the 3D Jensen wake model, which
assumes linear wake expansion and momentum deficit [40]. The Jensen
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wake model, known as the park model, is a widely used model for simulating
wind turbine wake effects. Initially formulated for flat terrain, it assumes a
linearly expanding, top-hat shape wake with uniform velocity deficit inside
the wake cone. This has been expanded to complex terrain, in which the
wake follows the symmetry of the terrain at a constant height above the
ground. This allows the wake to be aligned with the local topography and
wind direction.

The velocity Av;_,; at a point i caused by an upstream turbine j is computed
as:

Zaj
Avj_”- = Vo 2 |

S

(1 +k- RLJ‘)
where v, is the free-stream wind speed, q; is the axial induction factor of
turbine j, S;; is the downwind distance from turbine j to point i, R; is the rotor
radius of turbine j, and k is the wake decay constant, typically ranging from
0.04 to 0.075 [40], dependent on the ambient turbulence intensity.
Additionally, when multiple wakes overlap, the total velocity deficit at turbine
i is calculated using the quadratic sum of individual deficits.

The resulting values of effective wind speed are used to calculate the total
power output at each time step and the AEP as:

N¢
AEY = Z z f.0) P (v (),

i=1 0,v
where f(v,0) is the joint probability distribution of wind speed and its
direction.

Internal connection costs

To calculate internal cable connection costs, we first compute internal
cabling design using EDWIN from the TOPFARM toolkit [41]. The layout is
generated using a heuristic algorithm that leverages Delaunay triangulation
to form a graph and interactively connect turbines in a tree structure toward
a local substation node. The algorithm seeks to minimise the total cost by
considering factors such as cable length, type, and size, as well as the
number of junctions, turning angles, and substation connections. The
substation node is located at the centroid of the polygon, and each edge in
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the tree is assigned to a conductor cross-section. The cross-section and
prices are adjusted based on values from the literature, as shown in Table 4

The cable cost is calculated using the resulting cable lengths [;; and the
corresponding conductor sizes 4;;, which are then used for the calculation
of internal cabling costs, according to the equation:

Ceabte = Xlij - cij(Aij),
where ¢;;(4;;) is the cost function dependent on the conductor cross-section
size. An illustrative example is shown in Section 4.2.

Table 4: Conductors used in the internal topology design [42], [43], [44], [45].

Cross-Section Material Rated Current | Resistance | CAPEX (k€/km)
(mm?2) (A) (Q/km)
150 Aluminum 270 0.206 133
240 Aluminum 360 0.125 196
400 Aluminum 490 0.078 294
800 Aluminum 700 0.040 490
1000 Aluminum 810 0.032 560

Multi-objective evolutionary optimisation

All the previously mentioned steps are repeated 25 times for each polygon
to identify the optimal wind farm layout in this final step, as shown in Figure
7. This number was selected as an upper limit. In most cases, the optimal
layout was identified well below the 25th candidate. To determine the
optimal wind farm layout, we apply a metaheuristic multi-objective
optimisation, which aims to:

e Maximise AEP: max f; = AEP
e Minimise internal cable cost: min f, = C.qpie

The multi-objective genetic algorithm (GA) is based on an evolutionary
machine learning algorithm, which is implemented in the DEAP library of the
Python interface [46]. The result of this stage is the site-specific optimal
layout of the wind farm, including its characteristics (exact location, type of
wind turbines, specific hub height for each turbine, estimated AEP, total
internal cabling costs, and substation location). The following section
describes the methodology of the external grid connection of the wind farm.
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2.3.2 External grid connection model

We have implemented an innovative algorithm for identifying the shortest
path between two points, which, unlike the approach used in WP2, takes into
account land cover and terrain constraints. The WP2 model was limited to
straight-line connections between points, without considering deviations
required by land use or environmental factors, making it less suitable for
realistic routing in our context.

A spatially explicit Dijkstra’s algorithm identifies the most cost-effective
route between each wind farm centroid and the nearest medium- or high-
voltage (MV/HV) substation. The algorithm identifies the least-cost path
using weights that reflect the relative constructability and ecological
impact. It follows the raster-based cost used in spatial planning, as
presented in Table 5. The model incorporates slope and elevation in routing
decisions using DEM [16]. Furthermore, the model includes structure
(tangent, running angle, angled deadend, and non-angled deadend) costs
and voltage-specific conductors adapted from real-world transmission
planning guidelines [47], [48].

Table 5: Weights for wind farm connection cost modelling [49], [50].

Weights CLC coderange Land Cover Type Description
10 6-10 Industrial, Low cost if corridors exist
infrastructure, roads
20 1n-15 Cultivated farmland Moderate cost for
trenching and accessibility
25 22-25 Semi-natural areas, Lower ecological impact
grassland
35 26 - 29 Shrubland Slightly higher ecological
impact than grassland
45 16 — 21 Forest Higher cost due to clearing
and restricted access
100 30-34 Wetland High cost due to ecological
sensitivity
150 1-5 Urban areas Very expensive due to
construction limitations
1000 35-44 Water bodies Considered impassable

The cable types are dynamically assigned based on power capacity and
voltage level. Section 4.2 shows an example of the grid connection model
result. As mentioned, the model calculates the connection costs to the
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nearest substation from the wind farm centroid. This centroid-based
approach improves scalability and reduces computational load, but it also
introduces a limitation by oversimplifying the actual spatial layout of the
turbines.

3. SCENARIO MODELLING

To understand how the key social and environmental factors that shape
wind power deployment at the local level contribute to guiding its role in
achieving net-zero across Europe, we have developed a scenario modelling
framework. Our approach involves the coupling of the three models
described in Section 2 to quantitatively elaborate the implications for the
energy system of a set potential futures in which stakeholders express
different levels of prioritisation for these factors. In this section we describe
how the models are linked, the land availability scenarios which represent
wind siting preferences and other details relevant to our scenario modelling.

3.1 Model linkage

At the macro-scale, we bi-directionally couple JRC-EU-TIMES and highRES-
Europe. The former model provides insights on the transition of the whole
European energy system to net-zero, while highRES-Europe explores the
spatially detailed implications for the electricity system in 2050. In addition,
the case study for Styria uses three of the land availability scenarios as
boundary conditions for its modelling, representing a uni-directional link
with highRES-Europe. Figure 8 provides a schematic of the linkage between
the three models.

The bi-directional coupling between JRC-EU-TIMES and highRES-Europe
involves a number of steps. Firstly, a harmonisation of key input data
between the models takes place. The land availability scenarios, covering
social, environmental and technical dimensions, are processed by highRES-
Europe’s GIS code. This computes the land available in km? per ERAS grid cell
(and determines which NUTS2 and country that grid cell is in) for all nine
exclusion scenarios, i.e., all permutations of low, medium, and high across
the social and environmental dimensions. It also provides annual capacity
factors for wind at the grid cell level.
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Figure 8: Schematic overview of the linkage between the models.

Secondly, the nine land availability scenarios (detailed in the next sub-
section) are ingested into JRC-EU-TIMES to act as constraints on onshore
and offshore wind deployment at the country level during the transition of
the whole energy system. The land area in km? is converted to capacity
potentials assuming 3 MW/km? and 5 MW/km? for onshore and offshore,
respectively [51]. The annual capacity factors coming from step one are
used to harmonise the wind capacity factors in the two models. JRC-EU-
TIMES then optimises the transition to net-zero and provides 2050 boundary
conditions for highRES-Europe in terms of electricity demands and CO;
emissions targets. As discussed in the next section, these are similar across

the nine scenarios and are shown in Table 6.

Table 6: Electricity system boundary conditions for 2050. These boundaries are

generated by JRC-EU-TIMES and input to highRES-Europe.

Country Annual electricity Annual
demand in 2050 gmissions
(Twh) (kt)

AT 146

BE 179

BG 62
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CH 83 -2842
Cz 134 -2282
DE 1151 -12938
DK na -2094
EE 13 -849
ES 748 -19703
Fl 186 0
FR 818 0
GR 139 -2772
HR 35 -637
HU 92 -1024
IE 61 -2823
IT 793 -9121
LT 23 -498
LU 1 -122
LV 23 -563
NL 453 -60
NO 262 0
PL 353 -8368
PT 89 -106
RO 18 -4433
SE 226 -1496
Sl 24 -302
SK 53 -1298
UK 819 603

In the third and final step, highRES-Europe optimises the design and hourly
operation of the European electricity system in 2050 for all nine of the
exclusion scenarios. It does this subject to country level emissions targets
for 2050 and models the need for minimum inertia to meet the maximum
rate of change of frequency criteria (0.5 hz/s), as well as representing
operating reserve and frequency response requirements (see Ref. [52] for
further details). highRES-Europe determines the 2050 least cost spatial
deployment pattern of wind and solar PV capacity at the NUTS2 level,
together with insights on other generation, storage and network
reinforcement at the country level. It also outputs the annualised total
system cost, capturing investment in this infrastructure as well as the costs
to operate it.

3.2 Land availability scenarios
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To capture the implications of different prioritisation of the social and
environmental factors shaping wind power deployment on where the
technology can be sited, we have developed a set of land availability
scenarios based on three broad categories of restrictions or exclusions.
These exclusions serve to remove land from potential wind farm
development, driven by a multitude of criteria that will be set out below. Two
of the three exclusion dimensions, namely social and environmental, are
further gradated over three levels, from low through medium to high. These
levels can be interpreted as follows:

e Low: represents a permissive scenario where only the bare minimum
land is excluded from wind farm development, implying a future
where society does not prioritise this dimension.

e Medium: captures a more middle ground future based on central
values for the range of each restriction, either internal to WIMBY or
from the literature.

e High: represents a case where this dimension is prioritised at a local
level and results in a very restrictive case, where the role of, particularly
onshore, wind energy is largely diminished in a European context.

3.2.1 Technical exclusions
In addition to the environmental and social exclusions of the model
scenarios, there are also technical exclusions that serve as a foundation
across all scenario variations. These technical exclusions are closely
harmonised with the hard constraints in the WIMBY Interactive Map and are
described in WIMBY D2.2 [53]. We present the exclusions in full, below.

Table 7: Technical exclusion zones applied throughout all scenarios

Category Description Buffer Dataset (incl. code)
Onshore only exclusions

Hydrology Exclude water bodies and rivers 175 m EU-Hydro River Network
Database [54]

Airports Exclude airports 6,000m  OSM + D210

Slope Exclude areas with a slope > 15° None Copernicus DEM GLO-90
[16]

Powerlines Exclude powerlines 175 m OSM + D2.10

Roads Exclude roads 175 m OSM + D2.10

This project has received funding from the European Union’s research and innovation programme Page 45 of 91
Horizon Europe under the grant agreement No. 101083460. This document reflects only the author’s view,
and the Commission is not responsible for any use that may be made of the information it contains



@ wimby o 145 w01

Railways Exclude railways 175 m OSM + D2.10
Radar Exclude radars 7,000 m OSM
Glaciers Exclude glaciers None OSM

Ports Exclude ports 01m LUISA [55]
Onshore and offshore exclusions

Military Exclude military zones 5000m  OSM + D210
areas

Offshore only exclusions

0&G Exclude oil and gas platforms 2000m  [56], [57]
platforms

0&G Exclude oil and gas pipelines 150 m

pipelines

Shipping Exclude medium/heavily trafficked None eMODNET [58]
lanes shipping lanes

In Table 7, we list the technical exclusions with their buffer distances and the
dataset from which they were acquired. Some exclusions are only relevant
for either onshore or offshore wind, whereas some are applicable for both.

The most impactful individual technical exclusion is the hydrology category,
which excludes inland water bodies, rivers and canals from the EU-Hydro
River Network database [54], including a 175 m (one turbine height) buffer
around each polygon. Next is excluding airports from OSM (category:
airport). Furthermore, we exclude areas with a slope steeper than 15°,
generated from the Copernicus DEM GLO-90 [16]. This value is slightly lower
than the lowest value (6 km) in the range provided by Ref. [37]. For the OSM
categories of rail, power lines and roads, we use the minimum distance
identified from the regulatory analysis in WIMBY D210 [23], but with a
minimum of one turbine height (175 m). Glaciers (OSM) and ports (based on
LUISA [55]) are excluded without any buffer.

The category Military areas from OSM is relevant for both onshore and
offshore wind, and we apply a 5 km buffer, which was identified as the
minimum regulatory exclusion in WIMBY D2.10 [23].
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WIND IN MY BACKYARD

Figure 9: Geospatial overview of eligible and excluded land areas for wind power

deployment based on technical aspects only.

When considering the different layers in Table 7, almost half (44.2%) of the
total land area of Europe is excluded, as illustrated in Figure 9.

Additionally, some exclusions are only relevant for offshore, such as oil and
gas (0&G) platforms and gas pipelines. The location of O&G infrastructure
is sourced from Martins et al. [56], [57], and we apply a 2 km buffer distance
from platforms based on Moore et al. [59] and a 150 m buffer from pipelines
based on the Netherlands Enterprise Agency [60]. Lastly, we exclude
shipping lanes from the eMODNET Human Activities Vessel Density Map [58]
for highly trafficked areas (>13.7 ships per day, which corresponds to the high
and medium categories in D22 [53]). The right part of Figure 9 shows the
remaining area and the share of area available for each modelled country.

3.2.2 Environmental exclusions
In terms of environmental restrictions for the deployment of wind power
across Europe, we incorporate three main elements.

Firstly, we use the Common Database on Designed Areas (CDDA) for Europe
from 2023 and the UK from 2020 to exclude wind deployment in IUCN
categorised areas. We align the low and medium levels of this exclusion
component with the WIMBY interactive map by excluding IUCN la-IV and
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extending this to include la-VI with a 2000 m buffer at the highest setting. All
CDDA data is represented as a 100 m resolution raster in our modelling.

Secondly, we also restrict the Natura 2000 protected sites, which are
designated under the Birds and the Habitats Directives [61], [62], in the
medium and high levels, with the latter additionally including a 2000 m
buffer. The low case does not see these areas restricted to align with the
WIMBY interactive map. The Natura 2000 dataset is ingested into our
modelling as a 100 m resolution raster.

Thirdly, we leverage the insights on the number of bird and bat species that
are vulnerable to collision with wind turbines developed in WIMBY D1.6. For
birds, species richness rasters, which depict highly vulnerable and high
latent risk, as shown in Figures 10a and b of WIMBY D1.6, are combined to
produce a map of the number of bird species deemed highly vulnerable in
each 10 km resolution grid cell. For bats, the status of 38 European bat
species was obtained from the European Red List of Threatened species
[63], with 10 species being classified as threatened (3 as endangered and 7
as vulnerable). Maps of threatened (and therefore vulnerable) species
richness were then obtained from occurrence probability layers from Si-
Moussi [64] at a 10 km resolution.

This project has received funding from the European Union’s research and innovation programme Page 48 of 91
Horizon Europe under the grant agreement No. 101083460. This document reflects only the author’s view,
and the Commission is not responsible for any use that may be made of the information it contains



@ m{.! mkgy WIMBY | D4.5 | V4.0 | P

Figure 10: Geospatial overview of eligible areas for wind onshore deployment based on

the three environmental scenarios.

Next, we sum the species richness rasters for birds and bats together to
create a final dataset that contains the total number of species vulnerable
to collisions with wind turbines within each grid cell. To convert this map into
a set of exclusions, we take a quantile approach to identify three
vulnerability thresholds. For each country, we take all grid cells in that
country and compute the top 25, 50 and 75% quantiles. These thresholds are
then used to mask all cells above that number from wind deployment to
represent progressively more restrictive cases from low to high. For instance,
low is to be interpreted as removing land areas (grid cells) where the upper
quartile of the number of vulnerable species in each country is found. Thus,
it is a more permissive case than medium (which blocks the upper 50%) or
high (which blocks the upper 75%).
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The three levels of our environmental exclusion dimension are shown in
Figure 10, and Table 8 provides a summary of the data and assumptions

involved.
Table 8: Environmental exclusions applied in each scenario.
Name Description Buffer Dataset
IUCN protected areas Low: Ia, Ib, II, 1, IV High: Common Database on
Medium: lg, Ib, Il, 2000 m  Designated Areas
I, v (cbbA)
High: la, Ib, 11, 11I, 1V,
V, VI
Natura 2000 Low: not included = High: Natura 2000
Medium: all sites 2000 m
included
High: all sites
included
Number of bird and bat species Low: top 25% per WIMBY D1.6 dataset
vulnerable to collision with wind = country
turbines Medium: top 50%

per country
high: top 75% per
country

3.2.3 Social exclusions

For social exclusion, we consider all impacts of onshore and offshore wind
from a social perspective and define buffer distances to represent different
levels of opposition. Within this dimension, we consider buffers around
buildings and residential areas, identified in CORINE Land Cover Polygons
2018 [21] with categories: Continuous urban fabric (1.1.1), Discontinuous urban
fabric (1.1.2), Industrial or commercial units (1.2.1), Construction sites (1.3.3),
Green urban areas (1.4.1) and Sport and leisure facilities (1.4.2); visual impact
on the landscape, defined in WIMBY D2.6 [65], and coastlines buffers.

Table 9: Social exclusions applied in each scenario.

Category Description Buffer Dataset (incl. code)
Onshore exclusion
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Settlement Excluded area around Low:200m CORINE Land Cover
residential areas due to Medium:1500m @ Polygons, 2018
regulations. High: 3,000 m

Noise Excluded area around Low:400m CORINE Land Cover
residential areas due to Medium:600m  Polygons, 2018
noise. High: 1,500 m

Shadow Flicker Excluded area around Low:84m CORINE Land Cover
residential areas due to Medium:1,250 m @ Polygons, 2018
shadow flicker. High: 2,500 m

Landscape Excluded areas based on Low: No exclusion Landscape visual

visual impact | scenicness categories Medium: impact map - Ternary
(ternary map) Category category map

labelled 3

High: Categories
labelled 2 and 3
Offshore exclusions

Coastline Excluded area based on a Low: 6 nms [51], [59]
buffer around the Medium:12 nms
coastline High: 12 nms

Table 9 lists all social exclusion categories, along with the corresponding
buffer distances and dataset sources for the low, medium, and high
scenarios. In this case, only one category is relevant for offshore wind, while
all the others are used to exclude onshore wind. Figure 11 summarises the
resulting eligible areas according to the different scenarios for onshore wind
deployment.

The settlement category is one of the most relevant for onshore wind, as it
shows the largest excluded areas in the medium and high scenarios due to
the large buffers (1.5 k and 3 km). In this category, we defined the low and
medium buffers around settlements based on the results of WIMBY D2.10
[23], where the distances correspond to the minimum and maximum values
between the ten WIMBY countries studied (minimum distance to villages in
Italy and maximum distance corresponding to 10 times the turbine tip
height) in this report. For the high scenario, we considered the upper limit of
3 km from [37] for the distance to settlements criterion.

For the noise category, the buffers are defined based on the existing
European regulations on wind turbines and noise, summarised in [66]. For
the low scenario, a buffer of 400 m is considered, which is the minimum
setback distance required by noise regulations. A similar buffer value is used
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in other works, such as [13] for Germany, [7] for Portugal, and [14], where this
value is theoretically calculated to maintain a noise level of 40 dB. For the
medium scenario, we set a buffer value of 500 m, and for the high scenario,
a value of 2000 m, corresponding to the modal and maximum values,
respectively, in [66].

For the shadow flicker category, we have defined the three scenarios in
conjunction with D2.4 [67]. In the low scenario, the buffer is set at 84 m,
corresponding to one hub height. In the medium scenario, the buffer is set
at 1250 m, corresponding to the average radius for having a threshold of 30
hours of shadow flicker per year over flat (50 turbines in the Netherlands
have a radius of 1235 m) and mixed (50 turbines in Spain have a radius of
1221 m) terrain. This buffer is assumed for the width (east to west) and the
height (north to south) of the shadows, although the latter can be smaller
(half of the radius). For the high scenario, we define a buffer of 2.6 km to
mitigate the effects of shadow flicker completely.

The landscape visual impact category takes into account the scenicness
map developed in WIMBY D2.6 [65], which uses a machine learning model
to predict the landscape scenicness across Europe. The resulting map from
this model provides a binary and ternary classification of the landscape
visual impact of onshore wind farms at a resolution of Tlkmxlkm. To define
the three scenarios in this category, we use the ternary classification
prediction map with categories: unscenic to medium, scenic, and highly
scenic. Thus, while no pixels are excluded for the low scenario, for the
medium scenario, only pixels labelled as highly scenic are excluded, and for
the high scenario, both scenic and highly scenic are excluded.

The coastline category is only relevant for offshore wind, where values are
defined based on [51], [59]. For the low scenario, the buffer distance around
coastlines is set to 6 nautical miles (11,112 m), and for the medium and high
scenarios, it is set to 12 nautical miles (22,224 m).

This project has received funding from the European Union’s research and innovation programme Page 52 of 91
Horizon Europe under the grant agreement No. 101083460. This document reflects only the author’s view,
and the Commission is not responsible for any use that may be made of the information it contains



@ m{.! mkgy WIMBY | D4.5 | V4.0 | P

Figure 11: Geospatial overview of eligible areas for wind onshore deployment based on
the three social scenarios.

3.2.4 Land availability in the spatial scenario combinations
The resulting land availability from the nine combinations of the social and
environmental dimensions set out above, together with the technical
dimension which is the same in all cases and are shown in Figure 12.

This project has received funding from the European Union’s research and innovation programme Page 53 of 91
Horizon Europe under the grant agreement No. 101083460. This document reflects only the author’s view,
and the Commission is not responsible for any use that may be made of the information it contains



@ m{.! mKQy WIMBY | D4.5 | V4.0 | P

Figure 12: Overview of the resulting land availability and how large a share of the total
area is available for onshore wind deployment for the nine scenarios.

3.3 Macro-scale scenario development

3.3.1 Whole energy system scenarios
JRC-EU-TIMES aligns with the land availability scenarios described in Section
3.2 in addition to the Climate change mitigation scenario (CLI) developed
on the side of JRC-EU-TIMES. The CLI scenario aims to achieve net-zero GHG
emissions in the EU and Switzerland by 2050. The scope of the GHG emissions
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reduction target includes Energy (UNFCCC classification 1A-1B), Industrial
Processes (2A-2H), Agriculture (3A-3J), LULUCF (4A-4H), Waste (5A-5E) and
50% of the emissions from international aviation and maritime. Details of
these targets are summarized and listed in Table 10. The transition to net
zero is to be achieved in this scenario solely with domestic mitigation
measures in the EU. This scenario implements policies in the EU that are in
the legislation up to 1.1.2024 or have been decided to be implemented in the
near term. It assumes a continuation of the current energy supply and
consumption trends and is used as a benchmark for the other two scenarios.

Table 10: The major EU directives included in the CLI scenario.

Scenario

ClLl
(net-zero target
scenario)

Directives

-EED energy efficiency (EU2023/1791)

-EPBD buildings performance standards (EU2018/844)

-ETS (all revisions up to EU2023/959)

-EU RED Ill renewable targets (up to EU2023/2413)

GHG effort sharing (up to EU2023/857)

-Vehicle emissions standards (EU2019/631, EU2023/851)
-Heavy vehicle emissions standards (EU2019/1242)

-Coal phase out 2030 in DE, DK, Fl, GR, HU, IE, IT, NL, PT, S|, SK, ES
Intra-EEA aviation in EU-ETS

*NTC electricity capacities as in ENTSO-E TYNDP 2022 plan
*Reduction of nuclear share in France

-New nuclear plants those under construction/advanced planning
*GHG emissions from 1990: -55% in 2030, -90% in 2040
*Net-Zero GHG emissions in 2050 at the EU-level

Individual net-zero GHG emissions targets of the member states
*GHG emissions reduction scope as in the EU Climate Law

- includes LULUCF and 50% of the international transport
*Refuel aviation SAF mandates

*EU-ETS-2 from 2030 (although incl. in 2023 revision of EU-ETS)
«+ 8GW new nuclear power (BG, CZ RO, S|, SK, FI, FR)

With the basis of CLI scenario, nine further scenarios are layered on top of
the CLI scenario that are based on the three exclusion dimensions with three
degrees (low, medium and high).

Table 11: Scenario name alignment between the two macro-models

JRC-EU-TIMES Scenario | Corresponding highRES-Europe
abbreviations scenario titles

CLILL ’ soc:low env:low
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CLILM soc:low env:medium
CLILH soc:low env:high

CLIML soc:medium env:low
CLIMM soc:medium env:medium
CLIMH soc:medium env:high
CLIHL soc:high env:low

CLIHM soc:high env:imedium
CLIHH soc:high env:high

In quantifying the nine scenarios that are shown in Table 11 above with the
JRC EU TIMES model, we therefore assumed that the EU Green Deal policy
package is always active: this means that the nine wind deployment
scenarios in JRC-EU-TIMES consider the identical emissions reductions
targets, renewable deployment targets, energy efficiency targets,
sustainable fuels blending targets, etc. that are also considered in the
Directives forming the EU Green Deal. Therefore, the scenario exploration
with JRC-EU-TIMES identifies which options can substitute or complement
wind when the EU policy is implemented under the presence of varying levels
of societal and environmental concerns.

3.3.1 Additional boundary conditions applied to highRES-Europe
In addition to the boundary conditions derived from the model coupling
described above, a number of important assumptions are made in the
highRES-Europe optimisation.

Firstly, following Millinger et al. [68], we assume that negative emission
technologies, i.e. bioenergy with carbon capture and storage (BECCS) in this
case, can only provide a limited amount of compensation for concurrent
fossil fuel emissions. This assumption is taken here to be a maximum
sequestration of 5 MtCO, beyond what is needed to achieve the emissions
targets coming from the whole energy system model for the electricity
system (which are ~ -80 MtCO,). This choice is made to prioritise emissions
reductions rather than offsetting vio BECCS and also to reflect the
substantial array of non-modelled factors surrounding speculative
technology options like BECCS, such as risks and uncertainties around scale
up and wider social, environmental and economic impacts [69], [70].

Secondly, biomass potentials, which provide fuel for both BECCS and
biomass power plants, are taken from the medium scenario of JRC
ENSPRESO [71]. Here we exclude: i) energy crops to minimise competition with
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food production, ii) imports to ensure the highest standards for feedstock
sustainability and iii) primary forest residues to mitigate concerns around
the sustainability of that supply chain. This results in a total biomass
potential for the 28 countries modelled in highRES-Europe of 1000 TWh/yr.

3.4 Micro-scale scenario development

To identify the micro-scale influence of wind turbine deployment in Europe,
we used three scenarios reflecting varying levels of social and
environmental constraints, as described in Section 3.2. These scenarios
defined the feasible areas for wind farm deployment. Within these areas,
potential wind farms were identified using our wind farm layout design and
grid connection cost model.

For this deliverable, we have chosen Styria, Austria, as our case study from
among the four pilot regions analysed in WIMBY due to the availability of
multi-criteria satisfaction analysis (MUSA) indicators. More details on the
applied MUSA indicators and methodology will be presented in WIMBY
Deliverable 4.6. These indicators will be provided by WP4.1 and WP4.2
partners. These indicators are derived from surveys conducted within the
study region and will inform the MCDA analysis that will be developed in
Deliverable 4.6. Following the selection of the region, we obtained nine
potential wind farm deployment scenarios from Section 3.2.4 and selected
three representative ones for further analysis, as presented in Table 12.

Table 12: Scenarios considered in micro-level analysis.

Scenario Environmental Social Technical Area available in Km? -
level level Styria

High-high High High Yes 110.63

Med-med Medium Medium Yes 2209.58

Low-low Low Low Yes 5848.21

The potential deployment areas (polygons) vary across the different
scenarios. To ensure consistency and comparability, the case study was
narrowed down to a specific district. Styria comprises 13 political districts, as
presented in Figure 13. Each district was evaluated for its presence in all
scenarios, since some lack areas that are feasible under high environmental
and social constraint levels.
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To identify a consistent and technically viable case study region, we applied
a combined spatial and technical filtering approach. First, all three scenario
outputs were overlaid and clipped by district boundaries to evaluate the
consistency in feasible wind deployment areas. Districts were then filtered
based on a minimum wind speed threshold (2 4.5 m/s) and sufficient
available land across all scenarios. Based on these criterig, the district of
Leibnitz, located south of the city of Graz, was selected as a case study. It
has a moderate average wind speed of =5 m/s at 100 m. The case study
was conducted to demonstrate the effect of the developed scenarios on
micro-level modelling.

Figure 13: Feasible areas for wind energy deployment in Styria, Austria, across three
land-use scenarios. Figure A represents the location of the Styria region in Austria,
Figures B, C, and D show the three scenarios: high-high, med-med, and low-low,

respectively. Blue arrows point to the Leibniz district.

Once the district was defined, another filter criterion was applied based on
typical onshore turbine density, which ranged from 6 to 7 turbines per Km?
[72]. Given the scope of the project, the focus was placed on small to
medium-sized wind farms. Figure 14 illustrates the resulting feasible areas
(polygons) for wind farm development based on the scenarios presented in
Table 12. The polygons were filtered according to two main criteria:

e The areas must be larger than the area required for three turbines.
e The maximum area was limited to 40 turbines. Larger polygons were
split.
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After applying the constraints:

e The high-high scenario yielded 3 potential polygons,

e The med-med scenario yielded 4 polygons, and

e Thelow-low scenario initially yielded 16 polygons, of which 5 exceeded
the maximum size and were split, resulting in a total of 21 polygons.

Figure 14: Feasible areas for wind energy deployment in Leibnitz, Styria, Austria, across
three land-use scenarios. Figure A represents the location of the Leibnitz district in
Styria, Figures B, C, and D show the three scenarios: high-high, med-med, and low-low,
respectively.

4. RESULTS
4.1Macro-scale modelling scenatrio results

4.11 JRC-EU-TIMES results serve as boundary conditions for highRES-
Europe
JRC-EU-TIMES scenarios results are presented first as they set the boundary
conditions for highRES-Europe in 2050. Greenhouse gas emissions among
the scenarios also have no variation, as all CLI scenarios shown in Table 1
for the EU-27 plus UK, Norway and Switzerland, assume the achievement of

This project has received funding from the European Union’s research and innovation programme Page 59 of 91
Horizon Europe under the grant agreement No. 101083460. This document reflects only the author’s view,
and the Commission is not responsible for any use that may be made of the information it contains



@ wimby o 145 w01

net-zero GHG emissions in 2050 with domestic measures only. Hence, we
zoom in on the CLIMM scenario as shown on the right of Figure 15 in terms of
sectoral emissions. In the following discussion, all results refer to the EU27,
including the United Kingdom, Norway and Switzerland (called EU27+)

Figure 15: Total greenhouse gas emissions in CO, equivalent for CLIMM scenario.

Overall, energy supply emissions are reduced most, underlining the large
potential for emissions cuts through renewable energy deployment in the
power sector. From the demand side, the highest reductions can be
observed in the building sector and transport. However, there is a more
limited scope for transport in the near term than in the long term. The
emissions trajectories in Figure 15 illustrate how crucial the next ten years
are to develop and deploy new climate-neutral technologies at scale,
decrease energy use, and phase out solid fossil fuels. In the EU-27+, buildings
and the power sector show the highest emissions reductions until 2030,
followed by transport. This is because the EU building stock is relatively old
and inefficient, with many low-hanging fruits for emissions cuts compared
to other sectors. In contrast, it can be claimed that electric vehicles are a
proven technology that can deliver carbon reductions in the transport
sector. The emissions reduction in the industry develops until 2030 at the
annual rates observed over the last decade, which signals the high effort the
sector has already put in place to reduce its carbon footprint as a result of
the strengthening of the emissions trading system. The JRC-EU-TIMES model
endogenously deploys mitigation options for the CO, emissions from fuel
combustion and industrial processes. At the same time, the trajectory of the
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non-CO, GHG towards net zero is an assumption of the model when
formulating the emissions target constraints. Figure 15 shows that CO,
emissions from combustion decrease faster than CO, process emissions in
the industrial sectors, and it is likewise for non-CO, emissions from other
sectors outside the energy system.

Figure 16: Electricity consumption for each end-use sector in JRC-EU-TIMES. Min-Max
range refers to the difference between the scenario with the minimum and the one with

the maximum.

The boundary conditions for the highRES modelling work include the total
CO2 emissions across all countries and electricity demand by end-use
sector. These main boundary conditions have shown minimal variation
among the scenarios, as seen in Figure 16. This is mainly led by the ETS and
ETS2 implementations, which impose a cap on Greenhouse gas emissions
in the industry, residential, and transport sectors. In addition, the
implementation of the EPBD Directive for building energy performance
standards, the new vehicle emissions standards, as well as the EED directive
for energy efficiency, leave little space in the end-use sectors and constitute
the electrification of the end-use sectors as the major option towards
decarbonisation. As a result, all sectors experience drastic electrification,
with transport being the most heavily electrified, consuming 4,367 PJ by
2050. The differences, however, among the scenarios are negligible except
for the residential sector, implying some flexibility in the substitution of
electricity for this sector.
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Figure 17: Final energy consumption in the CLIMM scenario for the EU-27+.

In the EU-27, coal becomes marginal in final energy consumption in 2030
(Figure 17), driven by reductions in industry and declared policies in several
member states to reduce coal for heating purposes and increase renewable
uptake. Oil remains a significant contributor to the final energy demand until
2030, but its consumption reduces to a fraction of the current level by 2050.
Natural gas consumption decreases significantly by 2030, especially in the
residential and services sectors. This is also driven by implementing the
REPowerEU plan that foresees at least a 30% reduction in the use of natural
gas in 2030 from today in the EU. In the long-run, natural gas consumption
in the EU has a share in total final energy consumption of less than 5%.

4.1.2 Scenario Variations in energy supply and Power Conversion Sector
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Figure 18: Changes in the hydrogen and synthetic fuels supply from JRC-EU-TIMES.

Electricity-based low-carbon fuels production takes off around 2030 and
2035 as seen in Figure 18 above. Synthetic fuel production has little variation
among the scenarios as it is mainly driven by the needs for synthetic fuels
in aviation, driven by the implementation of the ReFuelEU Directive in the
scenarios. On the other hand, green hydrogen has a wider variation among
the scenarios in 2040 which is enabled by the expansion of biomass and
waste with CCS capacities to offset any limitations in the green electricity
availability due to limited wind deployment in the highly constrained
scenarios. Hydrogen production scales up after 2030s, from around 320
PJ/yrin 2030 to 3160 PJ in 2050 with an addition of 886 PJ of electricity-based
synthetic fuels.
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Figure 19: Scenario variations of renewable electricity deployment for total Europe
deviating from the mean of all scenarios. The black dotted line is the arithmetic mean of

the values from all 9 scenarios from JRC-EU-TIMES.

As highRES-Europe demonstrates in detail the electric system designs in
2050, Figure 19 above aims to show the trajectory of the variation in installed
electric capacities of renewable technologies by considering the scenarios
constraining wind capacity expansion based on social and environmental
criteria. In particular, the figure shows the ways in which other renewables
compensate for the reduction in wind installation to meet renewable targets
and emissions targets (ETS) in the electricity sector by supplying the
demand. Following the CLIHH case indicated by the blue line, we see the
drastic compensation of electricity supply from solar and hydroelectric
power. Though the compensation of the electricity supply reduction from
wind via solar electricity scales more than hydro-electricity. While wind
contributes to meeting electrification-driven demand, its potential appears
to be overestimated. In contrast, the potential of hydro, as a near-perfect
substitute, is already fully exploited. With the reduction of around more than
200 GW from wind in 2050 for the CLI_HH case, an addition of c.a. 300 GW of
solar installations and merely 4 GW of hydro-electricity necessary. Biomass
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and waste with CCS installations is minimally influenced by the reduction
trajectory of wind and surges in capacity in 2040.

In the near-term period until 2030 the wind deployment remains relatively
the same across all scenarios, with the exception of the very high constraint
case. This is due directly to the capacity potential constraints introduced for
2050 from highRES. All the constraints are active in the optimization. The
potential for the CLI_HH case is less than half of the potential given for the
CLI_MM case. Due to the model's nature of perfect foresight and
implemented extrapolation rules, the JRC-EU-TIMES pre-emptively reduces
its capacity installation in the near term. This highlights the importance of
wind deployment in meeting the climate and renewable energy deployment
targets in the next 10-15 years. Figure 19 clearly shows that the trade-off in
renewable electricity is mainly between solar and wind, as bioenergy and
hydropower have limited potential for expansion due to resource
constraints (bioenergy) or already high exploitation rate of sustainable
potential (hydropower).

The JRC-EU-TIMES model has a perfect foresight optimisation with low intra-
annual resolution, compared to the highRES-Europe model which is a
snapshot model but with high spatial and temporal detail. Besides, JRC-EU-
TIMES sees lead-in times for the infrastructure deployment, grids or energy
supply assets including wind. This is particularly important for the
deployment for the wind offshore, as good capacity factors are achieved in
deep waters far from the coast with the need for extensive and costly grid
connections. In this regard, and as discussed also in the next section, the
results from the JRC-EU-TIMES are conservative in the deployment of wind
offshore electricity.

4.1.3 National-level cumulative new wind capacities trajectories and
near-term challenges
Figure 20 shows the total installed capacity per country for today and in
2035 (CLI_MM scenario case), as well as the cumulative new installations in
wind for 2025 and 2035 in all scenarios examined. The numbers include both
offshore and onshore wind.
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In the near-term horizon until 2035, and for the CLI_MM scenario, Europe is
projected to add about 480 GW of wind, mostly onshore, while the offshore
installations are ramping up. Germany is the onshore leader, due to the
supportive legislation in recent years and continuing strong political
backing and reform momentum; at the same time, offshore wind capacity
in Germany sees a rapid expansion. The United Kingdom can be
characterised as an offshore powerhouse, supported by supply-chain
funding, the upcoming Crown Estate investments and the next offshore
auction targets; however, the UK will need to proceed faster in the near term
with the grid upgrades to support the expansion of offshore capacity by
2035. The Nordic countries (Sweden, Finland and Denmark) continue strong
trajectories, leveraging supportive policies and community backing. Finally,
a set of countries like France and Poland can be characterised as emerging
markets, signalling the broadening of wind leadership beyond traditional
players.

Based on Figure 20, Germany, United Kingdom, Ireland and Spain becomes
the “first movers” in its expansion in wind installations. The potential
restrictions in the scenarios play a bigger role in the early years, around the
2025 milestone years, as capacities vary more among the scenarios than in
2030. Germany remains the main the highest in wind capacity (ca. 145 GW)
in 2035. On the other hand, France and Italy increase their new capacities in
2035 from ca. 1 GW to 55 and 48 respectively.

To realise the above geographical distribution of wind expansion in Europe
between 2020 and 2035, concrete and persistent challenges need to be
tackled. Even in countries which are first movers in wind expansion, like
Germany and the UK, permitting for example remains an issue due to
complex, decentralised processes and legal appeals. Supply chain
constraints, including turbines, raw materials, vessels etc. need to be
overcome too across Europe. Grid infrastructure upgrades will be needed to
be completed in a rather short time, especially for offshore generation to
keep pace with the new capacity ambitions of the UK and the Nordic
countries. Finally, volatile auction designs and financing issues, seen for
example in the UK's failed AR5 round, underscore the need for stable,
investment-friendly frameworks to de-risk deployment and accelerate wind
uptake in the next 10 to 15 years across the European continent.
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Installed wind capacity in GW in 2020 for the CLI_MM case Installed wind capacity in GW in 2035 for the CLI_MM case
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Figure 20: (a) Installed wind capacity in 2020 and 2035; (b) cumulative wind capacity
installation for 2025; (c) cumulative wind capacity for 2030 on a national European
level. The ranking of the countries is based on the largest to smallest of wind capacity
for scenario CLIHH. The figures (b) and (c) serve to observe the ranking.
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4.1.4 Cost and design implications for Europe’s electricity system in
2050
In this section, we present an overview of the highRES-Europe modelling
results, i.e. the design of the continental power system covering 28 European
countries in 2050. Here, our aim is to showcase the implications of varying
levels of social and environmental protections/restrictions on power system
design and total annualised system costs.

Figure 21: Spatial (NUTS2) distribution of onshore wind capacities for the nine scenarios
from highRES-Europe modelling. The colorbar is capped at 15 GW to keep the lower end

of the scale visible; some NUTS2 areas have installed capacity in excess of this limit.

Firstly, in Figure 21, we show the NUTS2 level capacity deployment of onshore
wind across the nine land availability scenarios with their different levels of
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prioritisation around social and environmental protections. It is clear that the
deployment pattern changes substantially, both across Europe and within
countries, from the low-low case to the high-high case. In the former, and a
number of the other lower restriction cases, wind siting is concentrated in
favourable (i.e. windy) NUTS2 regions. As one then moves to the higher
restriction scenarios, and particularly high-high, installed wind capacity is
both markedly less in absolute terms, but also more evenly distributed over
a greater number of NUTS2 areas.

Figure 22: Installed electricity system capacities for the low-low (social-environmental)
scenario (left) as well as the relative difference for the remaining eight scenarios,
compared to the low-low scenario. The upper panel of the figure shows electricity

generation technologies while the lower panel shows energy storage. All results from
highRES-Europe modelling
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Figure 22 plots the aggregated installed electricity system capacities, with
generation in the top panels and storage in the bottom panels, of all 28
countries modelled in highRES-Europe in the low-low scenario (left panels).
Here, we see a combined system dominated by variable renewables, with
total wind power capacity of ~1300 GW onshore and ~300 GW offshore in the
low-low case. The right panels then show that as the restriction/protection
levels increase, this ratio changes such that by high-high there is just ~200
GW of onshore capacity and ~650 GW of offshore, i.e. the model responds in
part to constraints on onshore by deploying more offshore wind.

Figure 23: Comparison of installed onshore wind power capacity in the high-high
scenario from highRES-Europe and 2024 levels, based on data from ENTSO-E [73] and
U.K. Department for Energy Security and Net Zero [74].

For onshore, the deployed volume in the high-high scenario should be
compared with today’s cumulative onshore capacity across these 28
countries of 229 GW [73], [74], indicating the pessimistic outlook this case
has for this technology. The difference between today (2024) and the high-
high scenario is particularly striking for Germany, which sees a reduction of
55 GW of onshore wind, as shown in Figure 23. Similar results are obtained
for other large European countries, such as France, Italy, and the United
Kingdom, although less dramatic than Germany. Some smaller countries (in
terms of population) see an increase, even in the high-high scenario, such
as Finland, Norway and Ireland. This is likely a combination of relatively large
land areaq, low population density (making the high social scenario less
impactful) and a lower existing capacity in 2024. Finally, it is also noteworthy
that around 200 GW more battery capacity is installed in the high-high
compared to the low-low cases. This is likely to be at least partially explained
by the increase in installed solar PV between these two scenarios, given the
typical synergy between batteries and solar.
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Figure 24: System-wide annual electricity generation for the low-low scenario (left), as
well as the relative difference to the low-low scenario for the remaining eight scenarios
(right) from highRES-Europe.

Finally, at the European level, in Figure 24, we show annual electricity
generation in a similar manner to Figure 22, i.e. for the low-low case and then
the change with respect to that across the other eight scenarios. This chart
underscores the important role played by onshore wind in the lower
restriction cases, with it providing ~2400 TWh or a third of electricity
generation per year for the entire European system. It also highlights the
pivotal role played by offshore wind in replacing electricity supplied by
onshore wind as the prioritisation of social and environmental factors grows
across the scenarios. While at the capacity level, offshore appears similar to
solar PV, given its typically much higher capacity factor, it plays a much
more significant role in generation terms. Ultimately, the vast majority of the
~2000 TWh of onshore generation lost in the high-high case is replaced by
offshore wind, solar PV and nuclear.
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Figure 25: Share of annual generation across the 28 modelled countries for the diagonal
scenarios of low-low (L-L), medium-medium (M-M) and high-high (H-H) from
highRES-Europe modelling

Moving to the national level, Figure 25 shows the share of annual electricity
generation by country across low-low, medium-medium and high-high
scenarios. These panels demonstrate how, as the role of onshore wind is
progressively reduced due to increasing social and environmental
restrictions, national electricity systems are reorientated more toward
offshore wind (where possible) and solar PV. Countries like France, the Czech
Republic and Slovakia switch to deploying new nuclear power, despite it
being a more costly choice than variable renewables. Nevertheless, most
countries remain heavily reliant on a mix of wind and solar PV to meet their
electricity generation needs, with small amounts of balancing power
coming from biomass and natural gas (note that storage plays a key role in
providing flexibility and is not shown in this figure).
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Figure 26: Total annualised system cost increase relative to the low-low scenario for the
whole of Europe (all 28 countries modelled in highRES-Europe combined).

Next, we show the total annual system cost implications for the nine land
availability scenarios relative to low-low in Figure 26. Here, we see that for
restrictions involving a combination of low and medium, the system cost
increases are at most ~4%. These increases are driven by the continent's
electricity supply being re-orientated toward less reliance on onshore wind,
one of the cheapest forms of electricity generation in our modelling, as land
available for deployment progressively becomes less across the scenarios.
Bringing the high prioritisation level of either dimension into play leads to
cost increases of ~5% or more as the available space for onshore wind is
further restricted. Indeed, the high-high case results in a ~15% increase in the
total annualised cost of the system, equivalent to an extra ~104 €bn/yr (in
2024 euros) in expenditure on Europe’s electricity system. Again, this is
brought about by the high levels of protection assigned to social and
environmental aspects in this potential future scenario, substantially
restricting the land available for wind, particularly onshore wind. As a result,
the optimal system moves towards a more expensive design that relies
more on offshore wind, solar PV, batteries and particularly costly options like
new nuclear.
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4.2

. Micro-scale modelling scenario results

This section presents the micro-scale modelling, focusing on the resulting
wind farm layout and connection costs.

Figure 27 illustrates the spatial distribution of all eligible wind farm polygons
across the three scenarios. The polygons highlighted with red arrows were
selected for detailed analysis, as they were consistently identified as
suitable across all three scenarios. The blue dots represent the existing
MV/HV substations in the Leibnitz district [75]. In the low-low scenario, one
of the selected polygons was subdivided due to its large size, following the
constraints outlined in Section 3.4. The comparison across the scenarios
illustrates how land-use assumptions influence both the spatial availability
of suitable areas and their proximity to existing grid infrastructure.

Figure 27: Spatial distribution of eligible wind farm areas and substation infrastructure
under the three land-use scenarios in the selected district. Blue markers represent the
location of existing MV/HV substations obtained from OpensStreetMap (0SM) [75].
Green dashed areas indicate regions eligible for wind farm deployment. Red arrows
point at specific polygons selected for detailed analysis; each associated with an

internal substation (black dot).

Figure 28 illustrates the internal wind farm layout for each scenario,
including turbine placement, cable cross-sections, and substation location.
The results clearly demonstrate the influence of the number of turbines and
cable sizing on total internal costs. With a fixed turbine spacing of 4D, layout
compactness varies with land availability, which in turn affects both energy
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yield and infrastructure costs. This suggests that optimising turbine spacing
is crucial not only for energy yield but also for minimising infrastructure
costs. For instance, the low-low scenario, despite hosting more turbines,
shows a less compact network and higher cable costs, highlighting how
looser land constraints can increase internal infrastructure requirements.

Figure 28: An illustrative example of the internal grid connection model output. The wind
farm boundary is provided as a feasible area from Section 3. The location of wind
turbine generators (WTG) is determined by the wind farm layout model described in
Section 2.3.1. The figure shows nmax = Maximum number of cables that can be connected
to the substation, N = Number of WTG, ¢,= Number of sharp cables turning angles along
with the percentage increase, Y, I=Total length in meters of all cables in the layout, € =
Total estimated internal cabling cost in euros. The legend in the top-right corner
indicates the cable cross-sections, 0SS = Onshore substation, WTG, and wind farm

boundary.

Figure 29 presents the optimised connection paths from the internal
substation to the nearest external substation for three representative wind
farm cases (high-high, med-med, and low-low). The routing varies
significantly between scenarios, reflecting adaptations to the underlying
terrain and land-use characteristics. This variation suggests the model
effectively adapts to geographic constraints to reduce costs, even if it
means longer or more circuitous routes. In the low-low case, the split
polygon necessitates dual connections, which contributes to the higher
external costs as presented in Table 13.
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Figure 29: Anillustrative example of the external grid connection model output.

Table 13 summarises the performance of each scenario in terms of turbine
count, AEP, and the associated internal and external connection costs. While
the low-low scenario leverages a significantly larger areq, leading to the
highest AEP, its external costs are nearly 80% higher than those of high-high.
This is a disproportionate increase compared to its 64.5% gain in AEP. This
highlights a clear trade-off between land availability and economic
efficiency, where greater AEP may come at the expense of substantially
higher infrastructure investment, depending on the scenario. This is
particularly true when infrastructure costs rise non-linearly with spatial
dispersion.

In contrast, the med-med scenario, though lower in both AEP and turbine
count, achieves the lowest internal and external costs. It may offer a more
cost-effective balance between yield and investment. These findings
highlight the importance of integrating spatial, energy, and cost
assessments in wind farm planning, where optimal solutions may not
necessarily correspond to maximum energy output, but rather to strategic
trade-offs among land availability, grid integration costs, and layout
efficiency.

Table 13: Summary of results of the chosen polygon in each scenario.

Scenario N° AEP Total Internal connection External connection
Turbines (MWh) cost (k€) cost (k€)

High- 28 100636.46 121.46 1002.51

high

Med- 17 55954.49 62.05 888.66

med

Low-low 34 165537.78 141.41 1806.61
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5. SUMMARY AND CONCLUSIONS

In this deliverable, we have used electricity and energy system modelling
across a range of scales to understand the implications for these systems
of varying levels of prioritisation of the social and environmental factors that
can shape wind power deployment. To conclude, in this section we
summarise our initial results, noting that a detailed trade-off analysis will
follow in WIMBY Deliverable 4.6.

5.1 Macro-scale

5.1.1 The pathway to a carbon-free Europe-wide energy system

The JRC-EU-TIMES pathway scenario analysis underscores the urgent need
to accelerate the deployment of renewable technologies and supporting
infrastructure within this decade, particularly to enable the electrification of
heating and transport. Given current construction and permitting lead times
for wind in the EU and neighbouring countries, achieving the projected
doubling of wind capacity from 2025 levels presents a major challenge. Most
near-term additions are expected to be onshore wind, with offshore wind
scaling up post-2035.

The shift toward a carbon-free energy system depends on rapid demand-
side electrification. Electricity’s share of final energy consumption rises from
24% in 2020 to at least 40% by 2035, and over 50% by 2050—including
international transport. This shift is largely driven by regulatory mandates,
such as the requirement for all new vehicles to be zero-emission from 2035
onwards. Some countries, like Sweden, have already enacted bans on fossil-
fuelled cars.

Alongside electricity, hydrogen and synthetic fuels (advanced biofuels and
e-fuels) gain importance, particularly in industry and international
transport. Their combined share of final energy consumption grows from 5%
in 2035 to 8% by 2050 under the net-zero scenario. This transition raises
electricity demand from 450 TWh in 2035 to over 1200 TWh in 2050.

This project has received funding from the European Union’s research and innovation programme Page 77 of 91
Horizon Europe under the grant agreement No. 101083460. This document reflects only the author’s view,
and the Commission is not responsible for any use that may be made of the information it contains



@ wimby o 145 w01

Meeting this demand is particularly challenging when wind deployment is
constrained by non-cost barriers. As detailed in Section 5.1.2, limits on wind
expansion create trade-offs, especially with solar PV. While JRC-EU-TIMES is
somewhat more conservative than highRES-Europe in offshore wind
deployment®, both models highlight the interdependence between wind
and solar in the long run. An increased reliance on solar PV requires
additional battery and seasonal storage—particularly in countries with
pronounced seasonal imbalances—to ensure energy system resilience. In
the near-term, until 2035, constrained wind deployment is also associated
with increased gas imports (+200 PJ/yr in the high constraint case vs the
low constraint case) and a deceleration of heating electrification, implying
also an increase of the GHG emissions.

512 Cost and design implications for Europe’s electricity system in
2050

To understand the cost and design implications for Europe’s electricity
system in 2050 and the role of wind power in delivering net-zero, the nine
social and environmental land availability scenarios we developed were
used to constrain wind deployment in highRES-Europe. We coupled the
model with JRC-EU-TIMES to provide electricity system boundaries, thus
ensuring the systems designed by highRES-Europe are compatible with a
net-zero energy system. Initial insights from this modelling are as follows.

Firstly, varying the level of prioritisation given to social and environmental
protections has substantial impacts on the role of onshore wind in Europe’s
2050 electricity system. If a low restriction future is realised, the installed
capacity of onshore wind reaches ~1300 GW in 2050. At the other end of the
scale, if restrictions from social and environmental factors are pushed to the
maximum we consider here, onshore wind drops to ~200 GW (around 15% of

¢ The difference in the wind offshore deployment between JRC-EU-TIMES and highRES is
partly due to investment lock ins that occur in the pathway analysis. Wind offshore is
characterised by 1.5-2x the construction time of onshore, varying also by depth, while any
additional underwater grid connections also require 2x the construction time of a landline.
The longer the construction time is, the stronger is also the lock-in to alternative options to
supply demand during these long construction periods, limiting further future deployment.
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that installed in the low-low case), which is less total capacity than currently
installed across these 28 countries.

As onshore wind is progressively constrained, the least cost European net-
zero electricity system design is reorientated toward the installation of more
capacity of the other key variable renewables, batteries and some new
nuclear power. Indeed, offshore wind and solar PV increase by more than
400 GW and 350 GW, respectively. Therefore, despite the limitations placed
on onshore wind, variable renewables continue to make up the bulk of
Europe’s electricity generation even in the highest restriction scenario.

The highest level of protections results in a pessimistic outlook for the role of
onshore wind in a number of countries. For instance, installed capacity in
Germany declines by ~55 GW compared with today (2024). However, other
European countries, such as Spain, Norway and Finland, still see an increase
in onshore wind capacity compared to today, even in this most challenging
of scenarios.

Scenarios with greater levels of prioritisation for social and environmental
factors lead to higher total system costs. Cases with some combination of
low and medium level protections see total systems costs for Europe
increasing by at most ~4%. However, the three highest restriction cases result
in system costs growing by more than 8% per year with high-high reaching
an almost 15% (~104 €bn/yr in 2024 euros) increase. This increase occurs
because systems with greater restrictions are configured in a less spatially
and technologically optimal manner compared to systems with less
constraints. Put another way, due to social and environmental factors, total
wind power deployment is restricted and, where possible, is no longer able
to be sited in the most cost-effective locations, both in terms of access to
the best capacity factors and to leverage spatial diversity.

5.2 Micro-scale

We have presented a comprehensive wind farm optimisation model that
integrates wind resource assessment, turbine placement, wake effect
modelling, internal cabling optimisation, and external grid connection cost
estimation. The model operates at a high spatial resolution and accounts
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or real-world constraints such as land use restrictions, terrain
choracterlstlcs, and infrastructure availability.

The core strength of the model lies in its ability to balance multiple
objectives: maximising the AEP, minimising internal cabling costs, and
reducing external grid connection expenses. This is achieved by evaluating
multiple scenarios that consider environmental and social constraints.
Turbine layouts are optimised, while cabling follows a cost-efficient design
based on Delaunay triangulation. External connection paths are further
refined to avoid areas with high development constraints, demonstrating
how routing is sensitive to land cover cost.

The scenarios with larger land availability, such as low-low, enable greater
energy output by accommodating more turbines. However, this comes at a
significant increase in total infrastructure cost—highlighting that more
space does not automatically translate into better cost-performance. For
instance, although the low-low scenario yields 64.5% more energy than
high-high, its total connection cost is ~80% higher. This illustrates the trade-
offs between land use type, energy potential, and capital expenditure. These
findings emphasise the importance of integrated spatial and techno-
economic modelling in wind energy planning. Rather than relying solely on
wind potential or land availability, optimal site selection must consider a
combination of energy vyield, infrastructure costs, and land development
constraints.

An MCDA of different wind farms aims to showcase the competition among
technical, economic, environmental, and social criteria, using models and
results from the micro-level modelling other work packages in WIMBY. The
analysis will be presented in the final deliverable (D4.6).
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ANNEX

Figure 30: Geospatial overview of eligible and excluded land areas for offshore wind
power deployment based on technical aspects only.
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Figure 31: Geospatial overview of eligible areas for wind offshore deployment based on

the three environmental scenarios.

Figure 32: Geospatial overview of eligible areas for wind offshore deployment based on
the three social scenarios.
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Table 14: Major data sources used in the recalibration of the JRC-EU-TIMES model to the
2019 statistics

Major data category Major database(s) used

Macro-economic (GDP, Gross value EUROSTAT national accounts (link)

added, Industrial production) EUROSTAT industrial production (link)
Swiss Federal Statistical Office - Gross
domestic product: production approach
(1995-2021) (link)
Swiss Federal Statistical Office — Secondary
sector Production, Orders and Turnover
Statistics — yearly series 1999-2022 (link)

Demographic (population, EUROSTAT population and demography (link)
households, building stock, floor Federal Statistical Office — Demographic
ared, urbanisation) balance by Canton, 1971-2021 (link)

Swiss Federal Statistical Office — Private
households by Canton and household size
(2010-2021) (link)
SWEET CROSS database (link)

Energy balances, trade and cross- EUROSTAT energy statistics (link)

border infrastructure ENTSO-E (link)
ENTSO-G (link)
Swiss Federal Office of Energy — Energy
Balances 2019 (link)
Swiss Federal Office of Energy — Analysis of
energy consumption by specific use (link)
Swissgrid grid data production and
consumption 2019 (link)
Swissgas (link)

Power plants (capacities, JRC IDEES database (link)

production) EUROSTAT energy statistics (link)
IEA WEO series 2019 and 2020 (link)
EIA international statistics (link)
Federal Office of Energy (link)
Swiss Federal Office of Energy — Thermal
production including CHP 2019 (link)
Swiss Federal Office of Energy — Statistics of
renewable energy sources 2021 (link)
Swiss Federal Office of Energy — Statistics of
hydroelectric installations in Switzerland 2022
(link)
Swiss Federal Office of Energy — Statistics of
solar photovoltaic and solar thermal
installations 2021 (link)
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https://www.swissgrid.ch/dam/dataimport/energy-statistic/EnergieUebersichtCH-2019.xls
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https://joint-research-centre.ec.europa.eu/potencia/jrc-idees_en
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Swiss Federal Office of Energy — Swiss
Electricity statistics 2021 (link)

Mobility sector (vehicles, mileage, JRC IDEES database (link)

pkm, tkm) JRC POTENCIA Central Scenario database
2018 (link)
EUROSTAT mobility statistics (link)
EUROSTAT transport pocketbook (link)
Swiss Federal Statistical Office — Vehicles
stock (link)
Swiss Federal Statistical Office — Passenger
vehicles performance 2022 (link)
Swiss Federal Statistical Office — Goods
vehicle performance 2022 (link)
Swiss Federal Office of Energy — Consumption
in transport 2022 (link)
SCCER JASM database car costs 2020 (link)
SWEET CROSS database 2022 (link)
EP2050+ 2021 (link)

Buildings sector (building stock, EU building stock observatory (link)

appliances, floor area, heating JRC IDEES database (link)

systems) SCCER JASM database (link)
SWEET CROSS database (link)
Swiss Federal Statistical Office — General
buildings overview by Canton 2019 (link)
Swiss Federal Statistical Office — Buildings per
heating system, construction period and
category 2021 (link)
Swiss Federal Office of Energy — Evolution of
the heating floor area, annual updates, 2023
(link)
Swiss Federal Office of Energy — Ex-post
analysis of the energy consumption in
households 2000 - 2021 (link)
EP2050+ input assumptions on heating
systems costs (link)

Industry and Services sectors JRC IDEES database (link)

(energy service demands and Swiss Federal Office of Energy — Energy

consumption by use) consumption by NOGA activity 2021 (link)
Swiss Federal Office of Energy — Energy
consumption in Industry and Services sectors
(link)
SCCER JASM database (link)
SWEET CROSS database (link)
EP2050+ (link)
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