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0. Executive summary

Offshore renewable energy (ORE) plays a pivotal role in the transition to a carbon-
neutral energy system in the European Union (EU). Accurately capturing the
contribution of offshore wind power, wave power, and floating offshore solar
photovoltaics (OSPV) in the development of Europe's future energy systems is
becoming increasingly important to better define energy transition scenarios and
unlock the full potential of renewable energy.

The purpose of this report is to provide a strategic pathway to a fully renewable
energy system in Europe to accelerate the deployment of ORE technologies. The
study aims to support the EU’s energy transition by offering a clear vision of how
different ORE technologies will impact the energy transition in Europe. By focusing
on high contributions of wave power, offshore wind power, or OSPV in Europe, the
transition addresses a substantial portion of emissions from the power, heat,
transport, and industry sectors. The integration of ORE aligns with the European
Green Deal's emphasis on increasing the shares of renewable energy in the total
energy supply of the EU.

This study expands the LUT Energy System Transition Model (LUT-ESTM) to
incorporate offshore renewable energy technologies, i.e., offshore wind power,
wave power, and OSPV, to assess their role in achieving the European Green Deal
targets. Leveraging high-resolution spatial (0.45°) and temporal (hourly) data, and
validated techno-economic input from the EU-SCORES project, the model enables
a comprehensive analysis of offshore resource potentials across European regions.
Six scenarios are developed, aligned with, above, and below the ambition of the
Green Deal, to evaluate the systemic impact of offshore technologies. The results
provide insights into system operation, overall cost implications, and greenhouse
gas emission reductions, highlighting the relative importance of each offshore
technology under various transition pathways.

Energy transition scenarios for the European energy system were modelled using
LUT-ESTM, a linear optimisation tool designed to create cost-optimised scenarios
for the full energy-industry system. LUT-ESTM features hourly resolution over a full
year, a geographical multi-node structure, and methodologies for dispatch and
investment optimisation. The energy transition across Europe is explored through
six scenarios: the reference Best Policy Scenario (BPS), aligned with the European
Green Deal and the European Commission’s (EC) ORE growth targets, as well as
scenarios examining the effects of limited or expanded offshore wind power and
wave power expansion (lowOE and highOE scenarios), of OSPV introduction (FPV
scenarios), and an accelerated pathway to carbon neutrality by 2040.

The configurations and results in this study are based on preliminary layouts and
discussions under the EU-SCORES project, where real data, particularly for
installation and operation and maintenance (O&M), can be refined and
incorporated into future analysis.

The main findings emphasise that technological flexibility, particularly in offshore
wind power and OSPV, significantly enhances system adaptability in spatially
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constrained regions, resulting in notably higher offshore energy supply and e-fuel
production. The results show that OSPV deployment can increase offshore
electricity supply by up to 2-3 times and e-fuel output by up to 90% in regions, such
as Benelux under high ocean energy and offshore solar scenarios. Thus, this result
confirms that domestic hydrogen production in this region will be more
economically efficient than its import.

Shifting the energy system towards high levels of RE sources is a major strategy to
reduce greenhouse gas (GHG) emissions and prevent irreversible damage to our
planet. This shift promises benefits that extend beyond merely reducing fossil fuel
consumption and mitigating environmental impacts with offshore renewable
energy technologies playing a particularly important role. Offshore wind power,
wave power,and OSPV offer vast, underutilised resource potential, high generation
profiles, and strong complementarity with onshore renewable energy, making
them key enablers of a resilient, balanced, and fully defossilised European energy-
industry system.

In addition, four scenarios for Chile were investigated to explore the potential role
of their abundant wave power resources, particularly under e-fuel, e-chemical, and
e-material export scenarios, which in part correspond to 10% of the fuel and
chemical feedstock demands in Europe. The results indicate that by 2050, wave
power can provide a complement to onshore renewable energy, reducing total
installed capacity by 9% and electricity storage needs, only leading to marginally
increased costs compared to cost-optimal conditions. Wave power in some regions
of Chile may have higher social acceptance, as it avoids large land required near
densely populated urban centres.

This report covers the impact of offshore energy technologies in detail for all energy
system components, their operation, the overall energy system cost, and potential
impacts on GHG emission reduction targets. The report emphasises how the
impact during the transition changes.

* ¥
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1.

Introduction

In 2023, the average surface temperature of Earth's land and oceans was 0.6°C
above the 1991-2020 average and 1.48°C above the 1850-1900 pre-industrial level
according to World Meteorological Organisation (WMO) [1], making it the highest
global temperature ever recorded in National Oceanic and Atmospheric
Administration (NOAA) [2]. This unfavourable change in global temperature
indicates a significant increase in extreme weather events and leads to the climate
urgency that has been increasingly discussed in recent years [1,3]. The climate
urgency is primarily driven by anthropogenic greenhouse gas (GHG) emissions,
highlighting the urgent need for comprehensive mitigation efforts to reduce both
overall GHG emissions and in particular carbon dioxide (CO) emissions to prevent
further climate change.

A clear vision of a future that requires urgent action to mitigate climate change
and address sustainable development issues has become possible with the
adoption of the Paris Agreement [4] and the United Nations (UN) Sustainable
Development Goals (SDGs) [5]. The long-term vision developed by the European
Commission (EC) in the framework of the European Green Deal [6] sets out possible
pathways for Europe to transition to a climate-neutral economy by 2050, in line
with the goals of the Paris Agreement. The European Union (EU) strategic goals
include reducing GHG emissions by at least 55% by 2030 and achieving carbon
neutrality by 2050 [7]. In March 2023, the EU aimed at speeding up the expansion
of renewable energy (RE). The new framework sets a target for RE to account for
42.5% of the EU’s total energy consumption by 2030, with an additional goal of
achieving 45% [8]. To achieve these goals, the EU and European countries are at the
forefront of the implementation of RE technologies, including offshore RE (ORE)
technologies. ORE, and in particular, floating offshore solar photovoltaics (OSPV)
could be considered as a key component of future energy systems of European
countries [9], especially in regions with high ORE potential, such as lberia, Ireland,
and the United Kingdom (UK). In addition, OSPV may be an additional source of
electricity in the Mediterranean, if onshore land is limited for electricity supply, in
particular for islands without grid connection to the mainland. The use of ORE plays
a significant role in the energy transition in Europe. The growth in the share of ORE
contributes to sustainability, stability, and flexibility in the European energy system.

The adoption of a more sustainable energy system based on clean technologies is
a key indicator of a sustainable energy future. The transition towards a low-carbon
energy system is already progressing in numerous countries. According to studies
[10], this process not only contributes significantly to climate change mitigation, it
also generates considerable economic advantages. The EU, along with all
European countries, has the opportunity to take a global leadership role, aiming to
become the first continent to achieve net zero GHG emissions and inspire the rest
of the world to achieve climate neutrality by 2050.

Solar PV is the fastest-growing RE technology in the world [11,12] and will play a
significant role to achieve the EU's climate-neutral goal by 2050. It is the most cost-
effective electricity source, with the capability to meet all final energy demands
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through sector coupling and power-to-X (PtX) technologies [13,14]. Together with
onshore wind power, solar PV has the potential to become the main energy source
across Europe in the near future [15,16]. However, to support flexibility and reliability
of the system, and to supply energy where and when solar PV and wind power are
limited, ORE becomes an important part of the future energy mix [17,18]. ORE in
general delivers a more stable generation profile and has relatively high capacity
factors [19]. Moreover, in a region such as lberia, Ireland, or the UK, wave power,
offshore wind power, and OSPV could provide power to the coastline
agglomerations, where energy demand is high and available land area is limited.
In addition, due to relatively stable generation profiles, ORE could potentially
reduce the supply for energy storage in future energy systems and stand on par
with onshore RE technologies [20].

To reach Europe's full net zero emission target, ORE must be considered,
developed, and evolved in the energy system. The International Renewable Energy
Agency (IRENA) [21] estimates the global ORE potential between 45,000-130,000
TWh. With these figures, ocean energy can complement solar PV and wind power
and provide the energy system with additional flexibility needed to ensure reliable
energy supply. Increased public funding and revenue support mechanisms have
been driving wave power development in Europe in recent years. According to the
Ocean Energy Europe stats and trends report [22], 595 kW of new wave power
capacity were installed in Europe in 2023, exceeding the five-year average of
previous deployments. The total installed capacity of wave power in Europe since
2010 is estimated at 13.3 MW. As a result of EU support, the deployment of wave
power technologies will accelerate in the coming years and wave power will play
an integral role in the future energy systems of Europe.

Floating solar PV in general apart from onshore solar PV, is a relatively new
technology that has seen a steady expansion around the world over the past
decade and onshore applications [23] with expected OSPV following. Currently,
most floating PV systems are installed on inland reservoirs, while OSPV systems
have started to experience accelerated growth. With a forecasted compound
annual growth rate of 22% and using 10% of the worlds onshore reservoirs, onshore
floating PV could provide 23.3 GW of installed capacity [24]. In addition, the global
market of floating PV is expected to exceed 6 GW by 2031. Based on SolarPower
Europe’s data in 2022 [25], the total cumulative installed capacity of floating PV
worldwide reached 5.7 GW, demonstrating the growing global interest and
increasing pace of implementation of this technology. In Europe by 2022, there was
around 451 MW of grid-connected floating PV capacity with around 61% located in
the Netherlands with a total installed capacity of almost 280 MW (see Table 1) [25].
These data reflect the acceptance of this technology. The development and
installation of reliable OSPV systems can further expand the potential of floating
PV systems. However, such OSPV systems require agile designs to guarantee its
operation in a harsh environment with high wind and wave loads, while keeping
the installation cost at competitive level. Overall, floating PV represents one of the
solutions to tackle global climate change, while contributing to the EU’s efforts to
achieve climate neutrality targets [26].
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Table T-Installed floating PV capacity in Europe by 2022 [25].

Country Share (%) Capacity (MW)
Netherlands 6l 280
France 18 80
Austria 5 25
Germany 5 25
Spain 2 10
Portugal 1 6.2
Rest of EU 8 36.2
Total 100 451

Europe holds a leading position in the offshore wind power industry [27]. The
existing offshore wind power capacity in Europe can cover the region’s electricity
needs, with demand projected to rise steadily in the years ahead. By 2024, Europe
had around 37 GW of installed offshore wind power capacity connected to the grid
[28]. Thereof, 2.6 GW was added in 2024, marking a 28% decrease compared to the
3.6 GW installed in 2023 [28,29]. However, meeting the EU’s climate targets will
require a significant acceleration in the pace of installation and, as a result, an
increase in investments in offshore wind power projects. According to targets set
by the EC [6], to reach climate neutrality by 2050, offshore wind power capacity is
expected to reach 160 GW by 2030 and 450 GW in 2050 thereof 212 GW in the North
Sea, 85 GW in the Atlantic Ocean (including the Irish Sea), 83 GW in the Baltic Sea,
and 70 GW in the Mediterranean and other Southern European waters [30]. The
installed capacity figures for 2030 and 2050 provide the foundation to construct
offshore wind power scenarios applied in the energy transition modelling for
Europe in this report. This potential capacity corresponds to approximately 80% to
180% of the EU’s total electricity demand, depending on the scenario considered.
Offshore wind power in Europe has the technical potential to generate up to
2600 — 6000 TWh per year, with generation costs projected to remain at or below
65 €/MWh including grid connection and anticipated technological advancements
by 2030 [30]. This analysis suggests that offshore wind power could supply up to
25% of the EU’s electricity consumption at an average cost of 54 €/MWh in the most
favourable locations using the technologies that will have been developed by 2030
[31]. Recent research by Satymov et al. [32] suggests that, by 2050, Europe could
unlock substantially more offshore wind power potential of 9331 TWh with a LCOE
below 50 €/MWh with a WACC of 5% and 5995 TWh with a LCOE below 60 €/MWh
and a WACC of 7%.

In recent years, the consolidation of offshore wind power technology and
advancements in OSPV and wave power technology have made combining these
technologies a viable alternative [33]. The combinations of wind power and wave
power, and wind power and OSPV in multi-source energy parks are grounded on
two main principles: (i) increasing the sustainability of RE technologies through
more efficient use of resources, and (ii) reducing costs by sharing significant
expenses of ORE projects.
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The synergies of combined projects can include enhanced energy yield, better
predictability, smmoothed power output, common grid infrastructure, shared
logistics, operation and maintenance (O&M) resources, and infrastructures.
However, the enhancement of RE parks leads to increased demand for critical
materials, energy for manufacturing and transportation of devices, and increased
waste management [34].

Sustainable development of offshore wind power, wave power, and OSPV
industries requires efficient planning and use to optimise their exploitation while
safeguarding the natural and social environment. To achieve the goals of a
competitive, net-zero-emission economy and a sustainable energy transition,
decision-making must incorporate both technical and economic considerations as
well as assessments of embodied CO, footprints and potential socioeconomic
benefits.

One of the objectives of this report is to assess the impact of ORE technologies on
the European energy system and analyse their contribution to GHG emission
reductions through energy transition modelling. This study is conducted using
different modelling scenarios that are in line with the objectives of the European
Green Deal.

The report also examines changes in the energy system by excluding wave power
and OSPV from the scenarios, while retaining offshore wind power, to assess their
specific impact on system performance and GHG emission reductions. Thus, this
report provides insights into the contribution of ORE and OSPV to the future
development of the European energy system.

* ¥
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2. Methodological approach

2.1. Methods energy system modelling

The energy transition scenarios of the European energy-industry system were
performed with the LUT Energy System Transition Model (LUT-ESTM) [10] [13], a
linear optimisation tool. For the given financial and technical assumptions and
scenario, the model defines a cost-optimised transition pathway for the entire
energy-industry system. LUT-ESTM operates in hourly temporal and multi-node
spatial resolution. For each 5-year step of the transition pathway, LUT-ESTM defines
a cost-optimal energy system structure and hourly dispatch to reach a balance of
supply and demand for all energy carriers for each hour of a given weather year.
Power, heat, transport, and industry sectors, including desalination, are co-
optimised to maximise synergy effects and reach maximum overall efficiency of
the energy system. The model allows for the exploration of different energy
transition pathways. With its wide range of over 150 energy technologies across
various sectors and uses, including transitional technologies, LUT-ESTM is ranked
amongst the most sophisticated tools for the analyses of long-term energy
transition pathways [35] and it is currently one of the most widely used tools for
research on the transition to 100% RE systems [36]. In the case of fuels, the model
simulates the production of electricity-based e-fuels (gaseous and liquid) based
both on green e-hydrogen and CO, from point source capture of sustainable CO,
sources and direct air capture units, which are part of the PtX concept asanintegral
part of the arising Power-to-X Economy [37]. A description of how LUT-ESTM s
designed in more detail with all sectors integrated and the key equations involved
can be found in Bogdanov et al. [10] and updated in Satymov et al. [38]. The output
of the model is a transition path optimised for a given scenario definition,
considering factors such as CO, emission targets, shares of conventional and RE
sources, technology costs in different transition years, implementation costs, and
GHG emissions. Figure 1 shows the basic architecture of LUT-ESTM. The simplified
scheme of a sector-coupled energy system as modelled with LUT-ESTM is shown
in Figure [13].
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Figure 2 - LUT-ESTM integrated energy system structure scheme.

LUT-ESTM covers ORE technology, including offshore wind (bottom fixed BFOW
floating), OSPV, and wave power based on the respective energy potential, e.g. for
wave power [33], and considers the electricity generation across the different
technologies based on the installed capacities, and the respective energy yield
following the applied scenarios. A diverse portfolio of generation and storage
technologies, coupled with hourly resolution, facilitates the exploration of key
insights into the optimal structure of future energy systems and the potential
synergies among different generation and storage technologies. Moreover, the
ability to model at an hourly resolution for an entire year allows for the uncovering
of crucial insights on RE technologies operation.

The model target function is to minimise the total annualised cost of the entire
energy system comprised of annualised capital expenditures, operational
expenditures, fuel costs, GHG emission costs, and ramping costs of all system
elements. Respective parameter assumptions were made about future
technological development, the use of different technologies, economic
development, cost changes, and changes in consumer behaviour.

The model guarantees that the energy demand for all sectors will be satisfied for
all energy sectors and for each hour of a year. The inputs define electricity demand
for general application, heat consumption for space heating, domestic hot water,
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and industrial process heat demand, transportation services demand, and
industrial demand for industrial processes. The model considers both energy and
feedstock requirements for industries including cement, steel, chemicals, pulp and
paper, aluminium, and others [13]. A crucial part of the transition is enabling the
industry sector to rely entirely on renewable energy and feedstock. Transportation
demand is derived across various modes, including road, rail, marine (with inland
waterways and international transportation), and aviation (with domestic and
international transportation, for both passenger and freight transportation. The
road segment is further divided into categories such as light duty vehicles (LDVs),
two- and three-wheelers (2W/3W), buses for passenger transport, and medium and
heavy duty vehicles (MDVs and HDVs) for freight transport. Demand in other
transportation modes is estimated in passenger kilometres (p-km) for passengers
and metric ton kilometres (t-km) for freight. Additional details regarding
transportation demand, fuel shares, and energy requirements are provided by
Khalili et al. [39]. The optimisation aims to minimise the total cost of the energy
system.

A detailed overview of the methodology along with the technical and financial
assumptions that are considered in modelling the European power, heat,
transport, and industry sectors are available in Bogdanov et al. [40]. These are based
on the detailed description of the model applied to the global power sector in
Bogdanov et al. [41] and all energy sectors in Bogdanov et al. [10,13].

2.2. Regional structure of Europe for energy system modelling
In order to achieve robust energy system analyses for Europe and correspondingly
for the 27 EU member states, a two-step modelling approach is adopted [42]. The
first step represents the hierarchical approach to energy system optimisation. The
second step enables further disaggregation of the regional results to retrieve the
country-specific results for representative energy transition pathways.

STEP 1. Europe is categorised into four macro regions, which are Nordic, West,
Central, and Southeast as shown in Figure [43]. Energy transition pathways in six
distinct scenarios are simulated for these interconnected macro regions of Europe
and the results serve as a guiding reference for the next step. The four macro
regions are further comprised of 19 regions across Europe. Iceland is not connected
to the integrated European power grid and, thus, modelled as an energy island.
The composition of the four macro regions and the corresponding 19 regions of
Europe plus Iceland are as follows:

Nordic: Norway, Denmark, Sweden, Finland, and a Baltic region that includes the
countries of Estonia, Latvia, and Lithuania.

West: Iberian peninsula region with Portugal, Spain and Gibraltar, France together
with Monaco and Andorra, Italy together with San Marino, Vatican and Malta,
British Isles region comprised of the UK and the Republic of Ireland, Benelux region
comprising Belgium, the Netherlands, and Luxembourg.

Central: Germany, Poland, a region comprising the Czech Republic and Slovakia, a
region with Austria and Hungary, a region with Switzerland, and Liechtenstein.
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Southeast: Aregion that includes the Western Balkan countries of Slovenia, Croatia
and Bosnia and Herzegovina, Serbia, Montenegro, Macedonia, Kosovo and Albania,
a region including Eastern Balkan countries of Romania, Bulgaria and Greece, a
region with Ukraine and Moldova, a region with Turkiye, and Cyprus.

-

Iceland

Figure 3 - Europe four macro-region division.

STEP 2: The spatial resolution is further increased from the four macro regions to 19
regions across Europe, plus Iceland. Wherein some of the smaller countries have
been merged with larger countries to form sizeable local regions. This reflects the
highly interconnected energy infrastructure across Europe, as the energy
transition is envisioned on a regional basis. The energy system transition is
simulated for the whole of Europe, which is structured into 20 interconnected
regions. These interconnections follow the interconnected patterns of the five
macro regions (the four continental ones plus Iceland), as electricity is
predominantly exchanged within regional electricity pools. The 20 regions are
interconnected with optimised transmission networks, e-methanol and Fischer-
Tropsch fuels can be exchanged between regions and, Iceland remains as an
isolated region. Cost-optimised transition pathways for an integrated European
energy system are modelled for three distinct scenarios.

2.3. Scenarios for energy system modelling

The energy transition across Europe is explored in six distinct scenarios with the
following boundary parameters and conditions: The reference BPS sets the net-
zero emissions target for 2050 according to the European Green Deal and follows
the plans of the EC on ORE growth. Other scenarios test the impact of lower and
higher ambitions of offshore wind power and wave power growth (lowOE and
highOE scenarios variations) and the impact of OSPV introduction (FPV scenarios
variations), and the sixth scenario tests the impact of an accelerated transition with
carbon neutrality reached by 2040.
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Best Policy Scenario (BPS): In this scenario, the European energy system is set on
a current ambition pathway. The climate neutrality vision of the EC [44] by 2050 is
achieved, as GHG emissions will be net-zero by 2050 and reduced by at least 55%
in 2030 below 1990 levels. The offshore wind power capacity is set to reach 90 GW
across Europe by 2030, 180 GW by 2040, and 270 GW by 2050. Similarly, the wave
power capacity for Europe is set to reach 1.5 GW by 2030, 15 GW by 2040, and 60
GW by 2050. No OSPV is considered as a favoured capacity, while build-out as part
of a least-cost solution is allowed.

Best Policy Scenario with low ORE (BPS_lowOE): Follows the BPS targets, but no
ORE technologies are favoured, only the existing offshore wind power capacities
are considered, and new capacities installation are decided by the model on the
basis of system cost optimisation.

Best Policy Scenario with high ORE (BPS_highOE): Follows the BPS targets, the
targets for offshore wind power and wave power introduction are increased. The
offshore wind power capacity is set to reach 90 GW across Europe by 2030, 225 GW
by 2040, and 450 GW by 2050. Similarly, the wave power capacity for Europe is set
to 1.5 GW by 2030, 20 GW by 2040, and 100 GW by 2050. No OSPV is favoured and
new capacities installation are decided by the model on the basis of system cost
optimisation.

Best Policy Scenario with high ORE and floating OSPV (BPS_highOE_FPV):
follows the BPS_highOE targets, however, additional OSPV capacities are
introduced. Most OSPV is set to be installed in Western Europe in the North Sea
reflecting the area deficit in the region. OSPV capacity for Western Europe and all
Europe aresetto1GW and 1.5 GW in 2030, 20 GW and 30 GW by 2040, and 100 GW
and 150 GW by 2050, respectively.

Best Policy Scenario with floating OSPV (BPS_FPV): follows the BPS targets, the
offshore wind power and wave power capacity are on the same level as in the BPS,
however, additional OSPV capacities are introduced. Most of the OSPV capacity is
set to be installed in Western Europe in the North Sea reflecting the area deficit in
the region. OSPV capacity for Western Europe and all Europe are set to 1 GW and
1.5 GW in 2030, 20 GW and 30 GW by 2040, and 100 GW and 150 GW by 2050,
respectively.

Best Policies Scenario - 2040 (BPS-2040): In this scenario, the European energy
system is set on an accelerated energy transition pathway. Increased efforts by all
member states to drive the RE share in final energy demand across the EU to 56%
in 2030 and 100% by 2040 is envisioned. This scenario enables energy-related CO;
emissions reduction of at least 65% compared to 1990 levels, which is compatible
with the climate target of limiting temperature rise to below 1.5°C as defined in the
Paris Agreement. The offshore wind power capacity is set to reach 90 GW across
the EU and across Europe by 2030 and 270 GW by 2040. Similarly, wave power
capacity for all Europe is set to 1.5 GW by 2030 and 60 GW by 2040. No OSPV is
considered.
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2.4. Upper and lower limits in renewable energy capacities
Lower and upper limits were established for RE sources, including offshore wind
power, OSPV, and wave power. The lower limits represent the installed capacities
as of 2020 and the value estimated for 2025, based on historical data on the
installed capacities available as of end 2023. These limits were determined using
data on existing installed capacities across the 20 regions, sourced from the
"GlobalData" database, IRENA, and IEA-PVPS reports [45-47]. The lower limits for
2020 and 2025 for key RE technologies are detailed in Table 2. The upper limits for
PV and wind power plants are determined by land use constraints and capacity
density. Offshore wind power expansion is controlled following the EC targets.

Table 2. ORE technologies' lower limits considered in the model for 2020 and 2025.

NO 0 0 0 0 0 0
DK 0 0 1.7 2.2 0 0
SE 0 0 0.2 0.2 0 0
Fl 0 0 0.1 0.1 0 0
BLT 0 0 0 0 0 0
PL 0 0 0 0 0 0
IBE 0 0 0 0 0 0
FR 0 0 0 0.5 0 0
BNL 0 0 2.5 6.2 0 0
BRI 0 0 9.9 14.6 0 0
DE 0 0 7.6 8.4 0 0
CRS 0 0 0 0 0 0
AUH 0 0 0 0 0 0
BKN-W 0 0 0 0 0 0
BKN-E 0 0 0 0 0 0
IT 0 0 0 0 0 0
CH 0 0 0 0 0 0
TR 0 0 0 0 0 0
UA 0 0 0 0 0 0
IS 0 0 0 0 0 0
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3. Results

The energy transition from the current state of the power, heat, transport, and
industry sectors towards a sustainable and efficient integrated energy system wiill
require significant changes in all energy sectors but will allow for European energy
and feedstock demand to be satisfied with local sustainable energy resources. This
study examines scenarios of an accelerated energy transition from 2020 to 2050,
with different assumptions on the role of ORE technologies in this transition
towards a carbon-neutral RE-based system by mid-century. This section presents
trends in primary and final energy demand, installed capacity, electricity and heat
supply mix, and considers the transition in the power, heat, transport, and industry
sectors. It also compares energy costs and CO, emissions in the different scenarios
and highlights regional differences. The results are presented for the whole of
Europe with a comparative analysis of the scenarios, additionally regional specifics
are discussed for the key elements of the energy system.

3.1. Final energy demand

All scenarios except the BPS-2040 share the same energy and services demand
assumptions. Despite expected growth in transportation services and some of the
industrial products’ demand, electrification and overall increase of efficiency lead
to substantial reduction of final energy demand (FED) from 2020 to 2050 revealing
a clear and consistent trend of declining total energy use. Five of the scenarios
except for the BPS-2040 share identical FED reduction pathways. The BPS-2040 is
the most ambitious scenario assuming advanced policies in all sectors including
accelerated buildings retrofitting, modal shifts in transport, and accelerated
electrification in transport and industry. The implementation of respective policies
is expected to lead towards even faster reduction of FED.

The FED in 2020 is just over 16,000 TWh. As shown in Figure 4, the transport sector
has the highest share of 34% with 5600 TWh. The heat sector comes second with a
share of 27% and 4408 TWh. By the end of the transition in all scenarios, due to the
increased efficiency of the energy system, the FED decreases, from total 16,370 TWh
in the BPS and its variations to 12,675 TWh in the BPS_2040. The main change
occurs in the FED reduction in the transport sector by 36% for the BPS from 5633
TWh in 2020 to 3578 TWh in 2050.

In the different ORE scenarios, the FED has the same trend to decrease slightly
compared to 2020, with transport sector demand decreasing to 3617 TWh in 2040
despite the growth in the aviation segment and the heat sector decreasing to 3889
TWh. This FED reduction is due to the high share of electric vehicles in transport,
resulting in efficiency gains, as well as a shift towards greater use of electrified
railways and lower demand in final energy as a consequence while the overall
transportation demand in passenger and tonne kilometres is projected to further
increase. Notably, in the accelerated transition scenario (BPS_2040), the total
demand stabilises at a lower level than in the other scenarios, below 13,000 TWh
from 2040 onwards. Industrial energy demand remains stable in all scenarios and
there is a slight increase from 3774 TWh to 3934 TWh. The industry sector
dominates in 2050, while the other sectors are more evenly balanced.
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Figure 4 - Final energy demand by sector across the BPS (left) and BPS_2040 (right) scenarios
during the transition in Europe.

3.2. Primary energy demand

The growth of RE supply and electrification across different sectors observed
during the energy transition results in substantial shifts in primary energy demand
(PED) of Europe. More and more services and applications become dependent on
electricity in the heat, transport, and industry sectors as demand for electricity
grows and the pace is most evident in these sectors. Renewable electricity from
affordable solar PV and wind power makes electrification of processes even more
attractive and further increases the demand for new generation capacities. As a
result, renewable electricity substitutes fossil fuels and feedstock in the energy
supply mix at an accelerated rate.

At the beginning of the transition, the European energy system is dominated by
fossil fuels with a small share of RE. The TPED for Europe (including primary energy
consumption and non-energy use) in 2020 was around 20,634 TWh, including fossil
fuels 13,436 TWh (65%) and feedstock 1397 TWh (6.8%), nuclear energy 2227 TWh
(10.8%), and RE contributing more than nuclear energy with 3547 TWh (17.2%) (see
Figure 5). By 2050, in the BPS, the TPED stabilises at around 17,600. Renewable
electricity becomes the main energy source in all scenarios with 17,166 TWh (97.5%)
in the BPS, and 16,700 TWh (99%) in the BPS_2040. The remainder of the demand

is covered by nuclear power at 488 TWh (2.7%) in the BPS and 210 TWh (1.2%) in the
BPS_2040.
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Figure 5 - Primary energy and feedstock demand in Europe from 2020 to 2050 between all
scenarios during the transition.

The shift towards RE becomes obvious as early as 2030, although fossil fuels
continue to play a major role in the system. The scenarios show roughly the same
TPED values around 19,500 TWh. The maximum TPED values are observed for the
original BPS at around 19,535 TWh for 2030 and 18,849 TWh for 2040. By 2040, the
BPS_2040 scenario shows complete defossilisation, while in the other scenarios, RE
sources cover a dominant part of Europe's energy demand. Regardless of the
presence or absence of ORE technologies, all scenarios show approximately the
same level of RE penetration. In scenarios where ORE technologies are limited
(BPS_lowOE), the system is balanced by onshore RE technologies.

By 2050, the impact of ORE on the TPED becomes noticeable. Scenarios with
higher installed capacity of offshore wind and wave power technologies tend to
have lower TPED, while scenarios with lower offshore wind and wave power or
higher OSPV capacities tend to have higher TPED. Among the BPS variations, the
lowest TPED of 17,330 TWh is reached for the BPS_highOE. This reduction is
primarily due to ORE resource profiles that complement onshore solar PV and wind
power, making the energy system more efficient, reducing demand in daily and
seasonal energy storage and avoiding respective energy losses. In scenarios with
OSPV, the TPED slightly increases, due to a higher share of solar PV in the power
supply mix and consequently higher use of storage to balance daily and seasonal
variability of supply. At the same time, OSPV reduces power grid losses in area
limited regions in Western Europe as the use of OSPV increases the generation
closer to demand centres and the throughput of transmission lines reduces. The
highest demand is observed in the BPS_lowOE scenario with 17,898 TWh, where
limited ORE technologies introduction leads to further increase of the solar PV
share in the generation mix and, consequently, higher storage losses and growth
of electricity flows to satisfy energy demand in area limited countries of the
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Benelux region. The accelerated transition of the BPS_2040 results in the lowest
TPED at 16,700 TWh, following the lower FED of this scenario.

Despite the possibility of different pathways, the energy future of Europe is
characterised by a transition from fossil fuels to a predominantly RE-based system.
The speed of this transition depends on the level of RE phase-in, ORE ramping, and
particularly OSPV. However, all scenarios show that a fully renewable and
defossilised energy system is achievable by 2050, and in the case of the BPS_2040
even in 2040, which is in line with Europe’s climate targets.

3.3. Electricity supply

The share of RE in gross electricity consumption in Europe continues to grow,
indicating a positive trend in the energy transition to 100% RE. In 2022, RE
accounted for 42% of gross electricity consumption, and in 2024, it was already
around 47% [48]. This fast growth trend is maintained in all scenarios with different
levels of renewable electricity generation, as shown in Figure 6. Electrification in all
sectors leads to an increase in electricity generation by almost 5 times by 2050 in
all scenarios.
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Figure 6 - Installed electricity generation capacities for all scenarios during the transition.

Fast electrification and scaling of RE leads to a fast increase of power generation
capacity. Already by 2030, power generation capacities exceed 3000 GW in all
scenarios and almost doubles by 2040. From 2040, the difference between
scenarios becomes more visible. Scenarios with supported ORE introduction show
lower solar PV and overall system installed capacity, mainly due to higher FLh of
offshore wind and wave power technologies compared to solar PV. Conversely,
scenarios with limited offshore wind and wave power or supported OSPV show
higher overall installed capacity. The BPS-2040 scenario requires the highest
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renewable power capacity in 2040 to fully substitute fossil fuel use and reach the
carbon neutrality target.

By 2050, the power generation further increases and the impact of scenarios on
the power generation capacities remains similar. Most ORE capacities are installed
in the BPS_highOE_FPV scenario: the installed capacity of offshore wind power
reaches 450 GW, which is almost twice the capacity in the baseline BPS (270 GW).
Wave power increases from 60 GW in the BPS to 100 GW, and OSPV increases from
zero to 150 GW. As a result, the total capacity of ORE increases by 700 GW,
significantly reducing the share of onshore RE, e.g., onshore PV decreases from
5006 GW in the BPS to 4525 GW in the BPS_highOE_FPV (see Figure 6 and 7). The
breakdown of the ORE capacity in the BPS_highOE_FPV assumed large offshore
wind power capacities in the Atlantic from Norway, via the UK, Ireland, France to
Spain and Portugal, with a significant capacity in the North Sea for Denmark,
Germany, Benelux, and the UK, and additional capacity in the Baltic Sea for
Denmark, Sweden, Finland, the Baltic countries, Poland, and Germany. The wave
power capacity is largely assumed in the Atlantic but also capacities in the North
Sea. The OSPV capacity typically follows offshore wind power to take benefit from
synergy effects of hybrid ORE plants.

Fossil fuels-based power generation is phased out in all scenarios by 2050, except
for the accelerated scenario where it ceases to operate by 2040. Nuclear power
plants continue to operate until the end of their technical lifetime, representing a
small fraction in the capacity mix in 2050. However, nuclear power is recognised in
all scenarios as being uncompetitive compared to low-cost renewable electricity
and poses significant environmental and social risks, which are well documented
in Europe and worldwide [49] and thus block new investments for overall societal
reasons [50,51].

In a regional outlook, RE sources are evenly distributed across the continent,
influencing the energy balance of different countries and regions. Electricity
generation capacities are installed all over Europe, covering energy demand from
the power, heat, transport, and industry sectors until 2050. Solar PV capacities are
the largest source of electricity generation in most European regions, especially in
Southern Europe, due to favourable solar resource conditions, while onshore and
offshore wind power also represent a significant share (40%), especially in Northern
Europe and coastal regions (see Figure 7). Offshore wind power plays a prominent
role in the regions with either great wind energy potential at Atlantic coasts
(France, Republic of Ireland and UK, and Norway) or close to densely populated
regions with energy-intensive industry, in particular Benelux and Germany.

It is noteworthy that the installed capacity of the BPS_low_OE is exceeded in the
BPS_highOE_FPV by about 670 GW. The difference is especially visible in coastal
areas such as lberia, where electricity generation capacities are reduced by more
than 300 GW, implementing more offshore wind power and OSPV technologies.
This reduction in installed capacity in the BPS_highOE_FPV indicates higher
system efficiency and stability. This reduction also indicates the complementary
generation from ORE technologies.
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Figure 7 - Regional electricity generation capacities in different scenarios in 2020 and 2050.

Table 3 presents the installed capacities for ORE technologies in Europe during the
transition for all scenarios.

The power generation follows all the same trends. The power generation mix
through the transition for given scenarios is presented in Figure 8.
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Table 3 - Installed capacities for ORE in Europe during the transition [GW].

* ¥

*

2030 2040 2050
BPS
Floating offshore solar PV 7.7 7.7 7.7
Offshore wind power 913 180.0 270.0
Wave power 15 15.0 60.0
BPS_lowOE

Floating offshore solar PV 7.7 7.7 322
Offshore wind power 349 349 58.9

Wave power 0.0 0.0 0.0

BPS_highOE
Floating offshore solar PV 7.7 7.7 7.7
Offshore wind power 913 225.0 450.0
Wave power 15 25.0 100.0
BPS_FPV
Floating offshore solar PV 7.0 355 150.0
Offshore wind power 913 180.0 270.0
Wave power 15 15.0 60.0
BPS_highOE_FPV
Floating offshore solar PV 7.0 355 150.0
Offshore wind power 913 225.0 450.0
Wave power 15 25.0 100.0
BPS_2040

Floating offshore solar PV 10.8 10.8 10.8
Offshore wind power 91.7 270.0 270.0
Wave power 15 60.0 60.0
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Figure 8 — Electricity generation for all scenarios during the transition.

By the end of the transition, electricity generation from offshore wind power ranges
from 1284 TWh in the BPS to 1861 TWh in the BPS_highOE and BPS_highOE_FPV,
keeping the position of the largest source of electricity generation among ORE. In
the BPS_highOE_FPV wave power adds 293 TWh, and OSPV generates 168 TWh,
which together with offshore wind power gives 2321 TWh of generation from ORE
technologies, which is approximately 15% of the total electricity generation in the
BPS_highOE_FPV. Offshore electricity generation compensates for the reduction
in generation from onshore wind power (from 4234 TWh in the BPS to 4192 TWh in
the BPS_highOE_FPV) and onshore solar PV (from 8335 TWh in the BPS to 7378
TWh in the BPS_highOE_FPV), demonstrating more balanced and resilient
electricity generation in the system.

Similar to the electricity generation capacity, a higher share of wind electricity
generation is observed in Northern and Western European countries (see Figure
9), and a higher share of solar PV generation is concentrated in the southern
countries. A more efficient power system is also reflected in the total electricity
generation in the BPS_highOE_FPV, which is the lowest among all scenarios. Solar
PV prosumers make a significant contribution in Europe and complement utility-
scale solar PV generation. Solar PV provides more than 50% of electricity across
Europe, while the share of wind power averages 40% in the BPS_2040. In the BPS,
the share of solar PV increases and provides up to 55% of the electricity generated
(Figure 10). Total electricity generation in 2050 is projected to be 15,000 TWh in the
BPS_2040, 15,365 TWh in the BPS, 15,221 TWh in the BPS_highOE_FPV, and 15,506
TWh in the in BPS_lowOE.

This project has received funding from the Europeans Union’s Horizon 2020 research & innovation
programme under grant agreement number 101036457.




BPS

Total
’ A 15253.7 TWh
o529 Twh, P S \
e 696.8.T\Nh, Qdse T ‘
A 1157_9%.01_”‘ g 559.9'[“{}. v
) »‘* v _’JR = / A
3 3 B !
18745 TWhs1 9 Twh ‘?37':w“4zaem &
» 9=, S 1549.8 TWh
y A 237.3TWh & | :
, 3326.9 TWh p7e12TWRT T L -'
.BPS_highOE_FPV
5 Total
227.0 TWh. 7457 TWh {
£y e
&r ) Y-
# e807TWh . |
i " 3003Twh
‘ ’ \ JZQ‘"\ S B 115109.7 TWh
“1100.3 mh,“? i , :
st g , 91.4 TWh
e Twy, I 5%63TWh
8 s T1‘9911W - e o
A=~ ‘
o 20‘50-”"”%'2631%" & Y
; : s ‘. 418.0 TWh
p T
/ ; N 2333TWhi S ES2ESWD
;26329 TWh | 730.3TWRT

2020

o

236 TWI

el ({1
h r 7 )
.9 =
A268TWh . 49.2TWh
e -
Y J,
& JA431TWh C
s !" i‘
P 7 aaaTwh
LB mamwh ; 3351.0 TWh
“'3076 TWh_ >
Al ‘ 29.3 TWh
1663TWh W
g 5052 TWP - 1785TWh
: @
454.0 TWh '/ 72.3 TWh ’
‘ EyAn LS _QﬂOJTwh
X f 250.5 TWh
% 259.8TWh I 4

BPS_2040

Total

2166TWh = [
| 7682TWH. ©

1774.0 TWh

BPS_lowOE

Total

‘ W 15340.3 TWh
'saﬂo'r'v;h " “707“”
et "'970.5T¥gg o L ST43TWh
L Mo e Ak
1807.7 Wy 4 ryyy 34 1 s
v "7»‘ L

. 31344 TWH et Twi2i8T TWH S 17788 TWh

5 X

[ Biomass PP+CC
I Biomass
I Waste-to-energy
Biogas
[ wave
I Hydro run-of-river
I Hydro dams
I steam Turbine
[ Geothermal
PV prosumer
PV floating offshore
PV fixed tilted
PV single-axis.
PV fixed tilted bifacial
PV single-axis bifacial
P wind onshore
I \Wind offshore
I Coal

N Nuclear

Figure 9 — Electricity generation by technologies during the transition in 2020 and 2050 in different
scenarios
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In the BPS_highOE_FPV scenario, compared to BPS, the installed electricity
storage capacity decreases from 7470 GWhep (in BPS) to 7439 GWhe.p, and the
storage throughput decreases from 1303 TWh to 1278 TWh (see Figures 11 - 14). This
reduction reflects lower reliance on onshore solar PV, and lower daily and seasonal
variability of electricity supply. This effect is achieved through more stable
generation from ORE, namely, offshore wind power, wave power, and OSPV, which
together provide a stable supply of electricity and reduce the demand for storage

system.
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Figure 11— Electricity storage capacity for all scenarios during the transition.
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In 2050, the BPS_highOE_FPV has a lower storage capacity (7439 GWheap)
compared to the BPS, while the BPS_lowOE shows highest reliance on electricity
storage (7727 GWhgp). Consequently, the BPS_highOE_FPV throughput is about
10% lower, 1278 TWh versus 1412 TWh in the BPS_lowOE (Figure 13). This result
indicates a lower intensity of storage use in the BPS_highOE_FPV, due to a lower
share of green hydrogen production. Figure 12 presents the regional distribution of
electricity storage capacities, highlighting the impact of ORE technologies on
storage systems in coastal regions.
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Figure 12 - Regional electricity storage capacities across different scenarios in 2020 and 2050.

* ¥

* * This project has received funding from the Europeans Union’s Horizon 2020 research & innovation
x X programme under grant agreement number 101036457.

‘:k



In addition, the BPS_lowOE has a higher share of PHES and utility-scale batteries,
which results in higher electricity storage throughput. For example, in Germany, in
2050 (see Figure 14), the total electricity output from storage in the BPS_lowOE is
234 TWh, which is almost 12% more than in the BPS_highOE_FPV (209 TWh).
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3.4. Heat supply
Heat is one of the most important energy carriers for Europe, satisfying energy
demand for space heating, domestic hot water supply, and various industrial
processes. In 2020, bioenergy, was the second largest (around 30% of the mix)
source for space heating, domestic hot water, and industrial processes, while fossil
gas remained the dominant source, accounting for over 40% (see Figure 15). The

This project has received funding from the Europeans Union’s Horizon 2020 research & innovation
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trend towards direct electric heating and heat pumps is growing in many
European countries and is noticeable in both installed capacity and actual heat
generation. This increase in electrified heat is primarily due to the cost-
effectiveness of the alternative to imported fossil gas.
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Figure 15 - Installed heat generation capacities in all scenarios during the transition.

In 2050, in Europe, in the BPS_highOE_FPV the installed heat capacity is about 893
GW, whichisabout5GW less than in the BPS_lowOE scenario of 899 GW. In regions
with ORE contribution such as lberia or Ireland and the UK, the installed capacity
decreases between the scenarios by 5 GW and 7 GW, respectively (see Figure 16).
This decrease in installed capacity reflects assumed efficiency improvements in
heating systems and in case of developed district heating networks, the possibility
to use waste heat from PtX processes.
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Figure 16 — Regional heat capacities across different scenarios in 2020 and 2050.

From 2030 onwards, the share of fossil gas in heat generation capacity is reduced
by more than halfin all scenarios, while heat pump capacity steadily increases from
27.4 GW in 2020 to 427 GW for all scenarios. In 2050, all scenarios show a large-scale
electrification of the heat sector: heat pumps take the lead with a generation of
around 2900 TWh (see Figure 17) and electric heating increases to 518-660 TWh.
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The installed capacity of heat pumps varies from 409 GW in the accelerated
BPS_2040to 470 GW in the BPS and BPS_highOE. The use of fossil fuels disappears,
while heat generation from biomass maintains a stable contribution (around 430-
440 TWh in most of the scenarios).
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Figure 17 — Heat generation mix in all scenarios during the transition.

The high ocean energy scenarios (BPS_highOE and BPS_highOE_FPV) in 2050
show moderate use of thermal energy storage (TES) and gas storage (Figure 18),
with high temperature TES capacity ranging within 613-634 GWh.p, hydrogen
storage reaching between 39,312-40,279 CWhcap, methane storage reaching 5893-
6068 GWhcap. On the other hand, in scenarios without favoured ocean energy (BPS
and BPS_lowOE), the storage facilities have the highest installed capacity among
all scenarios: hydrogen up to 41,855 GCWheap, methane up to 7725 GWhe, and TES
up to 641 GWheap. Thus, ORE helps reduce the load on the TES system, increasing
resilience and reducing the need for large-scale seasonal storage facilities.
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Figure 18 — Heat storage capacity in all scenarios during the transition.

At the regional scale, the heat storage capacities in the BPS_highOE_FPV and
BPS_lowOQE in 2050 differ significantly. In the former case, they are in total 46,155
GWheap, While in the latter they are 50,565 GWheap, i.e., almost 10% higher in the
scenariowith a limited share of ORE (see Figure 19 and 20). The main type of storage
in both scenarios is hydrogen storage, which reflects the value of water
electrolysers and hydrogen storage in seasonal balancing of electricity demand
and more constant hydrogen supply for transport, industry, and e-fuel and e-
chemical synthesis. Germany stands out in the overall European picture, where the
dominant storage type is methane storage rather than hydrogen. The heat storage
capacity in Germany is 7385 GWh in the BPS_lowOE and 4499 GWh in the
BPS_highOE_FPV, i.e., almost 40% less. This result suggests that in a scenario with
a higher share of ORE and, also OSPV, Germany could reduce the need for large-
scale methane storage thanks to more stable and year-round electricity
production.
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Figure 19 — Regional heat storage across different scenarios in 2020 and 2050.

The throughput of the heat and gas storage facilities follows the same trend with
substantially higher storage throughput in the low ORE capacities scenarios and
lower reliance on storage in the high ORE technologies scenarios (Figure 20). The
share of heat storage in total throughput is much higher than the share in storage
capacities as, unlike gaseous storage, heat storage capacity operates in daily cycles
resulting in much higher throughput for the same capacity.
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Figure 20 — Heat storage output in all scenarios during the transition.

3.5. Transport, industry, and e-fuels

During the transition, the transport sector across Europe undergoes some
significant changes, as electrification and the sharing economy rapidly change the
final demand. Figure 21 illustrates the FED for the transport sector in different
transport segments, including road passenger and freight transport, aviation
freight transport, aviation passenger transport, marine freight transport, marine
passenger transport, rail freight transport, and rail passenger transport. Road
transport has a high level of electrification in the accelerated scenario to 2040. The
FED for road passenger and freight transport decreases by more than three times
between the BPS and BPS_2040 from 2653 TWh to 726 TWh. Aviation freight and
passenger transport continue to consume the largest share of energy in all
scenarios, indicating that aviation transport remains energy intensive. Aviation
transport, mainly passenger, has a growing FED across all scenarios from 612 TWh
in 2020 to 1286 TWh and 1191 TWh for the BPS_2040 by 2050, as additional expected
transportation services demand cannot be compensated by increases in efficiency.
At the same time, the transport FED transitions from a fossil fuel dominated mix,
towards a more balanced mix of energy carriers, with electricity representing more
than 40%, with the remaining share distributed between different e-fuels and
sustainable biofuels, though the share of biofuels does not exceed 5% due to
limited feedstock. Figure 22 illustrates the significant reduction in the usage of
liquid fossil fuels and its reduction to other green fuels such as e-methanol, e-
ammonia, e-FTL fuels, and e-hydrogen.
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Figure 21— Final energy demand for the transport sector across all scenarios from 2020 to 2050.
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Figure 22 - Final energy demand for the transport sector by fuel during the transition for the BPS
(left) and BPS_2040 (right).

Many of Europe’s countries have a developed energy-intensive industry, which
significantly contributes to CO, emissions, primarily because fossil fuels are their
main source of energy and non-energy feedstock. However, the transition is
accompanied by an increase in energy demand in the chemical industry, as shown
in Figure 23, due to the growing demand for hydrogen-based chemicals. By 2030,
the energy and feedstock demand in the chemical industry will reach 1850 TWh.
The share of the chemical industry in total energy demand in 2030 is around 40%
in both the high and low ORE scenarios. By 2050, the share of electrolysers will
increase significantly. The chemical industry will require significant energy inputs,
especially to produce e-hydrogen, which will enable the transition to sustainable
chemical production. The most significant reduction in energy demand is expected
in the steel industry, where processes will become increasingly electrified, which is
partially driven by growing shares of secondary steel. In all scenarios, energy
demand in the steel industry is projected to decline by almost 2.5 times, from 938
TWh to 385 TWh, while steel output reduces by only 15%. Meanwhile, energy
demand in the pulp and paper, aluminium, and other industries is expected to
remain stable throughout the transition period in all scenarios.
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Figure 23 — Energy and feedstock supply for energy-intensive industries across the scenarios from
2020 to 2050.

Defossilisation of the transport and industry sectors requires mass production of
sustainable e-fuels and e-chemicals, and hydrogen becomes the key component
acting as key feedstock for industry and other e-fuel and e-chemical synthesis,
which are used as fuels for future aviation and marine transport. By 2030, most of
the hydrogen is produced with water electrolysers. In the BPS_lowOE, by 2050 the
electrolyser capacity exceeds 1500 GW, higher than in the BPS_highOE (1299 GW)
and BPS_highOE_FPV (1306 GW) scenarios (see Figure 24). This capacity reduction
indicates that more stable and predictable generation from offshore wind power,
wave power and OSPV reduces the need for large-scale hydrogen production
ramping to maintain grid stability. ORE reduces the peaks of e-hydrogen
production, reducing the dependence on its further storage as seen in the heat
storage section. The ammonia, methanol, FTL fuels, and methane synthesis
capacities are similar in all scenarios.
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Figure 24 — Fuel conversion capacities across the scenarios from 2020 to 2050.

In the BPS_highOE_FPV scenario by 2050, the total fuels supply volume reaches
6758 TWh, which is more than 25 TWh higher than the corresponding volume in
the BPS_lowOE scenario (6783 TWh), though e-fuels volumes stay similar in all
scenarios and the difference is mostly explained by biofuels and uranium use.
However, different scenarios lead to a redistribution of e-fuels production on the
regional level (Figure 25). For example, in lberia, supplies are 1159 TWh in the
BPS_highOE_FPV versus 1458 TWh in the BPS and 1392 TWh in BPS_lowOE,
respectively. The e-methanol and e-FTL fuels production far exceeds local demand
and is meant for exports to other regions, but in the high OE scenarios more e-fuels
can be produced locally and demand for imports from lberia reduces. In general,
such behaviour favours an active development of e-fuels production in the regions
with access to cheap onshore solar PV electricity, primarily in southern European
countries, where lower cost solar PV generation makes electrolysis and subsequent
synthesis of e-fuels and e-chemicals more profitable.
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Figure 25 - Regional fuels and chemicals supply in different scenarios in 2020 and 2050.

3.6. Sector coupling and flexibility in the energy system
Sectoral integration can become a cost-effective key to reduce GHG emissions in
the European energy system by assessing the potential for synergies and
integration between different uses, applications and sectors. The impact of sectoral
coupling is illustrated in Figures 26 and 27. Figure 26 shows energy flows in the
current European energy system in 2020, which is rather sector-separated. Figure
27 represents energy flows in the European energy system of 2050 for the
BPS_highOE_FPV scenario. In 2020, the power sector has the greatest diversity of
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energy sources, while the transport sector, especially road, marine, and aviation, is
the least diversified sector and relies almost entirely on fossil oil. The heat sector is
partly diversified but still relies heavily on fossil gas. This structure highlights that
the current European energy system is fundamentally less diversified, unbundled,
inflexible, and heavily dependent on fossil fuels and nuclear energy imports.
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Figure 26 — Energy flows of the European energy system in 2020.
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The BPS, as other scenarios, leads to a fully coupled and integrated energy system
in 2050 (see Figure 27). This integrated energy system is characterised by a high
diversification of the power, heat, transport, and industry sectors. The energy
system is dominated by utility-scale solar PV and wind power, contributing 6421
TWh (thereof 168 TWh OSPV) and 6053 TWh respectively. Solar PV prosumers add
954 TWh, further emphasising its important role in the energy mix. Wave power
significantly contributes with 293 TWh. The energy system gains significant
flexibility from large electrolyser capacities: flexible electricity consumption for
electrolysis reaches 8018 TWh (also 81 TWh to operate hydrogen storage facilities),
producing 5615 TWh of hydrogen, which is stored and used for various industrial
and energy applications. This hydrogen use includes 199 TWh of hydrogen-to-
electricity reconversion, mainly for seasonal balancing. Hydrogen is also of crucial
importance to industry: 55 TWh is used for primary steel production, and 792 TWh
of e-ammonia and 1638 TWh of e-methanol are supplied to the chemical industry.
In addition, 294 TWh of e-ammonia and 330 TWh of e-methanol are directed to
transport use. The high flexibility of electrolysers allows for the efficient use of
variable electricity generation from different solar PV technologies, wind and wave
power, which, together with V2G, effectively reduces the demand for electricity
storage.

Direct electrification is the key for further increase of energy efficiency in the
system. In 2050, e-fuel synthesis for fossil fuels substitution and indirect
electrification becomes the main cause of losses in the system. Even though some
of the heat from e-fuel synthesis can be recovered and used for CO, capture and
space heating, e-fuel synthesis losses represent the lion share of the energy system
losses.

3.7. Energy system cost and emissions
Energy costs are a critical factor in the implementation of energy scenarios. In the
first half of this century, RE sources, along with electricity and heat storage
technologies, and e-fuels produced from renewable electricity are becoming the
most important components of the European energy system. Figure 28 illustrates
the total annualised system costs for all scenarios during the transition.

This project has received funding from the Europeans Union’s Horizon 2020 research & innovation
programme under grant agreement number 101036457.




e
-
o
o
o

* 500 i i : CO2 cost
_ 800 : ! i Fuel cost
< 700 ! i i
> 600 ! | | Grids cost
[ 1 ! :
c 5001+ : ! ® Opex variable
S 400 || : !
300 : : : | | OpeX ﬁXed
s 200 | | i m Capex
+~ 100 : 1 1
o ] 1 1
0
= wooaomoIlvooadIloogooa T I
[ ol oA o
8 25 0w Na EshWNa 3EY WS
1 g_) O w 5 g o n g g O w
P v a5 E O = P v a5am
a = & a =z & a =
0 m o o o o "
a a a
o ) o
02D 2030 2040 2050

Figure 28 — Annualised system costs by component during the transition.

Initially, the annualised energy system costs increase in all presented scenarios up
to 2030 and then decrease until 2050. In 2030, in the BPS_highOE_FPV, costs
increase to almost 1000 b€, while in the BPS_lowOQOE, as in the BPS, costs are lower
at 990 b€. The accelerated transition scenario, targeting 2040 for zero CO,
emissions, presents higher annualised system costs, which increase to 891 b€ by
2035 (see Figure 29) and then decrease to 743 b€ by 2050. Costs start to decrease
steadily from 2035 as the system transitions to 100% RE by 2050. By 2050, the total
annualised energy system costs in the OE scenarios are lower than the current
system costs in 2020 (757 b€ vs 768 b<€). This decrease is especially noticeable in
the BPS_lowOE scenario, which becomes the cheapest by 2050 (655 b<€). This
suggests that the transition to 100% RE across Europe provides significant long-
term cost benefits.
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Figure 29 — Annualised energy system cost across the scenarios from 2020 to 2050.
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As seen in Figure 30, the levelised cost of electricity (LCOE) significantly decreases
throughout the transition period. The increasing proportion of renewable power,
improved sector coupling efficiency, and a decline in dependency on fossil fuels
and the CO, emission costs that go along with them are the main causes of this
decline in LCOE. The overall costs of the system have significantly decreased due
to technological advancements and the declining capital expenditures of solar PV
and wind power as well as their operational expenditures.

In all scenarios, the LCOE decreases by more than 50% by 2050 compared to 2020
levels. In the BPS, the LCOE drops from 89 €/MWh to 38 €/MWh. The decreasing
LCOE highlights that renewable electricity is expected to become the least cost
energy carrier across Europe. As the transition progresses, fuel and CO, costs
steadily decline, and from 2040 onwards, capital expenditures become the primary
driver of energy system costs, with fuel costs becoming nearly negligible. After
2050, the LCOE is projected to fall by an additional 15%, largely due to major
reinvestments occurring beyond 2050, which benefit from further cost decline of
RE and storage technologies and consequent lower capital expenditures. This
result suggests that long-term investments in RE will continue to drive down
electricity costs well into the future. In addition, the BPS_lowOE by 2050 will take a
lead among other scenarios for the lowest LCOE of about 32 €/MWh.
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Figure 30 — Levelised cost of electricity during the transition.

It is evident that the BPS_highOE_FPV with higher cost ORE technologies, is the
most expensive in terms of LCOE. As shown in Figure 31, the LCOE in this scenario
is about 8.8 €/ MWh (+27.4%) higher than in the BPS_lowOE and 2.7 €/ MWh (+7.1%)
higher than in the BPS, and it is at the same level as the accelerated BPS_2040
scenario. In the regional distribution, regions with direct access to seas and oceans
have a higher LCOE than in the BPS_lowOE. For example, for lberia, the LCOE in
the BPS_highOE_FPV scenario is higher by 6.8 €/MWh, 23.6 €/MWh vs 16.8 €/MWHh,
and for Ireland and the UK by 8.7 €/MWAh, 42.0 €/MWh vs 33.3 €/MWh. Moreover,
the value for these regions in the BPS is 18.4 €/MWh and 39.7 €/MWh, respectively.
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However, it should be emphasised that the BPS_highOE_FPV is part of the best
cost solution for some regions of Europe, such as Benelux, since OE and OSPV in
thisregion, due to the limited land availability, allows this region to be self-sufficient
and not dependent on electricity imports from other countries, which is cheaper in

the long run.

BPS

&3 &
£
31.4€MWh {
’ 7, . Average
°1 €“mMw) 3

. 29 0 €MWh
38.2 €/MWh

. 397€IMWh

7. G €/MWh
62.; 2 €/MWI
31.6 €IMWh

80,0 €IM_,'\N

‘ 32 2 €/MWh .

47.8 MWy, Cnawn i, N

. 32.3 €/MWh '« 28.5 €/MWh
35.8 MWh ) :

=

©  18.4 €MWh

~BPS_highOE_FPV

» y
3 A
31.4 h {
' ) . Average

387 E/MWh__ 46.6 EMWh

F

ZJA1.7 €NMWI
k| 1
2 g 53.7 EMWh
51.7€MWh 40.9 €MWh
" 42.0€MWh /
5 5.4 EMWh
k! 31.6 EMWh
561 M e T
454 amw ' 1/32.6 EMWh .
S SAII .37.5 €/MWh ‘
. 4 29.6 €MWh
7 23.8€MWh soemwhe " ;

2020

g g A
37.5€/MWh { {
’ . Average

Y % 1747 €MWh
% Gl
o ‘ o 159.2 €/MWh
, . . 106.5€MWh 90.6 €/MWh
“~85.6EMWh ‘ ‘
PP 9.0 €/MWh
ALY 110.8 EMWh
> 84,1 ey ]
. 143.5 €M . 1/80.7 EMWh .
. v Wi 3 emwh '1 1y A ‘
. 84.7 EIMWh' - 75.9 €MWh
. 86.1 €MWh 330 e ‘

BPS_2040

Average

_,:m‘zamw

" 35.8 €MWh

/36.5 €MWh

(I i

as.sgw:. AOEMWR T 40.1 €/MWh
"36.5 EIMWh

.2 €/MWh ‘
85.5 €/MWI
32.9 €MWh

GQEH%

49.6 EIMWI . |/31.7 EMWh .
P .35.8 €MWh .
. ; 30.8 MWh
. 18.7 €MWh 3 O 312 MW

BPS_lowOE

N ¥, 3
314 !MWh ‘

& Average
353 €MWh . 32.9 €MWh
/ % a7.3€MWh
: )
‘ 28.5 €MWh
30.5 wv«m 32.1 €/MWh
TT33.3€MWh, ‘
.2 MWh .
41.4€MW i .
433 emMw -6 E/MW
40.9 MW . ~1/34.8 EMWh '
o6 Shwn .37.2 €MwWh .
. 7 27.0 /MWh
. 16.8 €MWh V6.3 VS L VG

I L COE primary
N Lcos
BN Lcoc
I Leot

Figure 31— Regional levelised cost of electricity across different scenarios in 2020 and 2050.
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The levelised cost of heat (LCOH) and levelized cost of final energy and non-energy
use (LCOFE) follow a similar pattern to the total annualised system cost across the
different scenarios (asshown in Figures 32 and 33). In 2020, the LCOFE stood almost
at 50 €/MWh, primarily driven by CO, emissions costs expenses and fuel expenses.

By 2050, the BPS_lowOE_FPV achieves the lowest system-wide LCOFE, around 45
€/MWh, while the scenario with favoured ORE technologies shows a slightly higher
LCOFE of approximately 53 €/MWh. The accelerated transition scenario has a
higher LCOFE, reaching 58 €/MWh by 2040. Other scenarios, which incorporate
varying shares of solar PV or wind power technologies, maintain a similar LCOFE
around 55 €/MWAh. This result indicates that an accelerated shift towards 100% RE
is appealing from an energy security standpoint, while the LCOFE remains
comparable to 2020 levels. Over the long term, the LCOFE becomes increasingly
dominated by capital expenditures as fuel costs diminish in significance during the
transition, suggesting enhanced energy security across Europe by 2050.
Additionally, the LCOFE accounts for all aspects of the energy system, with
electricity and heat being the primary energy sources. A smaller decline of LCOFE
compared to LCOE and LCOH reflects cost increase of fuels and chemical
feedstock. e-Fuels and e-chemicals are unavoidably more expensive than
electricity or heat and exceed the price of fossil fuels observed today, which brings
another argument for support of direct electrification across all sectors.
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Figure 32 — Levelised cost heat during the transition.
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Figure 33 — Levelised cost of final energy and non-energy use during the transition.

Figure 34 (left) illustrates the differences in investments from 2020 to 2050 across
the scenarios. In the accelerated scenario through 2040, investments in RE
technologies and infrastructure reach their highest levels, peaking at around 1916
b€ by 2030 and 2008 b€ by 2035. However, capital expenditures (capex) in this
scenario significantly decrease in 2045 and 2050, falling to 203 b€ and 175 b<€,
respectively. In scenarios featuring different shares of ORE technologies,
investments also peak during a similar period but at a lower level of approximately
1900 b€. The BPS_highOE and BPS_highOE_FPV show the same trend in
investments over all years and by 2050 amount to 753 b€ and 759 b€, respectively.
The key difference in capex across the scenarios becomes evident starting in 2040,
when the BPS_lowOE scenario emerges as the most cost-effective, with total
investments dropping to 465 b€. However, the accelerated scenario outpaces it
due to more significant investments in 2030 and 2035.

The BPS_highOE_FPV is expected to result in cumulative costs of approximately
26,746 b€ by 2050 (see Figure 34, right), making it the highest cost scenario.
Although initial investments in the energy system are substantial, especially from
the late 2020s to the early 2040s. The scenario with a reduced share of ORE shows
the lowest cumulative costs of 25,944 b€ making this scenario the least expensive.
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Figure 34 — Levelised cost of final energy and non-energy use (left) and cumulative capital
expenditures in 5-year intervals (right) during the transition.

The results of the energy transition demonstrate a sharp decline in CO, emissions
across the power, heat, transport, and industry sectors in all three scenarios by
2050, as shown in Figure 35. In 2020, CO, emissions from the power sector were
over 580 MtCO,, but they experience a rapid decrease to zero by 2040 in all
scenarios. The lowest emissions occur in 2030 in the accelerated scenario. The
transport sector, which accounts for the highest emissions in 2020 of around 1494
MtCO,, achieves zero emissions by 2040 in the e-fuels import scenario. In other
scenarios, emissions from the transport and industry sectors persist but remain
minimal. Overall, emissions across all sectors experience an accelerated reduction
to zero by 2040 in the relevant scenario, and a steady decline to zero by 2050 in
other scenarios.

A more detailed description of CO, emissions is presented in the Deliverable 2.1
“White paper on GHG emission reduction paths supported by offshore renewables
(especially solar & wave) for achieving the European Green Deal targets”.

® 3500
.g 3000 = Power m Heat
0 2500
5 2000 B Transport Industry
OF 1500
= QO 1000
F 2 500 -
— 0 - ww > O Wwow o
o 2 T 3o T 3o AT
g o 98k %gla 98 ESQe 2R NS
o m 3 2 |Iuw e s @ 1w e s @ 1w |
3 _|-CIEOU) _|5|20w _|£|20w
I 20 d D5 20 d D55
o % <, o 5 <, o 5 <,
%) %) %)
a a a
m M m
2020 2030 2040 2050

Figure 35— Sectoral annual COz emissions in all scenarios during the transition.
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3.8. Complementary impacts

In the BPS and BPS_highOE scenarios use of ORE technologies was supported by
the scenarios’ definition, unlike the rest of the system, the installed capacities of
offshore wind power, wave power and OSPV were not defined by the cost-
optimisation. Only in the BPS_lowOE scenario was the system free to define a cost
optimal ORE capacity, which makes this scenario’s results especially interesting.
The model results of the BPS_lowOE demonstrates the important role ORE and
OSPV can play in area-constrained regions, especially in Benelux. In the cost-
optimised scenario, OSPV and offshore wind power capacities are present without
any support, solely due to the scarcity of onshore area, highlighting the
competitiveness of ORE solutions under area constraints.

In general, ORE benefits strongly from limited land. To highlight this further, some
insights from the BPS_highOE_FPV are presented. Several regions across Europe
reach the onshore wind power limitation, which is set to 2% of the regions area,
such as Norway, Denmark, Sweden, Finland, France, Benelux, UK/IE, and Germany.
As a consequence, most of these countries reach higher shares of ORE. The solar
PV capacity reaches 4675 GW in this scenario in 2050, thereof about 830 GW on
rooftops, where the potential is higher, some GW are assumed for vertical PV as
used in agrivoltaics, and 150 GW of OSPV, with the remainder of about 3700 GW for
onshore solar PV utility-scale systems. These 3700 GW require about 0.76% of the
European land. About 40-50% of the solar PV utility-scale capacity is needed for e-
fuels and e-chemicals which can be produced in regions of available land and
excellent solar resources reducing maybe conflicts with urban areas and
agriculture land. In case of imports of e-fuels and e-chemicals to Europe (not
assumed in this scenario), then the area demand would be lower.
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4. Value of wave power in the export market for Chile

4.1. Introduction

Scientific literature [52] consistently identifies transitioning to a fully RE system
across all economic sectors as the most viable, sustainable, and cost-effective
pathway to meet Paris Agreement targets [53]. Moreover, this kind of transition can
also provide localised public health improvements [54] and contribute socio-
economically through increased employment opportunities [55]. However, given
that most studies on 100% RE system transition have primarily focused on RE
sources such as solar PV, wind power, hydropower, biomass and geothermal for
local energy supplies, the role of wave power technology can play in fully
defossilised transition scenarios remains an open question, as does the exploration
of sustainable product export opportunities for specific countries.

Understanding the role of wave power technology can be crucial as a strategic
energy source, especially in regions lacking sufficient solar and wind energy
resources and/or with limited land availability for variable RE installations.
Additionally, sustainable export products can both replace fossil fuels [56] and
substitute fossil energy carriers [57] without requiring modifications to machinery
that is hard to electrify directly and provide multi-dimensional benefits, particularly
for developing and emerging countries.

Even though there are more than 1000 scientific articles on 100% RE energy
transition scenarios in the existing literature [58], only about 11% of them have
included wave power technology in the analysis. The limited investigation of wave
power integration reveals a lack of understanding of the role of wave power
technology can play as a strategic and complementary energy source in energy
transition scenarios, especially at the national level.

Among the most interesting countries to study the role of wave power in energy
transition scenarios due to its huge potential for electricity generation, Chile
emerges as a key case. With 5000-6000 full load hours of wave power resources
[33], this country is ranked among the best in the world. However, despite the fact
that Chile is the second-most studied country for 100% RE systems in the entire
Americas (next to the United States) and in the Southern Hemisphere (next to
Australia) [33] wave power technology has not been included in those research
works. Furthermore, those studies have not analysed e-products for export
purposes in the energy transition scenarios, even though Chile, through the
demonstrative facility Haru Oni located in the Magallanes region, has been
producing and exporting e-fuels since 2023 [59].

Interestingly, due to Chile’s vast RE potential for export purposes [60], this nation
has gained significant attention from the scientific community in recent year. In
fact, several global, European, and American studies have identified Chile as a key
international player in the production of e-fuels, e-chemicals, and e-materials [61].

However, even though developed, developing, and emerging countries have also
been studied for explore their sustainable export opportunities based on e-
products [62], a simultaneous analysis of e-fuels, e-chemicals, and e-materials, in
particular as part of an energy-industry system analysis, has not yet been
addressed. Furthermore, there remains a lack of understanding of the role that
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wave power can play as a strategic and complementary source in national energy
transition scenarios.

With the objective of filling these gaps in the existing literature, and motivated by
the need to understand the impact of wave power technology in a 100% RE-based
energy transition, while simultaneously exploring sustainable products export
opportunities for an emerging country, this work aims to:

- Analyse the effect and value of wave power in a transition towards a fully
defossilised energy system, as a complementary supply source to solar PV
and wind power-dominated systems, under both a cost-optimal scenario
and a wave power favoured penetration scenario.

- Analyse the effect of incorporating the production of e-fuels, e-chemicals,
and e-materials for export to global markets in a country’s transition towards
a fully defossilised energy system.

To this end, using the case of Chile, LUT-ESTM [10,38] was employed, applying for
the first time a hierarchical energy system modelling framework [42] with three
levels. This approach interconnects data from the continental Americas [63], Chile's
national level [64], and a 6-nodes spatial resolution specific to Chile [65,66].
Therefore, two main novelties of this work can be highlighted:

- The application of a three-level hierarchical modelling framework (Americas
macro-region — Chile 1-node — Chile 6-nodes), representing a structurally new
approach to generate insights on sustainable energy transitions for a
country.

- The simultaneous analysis of wave power as a strategic resource, together
with the required energy infrastructure to export e-fuels, e-chemicals, and
e-materials from a single country.

Chile was selected as a case study based on four main reasons: (1) the country has
served as an example for anticipating regional and global energy transition
patterns, given its internationally recognised progress in RE technology
deployment [67,68]; (2) Chile possesses the world’'s strongest solar [69] and wind
energy [70] resources as well as abundant wave power resources, with 5000-6000
full load hours, which ranking among the best in the world [33]; (3) its RE potential
to export e-products is enormous [71], which could positively impact its energy
infrastructure and economic development; and (4) Chile is the second-most
studied country for 100% RE systems in the entire Americas (next to the United
States) and in the Southern Hemisphere (next to Australia) [36], enabling a rigorous
comparison between Chilean policy and the scientific findings for the same
country [72].

In this research, a version of LUT-ESTM is applied to Chile that separately addresses
energy-intensive industries for e-fuels (e-diesel, e-kerosene, e-methane), e-
chemicals (e-methanol and e-ammonia), and e-materials (e-steel and e-
aluminium) in addition to pulp and paper and cement industry. Therefore, for the
first time in the case of Chile, this work provides new insights for energy-intensive
industries in the context of a sustainable energy transition, wave power technology,
and e-product export opportunities.

This project has received funding from the Europeans Union’s Horizon 2020 research & innovation
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4.2. Methods

In this work, LUT-ESTM [10,38], see Section 2.1, was used to analyse the potential
contribution of wave power as a complementary source to variable RE resources in
the transition towards a fully defossilised energy system in the case of Chile, as well
as to explore the implications of integrating the production of e-fuels, e-chemicals,
and e-materials intended for export into global markets. The following sub-sections
provide an overview of the modelling tool used for this purpose, describe the
scenario setup, and present the input data and assumptions.

4.2.1. Scenarios description
Table 4 outlines the four scenarios developed to assess the potential role of wave
power as a complementary source to variable RE in the transition to a fully
defossilised energy system for the case of Chile, and to examine the impacts of
incorporating the production of e-fuels, e-chemicals, and e-materials for export
into international markets.

In all scenarios, free trading of e-FTL and e-methanol is allowed between regions.
In export scenarios, regional demands for e-ammonia must be satisfied by e-
ammonia production within that region, but e-ammonia production for export can
be freely optimised among regions. Due to model limitations, e-steel (via hydrogen
direct reduction [73]) and e-aluminium demands are exogenously input by region;
thus, demands for these e-materials are distributed among regions with existing
steel and aluminium infrastructure.

Table 4. Scenarios overview.

Scenario Description
name
NoExport This scenario models Chile as an isolated country with no export

demands and serves as a reference for the Chilean energy
transition. It is a Best Policy Scenario targeting net-zero
emissions by 2050.

RE is constrained in 2025 based on installed capacities in 2023
[45] and allowed to grow at 4%/year in capacity share from 2030
onwards.

NoExport-WF | This scenario is the same as the ‘NoExport’ scenario, but with
wave power phased into the Chilean energy system starting at
1% of electricity generation in 2030 to 10% in 2050.

Export This scenario targets 100% RE by 2050 introducing export
demands for e-FTL, e-ammonia, e-methanol, e-steel, and e-
aluminium. These demands are set based on expected
demands in the Americas [63,74], Europe, and East Asia.
Export-WF This scenario is the same as the ‘Export’ scenario, but with wave
power phased into the Chilean energy system starting at 1% of
electricity generation in 2030 to 10% in 2050.

4.2.2. Input data and technical and financial assumptions
Input data are based on previous works applied to Chile [65,66]. To maintain
consistency between hierarchical modelling steps, input data for Chile at the
country level [63] were first used and distributed among the six Chile regions based
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on previous work. As energy-intensive industry is explicitly modelled, demands for
cement, steel, aluminium, and pulp and paper are distributed based on energy
demands for these segments by region [75]. For chemical demands, the location
and capacity of refineries in Chile was used to distribute chemical feedstock
demands[76]. Export demands by product are presented in Table 5. e-FTL demand
for the Americas is based on production in Chile in [63]. For other e-fuels and e-
materials, export shares are based on percentages of European and East Asian
demands satisfied by imports from Galimova et al. [77] in the ‘Steady Europe + JP +
KR’ scenario. Demands for e-steel and e-aluminium for Europe and East Asia are
based on 5% of the expected primary material demand based on Lopez et al. [78]
for primary steel and the LUT-DEES scenario from [79] for aluminium. Only primary
steel and aluminium demands are considered, as secondary, or recycled, materials
are assumed to be covered by manufacturing in importing regions.

Table 5. Export demand projections in the Export scenarios by destination.

Energy & Unit 202 2025 2030 2035 2040 2045 2050
industry (0]
service
demand
Americas

e-Diesel [TWhiw] 0 O 8.3 198.0 176.4 131.6 120.0
e-Kerosene [TWhin] 0 0 2.9 76.6 92.4 129.9 126.9
e-Methanol [TWhia] 0 0 31.1 94 .4 173.8 218.1 2741
e-Ammonia [TWhiay] 0 0 7.6 21.4 452 68.2 99.4
e-Steel (H- [Mt]
DR) 0 0 0 3.2 4.5 52 52
e-Aluminium [Mt] 0 0 0 1.3 1.4 1.5 1.6

Europe and East Asia
e-Diesel [TWhiw] 0 0 0.0 0.1 23.1 60.8 73.6
e-Kerosene [TWhin] 0 0 0.0 0.1 26.3 73.4 136.5
e-Methanol [TWhiw] 0 0 41.3 116.6 196.3 267.2 308.2
e-Ammonia [TWhiay] 0 0 8.4 24.5 453 672 81.9
e-Steel (H- [Mt]
DR) 0 0 0.0 62.9 69.6 71.0 76.7
e-Aluminium [Mt] 0 0 0.0 4.6 49 53 5.7

Onshore RE resource limits are defined as 6% and 4% of available area by region
excluding built-up area, forest area, and agricultural area based on [80] for solar PV
and wind power, respectively. Pumped hydro energy storage potentials for Chile
are taken from [81,82] and distributed by region based on existing hydropower
capacities. Offshore wind power and wave power potentials assume that 15% of
each region’s exclusive economic zone is available, and resource profiles are
weighted based on LCOE as described in [19,32]. Table 6 shows techno-economic
assumptions for wave power.

Table 6. Financial and technical assumptions for wave power. Abbreviations: Capital
Expenditure (capex), Operational expenses (opex).

Technology Unit 2020 | 2030 | 2040 | 2050 | Sources
Wave Capex €/KWo 21,420 | 2777 | 2012 | 1731 [19]
power Opex fix €/(kWor-a) 1050 75 48 42
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Technology Unit 2020 | 2030 | 2040 | 2050 | Sources
Opex var €/KWhg 0 0 0 0
Lifetime years 20 25 30 30

For wave power in particular, capex can vary significantly depending on depth and
grid connection costs, especially as distance from the shore increases. Therefore,
regional capex and opex factors were applied in reference to the default values of
Table 7 for each region and year based on the composition of sites that have the
potential to supply wave power under 100 €/MWh. These capex and opex factors
are presented in Table 6.

Table 7. Wave power capex and opex factors by region in Chile based on methodology from

[33].

2020 2025 2030 2035 2040 2045 2050
Chile-North 2.50 2.50 1.07 117 117 116 116
Chile- 2.50 2.50 1.06 1.07 1.07 1.06 1.06
Central
North
Chile- 2.50 2.50 110 110 1.10 1.09 1.09
Central
Chile-South 2.50 2.50 1.09 1.10 1.10 1.09 1.09
Chile-Aysén 2.50 2.50 1.07 1.08 1.08 1.08 1.08
Chile- 2.50 2.50 1.07 1.07 1.07 1.07 1.07
Magallanes

4.3, Results

This section presents the results of the four simulated scenarios used to analyse
wave power as a strategic resource in Chile's sustainable energy transition,
alongside the energy infrastructure required for exporting e-products (e-fuels, e-
chemicals, and e-materials) to the global market. The results are presented at the
national level and focus primarily on the milestone years 2020, 2030, 2040, and
2050, in order to compare the scenarios throughout the transition period.

The results in this section are structured as follows: Section 5.3.1 highlights the
fundamental trends throughout the energy transition period, and the findings on
electricity supply, energy storage, e-product production, and energy costs are
presented in Sections 5.3.2, 5.3.3, 5.3.4, and 5.3.5, respectively.

431 Fundamental trends

Figure 36 (top) shows the results for TPED during the transition period by source:
fossil fuels (coal, oil, or natural gas), nuclear fuel, bioenergy fuel, geothermal heat,
solar thermal, and electricity (solar PV, wind power, hydropower, and wave power).
In all scenarios, a fully defossilised energy system is reached by 2050, mainly based
on PtX technologies. TPED increases from 460 TWh in 2020 to 601 TWh, 592 TWh,
4132 TWh and 4024 TWh by 2050 in the NoExport, NoExport-WF, Export, and
Export-WF scenarios, respectively. The results suggest that in the scenarios where
the wave power technology is favoured, the TPED is about 1.5% lower in the
NoExport scenario and 2.6% lower in the Export scenario, both by 2050.

This project has received funding from the Europeans Union’s Horizon 2020 research & innovation
programme under grant agreement number 101036457.
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Figure 36. Total primary energy demand by source (top) and total final energy demand by sector
(bottom) for each scenario during the transition period.

The results also indicate that the TPED in Export scenarios would increase by
approximately a factor of 7 by 2050, compared to the NoExport scenarios. This
increase in TPED for the export scenarios would be mainly based on electricity
generation, due to the production of e-products. In fact, as can be seen in Figure
36 (bottom), the TFED would be about 4.7 times higher in the Export scenarios.
TFED for the production of e-products for export would grow from O TWh in 2020
to 1227 TWh and 494 TWh by 2050, for e-fuels/e-chemicals and e-materials,
respectively. On the other hand, TFED remains unchanged for the power, heat,
transport, and desalination sector in the four scenarios during the transition period.
However, for the industry sector, TFED increases about 99 TWh by 2050 between
NoExport and Export scenarios. This increase is attributed to the production of a
byproduct (e-naphtha) from e-FTL. In the export scenarios, this byproduct exceeds
expected chemical demands, suggesting that it may be attractive to expand
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industrial activities in Chile focused on higher-value chemicals if Chile becomes a
major e-FTL exporter.

Figure 37 shows the energy flow in the Export-WF scenario by 2050, where most
primary electricity (mainly dominated by solar PV) would be used for PtX purposes.
Here, PtX routes enable both direct and indirect electrification of all energy and
non-energy demands. In fact, about 82% of the primary electricity would be used
to produce hydrogen and its derivatives (e-fuels and e-chemicals), but electricity
would also be used for the production of e-materials. As can also be seen in Figure
37, a significant amount of heat is recovered from PtX processes, representing
around 56% of the PtX losses. The recovered heat is used as low-temperature heat

supply in downstream industrial processes and generic industrial heat
applications.
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Figure 37. Energy flow of the Export-WF scenario. All values are in TWh.

432, Electricity supply

Figure 38 (top) shows the installed power capacity and electricity generation by
technology for each scenario during the transition period. As shown in Figure 38
(top), installed power capacity increases from 46 GW in 2020 to 215 GW, 195 GW,
1850 GW, and 1685 GW by 2050 in the NoExport, NoExport-WF, Export, and Export-
WF scenarios, respectively. These results indicate that, in the cost-optimised
scenarios (NoExport and Export), wave power technology was not selected by the
model. However, about 9% more total installed capacity would be needed by 2050
compared to the scenarios in which wave power technology was favoured. In other
words, when wave power technology is favoured in the model, around 9% less total
installed capacity would be required at the end of the transition period. In the
NoExport-WF and Export-WF scenarios, wave power would mainly replace variable
RE technologies, between 24 and 202 GW of solar PV and 1.2 to 14 GW of wind
power onshore by 2050. In any case, as shown in Figure 38 (bottom), solar PV
technologies would dominate electricity generation during the transition period in
all scenarios, accounting for approximately 72-85% of total electricity generated by
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2050. In the scenarios where wave power technology is favoured (NoExport-WF
and Export-WF), 53-454 TWh less solar PV and 59-43 TWh less onshore wind
electricity would be generated.
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Figure 38. Cumulative installed capacity by power technology (top) and electricity generation by
power technology (bottom) for each scenario during the transition period.

Figure 39 shows electricity generation by region and technology for all scenarios
by 2050. In the NoExport-WF and Export-WF scenarios, wave power technology
would be allocated in the two southern regions: CL-South (CL-S), and CL-
Magallanes (CL-M). In the NoExport-WF scenario, out of the 46 TWh generated by
wave power technology in Chile by 2050, 27.5 TWh would take place in the CL-M
zone (representing about 60% of the total electricity generated in this region),
followed by CL-S (18.5 TWh, representing about 40%). In the Export-WF scenario,
out of the 387 TWh generated by wave power, 266 TWh would take place in the CL-
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M area (representing about 69% of the total electricity generated in this region by
2050), followed by CL-S (121 TWh, representing about 31%).

NoExport NoExport-WF Export Export-WF

BHydro

Wind onshore

EEWind offshore
PV prosumer

EPV utility-scale

W Biomass/Waste

WWwWave

BN Other RE

cL-c

IFossil gas
MlFossil oil
MFossil coal
BN Nuclear

Figure 39. Electricity generation map by region and technology for all scenarios by 2050.
Abbreviations: CL-N: CL-North; CL-CN: CL-Central North; CL-C: CL-Central; CL-S: CL-South; CL-A: CL-
Aysén; and CL-M: CL-Magallanes.

4.3.3. Energy storage

Figure 40 shows the cumulative installed capacity for electricity storage (top) and
gas and heat storage (bottom) during the transition period for the four scenarios
under analysis. As shown in Figure 40 (top), the installed electricity storage capacity
increases from O GWh in 2020 to 267 GWh, 246 GWh, 452 GWh, and 407 GWh by
2050 in the NoExport, NoExport-WF, Export, and Export-WF scenarios, respectively.
In the cost-optimised scenarios (NoExport and Export), about 21 GWh and 45 GWh
more installed electricity storage capacity, respectively, would be required by 2050
compared to the scenarios in which wave power technology (NoExport-WF and
Export-WF, respectively) is favoured. This can be attributed to the fact that wave
power has a higher capacity factor than solar PV and wind power, generating
electricity for longer periods and allowing for more direct consumption, particularly
during hours when solar PV is not producing and electricity demand peaks.
Therefore, less electricity storage capacity is required.
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Figure 40. Cumulative installed electricity storage capacity (top) and cumulative installed gas and
heat storage capacity (bottom) by scenario during the transition period.

On the other hand, the installed gas and heat storage capacity increases from O
GWh in 2020 to 6653 GWh, 7084 GWh, 23,712 GWh and 44,518 GWh by 2050 in the
NoExport, NoExport-WF, Export, and Export-WF scenarios, respectively. As shown
in Figure 40 (bottom), 431 GWh less of installed heat storage capacity would be
required in the NoExport scenario than in the NoExport-WF scenario by the end of
the transition period, mainly due to methane production for domestic use, covered
largely by biomethane when reaching 2050. By contrast, in the Export scenarios,
significantly more hydrogen would be stored during the transition period, primarily
for the production of e-products. Interestingly, about 20,806 GWh more of installed
gas and heat storage capacity would be required in the Export-WF scenario than
in the Export scenario.

The influence of wave power in 2050 can be particularly observed on storage
requirements in the hydrogen storage, methanol synthesis, and ammonia
synthesis operation in the Export-WF scenario. The strong wave power resources
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in the beginning of the year leads to a rapid charging of hydrogen storage. For the
second half of the year, hydrogen storage remains at relatively low states-of-charge
as these downstream power-to-X processes have more varying capacity factors,
with ammonia synthesis being most affected by wave power generation patterns.
Despite this high capacity, total hydrogen storage throughput is 95 TWh lower than
the Export scenario, at 998 TWhu,nv. More consistent wave power generation
throughout the year in the Export-WF scenario, while showing some seasonality,
leads to higher ammonia and methanol capacity factors in the winter months, thus
reducing the total amount of e-hydrogen that must be balanced by storage.

4.3.4. Sustainable e-fuel and e-chemical production

Figure 41 (top) shows the installed conversion capacity of fuels and chemicals for
each scenario during the transition period. As can be seen in Figure 41 (top), the
total installed fuels/chemicals conversion capacity increase from O GW in 2020 to
53 GW, 50 GW, 802 GW and 762 GW by 2050 in the NoExport, NoExport-WF, Export,
and Export-WF scenarios, respectively. The results indicate that the total installed
fuels/chemicals conversion capacity in Export scenarios would increase in around
15 times by 2050, compared to the NoExport scenarios. This increment would be
mainly in electrolyser (between 544-577 GW), following by e-methanol (between
73-78 GW), e-Fischer-Tropsch (about 68 GW), e-ammonia (about 22 GW), and e-
methanation (between 4.3-4.6 GW). Consequently, something similar would occur
in the fuels/chemicals conversion outputs, as shown in Figure 41 (bottom). In the
Export scenarios, a total of 601 TWh of e-FTL and 787 TWh of e-chemicals (591 TWh
of e-methanol and 196 TWh of e-ammonia) would be produced by 2050, from
which 458 TWh of e-FTL, 582 TWh of e-methanol, and 181 TWh of e-ammmonia would
be for exporting purposes. In addition, 494 TWh would be required for e-material
production (387 TWh for e-steel and 107 TWh for e-aluminium) by 2050 for
exporting purposes.
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Figure 41. Cumulative installed conversion capacity of fuels/chemicals (top) and fuels/chemicals
conversion outputs (bottom) by scenario during the transition period.

Between the Export and Export-WF scenarios, a noticeable difference in e-fuel and
e-chemical production capacity can be observed, as the Export-WF scenario has 41
GW less fuel conversion capacity than the Export scenario. At first glance, this
reduction in required capacity would seem to be driven by the integration of high
FLH wave power to operate electrolysers and PtX processes. Interestingly though,
favouring wave power into the Chilean energy system leads to varying degrees of
PtX relocation depending on the process involved, as shown in Figure 42. Due to
the high costs of e-FTL, regional production remains similar between the export
scenarios, with the solar dominated CL-N region supplying 70-71% of e-FTL in 2050.
The e-methanol structure begins to show some variation, as e-methanol
production in the CL-M region increases from 45 TWh in the Export scenario to 95
TWh in the Export-WF scenario, with the majority of this difference being moved
from CL-N. However, e-ammonia production, which has a higher direct electricity
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demand compared to e-FTL and e-methanol, changes the most significantly
between the scenarios, as the share of e-ammonia production in CL-M in 2050
increases from 8% in the Export scenario to 56% in the Export-WF scenario.
Correspondingly, the e-ammonia production share from CL-N decreases from 66%
to 19%. The results therefore indicate that wave power-driven ammonia production
may be a viable export production route to reduce land impacts from onshore RE-
based PtX production.

Annual imported and exported e-FTL Fuels Annual imported and exported e-FTL Fuels

Netimporting region
Self-sustaining region
Net exporting region

Annual imported and exported e-Methanol Annual imported and exported e-Methanol

Net importing region
Self-sustaining region
Net exporting region

Annual

and exp Annual imported and exported e-Ammonia

Net importing region
Self-sustaining region
Net exporting region

~e-Ammonia Trade 181 TWh ~e-Ammonia Trade 181 TWh

Figure 42. Regional e-FTL (top), e-methanol (centre), and e-ammonia (bottom) supply balances for
the Export (left) and Export-WF (right) scenarios. Regions are defined as exporting regions if e-
fuel/e-chemical production exceeds 110% of demand and are importing regions if production is less
than 90% of demand, otherwise they are considered as ‘Self-sustaining’.
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4.3.5. Energy costs

Figure 43 (top) shows the LCOE by scenario during the transition period. The LCOE
would gradually decrease from 69 €/MWh in 2020 to 24 €/MWh, 26 €/MWh, 19
€/MWh, and 20 €/MWh by 2050 in the NoExport, NoExport-WF, Export, and Export-
WF scenarios, respectively. This decrement in the LCOE will be possible thank to
transition to low-cost renewable electricity generation technologies. As shown in
Figure 43 (top), the LCOE between the NoExport and NoExport-WF is almost equal
at the end of the transition period, as well as between the Export and Export-WF.
Specifically, the scenarios where wave power technology is favoured, the LCOE is
about 13-22 €/MWh higher than the cost-optimised scenarios (8.3% in the
NoExport scenario and 6.6% in the Export scenario). The results also indicate that,
although the LCOE primary component is higher than in the scenarios where wave
power technology is favoured, the levelised cost of storage (LCOS) and levelised
cost of curtailment (LCOC) components are lower than in the cost-optimised
scenarios.
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Figure 43. Levelised cost of electricity (top) and levelised cost of final energy and non-energy use
(bottom) by scenario during the transition period.

Figure 43 (bottom) shows LCOFE by scenario during the transition period. The
LCOFE in the NoExport scenario and NoExport-WF scenario would be about 1
€/MWh lower (41.7 €/MWh) and 0.5 €/MWh higher (43.3 €/MWh) by 2050 than the
LCOFE in 2020 (42.8 €/MWh), respectively; after a peak of increment by 2030 (64
€/MWAh). By contrast, the LCOFE in the Export and Export-WF scenarios would be
about 11 €/MWh and 13 €/MWh higher by 2050 than in 2020, respectively; after a
peak of increment by 2030 (71 €/MWHh). Those peaks by 2030 in all scenarios would
be mainly due to the consumption of fossil fuels and its greenhouse gas emission
cost, but also due to the increment of new installed capacities which is translated
in capex. By 2050, the main component of the LCOFE would be capex, reaching
about 70% of this indicator in all scenarios. In fact, the higher LCOFE in the Exports
scenarios would be due to a higher capex and its consequent opex increment.
Specifically, the scenarios where wave power technology is favoured, the LCOFE is
about 1.6 €/MWh higher in the NoExport-WF scenario (3.7%) and 2.3 €/MWh in the
Export-WF scenario (4.2%) higher than the cost-optimised scenarios.

As can be seen in Figure 44, the lowest LCOE by 2050 is found in the northern
regions, i.e.,, CL-North (CL-N) and CL-Central North (CL-CN), across all scenarios,
reflecting the dominance of low-cost solar PV at the end of the transition period.
On the other hand, in the scenarios where wave power technology is favoured, the
LCOE is higher in the regions where wave power is significantly installed (CL-S and
CL-M), compared to other regions.
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Figure 44. Map of LCOE by region and scenario, by 2050. Abbreviations: CL-N: CL-North; CL-CN: CL-
Central North,; CL-C: CL-Central; CL-S: CL-South; CL-A: CL-Aysén; and CL-M: CL-Magallanes.

4.4, Discussion

4.4]. Central findings
This study represents the first analysis that simultaneously examines wave energy
as a strategic resource alongside the necessary energy infrastructure for producing
e-fuels, e-chemicals, and e-materials for export purposes within a single national
context. Furthermore, specifically for the case of Chile, this research provides novel
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insights not only into opportunities for energy-intensive industries in the
production of e-fuels (e-diesel, e-kerosene, e-methane), e-chemicals (e-methanol,
e-ammonia), e-materials (e-steel, e-aluminium) and pulp and paper and cement
industry, but also regarding the development of wave power technology and the
potential for sustainably exporting these e-products as part of a fully defossilised
energy transition.

4.42. Impact of wave power on the energy system

The findings of this work reveal that wave power technology was not selected in
the cost-optimised scenarios (NoExport and Export). However, in the scenarios
where wave power integration was favoured (NoExport-WF and Export-WF), the
total installed electricity generation capacity required is reduced by about 9% by
the end of the transition period. In the NoExport-WF and Export-WF scenarios,
wave power primarily displaces variable RE sources, replacing between 24 and 202
GW of solar PV capacity and 1.2 to 14 GW of onshore wind power capacity by 2050.
Indeed, a 10% electricity contribution from wave power increases the LCOE and
LCOFE by 13-2.2 €/MWh (8.3% in the NoExport scenario and 6.6% in the Export
scenario) and 1.6-2.3 €/MWh (3.7% in the NoExport scenario and 4.2% in the Export
scenario), respectively, relative to the cost-optimised scenarios.

INn any case, in the NoExport scenarios, the dominance of solar PV (162-186 GW) falls
within the range of previous studies applied to Chile (14-233 GW among all
scenarios). Moreover, in the same NoExport scenarios, the LCOE estimated in this
work (24.0-26.1 €/MWh) aligns with previous similar studies (25.7-36.0 €/MWNh)
[65,66], while in the Export scenarios, the LCOE is even lower (18.7-20.0 €/MWh), as
more low-cost electricity is directly used without balancing technologies.
Therefore, wave power can be integrated in Chile to considerably expand electricity
availability, partly reduce storage needs, increase supply diversity, and enable the
phase-in of another potentially major RE source.

443, Opportunities and challenges

Chile has been producing e-methanol since 2023 and has already exported about
100,000 litres of e-gasoline from Magallanes region to Europe and the US [83],
which is an early indicator that this country can become a key global player in the
production of e-fuels, e-chemicals, and e-materials for export purposes. A strategic
option for the country would be to adopt a diversified export approach, establishing
trade relationships with multiple international markets, such as Japan, South
Korea, Taiwan, China, and Europe, in addition to the Americas, among others. This
strategy would enable Chile to maintain a balanced export portfolio, thereby
mitigating potential risks associated with geopolitical changes.

The total installed power capacity in the Export scenarios (1685-1850 GW)
represents about 71-78% of the exploitable potential for renewable electricity
generation in Chile (2375 GW), based on [71], which, in addition to some techno-
economic considerations, also include several geographical, territorial, and
environmental constraints in the estimation. This result indicates that electricity-
based production aimed at exporting 5-30% of the e-fuels and e-chemicals
demand from the Americas, Europe, and East Asia, as well as 10% of the Americas’
demand and 5% of global demand for primary steel and aluminium, would be
techno-economically feasible in Chile.
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However, within the current policy framework, based on Chile” s Energy Policy 2050
[84], Chile’s National Green Hydrogen Strategy [85], and Green Hydrogen Action
Plan 2023-2030 [86], and considering the actual implementation timeline required
for a rapid expansion of e-product production for export within the next 10-15 years,
such feasibility may be limited. In fact, according to Oyarzun-Aravena et al. [87], a
lack of enabling infrastructure may hinder Chile's participation in the global net-
zero economy. A robust climate policy should facilitate the deployment of
hydrogen-based e-fuels, while simultaneously incorporating measures to mitigate
potential risks associated with their limited availability at large scales [56]. As
Odenweller and Ueckerdt [88] have pointed out, based on the analysis of 190
projects worldwide, policy support must secure hydrogen investments and focus
on applications where hydrogen is indispensable.

Moreover, socio-environmental resistance could emerge due to the large scale of
export-oriented projects, especially in areas containing extensive protected
territories. For instance, despite the vast wind energy resources in CL-Magallanes,
the wind power potential estimated by the government for this region is only 12.7
GW, due to geographical, territorial, and environmental constraints [89]. In this
context, wave power could represent an alternative with potentially higher social
acceptance, as it avoids the extensive land requirements near densely populated
urban centres. The results indicate that ammonia production in CL-Magallanes
may benefit the most from wave power among potential e-fuel and e-chemical
exports. In this way, an extension of the work by San Martin et al. [90] to the entire
country would be useful to determine the feasibility of e-hydrogen (and its
derivatives) industries in specific geographic areas under socio-environmental and
technical constraints.

In addition, water scarcity could also lead to social conflict if water is prioritised for
export purposes over domestic needs. One option to address water scarcity is
seawater desalination for industrial and municipal use, already implemented in
Chile’s mining regions where green hydrogen production is anticipated [91].
Although policies to expand desalination for mining are under debate, their
economic, social, and environmental impacts remain poorly understood. Alvez et
al. [91] highlight the need to clearly define these impacts and to engage with local
Indigenous communities prior to scaling desalination, to avoid displacing socio-
environmental conflicts to coastal areas, a dynamic already observed. Inadequate
consideration of hydro-social and environmental impacts in project approvals has
contributed to new inequities, shifting tensions from highland communities to
coastal and mainland regions [92,93].

4.5. Integrated findings for the value of wave power in Chile
This study presents the first one applying hierarchical energy system modelling
within a three-level framework. This approach integrates data from the continental
Americas, Chile as a single node, and a 6-node resolution within Chile, offering a
novel structural method for analysing national energy transitions. It is also the first
work to simultaneously analyse wave power as a strategic resource alongside the
energy infrastructure required for exporting e-fuels, e-chemicals, and e-materials
in a single-country context.

Additionally, this study, provides new insights not only into opportunities for
energy-intensive industries to produce e-fuels, e-chemicals, and e-materials, and
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pulp and paper and cement industry, but also into the role of wave power
technology and e-products export opportunities within a fully defossilised energy
transition.

Electricity exports to neighbouring countries do not create added value, as those
countries also possess excellent solar energy resources and ample land availability.

Electricity-based production to supply 5-30% of the e-fuels and e-chemicals
demand from the Americas, Europe, and East Asia, as well as 10% of the Americas’
demand and 5% of global demand for primary steel and aluminium, would require
approximately 78% of Chile's exploitable renewable electricity potential in the cost-
optimised scenario, and 71% in the wave power favoured scenario.

Finally, with some of the world’'s most abundant renewable energy resources, Chile
is well positioned to rapidly develop a 100% renewable energy-industry system,
potentially becoming one of the world's leading suppliers of renewables-based e-
fuels, e-chemicals, and e-materials, thereby contributing to the achievement of a
global post-fossil fuel economy.
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5. Summary and key messages

This report explores the projections of Europe’s energy system from 2020 to 2050
across multiple scenarios, highlighting the impacts of offshore renewable energy
deployment and sectoral defossilisation strategies on greenhouse gas emissions.
One of the core findings is the consistent and significant reduction in final energy
demand, which drops by 20% in most scenarios despite increasing activity in
transport and industry. This reduction is primarily driven by enhanced energy
efficiency and widespread electrification. The BPS_2040 scenario, in particular,
achieves even greater savings through more ambitious policies and technological
uptake, leading to earlier and deeper declines in energy use.

The drop in final energy demand in combination with the switch to renewable
energy supply results in a substantial reduction of primary energy demand. In 2020,
fossil fuels dominate the supply mix, but, by 2050, renewable electricity becomes
the main energy source across all scenarios. This transition drives the primary
energy demand down from 20,634 TWh to as low as 16,700 TWh in the most
ambitious scenario, with the integration of offshore renewable energy
technologies contributing to this efficiency.

Electrification of the energy system requires a fast growth of electricity generation
capacities. The electricity generation capacity expands dramatically over the
period, growing from about 3000 GW in 2030 to nearly 7000 GW by 2050. Solar
photovoltaics and wind power emerge as the leading technologies, with solar
photovoltaics exceeding 5000 GW of installed capacity and up to 9000 TWh of
electricity generation in some scenarios. Offshore wind power also becomes
increasingly important, particularly in the high ocean energy scenarios, reaching
450 GW in capacity and up to 1861 TWh in electricity generation. Fossil fuel-based
generation is entirely phased out by mid-century, and nuclear power significantly
declines, reaching only 75 TWh in the BPS_2040. Emerging technologies, such as
wave power and geothermal grow steadily but remain secondary contributors.

Electricity storage systems scale up rapidly to accommodate the variability of
renewable energy. By 2050, prosumer batteries and vehicle-to-grid systems each
exceed 1000 TWh of output, playing critical roles in system flexibility. While the
BPS_lowOE scenario achieves the highest total storage deployment through
utility-scale batteries, the BPS_2040 relies more on decentralised solutions, such as
prosumer batteries, as well as more centralised pumped hydro energy storage,
reflecting its early transition toward renewable energy. Other flexibility sources
such as smart changing of electric vehicles and heat storage options also
contribute to system stability.

The heating sector also undergoes a major transition, nearly eliminating fossil fuel
use by 2050. Heat pumps become the dominant technology, reaching 470 GW of
capacity and generating 2900 TWh of heat annually. Electric heating is particularly
strong in the BPS_2040 and a steady contribution from bioenergy helps to support
the transition. Hydrogen storage, used for hydrogen buffering for e-fuels and e-
chemicals synthesis and some seasonal storage, is important in all scenarios and
particularly in scenarios with high solar photovoltaics integration, reaching up to
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1920 TWhy,nv of throughput in the BPS_lowOE, while offshore wind power rich
scenarios require less storage due to their more stable generation profiles.

Industry shows a moderate overall energy demand growth, with chemicals and
other industry sectors expanding, while steel and cement decline due to material
efficiency and substitution. In the transport sector, energy use for road
transportation drops significantly with the uptake of electric vehicles, while
aviation becomes the largest single transport energy consumer by 2050 due to
limited direct electrification options. To supply sustainable fuels for industry,
aviation, and shipping, e-fuel and e-chemical conversion capacities, especially
electrolysers, expand from nearly zero to over 1500 GW, alongside a steady growth
in methanol and Fischer-Tropsch liquids synthesis.

The main results and conclusions of this study highlight that the integration of
offshore floating solar photovoltaics and wave power into the European energy
system leads to moderately higher total system costs compared to scenarios
without them, but for the benefit of a higher system diversity. In 2050, the
BPS_highOE_FPV and highOE have annualised system costs of about 760 b€ and
757 b€, respectively, which is about 4.5% higher than in the BPS (727 b€). The
scenario with a low offshore renewable energy share remains the cheapest at 655
b€. The levelised cost of electricity similarly increases in 2050 from 48.7 €/MWh in
the BPS to 51.2 €/MWh in the BPS_highOE_FPV. Offshore renewable energy
contributes to system stability, as demonstrated by a 2.3% reduction in electricity
storage output in 2050 (from 1303 TWh in the BPS to 1273 TWh in the BPS_highOE).
Increased electricity availability throughout the year implies less reliance on long-
term fuel storage and balance, reduced operational uncertainties, and increased
security of supply in a system dominated by variable renewable energy.

The observed variation of electricity generation and levelised cost of electricity
between the BPS, BPS_highOE, and BPS_highOE_FPV clearly demonstrates that
offshore renewable energy technologies are not just a costly addition to the energy
system, they are in some regional cases such as lberia part of the least cost solution.
Electricity generation in lberia for the BPS_highOE_FPV from offshore wind power
reaches 217 TWh in 2050 compared to only 0.16 TWh from same source in the same
year for the BPS, highlighting the system optimisation for given constraints in the
region. Offshore renewable energy resource profiles complement onshore solar
photovoltaics and onshore wind power, making the energy system more resilient
and resulting in less energy storage and more stable energy services. Including
offshore renewable energy despite the relative increase in system cost remains
cheaper than importing from other regions to regions with an energy deficit and is
part of the least cost solution. Moreover, ocean energy shifts the overall
architecture towards a more balanced and spatially diversified one.

In Chile, by 2050, wave power penetration can offer an inexpensive complement to
solar photovoltaics, leading to only marginal increases in system costs of about 8.2-
10.4% in levelised cost of electricity and 3.4-4.3% in levelised cost of final energy and
non-energy use, compared to cost-optimal conditions. Wave power in Southern
regions of Chile (CL-South and CL-Magallanes) may compete with onshore
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renewables, given comparable costs. Moreover, wave power may achieve higher
social acceptance, as it does not require large land areas near densely populated
urban centres. Under e-product export scenarios, greater wave power penetration
allows for increased concentration of onshore renewable electricity in regions with
the most abundant resources.

Results show that an accelerated or limited scaling of offshore renewable energy
and offshore floating solar photovoltaics has only modest effects on direct energy
related greenhouse gas emissions, indicating that cross-sectoral policies and
system-level strategies play a far greater role in determining defossilisation
outcomes.

In conclusion, although the offshore renewable energy and offshore floating solar
photovoltaics favouring scenarios result in slightly higher capital expenditures,
they offer a more resilient, regionally optimised, and efficient system architecture.
These results support a strategic shift towards greater technological diversity in
offshore renewable energy as a key driver for a sustainable energy transition in
Europe.
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