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Definitions
The minimum level of energy demand on an electrical grid over a span of time.
Bioenergy in combination with carbon capture and storage.
Is the factor of true electricity production and is calculated by dividing the true
productivity over the maximum capacity. It can be used to calculate the full-load hours
of an energy generation technology.
Carbon Capture and Storage
Carbon dioxide
Unit based on the global warming potential of different greenhouse gases. It measures
the environmental impact of 1 ton of greenhouse gases in comparison with the impact
of 1 ton of carbon dioxide.1
Concentrated Solar Power
Exclusive Economic Zone
European Union 28 Member States
Final Energy Consumption: total energy consumption by end-users, excluding energy
consumption by the energy sector itself and energy carriers for non-energy purposes.
Greenhouse Gases
Hydrogen gas produced from electrolysis using renewable energy sources.
Gross Inland Consumption is the total inflow of energy (production plus net import)
minus stock changes and international maritime bunkers. Where stock changes are the
difference between opening and closing stock levels for national held stocks.
International maritime bunkers are fuel quantities that are delivered to ships of all flags
that navigate internationally. (Eurostat, 2019)
Hydrogen gas
Levelized Cost Of Electricity is the ratio of the lifetime costs to the lifetime electricity
production of a technology (IRENA, 2019e).
Levelized Cost of energy Storage
Rapid changing energy output need to follow energy load (i.e. energy demand)
(Denholm, Ela, Kirby, & Milligan, 2010).
Technologies with low emissions covering emissions during energy generation and lifecycle emissions.
A synonym for climate neutrality 2, this encompasses emission reductions and
compensations. The overall greenhouse-gas emission balance should be zero.
Emissions that could not be avoided should be compensated with equal amounts of
removal.
Primary Energy Consumption: total energy demand and covers the consumption of the
energy sector itself, transformation and distribution losses and the final energy
consumption by end-users. It excludes energy carriers for non-energy purposes.
(Eurostat, 2019)
Photovoltaic
EU Reference Scenario 2016
Renewable Energy Source
Renewable Energy Technology
Research Question

https://climatepolicyinfohub.eu/glossary/co2eq
https://www.wri.org/blog/2015/12/cop21-glossary-terms-guiding-long-term-emissions-reduction-goal
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TIC
WTG
Zero-GHG-emission
energy

Total Installed Costs are the sum of all costs required to install a technology to have it
up and running.
Wind turbine generator
Zero greenhouse-gas emissions during energy generation and energy end-use.

Units
Unit abbreviation
°C
g
J
K
m/s
Ppm
t
W
Wh
Wp

Unit/meaning
Degree Celsius
gram
Joule
Kelvin, from K to °C is -273.15
Metres/second
Parts per million
Ton = 1,000 kg
Watt
Watt∙hour
Watt peak

Prefixes
kilo (k)
mega (M)
giga (G)
tera (T)
peta (P)
exa (E)
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103
106
109
1012
1015
1018

1,000
1,000,000
1,000,000,000
1,000,000,000,000
1,000,000,000,000,000
1,000,000,000,000,000,000

thousand
million
billion
trillion
quadrillion
quintillion

Summary
Since the start of the industrial revolution, atmospheric carbon dioxide (CO2) concentrations have
almost doubled from 280 ppm to almost 410 ppm. Also other greenhouse-gas (GHG) concentrations
have increased. Over this period, all these elevated concentrations increased Earth’s average
temperature by more than 0.9°C. This human-induced temperature increase is part of anthropogenic
climate change, which has many undesired impacts. In response, the 28 Member States of the
European Union (EU-28) and 161 other countries have committed themselves to the Paris Agreement
of 2015, which intends to keep the global average temperature increase well below 2°C and pursues
efforts to keep it below 1.5°C. The 1.5°C target is desirable and still possible according to the
Intergovernmental Panel on Climate Change (IPCC), but net CO2 emissions must then be reduced to
zero by 2050 and other GHG emissions soon thereafter. Therefore, the EU-28 has committed
themselves to a net-zero emission economy by 2050. In line with their commitments, my research
aimed to construct a 100% renewable energy-generation system that emits zero emissions during
energy generation and end-use. Additionally, I considered the fair transition objective, where countries
support each other in meeting their commitments.
The economic energy potentials of wind and solar energy were computed spatially. The energy system
was then constructed using a back-casting approach based on 2050’s projected baseline primary
energy consumption (PEC). The PEC is the total energy demand and covers the consumption of the
energy sector itself, transformation and distribution losses and the final energy consumption by endusers. It excludes energy carriers for non-energy purposes. The PEC was adjusted to a projected change
in net-energy import and additional energy storage losses. The EU-28 was subdivided into the following
four geographical regions: Northern EU, Eastern EU, Southern EU and Western EU + British Isles. The
adjusted PEC for these regions was subsequently met by planning the energy supply from wind, solar,
hydro- and geothermal energy. In the mix, I assumed the maximum economic feasible energy potential
of hydro- and geothermal energy, because these are well suited for the energy system to provide loadfollowing and baseload energy, respectively. The shares of wind and solar energy are based on the
country’s relative economic feasible potential compared to the total economic feasible wind and solar
energy potential within the geographical region of that country.
Once the energy mix was computed, the total installed cost of the system over the period 2018-2050
is estimated together with estimated baseline emissions over that same period. Subsequently, the
costs per avoided GHG emissions were calculated. To finalise the energy transition, the narratives for
the possible future energy distribution, storage and sector electrification were reviewed.
The total available annual economic energy potential for wind and solar energy was estimated to be
84,500 TWh and between 58,000 and 91,500 TWh, respectively. However, for the constructed energy
mix, only a small percentage of this potential had to be used. The constructed energy mix consists of
34% to 42% wind-energy, 34% to 43% solar-energy, 20% geothermal energy and 4% hydropower. This
system would cost about 1.8% to 9.0% of the EU-28 gross domestic product and could avoid 1 ton of
GHGs at a cost of 80 to 880 euros. The energy could best be distributed using the electric grid or to
create hydrogen gas, which is also important for long-term storage. Lithium-ion batteries and other
proven storage technologies can be used for short-term storage. Regarding electrification, in some
sectors electrical alternatives already exist. In other cases, alternative zero-emission fuels are
considered or developed.
The results of the energy mix compare well with other studies that use forward scenario-analysis rather
than my back-casting approach. Such back-casting is rarely used to study future-energy developments.
Yet, the Joint Research Centre recommends it for emerging complex problems, like future energy
mixes. Due to my thesis’ focus, important non-renewable low emission-energy technologies are
ignored to determine the mix. Such technologies could help to reduce the required amount of land for
the energy system.
Overall, I conclude that a 100% renewable energy system with zero-GHG emissions during energy
generation and end-use is possible with on average a mix of 39% solar, 37% wind, 20% geothermal and
4% hydropower. The system leads to an average cost of over 170 euro per avoided ton CO2-eq.
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1 Introduction
After pre-industrial time humans have been increasingly influencing Earth’s climate system causing the
Earth’s temperature and sea level to rise. Main causes of human-induced climate change are land-use
change, agriculture and the use of fossil fuels. With the release of greenhouse gases (GHGs) – carbon
dioxide (CO2), methane (CH4), nitrous oxide (N2O) and fluorinated gases in particular – humans have
increased Earth’s average temperature for the decade 2006-2015 with 0.9°C compared to preindustrial levels (i.e. 1850-1900) (IPCC, 2018). Furthermore, the average atmospheric CO2
concentration increased from 280 ppm in 1880 to 2018’s concentration of almost 410 ppm (IEA,
2019a).
Global GHG emissions in 2017 are estimated to be 50.9 Gt carbon dioxide equivalents (CO2-eq), of which
32.5 Gt CO2 (excluding other GHG) is energy related (IEA, 2018a; Olivier & Peters, 2018). This means
that energy corresponds to more than 63% of the globally emitted GHG. For 2018, the International
Energy Agency (IEA) reported a new historic high of 33.1 Gt CO2 global energy related CO2 emission
(IEA, 2019a). The continuous and steady growth of energy related CO2 emission represents both the
high importance and challenge for an energy transition towards a low- or even zero-carbon energy
system.
Although numerous projects are being developed and ideas tested, so far none of the world’s regions
have a clear-cut answer to decarbonise their energy system. However, some regions show small
decreases in their GHG emissions. Amongst them are the 28 Member States of the European Union
(EU-28) that reduced their estimated GHG emissions by 22% in 2017 compared with 1990’s levels3. As
the EU-28 have claimed themselves to be a leading region in climate actions with its central role in the
Paris Agreement and deployment of the Emission Trading Scheme (European Commission, 2018c),
they should now play again an important role in the energy transition by acting first and showing an
example to the rest of the world.
The final energy consumption (FEC), defined as the total energy consumed by end-users and excluding
energy consumption in the energy sector itself4, was about 13,000 TWh in 2016 and resulted in 3.5 Gt
CO2 emissions (European Commission, 2010, 2018b). To completely decarbonise the energy system of
the EU-28, a compelling task is still ahead for the EU-28. The EU-28 have set out a strategy to achieve
the objectives set in the Paris Agreement of 2015 which was ratified by 181 parties (European
Commission, 2018c). The strategy opened the debate for both decision-makers and citizens on how to
prepare themselves for the 2050 horizon. In 2009 the EU already set emission reduction objectives of
80-95% in 2050 and aimed at high energy efficiency, 2/3 share of renewable energy sources (RESs) and
an almost emission free electricity production (European Union, 2012). Since 1990, the EU is continuing
to decouple economic growth from their GHG emissions. In the period of 1990-2017 EU’s gross
domestic product (GDP) grew 58% while total GHG emissions fell 22%, which is well on track to EU
2020-target (European Commission, 2018a). In addition, actions from the 2030 strategy that are put in
place today will have a continued impact after 2030. These are projected to already achieve an
emission reduction of around 60% by 2050 compared with 1990. However, this will not lead to fully
achieving the objectives of the Paris Agreement.

1.1 European Union energy transition objectives for anno 2050
If global warming is to be limited to 1.5°C, global CO2 emissions have to reach net-zero by 2050 and
neutrality should be realised for all GHG a little after mid-century (IPCC, 2018). According to the
International Panel on Climate Change (IPCC), this target is still achievable if humanity acts now and
coherently use every tool they have.
Due to the EU-28 commitments with the Paris Agreement and the IPCC’s special report on 1.5°C
warming, they have set themselves new targets for 2050. Over the last decade the EU contributed to
the global action and awareness by demonstrating how to address environmental challenges

3
4

https://ec.europa.eu/eurostat/statistics-explained/index.php/Greenhouse_gas_emission_statistics
https://ec.europa.eu/eurostat/statistics-explained/index.php/Glossary:Final_energy_consumption
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(European Commission, 2018c). Therefore, it can act as a catalyst in global responses, putting the
importance of alliances of multiple countries with the common climate goal at the core. The EU is the
framework that allows its Member States to adapt collectively to the major mega-trends.
With the Clean Planet Strategy, the EU-28 wants to achieve net-zero-GHG emissions by 2050 (European
Commission, 2018c). Following the definition of the World Resource Institute, this is understood as
synonymy of climate neutrality and encompasses emission reductions and compensations. The
strategy seeks to ensure a socially-fair transition, where no EU-28 citizen, country nor region is left
behind or disadvantaged. Additionally, the strategy aims to enhance the competitiveness of EU-28
economy and industry on the global markets and making the EU-28 a global leader in RESs. Lastly, the
transition should be done in a cost-efficient manner and in synergy with other environmental
challenges (e.g. air quality and biodiversity loss).
With 75% of the EU-28 GHG emissions accounted to the energy system, the system has a central role
in the transition towards net-zero-GHG emissions by 2050 (European Commission, 2018c). The
strategy report analysed eight scenarios that all show the energy system moves towards net-zero-GHG
emissions. All scenarios rely on a secure and sustainable energy supply that is underpinned by a
market-based and pan-European approach. As a result of increased shares of renewable energy
sources (RESs), the European Commission expects the energy import dependency to decrease to 20%
compared to the 55% dependency in 2017 (European Commission, 2018c, 2019a).
In summary, EU-28’s energy objectives for 2050 are to transition towards net-zero-GHG emissions for
the energy system and doing this in a socio-economically fair way. No Member State should be left
behind nor disadvantaged. The EU-28 will rely more on RESs and therefore less on energy import. The
energy import dependency is expected to decrease to 20% by 2050.

1.2 Research aim
Despite EU-28’s long-term strategy, what the energy system of the EU-28 will look like by 2050 when
their targets are met, remains unclear. Many scenarios on the energy transition are done following a
forecasting approach (Climact, 2018; European Commission, 2018c; European Union, 2012). Scenarios
that are covered, include: full electrification, all hydrogen, power to electro-fuels, deep energy
efficiency.
This research follows a more systematic approach of back-casting. My research aim is to analyse what
the EU energy system will look like by 2050 using only RESs and emitting zero-GHG emissions during
energy generation and end-use (further referred as ‘in operation’). In this research I also consider the
fair transition objective, where countries support each other in meeting their commitments. The
following research questions (RQs) are aimed to be answered:
RQ 1)
RQ 2)
RQ 3)

RQ 4)
RQ 5)
RQ 6)

What are the renewable energy generation technologies currently known?
What are the potential energy carriers for both energy storage and/or distribution?
What will the energy generation system look like for the EU-28 to meet zero-GHG emissions in
2050, assessing:
• Energy production potential of wind and solar;
• Spatial distribution of energy production; and
• Energy mix (shares of each technology)?
What is the cost per avoided CO2-eq emission of this energy generation system for the EU in
2050?
How can the energy be distributed to other countries and sectors?
Which sectors need electrification and on what alternative energy source do those sectors,
that cannot electrify, rely?

1.3 Research scope
My thesis focuses on the 28 Member States of the EU on September 2019. The thesis looks at the total
supply and demand of energy (i.e. fuels, electricity and heat). An energy generation system for the EU28 is constructed that emits zero-GHG emissions in operation, using only renewable energy sources
and proven technologies. The zero-GHG emissions aim of my thesis deviates from the EU-28’s original
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objective of net-zero-GHG emissions. My thesis therefore only tests the feasibility of achieving a 100%
renewable energy system with current possible energy generation technologies and leaves out
possible emission compensation solutions and non-renewable low-emission energy technologies.
However, I do include life-cycle-GHG emissions and therefore use the term ‘low-emission’ rather than
‘zero-GHG emission’. Zero-GHG emissions only relate to energy generation and end-use. The
technological concepts under development and non-renewable low emission energy alternatives will
receive appreciation – if relevant – in how these could overcome challenges faced with current
operational renewable energy technologies. For energy storage and carrier solutions, the thesis
broadens by including developing technologies.
The primary energy consumption (PEC) that is projected for 2050 is used as the required amount of
energy generation for 2050, thus the starting point for back-casting. The PEC is the total energy
demand and covers the consumption of the energy sector itself, transformation and distribution losses
and the final energy consumption by end-users. It excludes energy carriers for non-energy purposes.
End-users are the residential, tertiary, industry and transport sectors. The system constructed, is based
on cost-competitiveness with fossil fuel sources and reliability of energy supply. For wind and solar
energy, the suitable areas are analysed prior to estimating their energy potentials in the EU-28. The
energy potentials of other RESs are collected from literature. In the interest of complementing the
energy transition researched in my thesis, RQs 5 and 6 are answered only with a comprehensive
narrative review.
Although the European Commission envisions a pan-EU-28 energy system for 2050, this thesis will
focus on an inter-regional energy system. This means that Member States within EU-regions support
and supply each other in meeting each other’s demand. It therefore complies with EU’s objective that
no Member State should be left behind or be disadvantaged. However, a distribution network
construction or cost assessment of distribution is excluded from this work. Cost related calculations
only include the costs of the renewable energy generation system.

1.4 Reading guide
This chapter started with an introduction of the importance of an energy transition and narrowed
down to the EU-28 and their commitment to reach net-zero emission by 2050. In line with their
commitment, the research aim was introduced and followed by 6 RQs. The methodology followed to
answer these 6 RQs is described in Chapter 2. As part of the data collection in Section 2.1, RQs 1 and 2
are answered. Section 2.2 follows with the description of the method and calculations followed to
answer RQs 3 and 4. Finally, Section 2.3 provides an explanation of the narrative reviews that were
done for RQs 5 and 6.
The methodology is then followed by three result chapters. First, Chapter 3 compares the 2017’s
energy system with the energy system following a reference scenario for 2050 and provides the
projected PEC for 2050. Secondly, Chapter 4 presents the answers to RQs 3 and 4. Finally, Chapter 5
provides the narrative review results that answers RQs 5 and 6.
Chapters 6 and 7 are the discussion and conclusion chapter, respectively. The discussion chapter
interprets and discusses the results and compares results with literature. Additionally,
recommendations are provided in this chapter to improve my analysis in the future. Chapter 7
synthesises the answers for the RQs to conclude that the transition towards a zero-GHG emission and
100% renewable energy system is possible with little land required for wind and solar energy and
moderate costs compared to the EU-28’s GDP.
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2 Methodology
To answer the RQs, a back-casting approach was followed. Prior to computing the energy mix for 2050,
data was collected which also provided the answers for RQs 1 and 2. The methodology for answering
RQs 3 to 6 are also further described in this chapter.

2.1 Data collection
First data were collected for the calculations that lead to the proposed energy mix, this process is
described further in this section. For the purpose of estimating the avoided emissions and creating
some background knowledge, information on the energy system and its mix for 2017 and 2050’s
baseline projection (from a reference scenario) were collected. The baseline projection also provides
the estimated amount of energy (i.e. PEC) that needs to be produced by 2050. Also, key figures of
available low-emission energy technologies that are used in the calculations were collected. Despite
only the roundtrip efficiency of potential energy storage and carrier technologies was used in the
calculations, an effort was made to collect most key figures of these technologies. In regard to the used
energy potentials, these were collected from literature for hydro- and geothermal power. For wind
and solar energy, these potentials were estimated after spatial analysis of available and suitable land
for the technologies. Therefore, spatial data had to be collected.

2.1.1 EU-28 energy systems
For data reporting, the EU-28 were divided and grouped into the following four geographical regions
based on the book "World Regional Geography: People, Places and Globalization" (2016):
• Northern EU;
• Western EU + British Isles;
• Southern EU; and
• Eastern EU.
This regionalisation is visualised in Figure 1. The geographical regionalisation was used because it
would require a whole separate study for dividing the EU-28 into regions based on their energy
distribution networks.
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Figure 1: EU-28 Geographical Regions

Data on the energy system anno 2017 is collected from the statistical pocketbook of 2019: “EU energy
in figures” provided by the European Commission (2019). From this data, the current energy mix of
both the energy production and consumption was gathered. Also, the related emissions from fuel
combustion activities was collected. Emissions are collected in total GHGs using the carbon dioxide
equivalents (CO2-eq).
For the projections of the future energy system anno 2050, the projections of the “EU 2016 Reference
Scenario” (REF 2016) from Carpos et al. (2016) are used. The REF 2016 projects – rather than forecasts
– the future trends using the Price-Induced Market Equilibrium System energy system model (PRIMESmodel). Projections are based on policies that are agreed on at EU and Member State level until
December 2014. Hence, it does not predict the developments of the energy system and climate
change.
The PRIMES-model fully included planned investments, such as lifetime extensions, new installations
and decommissioning. It also considers renewable energy penetration potentials, carbon capture and
storage (CCS), transport and storage by country.
Using this data, the baseline energy production and consumption profiles are provided. In addition,
relevant information about energy related GHG emissions are provided by Carpos et al. (2016).
Particular interest goes to the projections of the PEC, as this is the amount of energy that is needed to
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meet FEC. The PEC includes losses of the energy system but compared to the gross inland consumption
it excludes non-energy consumption (e.g. lubricants). Other important information is the FEC by sector.
In the end, same data as for 2017 was collected but then for REF 2016. After which the energy
production and consumption profiles were compared with each other.

2.1.2 Low-emission energy technologies
For this part of the data collection, first an inventory of available, existing and developing low emission
technologies was made using the books of Boyle et al. (2012) and Twidell & Weir (2015). In total, the
following 11 low emission technologies have been identified: wind turbine generators (WTG),
concentrated solar power (CSP), solar photovoltaics (PV), hydropower, tidal energy, wave energy,
ocean gradient, geothermal energy, bio-energy, nuclear fission and CCS.
Costs, lifespan, life-cycle emissions, power capacity, capacity factor and land-use data were collected
for each identified technology. For costs, the levelized cost of electricity (LCOE) and total installed cost
(TIC) are used. Where available, data from Boyle et al. (2012) and Twidell & Weir (2015) were collected.
This data and missing data were updated or completed with more recent scientific work. These data
were sourced from Google search for institutional reports and Scopus and ScienceDirect for scientific
articles. In the end, only the lifespan of on- and offshore wind energy from Twidell & Weir (2015) were
left unchanged. With the data collection, the aim was to collect reliable values by using literature that
covered multiple values/cases in their reported values (meta-analysis data).
As Figure 2 on page 14 shows, the desired meta-analysis data were mostly found in institutional reports
from the International Renewable Energy Agency (IRENA), Intergovernmental Panel on Climate Change
(IPCC), Netherlands Organisation for Applied Scientific Research (TNO), International Atomic Energy
Agency (IAEA), World Nuclear Association, Wind Europe, National Renewable Energy Laboratory
(NREL), or reports written for the European Commission. IRENA (2019e) provided the cost and capacity
factor data in 5th percentile, weighted average and 95th percentile which were further used in the
calculations. IPCC (2014b) provided the life-cycle-GHG emission data in minimum, median and
maximum for all technologies except for bio-energy with carbon capture and storage (BECCS). These
values were further used in the avoided GHG emissions calculations. After consulting these
institutional reports, still some data were missing. These were then collected from scientific articles
for: a) all data values on BECCS, b) the lifespan values of CSP, PV panels, hydropower and nuclear
powerplants, c) power capacities of PV panels and biomass fired power plant and d) land-use collected
from Andrews, Dewey-Mattia, Schechtmann and Mayr (2011).
As BECCS is currently not existing, little information was found. Hence, it was relying on modelled work
from Yan, Wang, Cao, & He (2020) for the LCOE and Budinis, Krevor, Dowell, Brandon, & Hawkes (2018)
for the TIC. Other data were not analysed further.
For the lifespan of the missing technologies, for solar energy the life-cycle harmonisation assessment
studies of the NREL were used. For hydropower, the collected by Li et al. (2019) was used after
searching in Scopus with the following keywords: hydropower, life-cycle and lifespan. For nuclear
power, I used the report of Haverkamp et al. (2014) that was commissioned by Greenpeace and written
by a multidisciplinary team of different renowned institutes (e.g. Öko-Institut, University of Greenwich,
University of Leuven and University of Maastricht).
Lastly, for the power capacity of PV panels a meta-survey of 153 studies from Nugent & Sovacool (2014)
was used and found on ScienceDirect using keyword such as: harmonisation, solar photovoltaics, lifecycle assessments. For biomass fired power plants, the capacity was retrieved from a demonstration
plant in Värnamo from Ståhl (2004) as no other 100% biomass fired power plant cases could be found.
The total overview of all data that were collected together with the related sources are provided in
Annex 1. This is the data that were used in the calculations that are described in Section 2.2. The
literature background of these technologies is provided in Annex 2. This background information is
used for certain considerations in the calculations of Section 2.2. Where applicable, this information is
provided in Section 2.2.
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Subject information

Source
EU commissioned
(COGEA et al., 2018)
GreenPeace commissioned
(Haverkamp et al., 2014)

LCOE

TIC

Lifespan

Life cycle GHG emissions

Generation
technology

All technologies
(except BECCS)

IAEA (2019)

Onshore wind

IPCC (2012, 2014b)

Offshore wind

IRENA (2014, 2019e)
NREL
(Faircloth et al., 2019; Wiesenfarth et al., 2017)
TNO
(Gamboa Palacios & Jansen, 2018)
Wind Europe
(Komusanac et al., 2019)
World Nuclear Association (2018)

CSP
Solar PV
Hydro
Tidal range
Tidal current
Wave

Production capacity

Andrews et al. (2011)
Budinis et al. (2018)

Capacity factor

Land-use

Ocean Gradient
Geothermal

Nugent & Sovacool (2014)

Biomass

Ståhl (2004)

Nuclear

Twidell & Weir (2015)

CCS in BECCS

Yan et al. (2020)
Li et al. (2019)

Figure 2: Data collection connection scheme of energy generation technologies
The left column represent the subjects on which data were gathered. The middle column starts with 9 institutions
from whom data were collected. The second part of the middle column consists of the 6 scientific sources that
were used for collecting the missing data (after consulting the institutional reports). The right column shows the
technologies identified from Boyle et al. (2012) and Twidell & Weir (2015) for which the data were collected.
Colours serve only to enhance readability of the figure.
Abbreviation meanings: LCOE is levelized cost of electricity, TIC is total installed cost, BECCS is bio-energy with
carbon capture and storage, CSP is concentrated solar power, PV is photovoltaic, CCS is carbon capture and
storage.

Next to collecting the key figures of the technologies, the energy potentials for hydro- and geothermal
power were collected. Data on the current installed hydropower energy capacity and additional
technical potential were collected from Eurelectric & VGB Powertech (2018). The economic potential
was then estimated using table 1 from Bódis, Monforti, & Szabó (2014). This was done by taking the
share of economically feasible potential over the technically exploitable potential5. This share was then
used in the dataset from Eurelectric & VGB Powertech (2018). The collected data for hydropower
energy and its potentials were used in the calculations of Section 2.2 and are provided in Annex 3.
The current installed capacity and economic potential by 2050 of geothermal energy were collected
from van Wees, Angelino, & Dumas (2013). Their major assumption behind the economic potential for
2050 is that they assume the max bore depth is increased with 3 km to yield geothermal energy. The
data that was collected for geothermal energy are provided in Annex 4 and were used in the
calculations of Section 2.2.

5

Where possible from the column of the world energy council, if not looked at the column of world atlas and last
possible from ESHA in Table 1 of Bódis et al. (2014).
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2.1.3 Potential energy storage and carriers
Similar to 2.1.2, a first inventory of existing and developing energy storage and/or carrier technologies
was drawn from the books of Tester, Drake, Driscoll, Golay, & Peters (2005) and Twidell & Weir (2015).
Known by the author, but not included in the books was iron powder as a potential energy carrier.
Hence, this was included in this thesis based on scientific proof found in literature from Jeffrey M.
Bergthorson et al. (2017). From W. Wang, Herreros, Tsolakis, & York (2013), ammonia (NH3) was found
to be an potential energy carrier and was added to the list. Most data were collected for the following
16 technologies: flywheel, pumped hydroelectric energy storage (PHES), compressed air energy
storage (CAES), hydrogen (H2), ammonia (NH3), super-capacitors (SC), batteries (e.g. sodium-sulphide,
redox battery, lead-acid battery, lithium-ion), superconducting electro-magnetic energy storage
(SMES), liquid air energy storage (LAES), iron powder and molten-salts.
Energy density, power range, discharge time, suitable storage duration, life time, cycle life, levelized
cost of energy storage (LCOS), TIC, roundtrip efficiency, technical maturity and storage application data
were collected for each identified technology. These data were deemed most relevant when discussing
energy storage after screening of the in this section discussed literature. Most data were collected
from Aneke & Wang (2016) and were updated or completed with additional literature. Again, metaanalysis data was aimed for, to secure reliability of reported values. Figure 3 on page 16 visualises all
data sources that were used and for which subject and technology these sources were used.
As shown in Figure 3, most data were collected from Schmidt, Melchior, Hawkes, & Staffell (2019). But
initially, the scientific institutions were consulted. This resulted in IRENA (2017a) who provided the TIC
of some storage technologies. The Joint Research Centre (JRC) could only be used for data on the TIC
for SMES. The NREL report by Denholm, Ela, Kirby, & Milligan (2010) provided some additional energy
storage applications to complete the data for technologies not included by Schmidt et al. (2019).
Additionally, the NREL report by Turchi & Heath (2013) provided data on life time, TIC and technical
maturity for molten-salts. Lastly, data from the Eindhoven University of Technology were used
particularly for iron powder.
Remaining missing data were searched for using a combination of Google Scholar, scientific books,
referenced works in sources already used, Scopus and ScienceDirect. First, data on the energy density
was aimed for to complete. For NH3, this data and its suitable storage duration were collected from W.
Wang et al. (2013). Lead-acid battery, was completed with data from H. Chen, Xu, Liu, He, & Hu (2016)
and Twidell & Weir (2015) on the energy density. Legrand, Rodríguez-Antón, Martinez-Arevalo, &
Gutiérrez-Martín (2019) provided the data on energy density, LCOS and TIC for liquified air energy
storage (LAES). As TU/e did not report the energy density of iron powder, this was completed with data
from Jeffrey M. Bergthorson et al. (2017) and Fischer & Grubelich (1998). The last remaining energy
density were that of molten-salts of which data was collected from Tester et al. (2005). Tester et al.
(2005) also provided data for molten-salts on its power range and roundtrip efficiency.
Next to the energy density, some remaining data were collected for the suitable storage duration of
molten-salts from Ma, Glatzmaier, & Kutscher (2011) and for SMES from Twidell & Weir (2015).
Additional to the TIC, data from Schmidt et al. (2019), Götz et al. (2016) and Lambert (2018) were found
to confirm and expand the value range reported by Schmidt et al. (2019). After completing the data
table (see Annex 5) for 74%, data collection was considered to be finished.
The total overview of all data that were collected together with the related sources are provided in
Annex 5. For the calculations in Section 2.2, only the roundtrip efficiency was used by averaging the
efficiencies to about 74.1%. The literature background of most technologies is provided in Annex 6.
The data and information on the energy storage and carrier technologies is further used in the
narrative review described in Section 2.3.
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Subject information

Source
IRENA (2017a)

Energy density
Power range
Discharge time

JRC
(JRC & IET, 2011)
NREL
(Denholm et al., 2010; Turchi & Heath, 2013)
TU/e (2019)

Suitable storage duration

Storage
technology
Flywheel
PHES
CAES
H2
NH3

Life time

Bergthorson et al. (2017)

Cycle life

Chen et al. (2016)

NaS

Fischer & Grubelich (1998)

VRB

LCOS
TIC
Roundtrip efficiency

Götz et al. (2016)

Super-capacitor

ZnBr & NaNiCl

Lambert (2018)

PbO2

Technical maturity

Legrand et al. (2019)

Li-ion

Storage application

Ma et al. (2011)

SMES

Schmidt et al. (2019)

LAES

Tester et al. (2005)

Iron powder

Twidell & Weir (2015)

Molten-salts

Wang et al. (2013)

Figure 3: Data collection connection scheme on energy storage/carrier technologies
The left column represent the subjects on which data were gathered, these subjects were identified from a
screening of in this section cited works. The middle column starts with 4 institutions from whom data were
collected. The second part of the middle column consists of the 11 scientific sources that were used for collecting
the data of remaining empty cells. The right column shows the technologies identified from Tester et al. (2005)
and Twidell & Weir (2015). Colours serve only to enhance readability of the figure.
Abbreviation meanings: LCOS is levelized cost of energy storage, TIC is total installed cost, PHES is pumped hydroelectrical energy storage, CAES is compressed air energy storage, SMES is superconducting electro-magnetic
energy storage, H2 is hydrogen gas, NH3 is ammonia, NaS is Sodium-Sulphide (battery, VRB is vanadium redox
battery, PbO2 is lead-acid battery and Li-ion is lithium-ion battery

2.1.4 Spatial data
The starting layer for the spatial analysis was used from Luizflea (2018) and included all European
countries. For the offshore analysis, the dataset from the European Environmental Agency (EEA, 2018)
of Europe’s seas was used. Wind data were collected from the wind atlas available from Danmarks
Tekniske Universitet (DTU, 2019). Solar radiance data were collected from Huld, Müller, & Gambardella
(2012).
Enevoldsen et al. (2019) already computed the restricted and available land cover for onshore wind
energy and along with this, also the onshore wind power potential for Europe. Therefore, the onshore
wind energy potential was not computed in this thesis and the data from Enevoldsen et al. (2019) were
used. In their study, they use a set of restricted areas combined with wind data for the whole of Europe,
hence providing a socio-technical atlas with wind power capacities. The restricted areas were
subdivided into the following three categories: infrastructure, buildings and protected areas. The
averaged wind power capacities per country was used in the calculations of this thesis.
For solar energy, already a spatial analysis exists by Perpiña Castillo, Batista e Silva, & Lavalle (2016).
Therefore, this dataset was used as a starting point. However, this dataset was for the EU-27 of the
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European Union in the period of 2007-2013. Hence, it did not include Croatia. For this reason and the
purpose of updating the dataset of Perpiña Castillo et al. (2016), the constraining areas were also
collected. The datasets used for the constraining areas and all previous mentioned spatial datasets
used are given in Annex 7.

2.2 Future energy system analysis
This section describes the back-casting approach and starts with major assumptions made in the
process. From thereon, the process is described that starts with the spatial analysis in ArcGIS Pro was
done. The total land cover was edited by removing the restricted/unavailable land cover. What remains
is the available and suitable land cover. This land cover was then used in combination with wind and
solar data for estimating the energy potential of wind and solar. For the energy mix, the economic
feasible energy potential was used. For wind and solar energy, a cut-off cost/kWh was used below
which the energy could compete with fossil fuel energy. The energy mix was planned using maximum
economic potential of hydro- and geothermal power which provide ‘load-following’ and baseload
energy, respectively. The shares of wind and solar energy are planned according to a country’s
economic potential over the region’s total economic potential of the two combined. The regions are
used because two countries that are the furthest apart are unlikely to provide each other with energy.
More likely is that neighbouring countries will support each other in their energy needs. The last
calculation was done for the costs per avoided emissions using the total installed cost per kW. The
total costs over a period was then divided over the total avoided emissions over that period compared
to baseline emission projections.

2.2.1 Assumptions
For the analysis of the zero emission energy system by 2050, a set of assumptions were made in various
stages of the analysis. The following assumptions were:
• By 2050 a regional EU-28 energy system is assumed, where countries within regions support
each other to meet their energy supply and demand;
• For 2050 the projected PEC from the REF 2016 is used as the ultimate amount of energy that
needs to be produced;
• Current installed hydropower will last at least until 2050 and are not taken account for in the
total instalment costs required for the transition. Hence, only in case power from hydropower
is added, it will be included in the total instalment cost calculations; and
• Total instalment cost for the whole energy production system is calculated with 2018’s euro’s,
neglecting any value changes of the euro or cost reductions of instalment.

2.2.2 Back-casting approach
A back-casting approach is applied to assess the needed energy system mix that will achieve zero-GHG
emissions by 2050. Back-casting is in particular useful for this research to outline what should be done
to reach the objectives. Although this type is less dominantly practiced than the forecasting
approaches, back-casting is particularly useful when dealing with a complex problem where current
day practices are part of the problem and when there is an end-goal envisioned (JRC, 2008). This is the
case in issues dealing with sustainability, including energy transition. Forecasting relies on implicit
assumptions based on present situation and trends to make statements for the future. Whereas backcasting applies a strategic problem-solving framework that is used to find the answer on how a specific
future can be achieved. Moreover, back-casting originated in 1970 as an alternative planning tool in
the energy sector (Quist & Vergragt, 2006). Back-casting has as a starting point a desired future, with
the objectives of the EU-28 that forms a desired future, back-casting is the approach of choice for this
research.
After estimating the annual economic energy potential of wind and solar energy, the energy mix is
computed. The projected PEC is adjusted for projected change in energy import and additional energy
losses due to energy storage. This adjusted PEC is used as the starting point for casting back to a 100%
renewable energy mix that achieves zero emissions during operation. Once the mix is computed,
system and avoided GHG emission costs can be estimated.
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2.2.2.1 Wind potential
The power capacity from Enevoldsen et al. (2019) for the onshore wind energy resource was converted
into energy by multiplying it with 8,766 hours and the capacity factor of onshore WTG.
For the offshore wind energy potential, the available territorial sea area was analysed using ArcGIS
Pro. Data on the wind power density at 150 metres height was used per country from the Global Wind
Atlas by DTU (2019). However, for Belgium the offshore wind power density was missing. Therefore,
the world wind power density was masked with a handmade polygon of the exclusive economic zone
(EEZ) of Belgium. To extract the offshore wind power density extending to the EEZ per country, it was
masked with the Europe’s Seas shapefile (EEA, 2018). All features that are not part of the EU-28 were
deleted using delete selection. The Europe’s Seas shapefile was further edited by using the < erase >
tool with non-EU countries having EEZ’s in the Europe’s Seas shapefile. These non-EU EEZ’s were
retrieved from the Global Wind Atlas, clipped with Europe’s Seas and converted from raster to polygon.
What remained was the EEZ of the EU-28.
From here, the following datasets were used as constraining areas for offshore WTG installation:
Natura 2000 (EEA, 2019c), Protected Sites (EEA, 2019b) and shipping lines (CIA, 2015; van Audenhove
& Kelly, 2015). The international sea trade routes from the CIA (2015) were manually drawn in a new
feature class. Regarding the European sea trade routes, no dataset could be found from European
sources. Hence, a most representative dataset from Esri Inc. database was used. Both trade lines were
then buffered and dissolved with a linear distance unit of 500 metres (i.e. full buffer is 1 km broad).
The protected sites and the Natura 2000 datasets were clipped to the EU-28 seas. Once all constraining
areas were edited, they were used as erasing feature for EEZ of the EU-28. This edited EEZ of the EU28 layer was then used as masking feature over the Global Wind Atlas dataset at world scale and per
EU country. The resulted available sea area for WTG’s can be found in Figure 18 of Annex 8, which also
include cost data.
Per EU country, the geodesic area of available offshore surface for WTG’s was computed. The potential
energy production is then calculated using Equation 1, which is derived from Lawan, Abidin, Masri,
Chai, & Baharun (2015).
𝐸𝑜𝑢𝑡 =
Where,
Eout is

Aavailable is
AWTG is
Cp is

Aswept is

ρwp is
Cf is

6

𝐴𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒
· (𝐶𝑝 · 𝐴𝑠𝑤𝑒𝑝𝑡 · 𝜌𝑤𝑝 · 8,766) · 𝐶𝑓 · 10−12
𝐴𝑊𝑇𝐺

Equation 1

the annual electrical output in TWh;
the area in m2 that is available;
the area required by one WTG in m2, for offshore this is about 1.2km2, for onshore
about 0.9km2;
the maximum power coefficient whereby the theoretical maximum is 16/27 according
to Betz’s law. The performance ratio (PR) defines how much of this maximum is
16
achieved. Hence, 𝐶𝑝 = 𝑃𝑅 · , here a PR of 0.775 is used followed by European Wind
27
Energy Association (EWEA)6;
𝐷 2

the rotor swept area in m2, 𝐴𝑠𝑤𝑒𝑝𝑡 = 𝜋 · ( 2 ) where D is the diameter in m. Diameter7
used for offshore WTG’s (6.8MW) is approximately 157m, onshore WTG’s (2.7MW)
have a diameter of about 122m;
the country’s average wind power density8 in W per m2; and
the capacity factor.

http://www.ewea.org/wind-energy-basics/faq/
Derived from a linear regression made with the parameters of the WTG’s offered at the website of Siemens
Gamesa (https://www.siemensgamesa.com/products-and-services).
1
8
Normally calculated following 𝜌𝑤𝑝 = · 𝜌 · 𝑣 3 (Lakew, 2016), it here replaces this part in the equation of Lawan
2
et al. (2015) with the data from DTU (2019).
7
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However, a WTG has a maximum energy output limited by its power capacity. Equation 2 provides the
product of a WTG’s maximum energy output based on its installed capacity, it is assumed that a WTG
cannot exceed this amount. Hence, the potential energy generation is the product of 1 unless the
product is greater than the product of Equation 2. In the latter case, the potential energy generation
is the product of Equation 2.
𝐸𝑜𝑢𝑡 = 𝑃 · 8,766 · 𝐶𝑓
Where,
P is
8,766 is

Equation 2

the power capacity in TW; and
the hours in a year.

2.2.2.2 Solar potential
The solar energy generation potential is divided into two sections. One is covering the available land
cover for solar energy generation, this methodology was based on the methodologies followed by
Enevoldsen et al. (2019) and Perpiña Castillo, Batista e Silva, & Lavalle (2016). The second covers the
potential generation integrated in the built environments of urban areas, roads and railroads.
Solar energy potential from available land
For analysing the solar potential, instead of QGIS used by Enevoldsen et al. (2019) ArcGIS Pro was used.
Also, rather than a per country analysis, the solar potential was directly analysed for whole of EU-28
and at the end < masked > per country.
As the starting point for creating a map of suitable landcover for solar panel installation, the dataset
retrieved from Perpiña Castillo et al. (2016) was used as masking layer over the EU-28 surface. This
surface layer was created from the dataset of Luizflea (2018), where non-EU-28 countries were
removed from this dataset.
The dataset of Perpiña Castillo et al. (2016) already excluded the following constraining areas:
protected and sensitive natural areas, built-up areas, wetlands, water bodies and forests. It also
covered suitability factors such as topographic parameters (slope, aspect and elevation), potentially
affected population, proximity to roads and electricity grid. However, the data used for creating this
dataset was from 2013 and only covered the EU-27 (EU-28 but without Croatia). Therefore, the
remaining EU-28 surface9 was updated to also include Croatia with the most recent data for Natura
2000, protected areas10, artificial surfaces, forests, wetlands and slopes greater than 16% (these slopes
were considered by Perpiña Castillo et al. (2016) to be poorly suitable or technically unviable).
Additionally, the open spaces, railroads and major roads were removed. An elaborated explanation on
how the suitable and available area for EU-28 was computed is given in Annex 9. The resulted available
area for solar PV or CSP can be found in Figure 19 of Annex 8.
Next, the available area for solar energy generation in the EU-28 was extracted per country using the
< extract by mask > tool and needed to be converted into a geodesic area. As most layers were too big
for using the < calculate geometry attributes >, a correction factor (cf) per country was calculated
following Equation 3. This cf is then used in Equation 4, which is used for calculating the available land
cover.
𝑐𝑓 =
Where,
cf is
Ashape is

ngridcells is

9

𝐴𝑠ℎ𝑎𝑝𝑒
𝑛𝑔𝑟𝑖𝑑𝑐𝑒𝑙𝑙𝑠 · 𝐴𝑔𝑟𝑖𝑑𝑐𝑒𝑙𝑙

the correction factor for converting shape area to geodesic area;
the shape area of the country given by ArcGIS Pro in m2;
the total amount of gridcells in the country; and

After masking with the raster dataset of Perpiña Castillo et al. (2016).
Limited to all features greater than 100x100m.

10
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Equation 3

Agridcell is

the area of the gridcell in m2.
𝐴𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 =

𝐴𝑐𝑜𝑢𝑛𝑡𝑟𝑦
· 𝐴𝑟𝑎𝑠𝑡𝑒𝑟 · 𝑐𝑓
𝐴𝑠ℎ𝑎𝑝𝑒

Equation 4

Where,

Aavailable is
Acountry is
Araster is

the approximate geodesic area of available land cover in m2;
the geodesic area of the country in m2; and
the raster area of available land cover in m2 calculated by multiplying the number of
gridcells with the gridcell area.

The potential solar energy generation from a PV farm and CSP plant can then be calculated using
Equation 5 derived from FABRICations et al. (2017). However, as with wind turbines, solar farms also
are limited by their maximum capacity. Hence, whenever the solar energy output is greater than its
maximum possible output, the product from Equation 2 is used. If smaller than the maximum possible
output, the product of Equation 5 is used. Additionally, this is done for coming Equation 6 and Equation
7 on page 21 and 22, respectively.
𝐸𝑜𝑢𝑡 =

𝐴𝑎𝑣𝑎𝑖𝑎𝑙𝑏𝑙𝑒
· (𝐴1𝑀𝑊 · 𝑟 · 𝐻 · 𝑃𝑅) · 10−9
𝐴1𝑀𝑊

Equation 5

Where,
Eout is the annual energy output in TWh;
A1MW is the total area in m2 required for the capacity of 1MW;
r is
the yield per m2 given by the ratio: electrical power (in kWp) divided by the area in m2. In case
of a solar PV farm, this is about 0.0305 kWp/m2 and 0.0247 kWp/m2 for CSP farms (Ong,
Campbell, Denholm, Margolis, & Heath, 2013);
H is
the country’s average annual solar radiation in kWh per m2 for optimal angle mounted panels
(shadings not included). Solar radiation data (min., average and max.) from Huld, Müller, &
Gambardella (2012); and
PR is the performance ratio, coefficient for losses (range between 0.5 and 0.9, default value = 0.75).
Here, default value is used.
Potential from integration in the built environment
Next to the available land for solar farms, on-roof and infrastructure integrated11 PV panels provide
additional production potentials. Based on literature, 54% of the built-up area is assumed to be
suitable for PV installation (FABRICations et al., 2017). In this thesis, continuous and discontinuous
urban fabric and industrial or commercial units are identified from the CLC dataset as built-up area.
The raster count of these land covers were used together with the grid size to estimate the geodesic
area using Equation 4 which was then multiplied with 54%.
According to FABRICations et al. (2017), the roads and railroads in any orientation are suitable for PV
panel installation. This is partly due to that not all integration types are depending on the orientation
but also because the energy peaks will be flatted. North-south orientation generates most energy in
the morning and evening, while east-west orientation generates most in the afternoon. However, an
estimation of tunnel free roads and railroads is made using the data in the attribute table of respective
datasets. Estimation is simply based on the share of tunnel free over total roads or railroads in a
respective country. Additionally, only motorways inventoried from UNECE12 are deemed suitable for
PV panel installation either next to the road or above it as shown in Figure 4 and Figure 5 (Sharma &
Harinarayana, 2013). For railroads, also inventoried from UNECE, only above the railroad (Figure 6) is
considered as transport by train is of growing future importance and PV panels would spoil the sight,
making trains less attractive (UIC, 2019). For calculating the horizontal area for above road installation

11

Installation of PV panels along major roads facing to the sun in a more vertical position. Additionally serving as
noise barriers.
12
From website: https://w3.unece.org/PXWeb/en/PDFCountryProfiles
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of these two types of roads, the length is multiplied with width of 17.5 or 10 metres for motorways or
railroads, respectively.

Figure 4: Solar panels on one side of the motorway
(edited from FABRICations et al. (2017))

Figure 5: Solar panels above the motorway (edited
from FABRICations et al. (2017))

Figure 6: Solar panels above the railroad
(FABRICations et al., 2017)

For calculating the potential energy production in the built environment integrated PV panels, a
representative PV panel is assumed. Drawn from literature, this is a panel of 1.65 m2 and has a 275 Wp
for poly crystalline panels (Faircloth, Wagner, Woodward, Rakkwamsuk, & Gheewala, 2019). This
panel’s parameters match also with the availability of panels at a commercial retailer13, most available
are 300 Wp panels with similar measurements. Hence, the potential energy generation is calculated
using Equation 6 for built-up, above motorways and above railroads. The potential energy generation
next to motorways, is calculated using Equation 7. The lengths and surface areas used can be found in
Annex 10. However, not the full potential is used for infrastructure integrated solar PV panels. Hence,
a 50/50 approach is used for PV panels on one side of/above the motorway (i.e. half of the potential is
used for potential energy generation from PV panels on one side and above the motorway).

𝐸𝑜𝑢𝑡

𝐴
𝐴𝑃𝑉 · 𝑃𝑝𝑒𝑎𝑘 · 𝑌
=
1 · 109

Equation 6

Where,
Eout is the annual energy output in TWh;
A is
the total area available for solar panels in m2;
APV is the area of one PV panel in m2;
Ppeak is the peak capacity in kWp, here we use the capacity of a representative poly crystalline PV
panel; and
Y is
the specific yield from 1kWp on horizontal mounted PV panels (kWh/kWp). Data from Huld et
al. (2012).

13

https://www.europe-solarstore.com/solar-panels.html
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𝐸𝑜𝑢𝑡

𝐿
𝑊𝑃𝑉 · 𝑃𝑝𝑒𝑎𝑘 · 3 · 𝑌
=
1 · 109

Where,
Eout is the annual energy output in TWh;
L is
the length of tunnel free motorway in metres;
WPV is the width of one PV panel in metres, here about 0.992m; and
3
represents the number of panels laid above each other.
Figure 7 further clarifies this with the two ways of placement.

Equation 7

Figure 7: Two ways
panel placement
above each other.

2.2.2.3 Constructing future energy system
In the construction of a future energy system capable in meeting 2050’s target of zero emissions, cost
are taken into account to the extent that costs should be competitive with fossil fuel sources. Also,
taken into account is the need for some more reliable energy sources other than the intermittent wind
and solar energy sources to meet the large constant demand for energy (i.e. baseload) (Denholm et
al., 2010). Where geothermal power can provide this baseload energy to the system, hydropower can
be used for ‘load-following’ where day-to-day variable demand and peaking units require the system
to rapidly change in output in order to follow load (i.e. energy demand) (Denholm et al., 2010; IRENA,
2017b). And lastly, in light of the energy-food nexus a diverse energy mix is aimed for, to keep the
required land area low.
Economic feasible potential energy
The costs are assessed on a per kWh generated basis over the area available for wind14 or solar
generation. The assessment of costs per generated kWh is done using Equation 8 for wind turbines
and Equation 9 for PV and CSP panel/surface.
𝐼𝐶𝑂𝐸 =

𝑇𝐼𝐶 · 𝑃𝑊𝑇𝐺
𝐶𝑝 · 𝐴𝑠𝑤𝑒𝑝𝑡 · 𝜌𝑤𝑝 · 8,766 · 𝑡𝑙𝑖𝑓𝑒

Equation 8

Where,
ICOE is the installed costs over the lifespan of the technology in euros per generated kWh;
TIC is the total installed costs in euros of the technology per kW;
PWTG is the power capacity of 1 WTG in kW; and
tlife is the lifespan of technology in years.
𝐼𝐶𝑂𝐸 =
Where,
PPV/CSP is
A is
r is

H is

PR is

𝑇𝐼𝐶 · 𝑃𝑃𝑉⁄𝐶𝑆𝑃
𝐴 · 𝑟 · 𝐻 · 𝑃𝑅

Equation 9

the peak power capacity of a PV-farm or CSP plant, here for both 1MW is used;
the total area required for a 1MW PV-farm or 1MW CSP plant in m2;
the yield per m2 given by the ratio: electrical power (in kWp) divided by the area in m2.
Here r is 0.0305 kWp/m2 and 0.0247 kWp/m2 for solar PV farms and CSP plants,
respectively;
the annual solar radiation in kWh per m2, but here geographical information system
raster data from JRC (2019) was used to calculate H. H was calculated using the
following equation: 𝐻 = 𝐺 · 8,766 · 𝑡𝑙𝑖𝑓𝑒 · 10−3 where, G is the solar irradiance in W
per m2. For PV panels optimal angle data was used, for CSP two-axis sun-tracking data;
and
the performance ratio, coefficient for losses (range between 0.5 and 0.9, default value
= 0.75). Here, default value is used.

These costs are then used to calculate the economic feasible potential, based on the installed costs for
fossil energy. EIA (2019) estimates the levelized capital cost (or TIC) of fossil energy generation by 2023
in the range of 0.006 to 0.052 euros2018 per kWh. This is in line with the current costs of fossil energy,

14

Only for offshore wind energy on available area, for onshore, the whole land area as it is unknown from the
source what locations are deemed suitable (only amounts of land are known) from Enevoldsen et al. (2019).
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ranging from 0.015 to 0.054 euros2018 per kWh (EIA, 2019; IRENA, 2019e). Hence, the electricity
generation from wind and solar energy is estimated to be economically feasible when the capital costs
(or TIC) are equal or lower than 0.052 euros2018 per kWh. At this price, the renewable energy
technologies are competitive with energy from fossil sources. The share of grid cell count lower than
this value is calculated over the total count. This share is then used for estimating the economically
feasible potential of solar and wind energy.
Estimating the energy mix of the EU-28 by 2050
For estimating the energy mix of the EU-28 by 2050, the PEC from REF 2016 is used as the starting
point. It defines the net energy that needs to be available through both production and import from
outside EU. However, according to European Commission (2018c) it is expected that the import of
energy from outside the EU will decrease from 2017’s 55% dependence to about 20% when the EU
transitions to a full renewable energy system. Hence, only 80% of the PEC needs to be produced by
the EU member states.
Additionally, the PEC is corrected for the energy storage losses that will occur on top of the
conventional losses (already in the PEC). Based on the study of Heide et al. (2011) a storage
requirement of 12% to 15% of the FEC is estimated in a 100% renewable energy system. This estimate
is in line with the with the Dutch Climate Agreement that covers a time period up to 2030 and does
not aim for zero emissions by 2030. Extrapolating the agreement’s estimate of 15 to 17GW results in
9.94% to 11.23% of the FEC (Ministerie van Economische Zaken en Klimaat, 2019). However, the
agreement states that more storage is expected during more extreme weather occurrences. Because
of this and the higher ambition of zero emission, more energy storage can be expected. Therefore, the
estimate of 12% to 15% of the FEC is used in this analysis. An overall average roundtrip efficiency of
the energy storage/carrier technologies of about 74.1% is assumed. Hence, the estimated energy
losses from energy storage per country are calculated using Equation 10 below. These losses are then
added to the PEC (corrected for energy import), which is ultimately what needs to be produced within
the EU by the EU member states.
𝐹𝐸𝐶 · 𝑆
Equation 10
𝑆𝑙𝑜𝑠𝑠 =
− 𝐹𝐸𝐶 · 𝑆
74.1%
Where,
Sloss is
FEC is
S is
74.1% is

the country’s annual energy storage loss in TWh;
the country’s annual final energy consumption in TWh;
the country’s storage requirement in percentages, here the range of 12% to 15% is
used; and
the overall average roundtrip efficiency of energy storage/carrier technologies.

For constructing the future energy system, the technologies that are still in research and development
are left out from the mix as this thesis aims at the feasibility of the energy transition with current
renewable energy technologies. Therefore, the following five technologies are taken into account for
estimating 2050’s energy mix: on- and offshore wind turbines, geothermal powerplants, hydropower
and solar PV. CSP was further left out as its calculated cost per kWh was always greater than 0.052
euros (see Annex 8 Figure 19).
As geothermal can provide baseload energy, maximum potential15 is assumed. For hydropower, either
its maximum potential or current installed capacity is assumed (in case current installed capacity
exceeds maximum economic potential and part of technical potential is utilised too). For the remaining
technologies (i.e. wind and solar), these are divided by ratio of the country’s economically available
potential of wind or solar energy over the total region’s economic potential of wind and solar energy.
This ratio is then multiplied with the region’s energy demand (i.e. PEC2050). Equation 11 below further
elaborates on this explanation.

15

Following the assumption made by van Wees et al. (2013) that by 2050, the max bore depth is increased with
3 km to yield geothermal energy.
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𝐸𝑐𝑜𝑢𝑛𝑡𝑟𝑦 = 𝑃𝐸𝐶2050 ·

Where,
Ecountry is

PEC2050 is
Ecountry potential<cut-off is
Eregional economical potential(w/s) is

𝐸𝑐𝑜𝑢𝑛𝑡𝑟𝑦 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙<𝑐𝑢𝑡−𝑜𝑓𝑓
𝐸𝑟𝑒𝑔𝑖𝑜𝑛 𝑒𝑐𝑜𝑛𝑜𝑚𝑖𝑐𝑎𝑙 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙(𝑤/𝑠)

Equation 11

the annual energy generated of the particular source by the country
in TWh;
the annual PEC in TWh of the country’s region by 2050 after
subtracting import and storage losses;
the country’s annual potential energy generation in TWh that is below
the economic feasible cut-off value (less than 0.052 euros2018 per
kWh); and
the region’s total annual economical feasible potential in TWh of wind
and solar energy combined.

2.2.3 Calculating costs of the system and avoided emissions
For calculating the costs of the system, first the required energy production of each renewable energy
technology (RET) is converted to required installed capacity. This capacity is calculated using Equation
12 below.
P=

𝐸 ⁄𝐶𝑓
8766

Equation 12

Where,
P is
the annual power capacity of the particular energy technology in GW;
E is
the annual amount of energy that will be (required to be) produced in GWh.
Once the capacity is calculated, the TIC for each RET can be calculated. Equation 13 shows the sum of
the calculation for the TIC’s of each RET and results in the total system cost for the EU-28.
𝑇𝐼𝐶𝑠𝑦𝑠𝑡𝑒𝑚 = ∑

𝑃𝑅𝐸𝑇 · 𝑇𝐼𝐶𝑅𝐸𝑇
1 · 109

Equation 13

Where,

TICsystem is
PRET is
TICRET is

the total installed cost for the EU-28 energy generation system in billions euros;
the power capacity of the particular RET in kW; and
the total installed cost of the particular RET in euros2018 per kW.

Regarding the avoided emissions, first the life-cycle-GHG emissions per TWh for the energy system in
the year 2050 are calculated with Equation 14. The summation of life-cycle-GHG emission of each RET
is divided by the corrected PEC for 2050 but includes import16.
𝐸𝑚𝑓2050 =

∑(𝐸𝑜𝑢𝑡 · 𝐸𝑚𝑙𝑐𝐺𝐻𝐺 )𝑅𝐸𝑇
𝑃𝐸𝐶2050𝑐

Equation 14

Where,

Emf2050 is
Eout is
EmlcGHG is
PEC2050c is

the emission factor of the energy system in 2050 in GtCO2-eq per TWh;
the annual energy output in TWh of a RET;
the life-cycle-GHG emissions in GtCO2-eq per TWh of that RET; and
the corrected annual primary energy consumption for 2050 in TWh, it considers the
20% import and energy storage losses estimated for 2050.

A same emission factor is calculated for the year 2017 by dividing the total fuel combustion related
GHG emissions with the PEC of 2017. The emission factor for 2050 is subtracted from the emission
factor of 2017, resulting in an avoided emission factor in GtCO2-eq per TWh. This avoided emission
factor is then used by multiplying it with the sum of the estimated energy production for the years

16

PECfinal divided by 80% results in the corrected PEC for 2050 including the 20% energy import, this assumes
that the energy import is produced with zero operational emissions.
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2018 up to and including 2050. The estimated energy production or PEC is linearly extrapolated
between 2017 and 2050, Annex 11 shows the extrapolated PEC of those intermediate years.
For calculating the costs per avoided emissions, the costs over the period 2018 up to and including
2050 needs to be calculated. As the various renewable energy technologies have varying lifespans, at
various points in time new costs are required. In principle, the cost of a system repeats itself after the
lifespan is passed. Hence, taking this into account the total installed costs over the period 2018-2050
can be calculated. Subsequently, the costs per avoided emissions can be calculated using Equation 15
below.
𝐸𝐶 =
Where,
EC is

TICsystem 2018-2050 is
AEm is

𝑇𝐼𝐶𝑠𝑦𝑠𝑡𝑒𝑚 2018−2050
𝐴𝐸𝑚

Equation 15

the costs per avoided GHG emission in euro2018 per tCO2-eq;
the total installed costs of the system over the period 2018 up to and including
2050 in billions of euro’s; and
the avoided emissions over that same period.

2.3 Narrative literature review
Within the limited time given and to complete the energy transition covering all required elements
(i.e. renewable energy generation, storage, distribution and sector electrification), a narrative review
was done for the energy distribution, storage and sector electrification. This type of review focuses on
a few identified studies about the problem of interest. This serves the purpose of learning the basics
of the problem but does not establish a comprehensive understanding of the state of science about
the problem (Demiris, Oliver, & Washington, 2019). The approach of this review is described further in
this section.
Using a narrative review strategy will not result in a comprehensive understanding of the state of the
science that is related to the problem (Demiris et al., 2019), but it will serve the purpose of
understanding the basic views and learnings to answer the questions on a basic level. I chose this
approach rather than a systematic review because my main focus was on computing the 100%
renewable energy mix for 2050 but wanted to cover all energy transition elements.

2.3.1 Energy distribution and storage
The energy generated across the EU-28 needs to be distributed and stored in order to completely meet
supply and demand in every country. Therefore, the narrative review focusses on how this energy can
be distributed and what storage requirements are needed for a full renewable energy system.
For the distribution part, the energy carriers for moving energy from one location to another were
examined. For this information, insights from: IRENA (2019a, 2019b, 2019c); Service (2018); Terlouw
et al. (2019) and Twidell & Weir (2015), are used.
On the storage side, the requirements for a future energy storage system are examined and a first
attempt was made to arrange storage technologies on the preference of using it for certain energy
storage applications. This order of preference was summarised based on the technology’s levelized
cost of energy storage for the particular storage application. Here information from Denholm et al.
(2010) and Schmidt et al. (2019) are used.

2.3.2 Sectoral electrification
Sectoral electrification is important for two reasons in the energy transition. First, when done with
renewable electricity straight from the energy source (e.g. wind, solar and hydropower), electrification
can go hand-in-hand with energy efficiency (IRENA, 2019b). This results in an overall lower energy
demand. Secondly, as the energy system decarbonises and produces more renewable energy in the
form of electricity, energy end-uses benefit from a decarbonised electricity system. Renewable energy
together with electrification are capable to deliver an emission reduction of 75%.
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For the sectoral electrification, the following three sectors are reviewed: transport, industry and
buildings. The sectors are analysed on the possible/available options for electrification and possible
alternatives for applications that are too hard to electrify. For this information, insights from: Eggert,
Mazurek, & Monteith (2018); IRENA (2019b, 2019a); Schüwer & Schneider (2018) and Victor, Geels, &
Sharpe (2019) are used.
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3 European Union’s energy mix and related GHG emissions
The future 2050’s baseline energy system is compared with 2017’s energy system. Data for the
projected baseline energy system properties in 2050 are used from the REF 2016 of Carpos et al.
(2016). For 2017’s energy system, data from the European Commission (2019) are used.
The main drivers of changes on the energy system are according to Carpos et al. (2016):
• Emission Trading Scheme: a GHG emissions allowance trading scheme to promote GHG
emission reduction in a cost-effective and economically efficient way. It covers heavy
industries, such as: combustion power plants, refineries, factories producing steel, cement,
glass, etc. and EU-aviation.
• Feed-in tariff: a price per unit that a renewable energy technology receives based on the costbased calculations for that renewable energy source.
• Techno-economic properties of the technologies making them more commercially interesting
for the market.
• Energy efficiency policies include for example Energy Efficiency Directive, Energy Performance
of Buildings Directive, Eco-design Directive and more. These policies stimulate in various ways
the energy efficiency improvements.

3.1 Energy production
In 2017, 41% of the energy produced in the EU-28 was produced from fossil energy sources. 58% of
the energy produced was therefore coming from low-emission energy sources. The largest fossil fuel
producing regions are Western EU + British Isles and Eastern EU. However, as Figure 8 shows, the REF
2016 projects for 2050 a decrease in the share of fossil fuel energy in all regions. With the Northern
EU and Western EU + British Isles showing the largest relative decrease of 72% and 71%, respectively.
In absolute numbers, Western EU + British Isles show a decrease of 1,450TWh and Eastern EU is the
second largest reducer with 460TWh. Most regions substitute the decreased share of fossil energy with
RESs, an exception to this is Eastern EU that almost doubles the share of nuclear energy. In contrast to
Eastern EU, Southern EU diminishes the share of nuclear energy to 0%. In total, the EU-28 moves from
a fossil energy share of 41% to 19% in 2050.
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Figure 8: Energy production profiles of the EU geographical regions in 2017 & 2050

In order of largest energy producing region, Western EU + British Isles produced 58% of total
production in 2017 and 49% in 2050, followed by Eastern EU, Southern EU and lastly Northern EU. On
a country basis, the top three largest producers were in 2017: France, United Kingdom (UK) and
Germany (all in Western EU + British Isles). Following the projections of REF 2016, this changes in 2050
to: France, Germany, Poland.
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Southern and Eastern EU increase their total energy production to 1,080TWh and 2,060TWh in 2050,
respectively. While Western EU + British Isles decreases its energy production from 5,130TWh to
3,760TWh and Northern EU moderately to 800TWh resembling a decrease of about 23TWh. In 2050,
the net electricity generation capacity reaches 1,280GW of which 60% is capacity coming from fossil
fuels, biomass and thermal power plants, just about 3% of which is generation capacity with carbon
capture and storage.
However when zoomed in on the shares of RESs in the production profiles as shown in Figure 9, it
becomes clear that the majority of renewable energy is coming from biomass & waste. Additionally,
the amount of hydropower remains relatively stable. Hence, resembling the fact that the EU-28 is at
its limits of potential exploitable hydropower energy. For wind and solar energy production, a strong
increase is projected for 2050. Lastly, as known from literature sources such as IRENA (2019) & van
Wees, Angelino, & Dumas (2013) it is known that there is geothermal energy produced anno 2017.
However, no specific amounts could be collected from the European Commission (2019).
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Figure 9: Shares of RESs in the renewable energy production in 2017 & 2050

3.2 Energy consumption
In 2017 the PEC accounted for about 18,300TWh in the EU-28, this is projected to be reduced by 13%
to 15,900TWh in 2050. In 2017, 24% of the PEC was lost by transformation and distribution activities.
Another 5% is consumed by the energy sector itself. This leaves about 13,000TWh available for FEC
(including international aviation). In 2050, the FEC is reduced to 12,600TWh.
In order of largest energy consuming region, Western EU + British Isles consumes the most, followed
by Southern EU, Eastern EU and lastly Northern EU. The top three largest consuming countries are:
Germany, France and UK and remains the same for 2050.
Compared to the energy production profiles, the gross energy consumption profiles differ notably due
to high net import of fossil energy. Due to the policies aimed at driving energy system change, Figure
10 shows an increase in the share of low-emission energy technologies in 2050 compared to 2017. The
largest increase in this share is seen in Eastern EU, where it increases with more than trifold. Within
the share of fossil fuel consumption, solids are drastically diminished and substituted for the cleaner
natural gas or oil products. It is interesting to note that Southern EU manages to completely abolish
nuclear energy by 2050. While other regions tend to increase the share of nuclear energy consumption.
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Looking at where all the energy will be consumed by 2050 according to Carpos et al. (2016), Figure 11
shows that 16% is lost due to energy distribution and transformation, the energy sector uses about 4%
and the remaining 79% of energy is used in the FEC. The two largest consuming sectors are
transportation and residential sector with 26% and 21% of the FEC, respectively.
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Figure 11: Sectoral energy consumption division by 2050 projection

3.3 Greenhouse gas emissions
The total amount of energy from combustible fuels17 used in 2017 was 18,290TWh. The total amount
of GHG emitted from fuel combustion activities18 accounted for 3,670 MtCO2-eq, of which 97%
(3,560Mt) came from CO2 emissions.
In 2050, the PEC is projected to decrease with almost 2,400TWh compared to 2017. Hence, the
projected CO2 emissions from fuel combustion activities also decrease steadily over time. Main drivers
of this emission reduction are due to structural changes in industry, increasing share of RESs and
increasing energy efficiency in all sectors. Due to shifts in fuel types, the CO2 intensity of energy (i.e.
CO2 over the gross inland consumption) will play a stronger role the further progressed in time. Strong
17

Including fossil fuels, peat, manufactured gases, non-renewable waste and fuel uses in the international
maritime and aviation sectors but excludes final non-energy consumption.
18
Not all of the combustible fuels are combusted, but does include international maritime and aviation activities.
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emission reductions are projected for the power generation due to the reduced CO2 intensity of
energy. Emissions are reduced due to power generation using RESs, power plants run on solid fuels are
closed and biomass is increasingly used for steam and heat production.
In 2005 the amount of non-CO2 GHG emissions from fossil fuel extraction and the use of energy was
estimated by Carpos et al. (2016) to be 118 MtCO2-eq. Using most recent data from the European
Commission (2019), this is estimated to be 143 MtCO2-eq. Carpos et al. (2016) project a 50% decline of
these emissions by 2050. Hence, 72 MtCO2-eq of non-CO2 GHG emissions is projected for 2050. For CO2
emissions, Carpos et al. (2016) estimated an amount of about 2,180 MtCO2 by 2050. Hence, a total
amount of about 2,250 MtCO2-eq from fuel combustion activities is projected for 2050. A complete
overview and synthesis of the PEC and FEC, together with the resulted GHG emissions from combustion
activities for 1990 to 2050 is given in Figure 12.
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Figure 12: Energy consumption and GHG emissions from fuel combustion activities in EU-28

When looking at the sectoral level of the EU-28, Figure 13 shows that the energy industry produces
the most GHG emissions (European Commission, 2019a). The transport sector is with 28% the second
largest emitter. Thereafter, the industrial and residential sectors follow with 15% and 12%,
respectively. Then there are some minor emissions from the commercial/institutional sector (5%),
agriculture/forestry/fisheries sectors (2%) and the remaining +3% is from other combustion and
fugitive emissions and sectors.
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40%

4 Back-casting 2050’s energy system
This chapter provides the results on the RQs 3 and 4. It starts with the potential energy production of
wind and solar energy and its spatial distribution. Then the energy mix for 2050 is computed. The
chapter finishes with the estimated costs for installing the energy production system and avoiding 1
tCO2-eq.

4.1 European Union energy production by 2050
By the year 2050, the EU needs to generate in total about 12,700TWh if it is relying for 20% on energy
import from outside EU borders. Including energy storage losses, this rises to about 13,300TWh. 19%
of the PEC will be consumed in Eastern EU, 7% in Northern EU, 20% in Southern EU and 55% in Western
EU + British Isles. Their net low emission energy potential19 that is economical feasible is estimated at
165,500TWh and is about 10 to 14 times their energy need. Eastern EU covers 17% to 21% of this
potential, Northern EU 15-16%, Southern EU 36% to 44% and Western EU + British Isles 33% to 42%.
The onshore wind energy potential was estimated by Enevoldsen et al. (2019). Figure 14 visualises
their data on suitable land by country, next to that the share of land needed for 2050’s constructed
energy system. Enevoldsen et al. (2019) estimated a total annual onshore wind energy potential for
the EU-28 of about 39,000TWh. With Western EU + British Isles having the lowest annual potential of
about 5,000TWh in total. However, for offshore wind energy, Western EU + British Isles has – after
Southern EU – the second highest potential.
The land required for 2050’s energy mix is substantially lower than the land that is available.
Additionally, some countries do not have to use any of very little land for onshore wind energy
generation while having a high percentage of available land. The land requirement for onshore wind
energy in 2050 ranges from 1.3% to 1.5% for the EU-28. The top three countries which are estimated
to require most land are Bulgaria with 5.2% to 6.4% land, Ireland and United Kingdom with 3.1% to
3.9% land.
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Figure 14: Suitable land cover for wind energy in % of country area
Suitable land cover share for wind energy production in corresponding country or region.
Share of land cover required for the wind energy production estimated to be needed for 2050.

As shown in Figure 15, the total suitable land cover for solar energy varies strongly from country to
country. However, most regions – except Northern EU – have a suitable land cover for solar energy of
about 44% to 49%. For the complete EU-28, the suitable land cover is estimated to be about 40% of
the total area of the EU-28 (4.4∙106 km2). This land can annually produce on average 60,200TWh of
solar energy from PV systems, or 48,700TWh from CSP systems. When including infrastructure
19

From hydro-, geothermal (for 2050), solar and wind power.
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integrated PV systems20, the annual producible potential is increased to about 78,600TWh. All energy
generation potentials can be found in Annex 12.
Figure 15 also shows the required land by 2050 for generating the estimated amount of solar energy.
Following the results, Eastern EU, will have to use about 3% of their land for solar energy, Northern
and Southern EU about 1% and Western EU + British Isles 4% to 6%.
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Figure 15: Suitable land cover for solar energy in % of country area
Suitable land cover share for solar energy production in corresponding country or region.
Share of land cover required for the solar energy production estimated to be needed for 2050.

The total instalment costs for onshore wind energy ranges from less than 0.001 eurocent2018 to 3.25
euro2018 per kWh. Whereas offshore wind energy reaches similar low costs with a lower maximum cost
of 1.59 euro2018 per kWh. The spatial distribution of these costs for on- and offshore wind energy are
visualised in Figure 18 of Annex 8, this figure includes for offshore wind energy the suitable area within
the exclusive economic zone. The annual economical feasible potential of on- and offshore wind
energy are estimated at 30,600TWh and 53,900TWh, respectively. This is 22% and just 1.5% lower than
the total energy potential of on- and offshore wind energy, respectively.
Figure 19 of Annex 8 shows the spatial distribution of the total instalment cost per kWh for PV and CSP
solar energy over the suitable land cover. These costs per lifetime energy generation ranges from 0.02
euro2018 to 0.08 eurocent2018 per kWh for PV solar energy, this ranges from 0.07 eurocent2018 to 0.28
eurocent2018 per kWh for CSP. For CSP, even the lowest value is too high to be competitive with fossil
fuel technologies. This means that CSP was left out from further analysis in the energy mix. The annual
economical feasible potential of solar PV energy is estimated between 57,800TWh and 91,500TWh,
which is 0.8% to 0.9% lower than the total potential.
Finally, an estimation of the future 2050 energy mix can be given. The EU-28 will need to use 3.5% to
4.3% of its onshore wind energy potential, 5.7% to 7.1% of its offshore wind energy potential and 6.3%
to 7.9% of its solar energy potential.
When assuming that each region would provide itself in the required energy demand, Figure 16 shows
the relative energy mix for wind, solar, geothermal and hydropower. This results for the EU-28 in a
34% to 42% share of wind energy, 34% to 43% solar energy, 20% geothermal energy and 4%
hydropower. As shown in Figure 16, Eastern EU will with 51% to 55% largely rely on solar energy, for
26% to 27% on geothermal power, for 15% to 19% on wind energy and for 3% on hydropower.
Northern EU will rely for 67% to 73% on wind energy, 12% to 18% on solar energy, 12% on hydropower
20

Infrastructure integrated value contains PV systems above railroads, 50/50 division for PV systems above or
next to major motorways and 54% of built environment.
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and 3% on geothermal power. The energy mix of Southern EU turns out to rely on 36% to 45% wind
energy, followed by 22% to 31% of solar energy, 27% of geothermal energy and 5% of hydropower,
respectively. The shares of wind, solar, geothermal and hydropower energy for Western EU + British
Isles ranges from 35% to 45%, 36% to 46%, 17% and 2%, respectively.
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Figure 16: Future 2050 energy mix of the 4 EU regions and EU-28

Due to the approach of estimating each energy generation by country on a ratio base, an estimation
of net importing and exporting countries can be made among the countries in each region. In the
region of Eastern EU, the following four countries are expected to become net energy importing
countries: Czech Republic, Poland, Slovenia and Slovakia. For the region of Northern EU, these are
Denmark and Finland. In Southern EU, only Italy is estimated to become a net importing country.
Belgium, Germany, Luxembourg and the Netherlands are estimated to become the net importing
countries in the Western EU + British Isles region.

4.2 The costs of the new system
The system as described in Section 4.1 is estimated to cost 4.5 to 23 trillion euros2018 for whole of EU28 to be installed. With a total power capacity ranging from 3,500 to 7,700GW, the total installed cost
of the system is estimated to be 1,275 to 3,000 euros2018 per kW.
The installed costs of the system will result in 2050 in an emission factor of 9 to 110 tCO2-eq per GWh.
Compared with the emission factor of 200 tCO2-eq per GWh in 2017, this results in an avoided emission
factor of 90 to 192 tCO2-eq per GWh.
Over the period of 2018 up to and including 2050, a total amount of 573,250TWh is estimated to be
produced. Together with the avoided emission factor, this results in a total amount of avoided
emissions ranging from 52 to 110 GtCO2-eq for the EU-28. However, this comes at a cost of 9 to 46
trillion euros2018 over that same period. Over this period, the average annual cost is estimated to range
from 280 to 1,400 billion euros2018. The costs per avoided ton CO2-eq is estimated between 80 and 880
euro2018. On average, this cost is estimated at 173 euro2018 per avoided ton GHG emissions is estimated.
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5 Energy distribution, storage and sector electrification
In the interest of complementing the study on the energy transition, this chapter briefly gives an
overview of the opportunities and challenges for the energy distribution, storage and sector
electrification in future energy system. The information in this chapter only uses a limited amount of
literature. It is merely meant for giving the reader a sense on the whole transition and its other domains
on which development is required to successfully transition towards a zero emission energy system.

5.1 European Union energy distribution and storage by 2050
The in Chapter 4 estimated amount of energy to be produced for 2050 are all in the form of electricity
and/or heat for geothermal plants. According to IRENA (2019a), 49% of the FEC should be electrical.
The remaining energy consumption should come from an energy carrier that does not cause GHG
emissions. So far, only green H2 matches this requirement without any discussion21. This is hydrogen
gas produced from electrolysis using renewable energy sources.

5.1.1 Distribution
At the core of distribution is the rule that supply always needs to match demand (Twidell & Weir,
2015). In general, an increase of variable renewable generation is similar for the network operator as
a decrease in variable demand and vice versa. Therefore, similar control methods would fit for both
variable demand and generation. One way of controlling demand side energy consumption, is the
introduction of smart technology to stop or start according to the available energy supply, chosen
tariff, device energy needs, or other factors.
The distribution of the electricity can be done using (existing) power grid lines22. Electricity is usually
the best distribution option for mechanical energy sources, such as hydropower, wave, or wind energy.
There is already a well-established power grid connection between the EU-28 countries23 that can be
used for the distribution of renewable electricity to other member states. But the electricity can also
be converted to H2 or NH3 which is then transportable over long distances or storable for longer
periods. This follows the power to gas concept and the gas can when needed converted back to
electricity. H2 is transportable using existing (natural)gas pipelines, or via trucks, trains or ships
(Terlouw et al., 2019). Whereas NH3 requires lower pressures and temperatures for transport and
storage than H2 (Service, 2018). This makes it easier for transportation and there is already a
distribution network in place for the substance as it is largely used by the agricultural sector.
According to IRENA (2019b) H2 offers a great potential and is expected to become quickly economic
competitive. For H2 to succeed, the significant energy losses in the production, transport and
conversion are critical to reduce supply costs. In recent decades, H2 potentials have shifted from only
car industry to hard-to-decarbonise sectors such as energy intensive industries, trucks, aviation,
shipping and heating applications.
In a transition towards H2, blue H2 which is fossil fuel-based hydrogen produced in combination with
CCS offers perspectives to ease the transition (IRENA, 2019c; Terlouw et al., 2019). It enables early
development of the H2 economy as green H2 will lag behind due to its scale-up dependence of
intermittent energy sources such as wind and solar energy. However, even blue H2 faces challenges in
scale-up of production and supply logistics. The developments of the carbon capture, utilisation and
storage are lagging behind and large projects pose cost challenges.
Other potential energy carriers for the distribution of energy are the so-called e-fuels. These e-fuels
(like H2 and NH3) are produced using renewable energy and can be seen as energy carriers or synthetic
alternatives to fossil fuels. They could be particularly interesting for the transportation sector.
According to IRENA (2019b), these e-fuels form prime markets but large barriers such as cost and
efficiency need to be overcome to be successful.
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Biofuels are arguable whether they can be considered GHG emission free/neutral as explained in Annex 2.
Here electricity is considered as an energy carrier and does not necessarily mean it will be the end-use form.
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https://www.entsoe.eu/data/map/
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5.1.2 Storage
Energy storage is of growing importance as the share of variable energy sources (e.g. wind and solar
energy) in the European energy grid increases. As explained in 2.2.2.3, a storage requirement of 12% 15% of the FEC was assumed based on Heide et al. (2011). This is translated to an annual storage
requirement of 1,500TWh to 1,900TWh by 2050.
To cover this storage requirement, there is a wide and diverse variety of available and developing
options for energy storage of which the nine most common ones are described in Annex 6. As there
are many types of services provided by energy storage (e.g. energy arbitrage, operating reserves,
transmission & distribution, black-start, etc.), the energy storage mix should therefore be able to serve
these various types of services (Denholm et al., 2010; Schmidt et al., 2019). Whether or not a storage
technology can provide a certain energy storage service is depending on the capacity, storage duration,
number of cycles and response time of the technology. Hence, the energy storage mix should be
diverse in order to meet all types of storage applications.
For the purpose of integrating renewables into the energy system, the following seven renewable
applications of energy storage have been identified and synthesised from Denholm et al. (2010) &
Schmidt et al. (2019):
• Transmission curtailment, to reduce loading on transmission systems during peak times
(core application: T&D deferral);
• Time shifting/wholesale arbitrage, to shift the availability variable energy from periods of low
demand to period of high demand (core application: energy arbitrage);
• Forecast hedging/renewable integration - uncertainty, to change and optimise output from
variable supply resources when generation is out of line with forecasts
(core application: secondary response);
• Frequency support/regulating reserve, to automatically correct the continuous, fast, frequent
changes in load or generation within the shortest applicable market interval
(core application: primary response);
• Fluctuation suppression/power quality, to protect on-site load against short-duration power
loss or variations in voltage or frequency (core application: power quality);
• Renewable integration - variability, to change and optimise output from variable supply
resources to mitigate output changes and match supply with demand
(core application: power reliability); and
• Seasonal storage, to compensate longer-term supply disruption or seasonal variability in
supply and demand (core application: seasonal storage).
From the data collected, the suitability of the energy storage technologies for the various energy
storage applications have been identified. Table 1 gives an overview of the suitability and order of
preference of storage technologies per storage application (in Annex 5 the applications for some
additional storage technologies can be found). The order of preference is determined based on the
projected average LCOS by 2050.
Table 1 shows us that Lithium-ion (Li-ion) batteries are likely to increase in the importance for shorterterm energy storage applications and is followed by pumped hydroelectric energy storage (PHES), VRB,
Flywheel, supercapacitors (SC) and sodium-sulphide (NaS). For longer-term energy storage however,
H2 is the most cost effective. And as the share of wind and solar energy will increase in the energy grid
mix, so will the periodic seasonal variations of energy supply. Hence, seasonal storage solutions will be
of growing importance as the variable energy production will grow.
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Table 1: Order of preference of energy storage technologies based on 2050 projected LCOS

Order of
preference24
1)
2)
3)
4)
5)
6)
7)
8)
9)

T&D
deferral
Li-ion
PHES
VRB
NaS
CAES
H2
PbO2

Energy
arbitrage
Li-ion
VRB
PHES
NaS
CAES
PbO2
H2

Secondary
response
Li-ion
VRB
PHES
NaS
Flywheel
CAES
SC
H2
PbO2

Primary
response
Flywheel
Li-ion
SC
VRB
NaS
PbO2
H2

Power
quality
Li-ion
VRB
NaS
PbO2
Flywheel
SC
H2

Power
reliability
Li-ion
VRB
NaS
PbO2
H2

Seasonal
storage
H2
CAES
PHES
VRB

Abbreviations: T&D = Transmission & Differential, Li-ion = lithium-ion battery, PHES = pumped hydro-electrical
storage, VRB = vanadium redox battery (redox-flow battery), NaS = sodium-sulphur battery, CAES = compressed
air energy storage, H2 = hydrogen gas, PbO2 = lead-acid battery, SC = supercapacitor.

5.2 Sectoral energy changes by 2050
From the perspective of contribution to global GHG emissions, the power sector is responsible for the
largest share of about 25% (IPCC, 2014a). With 24% it is then closely followed by agriculture together
with other land uses. Next are industry with 21%, transport with 14% and 6% accounted to buildings.
The remaining 10% are left for undefined contributors. However, when looking at EU-28 sectoral GHG
emissions this order changes to: power sector (35%), transport (28%), industry (15%), residential (12%)
and the remaining share is emitted by the commercial/institutional, agriculture/forestry/fisheries and
other sectors (about 10%).
The GHG emissions from the power sector will be further neglected as these emissions are dealt with
when the power sector is fully transitioned to low-emission energy technologies. But as the whole
energy system makes up of all energy forms consumed (incl. fossil fuels) other sectors using GHG
emitting energy sources can either electrify or switch to clean “zero emission” alternative fuels.
Electrification can directly benefit from the decarbonisation of the power sector as it will use more
carbon free electricity (ETC, 2017; IRENA, 2019a). What needs to be electrified are the energy
applications for heat and motion present in the transportation and industrial sectors. But there are
also heat applications in building of the residential and other sectors. Hence, the following domains:
transport, industry and buildings are further analysed in the following sections below.

5.2.1 Transport
The transport sector is subdivided into the following five categories: cars, trucks, trains, shipping and
aviation. Based on the literature, there are also five possible low/zero emission alternatives in energy
inputs: electric, H2, NH3, biofuels and synthetic fuels. Table 2 shows a summary of possible alternative
energy inputs for each category. In the following sections, each category is briefly reviewed.
All transport methods can have as alternative, biofuels and synthetic fuels. However, these fuels do
not achieve zero emissions. Biofuels can be – if used/produced correctly – a net-zero emission solution,
whereas synthetic fuels can achieve a net reduction of about 80% in life-cycle-GHG emission (Victor et
al., 2019). They are therefore recommended to be only applied where alternative clean energy inputs
are technically too difficult or financially too expensive – this is certainly not the case for cars, trucks
and trains.
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Based on Schmidt et al. (2019)
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Table 2: Possible alternative low/zero emission energy inputs for transport

Energy input
Electric
Hydrogen
Ammonia
Biofuels
Synthetic fuel

Cars

Trucks

Trains

-

-

-

Shipping

Aviation

-

: yes, possible with present existing technology applications;
: in development or emerging;
: application considered, but has not yet entered the market significantly;
: yes possible (in existing technology with few adjustments), but still results in emissions. Hence, advised to use
only in applications where alternatives are technically too difficult or too expensive; and
- : no information about this option could be found, neither was the option considered. However, it is likely
possible to apply this energy input, for example use ammonia in a similar way as hydrogen (i.e. in fuel cells).

5.2.1.1 Cars
Globally, cars are responsible of about 7% of all the GHG emissions and car ownership is expected to
double by 2040 (Victor et al., 2019). When looking at Table 2, it shows that cars of all other
transportation options has the most options of turning to low/zero emission. In 2017, there are already
0.82 million battery electric vehicles (BEV) in Europe, marking an increase of more than eightfold (IEA,
2018b).
An alternative to BEV are H2 fuel cell electric vehicles (FCEV). According to the Fuel Cells and Hydrogen
Joint Undertaking (FCH JU), these FCEV have the advantage of longer range potentials and faster
energy loading (FCH JU, 2019; IRENA, 2019a; Victor et al., 2019). However, it currently is not a major
trend as between 2013 and 2017 only around 6,000 vehicles were sold (Victor et al., 2019).
Nonetheless, the FCU JU continues to fund projects aiming at lowering barriers for larger scale
deployment of the FCEV with 24 reported success stories (FCH JU, 2019).
5.2.1.2 Trucks
Europe counts about 16.5 million trucks that carry out public services (FCH JU, 2019). These trucks are
responsible for 27% of the CO2 emissions emitted by road transport, while they only count for 4% of
all road vehicles. Additionally, the road transport is expected to grow by 56% by 2050. Hence,
alternative energy inputs are necessary. Public road transport by buses are somewhat ahead compared
to trucks as there are already all-electric buses on the road (Victor et al., 2019).
As for both buses and trucks, there is the possibility to use H2 as energy input where propulsion is
based on fuel cells (FCH JU, 2019; Victor et al., 2019). The FCH JU is currently funding two projects
proving the feasibility and competitivity of H2 fuel cell driven trucks for both freight and dustbin lorries.
The latter is currently operating 15 of these trucks in 7 European cities. At current stage, the cheaper
BEV could dominate the short-haul market segment and the FCEV – which is lighter and faster with
refuelling – could dominate the long-haul segment.
5.2.1.3 Trains
Currently, Luxembourg, Belgium, Netherlands and Sweden have more than 75% of their total railroad
lines electrified (European Commission, 2020) (for all countries, see Annex 10). In total, about 54.27%
is electrified in the EU-28. The electrified lines are mostly found in populous areas, outside these areas
it is still possible to electrify these lines (ETC, 2017). In principle, train lines can be substantially
electrified. Alternatives for the long-distances (where currently fossil fuelled trains operate), can be
the use of H2 fuel cells (IRENA, 2019a).
5.2.1.4 Shipping
1.6-3% of the global GHG emissions is accounted to the shipping industry which potentially can double
by 2040 (FCH JU, 2019; Victor et al., 2019). No alternative energy inputs have entered the market yet.
However, multiple alternative options are being considered and demonstrated. For short-distance
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transport25, the most likely option is electric propulsion either with batteries or H2 fuel cells. The
advantage of this option is the higher energy efficiency compared to combustion engines, while
batteries have the disadvantage of lower energy density in terms of weight and H2 in volume.
Currently, 21 boats/ferries are putted in operation or under construction worldwide that run on H2
input.
Options considered for long-distance transport26 are: biodiesel, H2, or NH3. The latter two can be used
in either combustion engines or in fuel cells for electric propulsion. Due to the weight and space of
batteries, these are unlikely to be deployed for long-distance shipping. Both biodiesel and NH3 can be
used in existing ship engines with little retrofitting. In contrast to H2, which requires considerable
retrofitting of ships. Yet, biodiesel is expected to become more expensive as the supply of sustainable
biomass is limited. Consequently, NH3 is an alluring solution for long-haul shipping.
5.2.1.5 Aviation
Aviation is worldwide responsible for about 1.5% of the global GHG emissions and is expected to grow
by 4% per year (Victor et al., 2019). Despite the urge for the industry to switch to alternative low/zero
emission energy inputs there are few solutions in sight to fully decarbonise the sector.
For short-haul flights, using batteries or H2 for electric propulsion is an option. More than 170 projects
on electrification of aviation are executed, most aim at smaller aircrafts with about 20 seats that can
enter the market in the 2020’s. Like for shipping, the energy densities of batteries and H2 are
constraining the travel range. Improvements are required for the technology to become cheaper and
to enable longer ranges and/or larger aircrafts.
The options for long-haul flights are less fortunate in terms of full decarbonisation. That aside, the
long-haul segment contributes for 80% to 85% to the sector’s emissions. So far, only the so called
‘sustainable aviation fuels’ (SAF) are a foreseeable option (at least in the short and medium term).
Options for SAF, can be biofuels, or synthetic fuels made from CO2 + H2 + NH3. Here, the first can be
derived directly from atmospheric capture or flue gases, while the latter two can be produced using
renewable electricity. Both fuels have already been developed but are not yet commercially available.
Additionally, both fuels still emit GHG and other potentially harmful substances (e.g. nitrogen oxides
and particulate matter). But based on their life-cycle emissions, they could be close to net-zero CO2
emission. In some cases they can achieve 80% emission reduction compared to conventional jet fuel
(IATA, n.d.). The main advantage SAF has, is that there are no technical nor legal barriers for a direct
increase in the jet fuel market as aircrafts can operate even with 100% SAF in the tank (Victor et al.,
2019).

5.2.2 Industry
The EU-28’s industry sector is responsible for about 15% of the GHG emissions that are related to fuel
combustion activities. Fuel combustion activities within the industry are mainly heating processes. But
there are also, for example in the chemical industry, electrification solutions to non-fossil fuel energy
consumption activities. In the following sections, a brief description is provided on the energy
alternatives for the various energy intensive industries (EII). EII are namely: Pulp & paper, chemicals,
non-metallic minerals (glass, lime, ceramics, cement, gypsum), iron & steel and non-ferrous metals
(aluminium, copper, etc.) (Council of the European Union, 2017).
For the less energy intensive industry, less heat intensive applications can be substituted with one of
the below described alternatives or electric steam generation (Schüwer & Schneider, 2018). According
to Schüwer & Schneider (2018), the electrification potential of steam is 100%. The technology itself is
however in demonstration stage. Low-temperature heat applications can be electrified using increased
efficient heat pumps (Eggert et al., 2018; IRENA, 2019a). As for the use of natural gas in the sector, this
could be substituted by H2.
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River and coastal transport, short-haul ferries and cruises.
Long-haul containerships, bulk carriers and cruising ships.
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5.2.2.1 Pulp & paper
The pulp and paper industry mainly uses steam for drying there products (Schüwer & Schneider, 2018).
As mentioned before, the steam energy input could be replaced by electric steam generation as a
direct electrifying solution (ETC, 2017). Another option could be using different fuels for generating
the steam (currently 44.2% of the total energy consumption is fossil fuel), this could be biomass, or
green H2 (Climate Policy Initiative & Copenhagen Economics, 2017). A different option for drying the
materials, can be microwave drying but this system is in its demonstration stage (Schüwer & Schneider,
2018).
5.2.2.2 Non-metallic minerals
By non-metallic minerals the following materials are meant: glass, lime, ceramics, cement, gypsum
(Council of the European Union, 2017). Cement consumes 83.2% fossil fuels over the total energy
consumed, this energy is like with other non-metallic minerals mainly used in furnaces (Climate Policy
Initiative & Copenhagen Economics, 2017; Victor et al., 2019). These furnaces could switch to
alternative energy inputs, including: green H2, electricity, waste and biomass. The latter two are
already used in existing industrial scale furnaces (for cement kilns) and require moderate retrofitting.
In contrast with waste and biomass, a switch to green H2 or electric furnaces require redesigning of
the furnaces. This is unlikely to happen for the electric route in existing furnaces, whereas H2
redesigning will depend on the cost of green H2 production. Additional alternative is synthetic gas,
which would require little to no adjustments to the furnace if already ran on gaseous fuel.
As alternative to substituting the energy input, CCS is also a solution to drastically reduce GHG
emissions. CCS not only decreases fuel emissions, but also allows to reduce the chemical process
emissions. Hence, the industry would need scalable breakthroughs in order to move completely away
from fossil resources. And even if those breakthroughs occur, CCS would be required to capture the
likely remaining process emissions. The challenge here is the high costs of CCS in this industry
compared to other EII, reflecting the relatively low CO2 concentration in streams.
Options for materials like glass and ceramics are both inductive/indirect resistive or conductive (e.g.
electric arc furnace) furnace technologies (Schüwer & Schneider, 2018). The latter is already
commercially used by the iron and steel industry for scrap metal, but has seen also its first small scale
deployment in speciality glass troughs. The inductive/indirect resistive furnace technologies are in
their demonstration stage. Both options rely on an electric input.
5.2.2.3 Iron & steel
The iron and steel industry uses a large amount of fossil fuel of which coal represents about 76.5% of
the total energy consumption of the sector (Climate Policy Initiative & Copenhagen Economics, 2017).
The coal is used in the industry for the reduction of iron ore in a blast furnace-basic oxygen furnace
(BF-BOF). Instead of coal, natural gas or even better H2 could be used and followed by an electric arc
furnace (ETC, 2017; Victor et al., 2019).
Two other alternatives are the continuation of using coal in the BF-BOF but coupled with CCS, or the
direct electrolysis of iron as it is currently done for aluminium production (Victor et al., 2019). The
latter option is one of the least ready options, but ArcelorMittal is heavily investing in the research and
development of the technology (Victor et al., 2019). Regarding the CCS option, next to the fact that
the technology fails to eliminate all emissions, it looks unlikely for the technology to be costcompetitive compared with H2 reduction. As for the H2 reduction technology, if applied at a large scale,
this could lead to the iron and steel industry becoming the largest user of H2. This could give a strong
foothold for both the H2 consumers and infrastructure in a green H2 economy.
5.2.2.4 Non-ferrous metals
The options for non-ferrous metals (aluminium, copper, etc.) are comparable and/or a combination of
the options described for iron and steel (ETC, 2017). However, other options are also found in the study
of Schüwer & Schneider (2018). These technologies fully rely on an electric input and are:
inductive/immersion heater or plasma heating/microwaves. The first is already achieved and
commercially available for small holding furnaces. The latter is being demonstrated.
Page | 39

5.2.2.5 Chemicals
The chemical and petrochemical industry use an equal share of fossil fuels as the iron and steel industry
of about 84.5% (Climate Policy Initiative & Copenhagen Economics, 2017). The industry mainly uses
these fossil fuels as a material resource rather than an energy resource. Focussing only on the energy
input, the industry can suffice with previously named alternative energy inputs. For example, the
production of one of world’s most important molecules for agricultural purposes, NH3 can be produced
using electrolysis instead of the conventional Haber-Bosch process (Service, 2018). Therefore,
replacing the conventional process for the electrolysis, could save also a lot of emissions in the
agricultural sector.

5.2.3 Buildings
Electrification of building heating is one part of the solution, but the other part is of equal importance.
That is the reduction of demand by increasing efficiency, both of heat generation as well as building
insolation.
Heat pumps are one of the promising solutions to turn to electrical heating. Compared to conventional
electrical heating systems, heat pumps are about three times more efficient and in mild climates this
can potentially increase to about fivefold (IEA, 2019b; IRENA, 2019a). Conventional heating with
electricity through resistance heating for in boilers and furnaces still remains a viable electrification
option.
Other means of heating for building can be done through biomass combustion, solar thermal, district
heating and H2 for heating (Victor et al., 2019). Here H2 would come from the electrolysis using
renewable electricity. Instead of H2, also synthetic methane could be produced using renewable
electricity (IRENA, 2019a). Both gases can with minor equipment adjustments be used in boilers and
heat conveyance systems.
Specifically for those countries with an extensive gas grid, switching to H2 could significantly reduce
retrofitting costs of buildings (IRENA, 2019a; Victor et al., 2019). Whereas the majority of countries
that do not have such an extensive gas grid could be resisting this application due to the high costs of
building retrofitting. Hence, for these countries the other means of heating are likely more viable. In
the end, the means of heating for buildings is depending on the individual country based on: local
climate, available resources, skills and infrastructure (Victor et al., 2019).
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6 Discussion and recommendations
This chapter interprets and discusses the results and compares them with literature. Also, based on
the limitations of my research, recommendations are provided to improve my analysis in the future.
The chapter starts a summary of my results to help the reader to understand the rest of this chapter.

6.1 Summary of results
My analysis on what the energy system should look like by 2050 to emit zero-GHG emissions shows
that given the potential available renewable energy resources this is possible even by using only
renewable energy technologies. An energy mix ranging between 34% and 42% wind energy, 34% and
43% solar energy, 20% geothermal energy and 4% hydropower energy is found to meet the zero
emission target. Results are based on cost-competitiveness with fossil fuel sources and energy-supply
reliability. The system mix is also capable to provide the energy needed for sufficient energy storage.
This was assumed to range between 12% and 15% of the final energy consumption and resulted in
1,500TWh to 1,900TWh of energy storage by 2050. H2 has a high potential for becoming the new
tradable energy commodity but implementing it still faces some barriers to overcome. Other energy
carriers that prove to be valuable in future energy systems are batteries and pumped hydroelectric
energy storages. The proposed energy system enables high shares of electricity consumption. Where
most sectors can adopt electricity applications, other sectors (namely: shipping, aviation and industry)
will rely more on fuels produced from renewable electricity (i.e. e-fuels).
The new energy generation system will have on average an annual cost ranging between 280 and 1,400
billion euros2018. When comparing this with the EU-28 gross domestic product (GDP)27 of almost 16
trillion euros2018, it comprises 2% to 9% of the EU-28 GDP. With this system, GHG emissions can be
avoided at a cost of 80 to 880 euro2018 per tCO2-eq.

6.2 Energy production
My research builds on the results of Enevoldsen et al. (2019) and Perpiña Castillo et al. (2016) and it is
unique in predicting the energy mix for 2050 using solely RESs. The desired future is taken as a starting
point and renewable energy technologies are planned based on their potential. This matches with the
recommended approach by the Joint Research Centre (2008). The Joint Research Centre recommend
a back-casting approach for problems like these that are complex and present situation is part of the
problem. Other studies, like from the European Commission (2018c), IRENA (2019b) and Zappa,
Junginger, & van den Broek (2019) all use a scenario analysis where first normative or qualitative
scenarios are described and their outcomes are modelled. As I applied a back-casting approach to
define the energy mix that is zero-GHG emission during operation, no post modelling was needed to
test the outcome of the energy mix. However, future studies could test my reported energy mix to
increase reliability of the results (double testing).

6.2.1 Alternative energy generation technologies
As my research focused on the achievability of an energy system with 100% renewables, it left out the
important role some other alternative low-emission-energy technologies (e.g. nuclear fission or fusion)
can have in the energy transition. This is also confirmed by the findings of European Commission
(2018c) and Zappa et al. (2019) when looking at their respective scenario’s ‘high technical
advancements’ (1.5TECH) and ‘Allow non-RES’ that both achieve 100% GHG reduction by 2050 but
include alternative non-renewable energy technologies. To further elaborate, the resulting energy mix
of Eastern EU with a share of almost 60% solar energy is triggered by their solar energy potential that
is three times greater than their wind energy potential. Due to the ratio approach described in Section
2.2.2.3, Eastern EU will therefore tap mostly into their solar energy potential. This result is probably
counter-intuitive as the region is not very sunny. But Figure 19 in Annex 8 shows that most of the solar
energy is generated in the southern located Eastern EU countries. However, alternative low-emissionenergy technologies could prove useful especially in Eastern EU to reduce their reliance on intermittent
solar energy. As nuclear fission power performs well on land-use, life-cycle-GHG emissions and LCOE

27

Retrieved from the World Bank: https://data.worldbank.org/indicator/NY.GDP.MKTP.CD?locations=EU
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(see Annex 1), I argue that this technology is suitable to reduce large shares of intermittent energy
sources such as wind and solar energy. However, because I excluded these alternative low-emissionenergy technologies, the shares of required land for energy generation are higher than in case of
including the alternative technologies. Ultimately, my results show that if desired, the EU-28 can
suffice without the alternative low-emission-energy technologies.
Additionally, biomass as a renewable energy source was ignored in the energy mix, despite its currently
largest share among the RESs in the energy mix and it usefulness for load-following. Biomass comes in
many forms and it can be produced with the sole purpose of bio-refining or bio-energy/electricity
generation. But it can also come from bio-waste which is then converted into bio-energy. For both
pathways, the given time for growing biomass to sequester the product-chain’s CO2 emissions matters
(see Annex 2). Currently, the consideration of bio-energy being renewable or not is much debated.
Aside from this debate, bio-energy still creates emissions. For these properties, bio-energy does not
comply with the aim of my thesis (i.e. feasibility of a 100% renewable energy system with zero-GHG
emissions during operation). Additionally, biomass is the least preferred solution as it has the largest
land-use and highest life-cycle emission (c.f. Annex 1). The land-use of all bio-energy applications
ranges from 220 to 1,000km2 per annual TWh. This contrasts with other renewable energy
technologies that range from 1 to 92km2 per annual TWh and puts bio-energy far apart from the other
renewable energy technologies (Andrews et al., 2011). Also in terms of life-cycle emissions, bio-energy
is distanced far from the other options with on average a gap of 182 gCO2-eq per kWh between solar
PV panels at utility scale and bio-energy. For these reasons I excluded biomass entirely. Without
biomass in the energy mix, there are less energy generation technologies to serve load-following. But
this is resolved because I included energy storage in my research, which could serve a variety of energy
applications including rapid response needed with load-following.
Then, of course, CCS exists. I did not consider CCS, despite it was included in the data collection for
Annexes 1 and 2. First of all, CCS coupled with a fossil fuel installations still produces – however small
– CO2 emissions and other GHG are not captured. CCS with fossil fuel installations is therefore ignored.
Secondly, BECCS was ignored as no real cases where it is developed and/or practiced, currently exist.
But as bio-electricity can provide flexible supply (i.e. load-following) it could potentially serve similar
to hydropower as a technology for closing or reducing energy supply-demand gaps. Additionally,
according to the IPCC (2014a) BECCS and afforestation are needed to reach net-zero-emissions which
is in line with the official objective of the EU-28. Besides CCS as a developing technology, other
technologies that are developing (i.e. maritime energy, nuclear fusion etc.) were left out of this thesis
due to its focus. Future studies could provide a more realistic view if they succeed in including these
types of developments, which could be tested on how to reach the net-zero-emission target. My thesis
could serve as a starting point for such studies.

6.2.2 Wind and solar energy
Regarding the energy potentials of wind and solar energy, some relevant considerations were absent
in the thesis. Unfortunately, I discovered most of these considerations at the time of finalisation of this
report. This is why these considerations are absent in my research, but due to their relevance they are
discussed here.
For estimating both energy potentials of wind and solar energy, these potentials largely rely on the
available land. To estimate the available land extent, constraining areas were used. However due to
population growth, the demand for land will increase for food and residential uses, this probably
decrease the available land extent thus decrease wind and solar energy potentials (Enevoldsen et al.,
2019).
As for wind energy potential specifically, the calculations use averaged spatial and temporal data.
According to Dammeier et al. (2019), this results in an overestimate of the energy potential. This likely
leads to unrightfully using the maximum energy output defined by Equation 2 on page 19. Additionally,
to estimate the available sea area for offshore wind energy, the maximum sea depth suitable for
offshore wind energy installation was not considered. Currently, offshore wind turbines are
economically limited to a maximum sea depth of 40m to 50m (Manzanas Ochagavia et al., 2013). With
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the current advancements in the offshore oil industry, greater depths are possible but these are likely
not very economically viable. Therefore, future offshore wind energy potential estimates should take
this depth limitation or extra costs for greater depths into account.
For solar energy, the decreased solar panel efficiency due to heat is not taken into account for. The
efficiency of solar panels decline as temperature (generally above 25°C) increases (Dubey, Sarvaiya, &
Seshadri, 2013). On average, the efficiency in percentages drops with a rate of 0.45 per °C. Additionally
in all calculations for the potential solar energy, the effects of shading on solar panels was not included.
FABRICations et al. (2017) reported that of the 54% available urban area for rooftop mounting, a little
less than half is unaffected by shading of surrounding objects. No similar data were found for nonurban areas. In future estimates of the solar energy potential, it would be interesting to include the
effect of shading.
The previous mentioned considerations to estimate wind and solar potentials that are absent in my
thesis would have resulted in a lower energy potential if they were taken into consideration. As the
wind and solar energy potentials stand at the basis of the calculations of their relative shares in the
computed energy mix, these considerations that are absent could alter the computed energy mix. The
significance of impact on the computed energy mix is, due to my limited research time, not possible to
estimate. However, my results show that the wind energy potential is more than six times the PEC for
2050 and the solar energy potential is four to almost seven times the PEC. With this abundance it is
unlikely that the energy potential will change to less than the computed amount of wind and solar
energy required, which is less than half the PEC for both wind and solar energy. Therefore, my
computed energy mix for 2050 is likely affected by the absent considerations, but it is still a mix that is
feasible and meets zero-GHG emissions during energy generation and end-use. Nevertheless, to
improve constructed energy mix, the considerations mentioned should be considered in future and
follow-up studies.

6.2.3 Comparison with literature
Despite these points of discussion, the proposed energy mix mostly matches with existing literature.
When for example looking at the shares of wind and solar energy for the whole of EU-28, this is in the
lower case (5th percentile) 42% and 34%, respectively. In the upper case (95th percentile), this changes
to 34% for wind energy and 43% for solar energy. Heide et al. (2010) modelled a seasonal optimal mix
for a 100% renewable energy system in the EU and reports an optimal wind/solar mix of 55/45. Hence,
they do not take into account other sources other than wind and solar energy. Wind and solar energy
together cover in this thesis about 76% of the total EU-28 energy production. If we take the 55th share
and 45th share of 76%, this would result in about 42% for wind energy and 34% for solar energy. Hence,
the lower case matches well with the seasonal optimal mix reported by Heide et al. (2010). This
seasonal optimal mix would, according to Heide et al. (2010), lead to a reduced storage need. However,
if my computed energy mix would move to the upper case, the shares will slowly switch and therefore
lead to a less optimal mix.
Another study that estimated the energy mix for the EU-28 using wind and solar energy but without
storage is that of Zappa & van den Broek (2018). Based on the capacity share they report a wind/solar
share of 74/26. If the results in this thesis would be converted with that ratio, this thesis should have
resulted in about 70% wind capacity and 25% solar energy. However, this thesis did include – unlike
Zappa & van den Broek (2018) – the energy storage and the related losses. However, whether this
caused the discrepancy remains uncertain.
Overall, my findings agree with those of Zappa et al. (2019). They conclude that a 100% renewable
power system is possible, but where they focus only on the power (i.e. electricity) system, this thesis
went beyond that and took into account the total energy consumption (i.e. energy consumption in
forms of fuels, electricity and heat). Zappa et al. (2019) say that in the absence of seasonal storage, a
100% renewable system is not feasible without biomass. However, in I did include seasonal storage
and I could leave out biomass as an energy generation technology.
When following the 1.5TECH scenario from the European Commission (2018c), we see that they still
include some fossil fuel generation capacity but with CCS. The found capacities for wind and solar
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energy are however in the same order of magnitude. The European Commission (2018c) projects with
their scenario forecast a 1,210GW capacity for wind energy (on- and offshore combined). My result for
the wind power capacity matches well for 2050 with a range of 1,200GW to 2,000GW. For solar energy
the 1.5TECH results in a 1,030GW capacity requirement. However, my results on the solar power
capacity required ranges higher with 1,900GW to 5,300GW. The total required capacity of the energy
system following the 1.5TECH scenario is 2,790GW, in contrast with the capacity that I found ranging
from 3,500GW to 7,700GW. This higher capacity could be explained by a larger assumed primary
energy consumption than the 1.5TECH assumes. Additionally, I included the energy storage losses
which results in a higher energy demand, thus larger required capacity.
Following my results, wind and geothermal energy cover the fossil energy share of the 1.5TECH
scenario. In regard to hydropower energy, we see only a small increase going from 300TWh in 2017 to
my estimated amount of 510TWh in 2050. This is in the same order of magnitude as 420TWh from the
EU 2016 Reference Scenario (i.e. baseline) from Carpos et al. (2016) and is also in line with the
estimated amount by Zappa et al. (2019).

6.3 Energy storage and distribution
Heide et al. (2010) modelled the energy-storage requirement depending on the energy mix. When
using my energy mix found in Section 4.1 and their model graph, an average storage requirement of
about 1,380TWh is found. This is about 19% lower than the storage requirement that I assumed for
the energy system by 2050. Only for the low-end of the results, more energy storage would be required
according to Heide et al. (2010). The energy storage was difficult to consider in my research as the
energy storage requirements for a 100% renewable energy system are complicated and not yet
completely understood in the scientific community. Therefore, I used an assumed amount of storage
requirement and an average roundtrip efficiency (based on all inventoried storage technologies). This
of course causes uncertainty in the adjusted PEC, but there is an abundant amount of renewable
energy potential to cover any increases in PEC. To reduce the uncertainty, more research is strongly
needed on understanding large-scale energy storage appliances in a 100% renewable energy system.
There are many options described in my thesis to store energy. Most likely, future energy systems will
require a mix of these storage/carrier options to fulfil its particular energy storage applications and
services (see Section 5.1.2). However, for seasonal storage H2 proves to be a valuable candidate and
based on literature results, NH3 and metals too (Annex 6). According to Matos, Carneiro, & Silva (2019),
H2 can be stored in large quantities underground. But when chosen for this option which is particularly
useful for longer-term storage, the storage sites could compete with those for CCS. Hence, this should
be taken into account when storage is planned in future scenario’s.
The literature review on energy distribution was limited to a short discussion on ways of energy
distribution with special emphasis on a tradable energy commodity to replace fossil fuels. As most
literature on this topic focuses on H2, only H2 was reviewed on its potential as a tradable commodity.
Later, NH3 showed up as a potential energy commodity in reviewing alternative energy sources for the
transportation sector. Additionally, very little literature can be found on the potential benefits and
relevance as a tradable energy commodity of metals. Based on the review results, metals are deemed
to be most easy in international trade where it assumingly can directly – with little modification – use
the coal trading infrastructure. Potentially even replace coal in coal-fired power plants – with most
likely large modifications.
All results are reported and calculated for the four EU geographical regions. However, these regions
are likely not very convenient in distributing the produced energy within each region. An alternative
to the geographical regionalisation is to regionalise the EU-28 into regions that are more convenient
in energy distribution. This will make the computed energy mix more realistic. However, to regionalise
the EU-28 would require a new study on its own. So, prior to future large-scale energy planning a study
should be conducted on regionalisation based on energy distribution. Changing regionalisation, would
lead to changes in the computed energy mix. Withal, there are many ways to regionalise the EU-28
and each leads to a different energy mix. I used the available geographical regions and my results work
for these regions.
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6.4 Costs
The calculations for the costs of the system only comprises the TIC of the system, maintenance,
operational and decommissioning costs are excluded. Future studies should focus on including these
costs. This will in the end lead to higher total costs. The total installed costs cover about 30% to 40%
of the LCOE, however whether the LCOE could be used to estimate the costs was not sure. The LCOE
also does not cover the cost of decommissioning technologies and therefore still does not entirely
grasp the costs (EIA, 2019). So far, all literature refers to the LCOE as an indicator to compare
technologies. Therefore, the TIC was used but economists probably could better calculate these costs.
Additionally, in assessing the costs over the period 2018 until 2050, no inflation or other price changes
like cost reductions due to technological development are accounted for. Hence, the given cost range
will possibly be lower. These cost changes were left out of my thesis due to a lack of expertise but also
because they are highly uncertain as projections rarely are correct (Torp & Klakegg, 2016).
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7

Conclusion: European Union’s energy system in 2050

The aim of my thesis was to analyse what the energy system of the European Union with 28 Member
States (EU-28) will look like by 2050 if their net-zero-GHG emission target is pursued. My analysis is
limited to only proven technologies and focussing on zero-GHG emissions during energy generation
and end-use, using only renewable energy technologies.
From data collection, the following seven renewable energy generation technologies have been
identified to answer research question (RQ) 1:
• Wind turbine generators;
• Concentrated solar power;
• Solar photovoltaics;
• Hydropower;
• Maritime energy (tidal energy, wave energy and ocean gradient);
• Geothermal energy; and
• Bio-energy.
For answering RQ 2, many different technologies for storing or carrying energy have been identified
(see all technologies identified in Annex 5). To keep the summary comprehensive, the following seven
most referred energy storage or carrier technologies are:
• Flywheel;
• Pumped hydroelectric energy storage;
• Compressed air energy storage;
• Hydrogen gas (H2);
• Super-capacitors;
• Batteries (including: sodium-sulphide, redox battery, lead-acid battery and lithium-ion); and
• Superconducting electro-magnetic energy storage.
The results on potential available renewable energy resources in the EU-28 show, that with ten to
fourteen times their 2050’s projected primary energy consumption, the EU-28 has sufficient renewable
energy resources available to meet zero-GHG emissions by 2050. Using the energy potentials, RQ 3
was answered with a computed energy mix for the EU-28 by 2050. The computed energy mix consists
of 10% to 13% onshore wind energy, 23% to 29% offshore wind energy, 34% to 43% solar energy, 20%
geothermal energy and 4% of hydropower energy. The mix achieves zero-GHG emissions and also
considers an energy storage of 12% to 15% of the final energy consumption. With this amount of
storage, seasonal fluctuations and other storage applications are covered. Over the period of 2018 up
to and including 2050, the energy generation system requires an annual investment of 2% to 9% of the
EU-28 gross domestic product (GDP). To answer RQ 4, the system achieves a cost per avoided ton CO2eq of at least 80 to 880 euros2018.
With the computed energy mix, the electricity generation increases strongly. How the generated
energy can be distributed is answered through answering RQ 5. Electricity can easily be distributed
through the existing power grid when electricity is used by the end-user. For non-electricity appliances,
the electricity can be converted into energy carriers such as H2, ammonia or iron powder. However, to
scale-up and increase their cost competitiveness, these energy carriers are currently much researched
and developed.
The conversion process of storing electricity in energy carriers is less efficient than direct use of
electricity. Therefore, RQ 6 was answered to find out which sectors can electrify their energy usage
and what alternatives exist for those sectors that cannot electrify their energy usage. For the three
energy consuming sectors, transport, industry and buildings, the following answers were found:
• For the transport sector, bio- and synthetic fuels could be applied in any type of transport.
However, these bio- and synthetic fuels are not very much preferred because they still cause
GHG emissions. When excluding these fuels, shipping and aviation remain the most
challenging to change their type of energy input. Where there are rising solutions for shipping,
such as electricity, H2 or ammonia, aviation is lacking behind in options. For cars and trains,
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•
•

there are already electric vehicles in use. Cars even have H2 alternatives in use, while these are
being considered or developed for trains and trucks. Additionally, trucks are being developed
that are full electric;
For the industrial sector a variety of alternatives are being developed or demonstrated. Some
alternative energy inputs are already applied in existing industry branches and some are likely
usable in other industry branches; and
Buildings are expected to have the least trouble electrifying their energy usage. Heating
processes are most related to the energy usage in buildings. This form of energy can be
electrified, but alternatives to electricity do exists as well. Such alternatives are: biomass (e.g.
wood/pellets), solar thermal boilers, district heating and H2.

To conclude, the EU-28 has more than sufficient renewable energy resources to realise an energy mix
by 2050 that emits zero greenhouse-gases during energy generation and end-use. With a wide variety
of energy storage and carrier technologies being in use or developed, a 100% renewable energy system
is probably soon within reach and most sectors will be enabled to make the desired energy-input
switch. The transition to a zero-GHG emitting energy system by 2050 will be enabled with an annual
investment of at least 2% to 9% of the EU-28 GDP.
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Annex 1: Numerical Properties Overview of Low Emission Energy Technologies
Average
Life-cycle-GHG Emissions a
Lifespan
Min/Median/Max
(years)
(g CO2-eq/kWh)
Onshore
20 – 25
0.036464/0.0475/0.083952
996.11592/1,270.728/2,068.0388
wind
(Twidell &
7.0/11/56
(IRENA, 2019e)
(IRENA, 2019e)
Weir, 2015)
Offshore
20 – 25
0.086496/0.108/0.167056
2,231.43992/3,691.344/4,626.2428
wind
(Twidell &
8.0/12/35
(IRENA, 2019e)
(IRENA, 2019e)
Weir, 2015)
CSP
20 – 30
0.092432/0.15688/0.231504 2,850.652064/4,412.992/5,939.63792
(Faircloth et
8.8/27/63
(IRENA, 2019e)
(IRENA, 2019e)
al., 2019)
Panel
128.89 single poly-crystalline panel
26/41/60
20 – 30
0.048336/0.07208/0.184864 (Europe-Solar store, 2018)
(Faircloth et
Utility (IRENA, 2019e)
675.239504/1,026.08/2,328.342576
al., 2019)
18/48/180
(IRENA, 2019e)
Hydro
30 – 100 (Z.
0.02544/0.039856/0.12296
633.048112/1,265.1312/3,448.01464
Li et al.,
1.0/24/2200
(IRENA, 2019e)
(IRENA, 2019e)
2019)
Tidal range 0.62 (COGEA, WavEC, &
40 (IPCC,
5,178.80 (IPCC, 2012)
2012)
Directorate-General for
Maritime Affairs and
Tidal
20 (IPCC,
10,739.19 (IPCC, 2012)
5.6/17/28
Fisheries, 2018)
current
2012)
Wave
20 (IPCC,
0.85 (COGEA et al., 2018)
121,459.55 (IPCC, 2012)
2012)
Ocean
0.13-0.27 (PRO)
N/A (PRO)
20 (IPCC,
Gradient
0.10-0.18 (RED)
151,745.66 (RED)
N/A
2012)
(IRENA, 2014)
(IRENA, 2014)
Geothermal 0.050032/0.061056/0.120416 2,611.41176/3,371.648/6,067.179664 25 (IRENA,
6.0/38/79
(IRENA, 2019e)
(IRENA, 2019e)
2017b)
Biomass
0.040704/0.052576/0.206064 1,084.168/1,785.04/7,413.388992
N/A
130/230/420
(IRENA, 2019e)
(IRENA, 2019e)
Nuclear
30-40
0.066-0.122 (Gamboa
3,660.10-7,320.20 (Gamboa Palacios
(Haverkamp
3.7/12/110
Palacios & Jansen, 2018)
& Jansen, 2018)
et al., 2014)
CCS
in
0.0443 (Yan et al., 2020)
601.04-988.25 (Budinis et al., 2018)
Millions
N/A
BECCS
Average LCOE by 2018
5th%/w.av./95th% 28
(€/kWh) 29

TIC by 2018
th
5 %/w.av./95th% 28
(€/kW) 29

Solar PV

Energy
Source

Average
Capacity

Production Capacity Factor

Land-use b

(MW30)

(%)

(km2/TWh-yr)

2.7 (Komusanac, Fraile, &
Brindley, 2019)

34.0 (IRENA, 2019e)

65–79

6.8 (Komusanac et al.,
2019)

42.5 (IRENA, 2019e)

53.5 (peak) (Wiesenfarth,
P. Philipps, W. Bett,
Horowitz, & Kurtz, 2017)

45.2 (IRENA, 2019e)

10–20

276 Wp (Nugent &
Sovacool, 2014)

18.0 (IRENA, 2019e)

21–53

1 – ≥100 (IRENA, 2012)

46.8 (IRENA, 2019e)

16–92

25.5 (IPCC, 2012)
Site specific
33 (IPCC, 2012)
N/A

32.5 (IPCC, 2012)

Pilot capacities ≤50 kW
(IRENA, 2014)

N/A

20-110 (IPCC, 2012)

83.9 (IRENA, 2019e)

1–14

6 MW demonstration
plant (Ståhl, 2004)

77.6 (IRENA, 2019e)

120-1,000

1,000 (IAEA, 2019)

81.1 (World Nuclear
Association, 2018)

1–3

N/A

N/A

Abbreviations: LCOE = levelized cost of electricity, TIC = total installed cost, GHG = greenhouse gases, CSP = concentrated solar power, PV = photovoltaic, CCS = carbon capture and storage and BECCS = bio-energy with CCS.
a
from IPCC (2014b), b from Andrews, C.J., Dewey-Mattia, L., Schechtmann, J. M. (2011)

28

5th%/w.av./95th% = 5th percentile/Weighted average/95th percentile, only applicable for IRENA (2019e)
Where necessary:
1) values are corrected for inflation rate from the corresponding source year to 2018 values using http://www.in2013dollars.com.
2) USD currency is converted to euros in 2018 using the average exchange rate of the year 2018 provided by the Internal Revenue Service (IRS).
30
Unless indicated otherwise
29
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Annex 2: Low emission energy technologies
This chapter gives an overview of the energy generation technologies with low-emissions. Even though
these technologies emit zero emissions during operation, the term low-emission is used as these
technologies still have life-cycle emissions (e.g. emissions caused during production, installation
and/or decommissioning).
Due to the wide variety of technologies, this chapter focusses on the most significant renewable energy
technologies that were identified by Twidell & Weir (2015). Per technology, the generation
amounts/capacities, spatial requirements, costs, lifespan and life-cycle greenhouse gas (GHG)
emissions are described. The costs will be given in levelized cost of electricity (LCOE)31 and total
installed costs (TIC)32. Costs are where needed corrected for inflation rate from the corresponding
source year to 2018 values and USD currencies are converted to euros in 2018 using the average
exchange rate of the year 2018 provided by the Internal Revenue Service (IRS)33. A full overview of all
of this information can be found in Annex 10.
Renewable energy technologies
Renewable energy sources (RESs) are defined as energy sources that are “...obtained from naturally
repetitive and persistent flows of energy occurring in the local environment” (Twidell & Weir, 2015, p.
3). The Sun is the largest source of renewable energy, it provides direct solar energy but is also
responsible for the existence of wind. However, wind and solar energy are both variable energy
sources that are not constant nor present throughout time. Via photosynthesis solar energy is stored
in plants’ biomass which makes harnessing it at any time possible. However, combustion of biomass
products still emits GHG but this is deemed to be neutral as new biomass production should store the
emitted carbon dioxide (CO2) (neglecting other GHG) (Cherubini, Peters, Berntsen, Strømman, &
Hertwich, 2011).
Energy flows in the water cycle are another form of RES. However, the water cycle is affected by
climate change, thus it can affect energy generation that uses water in the process. This challenge is
also known as the water-energy nexus and affects not only hydropower plants but also powerplants
using heat for generating electricity (Ganguli, Kumar, & Ganguly, 2017; Hamiche, Stambouli, & Flazi,
2016).
Other RESs are the motion and gravitational potential of the astronomical objects and the geothermal
energy that is generated by cooling, chemical reactions and natural radioactive decay in the Earth
(Twidell & Weir, 2015). The oceans provide various of the described RESs, wind produces waves from
which energy can be harnessed, the three astronomical objects: Sun, Moon and Earth are responsible
for the tides and as with the Earth’s geothermal energy, there is also thermal energy in the ocean but
also energy from the osmotic potential of the salty waters.
To harness the energy from RESs, a wide variety of technologies are existing or being developed. In
2018, the 28 Member States of the European Union (EU-28) had a total installed renewable energy
capacity of ~466 GW, a rise of ~95% over the past decade (2009-2018) (IRENA, 2019d). An inventory
of these renewable energy technologies, along with important technological characteristics is given in
the following sections of this chapter.
Wind turbines
Wind is harnessed for both mechanical work and electricity. The latter is produced by using wind
turbines that work like any turbine. Only the turbine is now rotated by the rotational movement of the

31

The ratio of lifetime costs to the lifetime electricity production (IRENA, 2019e).
The total costs required to install a technology to get it up and running.
33
Conversion value USD to EUR of 0.848 used from:
https://www.irs.gov/individuals/international-taxpayers/yearly-average-currency-exchange-rates
32
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rotors. Due to the aerodynamic positioning of the rotors it is pushed in a rotational movement by the
wind.
Over the decade 2009-2018, the installed capacity of wind turbines in the EU-28 increased with about
138% to ~179 GW in 2018 (IRENA, 2019d). The majority of this capacity comes from onshore wind,
with an installed capacity of ~161 GW, the remaining ~18 GW was coming from offshore wind. In 2018,
the weighted average capacity in Europe for onshore and offshore wind turbines was 2.7 MW and 6.8
with a capacity factor of 34% and 42.5%, respectively (IRENA, 2019e; Komusanac et al., 2019).
By the expansion and convection of air that results from the absorption of solar radiation on Earth
wind is created (Twidell & Weir, 2015). Prevailing wind patterns are created by these thermal effects
together with Earth’s rotation. This causes that some regions are very suitable for wind energy and
some are not. Additionally, the wind speed is significantly variable with time, ranging from seconds to
seasons and years. As a result, wind turbine electricity generators (from here called wind turbines)
only operate at those locations where and when there is wind. It is therefore strongly restricted to
certain areas.
The spatial requirement for 3.0±1.7 MW of wind onshore electricity requires 1 square kilometre, this
is 5.75 MW/km2 for offshore wind energy34 (Borrmann, Rehfeldt, Wallasch, & Lüers, 2018; Denholm,
Hand, Jackson, & Ong, 2009). Capacity is strongly affected by the wind speed, which increases with
height (Twidell & Weir, 2015). However, when placing turbines on slopes, the slope angle should be
kept to a minimum as the construction becomes too insecure at a too steep slope. Interruptions and
changes in the air flow caused by obstructions (e.g. buildings and trees) should be minimised as much
as possible. Hence, sites with frequent and sustained winds preferably in un- or low-populated areas
are preferred (Ryberg, Tulemat, Stolten, & Robinius, 2019; Twidell & Weir, 2015).
Like any energy source relying on spatial planning, wind turbines are constrained by the following
restricted areas:
• (Urban) settlements,
• (Commercial) airports and airfields,
• Road- and railways,
• Power lines,
• Leisure and touristic areas,
• Industrial areas and
• Protected areas (e.g. nature conservation areas or military zones).
(Enevoldsen et al., 2019; Ryberg et al., 2019)
The global weighted-average LCOE of onshore wind turbines is € 0.05/kWh and for offshore this is €
0.11/kWh (IRENA, 2019e). The TIC for onshore and offshore wind energy is € 1270 and € 3690 per kW,
respectively. Once installed, the expected lifespan ranges from 20 to 25 years (Ozoemena, Cheung, &
Hasan, 2018; Twidell & Weir, 2015; Ziegler, Gonzalez, Rubert, Smolka, & Melero, 2018). Over their
entire life-cycle, the median life-cycle emissions of onshore and offshore wind turbines is 11 and 12 g
CO2-eq/kWh (IPCC, 2014b).
Solar photovoltaic panels
The installed capacity of solar photovoltaic (PV) panels in the EU-28 increased by more than fivefold
from ~17 GW in 2009 to more than 117 GW in 2018 (IRENA, 2019d). Next to PV, solar energy can be
harnessed by concentrating the solar energy using Fresnel lenses. In 2018, more than 2 GW of
concentrated solar power (CSP) was installed, representing an increase of more than eight times the
capacity in 2009. Faircloth et al. (2019) describes from 3 studies a representative PV panel of 1.6m2

34

Capacity density of offshore wind energy is averaged over 6.0 and 5.5 MW/km2 for the North Sea region and
Baltic Sea region, respectively.
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with 276 Wp. The average price of such panel according to Europe-Solar store (2018) is € 128.89. The
average capacity factor of PV panels is 18%, this is 42.5% for CSP plants that have on average a capacity
of 53.5 MW (IRENA, 2019e; Wiesenfarth et al., 2017).
PV electricity generation is caused by photons of electromagnetic radiation that separate positive and
negative charge carriers in an absorbing material. In the presence of an electric field, these charges
can produce a current in an external circuit. These electric fields are always present at junctions in PV
cells as ‘built-in’ electrostatic fields. These electrostatic fields provide the voltage difference for useful
power production. Cells matching to the radiation with wavelengths ranging from infrared to
ultraviolet can generate electricity.
For spatial planning, clearly sunny locations (i.e. cloud free days) under direct sunlight are preferred.
The amount of solar irradiation is a key parameter for the placement of PV panels (Ozdemir & Sahin,
2018). Typically, a CSP plant requires almost 40,500 m2/MW and a PV farm about 33,000 m2/MW (Ong
et al., 2013). All mentioned restricted areas in 0 apply for CSP plants and PV-farms. However, PV panels
can also be installed on rooftops and other places near/in built areas.
Unlike wind turbines, PV panels can be installed in urban areas. Denholm & Margolis (2008) estimate
that about 22-27% of the residential buildings in the USA are available for PV panels, this is 60-65% for
commercial buildings. In Lethbridge, Alberta, Canada, it is estimated that more than 94% of residential
buildings is suitable but for commercial buildings and industry only about 2.4% each (Mansouri
Kouhestani et al., 2019). A more workable estimate is that about 54% of the total built environment in
the Netherlands is suitable for PV panels (FABRICations et al., 2017). Additionally, close to
infrastructure there are great opportunities for the placement of PV panels. Now they can be installed
along or above highways and railroads (also serving as noise barrier), in the future they can even cover
the road surface.
PV panels have a global weighted average LCOE of about € 0.07/kWh and a TIC of € 1,025/kW, for CSP
this is € 0.16/kWh and € 4,415/kW, respectively (IRENA, 2019e). The lifespan of both technologies is
estimated to be 20-30 years (Faircloth et al., 2019). Over their entire life-cycle, rooftop mounted PV
panels have a median GHG emission of 41 g CO2-eq/kWh, this is 48 g CO2-eq/kWh for utility scale PV
energy (IPCC, 2014b).
Hydropower
In 2018, the installed capacity of hydropower in the EU-28 was ~156 GW, compared with 2009 the
capacity increased by about 6% (IRENA, 2019d). About 16% of the 2018’s installed capacity was pure
pumped storage (i.e. sole purpose to store energy when needed and released when needed). The
capacity per powerplant ranges strongly and can be as little as 0.6-0.7 MW (small hydropower plants)
or more than 10 MW (large hydropower plants) (IRENA, 2012).
With hydropower, this report means the harnessing of the gravitational energy of falling water to for
electricity generation. The generation of electricity can be done using two types of turbines:
1) Impulse turbines, power is generated by the kinetic energy of a jet stream flow in an open
environment that hits the turbine;
2) Reaction turbines, through the pressure drop across the turbine which is completely
submerged under water, the power is generated (Twidell & Weir, 2015).
The rotational movement of the turbines then drive electricity generators. The turbines have a rapid
response for electricity generation. Hence, they are used for both baseload generation and peak
demand requirements. According to Twidell & Weir (2015), hydropower systems particularly build for
peak demand have relatively low capacity factors. The weighted average capacity factor of hydropower
plants is about 46.8% (IRENA, 2019e).
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The small-hydro are often generating electricity from run-of rivers and rarely from reservoirs (Z. Li et
al., 2019). Generation from reservoirs are becoming more dominant starting from an installed capacity
of 10 MW. Pumped storage is seen starting at 30 MW and ranging up to 2,100 MW.
The EU-28 has a technical exploitable potential for small hydropower electricity generation (<10 MW
capacity) of about 136,918 GWh of which 92,939 GWh is economical feasible (Bódis et al., 2014). Of
which Italy, France, Germany, Austria and Sweden have the largest technical exploitable potential.
According to Twidell & Weir (2015), the technical potential of France, Italy, Spain, Sweden and the UK
combined is 809 TWh/year of which in 2008 just 44% is being utilised. Annex 8 provides the data
overview that is further used in this project.
Hydropower plants have a global weighted average LCOE of about € 0.04/kWh and a TIC of about €
1,265/kW (IRENA, 2019e). Their lifespan can range from 30 years to even 100 years (Z. Li et al., 2019),
making it one of the most long-lasting technologies described in this report. The median life-cycle-GHG
emissions accounts for 24 g CO2-eq/kWh (IPCC, 2014b).
Marine energy technologies
Among all the renewable energy technologies, the marine energy technologies (covering tidal, wave
and salinity gradient energy) represent the smallest installed capacity in the EU-28 of 247 MW in 2018
(IRENA, 2019d). From 2009 to 2018, the installed capacity rose with ~14%. Except tidal barrages (i.e.
tidal range system), the existing technologies are at the demonstration and pilot phase (IPCC, 2012).
Due to significant advancements35 in the marine industry (mostly in the offshore oil and gas sector), it
is expected ocean energy will benefit from these advances.
Tidal energy
In this report tidal energy covers both tidal range and tidal currents. The first is derived from the natural
fall and rise of tides due to the gravitational forces of the Earth-Moon-Sun system. The latter is derived
from the water flow resulted from the filling and emptying of coastal regions caused by tides.
The energy generation from tidal ranges can be done using tidal barrages, fences, or turbines (Boyle
et al., 2012). Tidal range energy generation is considered most mature and several generation systems
have already been installed. The La Rance with a capacity of 240 MW in France has been operational
since 1966. Since then other projects have been commissioned in other parts of the world. Tidal
barrages, are like small dams but then in estuaries. Their main site selection requirement is that the
difference between high and low tide should be at least 5 metres. Along the coastline of west-Europe,
as seen in Figure 17, there is a high potential energy for tidal ranges (i.e. Spain, Portugal, France and
UK).

35
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Figure 17: Tidal range global energy distribution (IPCC, 2012)

Tidal currents differ from tidal ranges in their development stage, more than 50 systems are currently
at the proof-of-concept or prototype development stage. Costs of large scale deployment are yet to
be determined. Majority of systems deployed in pilot scale are turbine types, which work similar to the
wind turbine. An important difference compared to wind turbines or hydropower turbines is that these
tidal current energy generation systems have to work in a harsh environment with high salinity and
flow velocity (Boyle et al., 2012; IPCC, 2012). Additionally, the turbines have to account for reversing
flow and cavitation at blade tips.
According to the IPCC (2012), the theoretical potential exceeds present human energy requirements
as it potentially is about 7,400 EJ/yr. For tidal range energy, the main site selection criteria is that the
difference between high and low tide should be at least 5 metres. High potential in the EU-28 can be
found on the western coastline of the British Isles, Portugal, Spain and France. The range technologies
can have a capacity factor of 22.5-28.5%. Tidal current technologies require current speeds of at least
2 – 2.5 m/s and a depth of 20-35 metres to be economical exploitable (Boyle et al., 2012). This can be
realised in narrow channels, around islands or other topographical constraints. According to the IPCC
(2012), the tidal current systems have a capacity factor ranging from 26-40%.
The LCOE of tidal energy technologies is about € 0.62/kWh, the TIC for tidal range and tidal current
technologies is about € 5,180/kW and € 10,740/kW, respectively (COGEA et al., 2018; IPCC, 2012). The
expected designed lifespan of the technologies is 40 years for tidal range and 20 years for tidal current.
Wave energy
Unlike with tidal, wave energy results from the waves that are generated by wind passing over long
stretches of water. Compared to the tides, waves are more unpredictable.
Like tidal current energy generation systems, wave energy generation systems are represented by a
range of exploitation principles of which many have been demonstrated. They vary in the method of
wave interaction with respective motions, water depth and distance from the shore (IPCC, 2012). There
are 3 types of wave energy technologies: oscillating water columns, oscillating bodies and overtopping
devices. The first operates by a rotor driven by an air flow caused by a water column falling and rising
in a semi-close space. The falling and rising water is caused by the wave motion. The second technology
type is a oscillating body that moves up- and downwards, where the up- and downward motion energy
is converted into electricity. The last technology lets the wave water overtop into a reservoir containing
a turbine, which then – by the falling wave water – can generate electricity.
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As said before, wave energy is unpredictable and wave patterns are irregular in amplitude, phase and
direction (Twidell & Weir, 2015). With all these variance, it makes designing devices capable of energy
extraction efficiently challenging. Amongst other design challenges, the devices also have to be
capable of withstanding extreme gales or hurricanes. These events cause higher energy intensities than
for which the devices are built for. Most preferred areas are deep-water waves from open-sea swells
that are produced from long stretches of water with prevailing wind. These locations, the nearest to
the EU is the centre of the north Atlantic, come with construction difficulties. Difficulties include
maintaining and fixing or mooring them in position and transporting the electricity to land. For this
reason, prototypes are tested and initially commercialised near the shore. As a last challenge for wave
energy, is the less governmental support and large absence of market incentives.
The technologies are expected to last for 20 years and have a capacity factor of 25-40% (IPCC, 2012).
The LCOE is estimated to be about € 0.85/kWh, but due to the demonstration phase in which the
technology currently is, the TIC is as high as € 121,460/kW (COGEA et al., 2018). Despite the costs, the
technology has according to IPCC (2012) one of the lowest life-cycle-GHG emissions. IPCC (2014b)
reports for ocean energy sources (including tidal and wave energy) a median life-cycle emission of 17
g CO2/kWh with a minimum value of 5.6 and a maximum value of 28 g CO2/kWh.
Salinity gradient energy
The salinity gradients of the ocean can provide energy extracted from the osmotic pressure occurring
when bringing 2 water sources – ocean and fresh water – with a difference in salt concentration close
to each other (Twidell & Weir, 2015). When the 2 solvents (ocean and fresh water) with different
concentrations of salt are separated by a semi-permeable membrane, microscopical molecules of the
solvent (H2O molecules) will diffuse through the membrane to equalise the concentration of the 2
solutions. Resulting in a reduced concentration of the ocean water, which typically has a high salinity
compared to fresh water. This movement of the solvent causes a macroscopic pressure difference
across the membrane. When the equilibrium in concentration is reached, the static pressure across
the membrane is called osmotic pressure. The osmotic pressure between fresh water and ocean water
is very large, it is about 30 atmospheres.
There are 3 types of exploitation concepts:
• Pressure retarded osmosis (PRO),
• Reverse Electrodialysis (RED) and
• Using boron nitride nanotubes instead of standard membranes.
First the PRO, both fresh water and ocean water are filtered down to 50 µm prior their use in the PRO
power system. The pre-treatment of the water sources help to sustain the membrane performance for
7 to 10 years in combination with standard cleaning and maintenance cycles. After pre-treatment,
fresh water is fed into the membrane across which 80-90% of the fresh water is transferred by osmosis.
The water enters the ocean water pipes and causes increasing pressure and volumetric flow. About
1/3 of the now brackish water goes to the turbine for electricity generation, the other 2/3 passes an
pressure exchanger to pre-pressurise the inflow of ocean water. For optimised operation, the power
system typically runs at a pressure in the range of 11-15 atmospheres. This is equivalent to a water
head of 100-145 metres in a hydropower plant. It is therefore capable of generating about 1 MW for
each cubic metre fresh water per second.
World’s first power plant using PRO was built and operationalised by Statkraft in 2009 with a current
output of 2-4 kW36. Improvements in membrane quality, can increase the output to about 10 kW.
Lastly, the RED process (as boron nitride nanotubes only would replace type of membrane used)
creates an electrical current due to transport of ions driven by the salinity gradient difference between
36

https://www.waterworld.com/municipal/water-utility-management/energymanagement/article/16201793/norways-osmotic-power-a-salty-solution-to-the-worlds-energy-needs
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ocean water and fresh water (IRENA, 2014). The 2 water sources are passing through an alternating
series of positively and negatively charged exchange membranes together (IRENA, 2014; Twidell &
Weir, 2015). This results in a chemical potential difference that creates a voltage over each membrane
with the sum of the sum of potential difference determining the total electricity output. At the outlet
side the two inlet streams are mixed together to a single brackish stream.
In the Netherlands several actors started doing research in 2003 on the power generation via RED. This
led to a 5 kW RED pilot project in 2005 by REDStack and Frisia (IRENA, 2014). This was then followedup by a project with REDStack and Fujifilm for a 50 kW pilot at the ‘Afsluitdijk’, which was finished in
2013. In the long-term, plans are made to upscale the installation up to 200 MW and is planned to
start around 2020 or later.
The difficulty with the technology is that the net energy output that remains after pumping is small in
relation to the large capital cost, in particular that of the membranes. However, it is expected these
membranes will become cheaper as research and development responds to the demand of these
membranes for desalination.
Suitable sites are those wherever there is nearby access to fresh water and ocean water (IRENA, 2014).
Therefore, the global resource is estimated to be quite large accounting for about 650 GW. Europe
however, has a technical potential of about 50 GW or 395 TWh/year.
The two technologies for harnessing this energy are ‘pressure retarded osmosis’ (PRO) and ‘reverse
electrodialysis’ (RED). The LCOE ranges from 0.13-0.27 €/kWh for PRO and 0.10-0.18 €/kWh for RED.
The TIC for PRO could not been analysed by IRENA. For the RED power system as one is located in the
Netherlands, the TIC is estimated to be about € 151,745/kW. The technologies have an expected
lifespan of about 20 years whereby their life-cycle-GHG emissions remain undetermined (IPCC, 2012).
Geothermal
The installed capacity of geothermal power rose in the EU-28 from about 745 MW in 2009 to about
860 MW for 2018 (IRENA, 2019d). Hence, it grew from 2009 to 2018 with more than 13%. The capacity
factor of a geothermal power plant is about 83.9% (IRENA, 2019e).
On average about 0.06 W/m2 reaches the Earth’s surface via convection (Twidell & Weir, 2015).
However, there are certain locations with significant geothermal resources indicated by increased
temperature gradients. These regions generally have permeable rock through which water may
circulate. Regions like these can be harnessed to produce about 100 MW/km2 for at least 20 years.
Then there are also regions with hot dry rocks that first have to be fractured to enable water circulation
for energy generation. But only a few locations are suitable for electricity generation, in the EU-28,
Italy exploits almost 90% of the total capacity in EU-28. However, according to a study by TNO and
European Geothermal Energy Council the potential is likely to increase substantially assuming a
development of bore depth from present maximum of 7 km to 10 km (van Wees et al., 2013). Their
results are further used in this research and their data can be found in Annex 9.
Electricity generation from geothermal sources is especially suitable for base-load electricity supply
but can also be used for meeting peak demand. It is therefore well capable for complementing
electricity supply when there is variable electricity generation. There are two types of electricity
generation technologies: steam condensing turbines and binary units. Steam condensing turbines can
be a dry-steam power plant or flashed-steam power plant. In principle they use the heat for rotating
the turbine and both after the turbine the water is injected back into the well. Only the flashed-steam
power plant separates brine before the steam enters the turbine chamber (IPCC, 2012).
The binary units do not use the steam or hot water directly from the source. This passes first through
a heat-exchanger with a working fluid that has a low boiling temperature and is used and circulated
for spinning the turbine. The geothermal water is injected back into the well after the heat-exchanger.
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The LCOE of the technology is about € 0.06/kWh, the TIC is about € 3,370/kW. IRENA (2017) assumes
an economic life of about 25 years for the technology. Within its life-cycle, it has a median GHG
emission of 38 g CO2-eq/kWh (IPCC, 2014b).
Biomass generated electricity
Are the material from living organisms are considered as biomass. It is organic, containing carbons and
it can react with oxygen in metabolic processes and combustion processes. It is ultimately, created
from the process called photosynthesis. This process is what all live depends on, it stores the solar
radiation in carbon-based molecules (e.g. cellulose). When these molecules would be burnt with
oxygen, they can release heat of about 16 MJ/kg (Twidell & Weir, 2015).
Photosynthesis consists roughly of two main stages. The first requires light whereby the solar photons
excite and separate electrons and protons in the hydrogen atom of water. This causes the formation
and release of oxygen molecules (O2) as an important by-product. The excited electrons produce strong
reducing chemicals that in the second stage – which does not require light anymore – reduce CO2 to
carbohydrates, proteins and fats (organic molecules).
Photosynthesis occurs in both land and marine plants, it therefore influences the atmospheric CO2
concentration as it captures CO2 from the atmosphere for reduction. The photosynthesis on land stores
energy at a rate of about 0.8 · 1014 W. During the decay and/or combustion of biomass, the stored
energy is released again in reaction with oxygen. This 0.8 · 1014 W is equivalent to about four times the
present global energy consumption.
Compared to 2009, the installed capacity of bioenergy37 in the EU-28 rose with more than 63% to about
38 GW in 2018 (IRENA, 2019d). Bioenergy consists of solid biofuels, renewable waste, liquid biofuels
and biogas. Solid biofuels and renewable waste accounted in 2018 for more than 63% of the bioenergy
capacity, liquid biofuels and biogas were about 5% and 32%, respectively. Data on the capacity of 100%
biomass fired powerplants is scarce, as it is now mainly used as co-combustible in coal fired
powerplants. Since the completion of a 6 MW integrated gasification combined cycle power plant on
wood fuel in Värnamo (Ståhl, 2004), other power plants have been constructed. With a planned world’s
largest powerplant of 299 MW producing both heat and electricity (Ruiz et al., 2017). Overall, the
capacity factor according to IRENA (2019b) is estimated to be about 77.6%.
When combustion of biomass reaches temperatures of greater than 400°C, it may be used for
generating work or electricity (Twidell & Weir, 2015). The initial biomass material can also be
converted into more convenient forms of energy material through chemical and biological processes.
When converted it generally goes by the name of biofuels covering in particular liquid fuels or gases.
The term bio-energy is used for covering both biomass and biofuels.
A major advantage of using biomass is that at generation site, no specific site selection criteria are
applicable (Twidell & Weir, 2015). Coal fired powerplants can even be converted to biomass fired
plants, as currently being researched in the port of Rotterdam38. However, one issue remains and that
is that the use of biomass still produces emissions of GHG. The rotation period determines the climate
impact of the emitted GHG. As Cherubini, Peters, Berntsen, Strømman, & Hertwich (2011) have
modelled, the longer the rotation period, the longer it will take to achieve a zero amount of CO2
fraction. Also, when replanting is stopped, no atmospheric decay due to the replanting will occur and
result ultimately in the elevation of atmospheric CO2 concentration. Hence, bioenergy can only be
considered carbon neutral when the biomass production chain is maintained and growth periods are
long enough to sequester all emitted CO2 (Jonker, Junginger, & Faaij, 2014). Whether or not biomass
37

Solid biofuels & renewable waste (bagasse, renewable municipal waste, other biofuels), liquid biofuels and
biogas.
38
https://www.portofrotterdam.com/en/news-and-press-releases/start-of-european-research-project-forconverting-coal-fired-power-plant-to
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combustion is considered CO2 neutral, the total GHG emitted are still associated with health risks
(Freiberg, Scharfe, Murta, & Seidler, 2018).
Despite the wide variety of bioenergy products (e.g. electricity, biofuels and heat), IRENA (2019b)
estimates the LCOE and TIC to be about € 0.05/kWh and € 1,785/kW, respectively. An biomass
dedicated power plant has a median life-cycle-GHG emission of 230 g CO2/kWh (IPCC, 2014b).
Non-renewable zero emission energy technologies
Aside from the renewable energy technologies, there are also alternative energy options that do not
produce emissions during its operational lifetime. However, these types of energy generation
technologies are unlike renewables limited by their resource demand. Resources for these
technologies are uranium (U) or fossil fuels.
Nuclear powerplant
Nuclear energy is generated from splitting the nucleus of atoms (Tsoulfanidis et al., 2018). The process
of breaking the bonds in the nucleus that is made up from protons, electrons and neutrons, is called
nuclear fission. The energy stored in the nucleus coming from the binding of these atom parts can then
be used for electricity generation. The nuclear fission is caused by bombarding a large and bit unstable
isotope39 with neutrons at high speed. The
accelerated neutrons hit the target nucleus Information box 1: Nuclear Fusion
at such a velocity that causes the targeted
Nuclear fusion generates energy by bringing two
nucleus to split in two smaller isotopes, three lighter elements together that will produce a
neutrons and a large amount of energy. The heavier element. It has a nearly unlimited energy
released neutrons hit at high speed other resource with deuterium as energy source. It
nucleus resulting in a chain reaction. The produces less radioactive material than fission and
large amount of energy is used for heating has only helium as by-product. 1 kg deuterium can
water and producing steam to run steam yield an equivalent amount of energy of that of
turbines
for
generating
electricity. burning 300 litres of gasoline when fused.
235
Predominantly Uranium-235 ( U) is used for
nuclear fission which is currently done by all Since 2010 building of world’s largest fusion power
nuclear power plants (NPP) use. Next to the
demonstration plant called ITER is underway
conventional nuclear fission, nuclear fusion is (https://www.iter.org/proj/inafewlines). It is
on the horizon (see information box 1).
planned to first power on the tokamak machine in
December 2025. By the year of 2035, it is planned
In 2018, the total installed capacity in
to first produce fusion electricity of 10 times its
western Europe (hence including non-EU-28
input (i.e. 50 MW input and 500 MW output) as
member states) was about 110 GW with 112
first of its kind. Meanwhile, Massachusetts Institute
nuclear power plants (NPP) (IAEA, 2019).
of Technology (MIT) teamed up with a private
Compared with 2009, this technology is the
company with a plan that could lead to an
only technology that decreased. It decreased
operational fusion power plant within 15 years
by ~10% in western Europe, going from 130
(http://news.mit.edu/2019/progress-practicalNPP in operation to 112. This decrease likely
fusion-energy-0124). Fusion is seen as the best
due to the opposition the technology faces
answer to an GHG emission free, reliable and safe
(OECD & NEA, 2010). Concerns decreasing
source of energy for the future, it is not a matter of
the acceptance are related to terrorism, radioactive waste disposal and misuse of nuclear material.
if it will come, but when.
Strong decreases in acceptance are also shown when dramatic events occur. However, still a large
group of the public is unaware of the benefits nuclear power could provide in terms of climate change
mitigation. When looking at only the EU-28 member states, an estimated 787 TWh of nuclear
electricity is supplied to the grid in 2018.

39

The atom has same amount of protons as original element but different number of neutrons.
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NPP require specific site characteristics in order to operate safely and at low-costs (IAEA, 2012). These
include avoidance of natural external events as much as possible, including but not limited to:
earthquakes, volcanism, flooding and meteorological events. The chances of human induced external
events like airplane crashes, explosions from train or car crashes, or fixed installations, or other risks
should be avoided as much as possible. Among other events, the NPP should be capable of
withstanding the likability of these events. The likability affects the costs of installation which is
estimated for a third generation NPP of about €3,660.10 to €7,320.20 per kW (Gamboa Palacios &
Jansen, 2018; IAEA, 2012). The LCOE is projected by TNO to range from 0.066 to 0.122 €/kWh with
discount rates between 7 and 10%.
Other event risks, site requirements such as the availability of suitable water for cooling should be
present (IAEA, 2012). Water bodies suitable in this regard are rivers and coastal waters. As NPP are
thermoelectric40 power plants (like fossil energy power plants) they use a vast amount of water and
are therefore vulnerable to changes in water conditions (e.g. scarcity or temperature rise of water
bodies) (Ganguli et al., 2017). Other requirements are technical aspects such as all described
technologies would require like: grid connection, sufficient consumption demand and infrastructure
to facility (IAEA, 2012). On a topographical context, mountains both provide risks and benefits, risks of
avalanches and landslides but benefits in reduced risk of airplane crashes. The water criteria is one of
the most restraining ones of all criteria described by the IAEA (2012).
Nuclear fission is a proven and mature low emission energy source, but due to events like Chernobyl
and Fukushima disasters, a decline in global electricity generation from NPP has been observed since
1993 (IPCC, 2014a). However, according to the IPCC, it could make up for an increasing contribution to
the low GHG emission energy supply of the future. But there are a variety of barriers and risk that
hamper the developments of new NPP projects. These barriers and risks include:
• operational risks and the associated concerns,
• uranium mining risks,
• financial and regulatory risks,
• unresolved waste management issues,
• nuclear weapon proliferation concerns and
• adverse public opinion (IPCC, 2014a).
For the sake of economics, electricity security and mitigating climate change, countries are
contemplating to build new NPP, or expanding capacity or lifespan of NPP (Haverkamp et al., 2014;
IPCC, 2014a). An additional 20 countries who have no nuclear power have launched programmes to
introduce the technology. Most NPP are designed for a lifespan of 30-40 years, but many of European
reactors are close or over their planned lifespan (Haverkamp et al., 2014). The few reactors under
construction are not enough to replace the capacity of those at their end of lifespan. Lifetime extension
of about 20 years is an increasing trend causing additional risks to nuclear power.
Another site requirement is that there should be suitable water for cooling present (IAEA, 2012). Water
bodies suitable in this regard are (melt-water) rivers and coastal waters. As NPP are thermoelectric41
power plants (like fossil energy power plants) they use a vast amount of water and are therefore
vulnerable to changes in water conditions (e.g. scarcity or temperature rise of water bodies) (Ganguli
et al., 2017).
The likability of catastrophic events affects the TIC, as an increased likability results in more prevention
measurements, thus more costs. The TIC for a third generation NPP is estimated at € 3,660-7,320/kW

40

Using turbines driven by hot steam generated from a high temperature source (e.g. nuclear energy or fossil
fuel combustion).
41
Using turbines driven by hot steam generated from a high temperature source (e.g. nuclear energy or fossil
fuel combustion).
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(Gamboa Palacios & Jansen, 2018; IAEA, 2012). As the operation period varies from 30-60 years, the
LCOE also varies at about € 0.07-0.12/kWh. During their life-cycle, the total amount of GHG emitted
has a median value of 12 g CO2-eq/kWh (IPCC, 2014b).
Carbon Capture and Storage
Carbon capture and storage (CCS) on its own is not an energy source, but in combination with fossil
energy or bioenergy (BECCS) it provides the option to neutralise emissions. It is a technology that
captures CO2 from heavy industrial and energy producing facilities (IPCC, 2005). The captured CO2 is
then transported via truck, boat and/or pipeline to a storage location for long-term storage isolated
from the atmosphere. When used in combination with bioenergy, it has the potential to produce
energy with even net-negative emissions (that is if bioenergy is considered as a net-zero emission
energy source) (Pires, 2019).
CCS consists of three phases: 1) capturing the CO2, 2) transport and 3) storage. The capturing of CO2
can be done in four ways and is applicable for large point sources (e.g. power plants, heavy industry
and refineries). The following four processes will be briefly described: capture from industrial process
streams, post-combustion capture, oxy-fuel combustion capture and pre-combustion capture. The
four processes are described below:
• Capturing from industrial process streams has already been done for more than 80 years (but
was vented to the atmosphere after capturing). Examples of industrial capturing of CO2 are the
purification of natural gas, hydrogen gas (H2) production from natural gas and H2 containing
synthesis gas production. Capturing technology is similar to the remaining three processes
described next.
• In post-combustion capturing process, the CO2 is captured after the combustion of fossil fuels
or biomass. Instead of discharging the flue gases to the atmosphere, they are passed through
CO2 separation equipment. Most commonly used is separation with a sorbent/solvent, but
membranes can also be used.
• For the capturing process of oxy-fuel combustion capture, almost 100% pure O2 (separated
from air) is used for combustion. Using purer O2 than combustion with air results in a more
complete combustion with mainly CO2 and water vapour (H2O). It also results in extremely high
temperature flames where this can be moderated by recycling the flue gas rich in CO2 and H2O.
• Lastly, CO2 can be captured prior to the combustion by reacting a fuel with O2, air and/or steam
to produce a synthesis gas of CO and H2. In a catalytic reactor, the CO reacts with steam to
produce CO2 and more H2. Thereafter, the CO2 is separated from the H2 by a physical or
chemical absorption process (i.e. membranes or sorbent/solvent). This leaves a H2-rich fuel gas
for emission free energy generation.
At the end of each capturing process, the CO2 is compressed to liquid form and dehydrated. The liquid
CO2 then can be transported to the storage location. For short distances, trucks can be used, but for
large quantities or long distances pipelines and ships can be used. The United States (US) has years of
experience in the transportation of liquid CO2 via pipelines, however, the transport via ships is not that
developed.
In 2018, 19 large-scale CCS facilities were operating in the world, with four more in 201942. However,
none of them located in the EU-28. In the 2020’s the first one is planned in the UK. The first large-scale
applications in the power generation in the EU-28 are planned in 2024. Of those currently operating,
just two are in the power generation industry, other utilising industries are fertiliser and ethanol
production or natural gas processing. In 2018, the 21 facilities have a CO2 capture capacity of 37 Mt
per year (Global CCS Institute, 2017). The capture efficiency of the technology is about 80-90% (IPCC,

42

https://co2re.co/FacilityData
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2005; Leung, Caramanna, & Maroto-Valer, 2014). Additionally, there is still no confident guarantee
that the CO2 is safely and permanently stored (Alcalde et al., 2018).
Mainly in respect to social acceptance, the technology faces deployment issues (Braun, 2017; Braun,
Merk, Pönitzsch, Rehdanz, & Schmidt, 2018; Whitmarsh, Xenias, & Jones, 2019). The low public
acceptance is due to a heterogeneity of factors, mainly about safety. Also, the technology probably
encourages the continued use of fossil energy (IPCC, 2005).
CCS can be applied to fossil fuelled power plant or biomass fired power plants. As the capture efficiency
does not reach 100%, only BECCS is still considerable in my thesis. When we consider bioenergy as
carbon neutral, BECCS has the potential to emit net-negative emissions (Pires, 2019). However, CCS
does not prevent other GHG from being emitted to the atmosphere.
Storage of CO2 can be done in two ways: geological and oceanic storage (IPCC, 2005). In geological
storage, the CO2 is injected in deep underground porous rock beneath an impermeable layer. For
oceanic storage, the CO2 can be dissolved in the ocean water or stored underneath denser water
pressure at the seabed43. Europe has an estimate 57% of highly prospective or prospective sedimentary
basins for storage, mainly directly north of the Alps and Carpathians. However, onshore storage will
likely not happen unless costs are reduced and uncertainty about storage capacity is decreased.
Offshore storage will most likely happen below the North Sea where there is large storage potential44.
This would however require long distance transport infrastructure.
Regarding costs, Yan, Wang, Cao, & He (2020) estimate for 2020 an LCOE of 0.04 €/kWh for BECCS. The
TIC is estimated to be 601.04-988.25 €/kW (Budinis et al., 2018). As no known large-scale CCS is
currently applied to bioenergy, no estimates could be found for the life-cycle-GHG emissions.

Note that dissolving CO2 into the ocean leads to acidification of the ocean. Acidification of the ocean can cause
adverse environmental effects (coral bleaching, depleting oceanic CO2 buffer capacity and harming
coccolithophores, hence hampering the planktonic photosynthesis and carbon burial) (Kawahata et al., 2019;
Krumhardt et al., 2019). Additionally, seabed storage potentially disregards the oceanic circulation, circulating
deep water to the surface potentially releasing the CO 2 again
(https://oceanservice.noaa.gov/education/tutorial_currents/03coastal4.html).
44
http://www.enos-project.eu/activities/site-characterization/
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Annex 3: Hydropower potential EU-28
Country
Austria
Belgium
Bulgaria
Croatia
Cyprus
Czech
Republic
Denmark
Estonia
Finland
France
Germany
Greece
Hungary
Ireland
Italy
Latvia
Lithuania
Luxembourg
Malta
Netherlands
Poland
Portugal
Romania
Slovakia
Slovenia
Spain
Sweden
United
Kingdom
EU-28

Gross Electricity Generation of
Hydropower (TWh)
37.06
0.32
5.66
6.39
0.00

Gross Electricity Generation of
Pumped Storage (GWh)
3,536
1,100
486
165
0

Technically feasible
potential (GWh/yr)*
56,000
500
14,800
12,000
23,500

Economically exploitable
potential (GWh/yr)**
95.0%
80.0%
80.0%
87.5%
75.0%

1.80

1,276

3,380

87.6%

0.02
0.03
16.77
54.44
18.98
6.10
0.23
0.81
45.54
1.86
0.35
0.10
0.00
0.09
1.83
8.66
16.63
3.87
3.81
28.14
75.31

0
0
0
4,960
5,921
52
0
288
1,432
0
675
1,431
0
0
603
1,139
374
271
283
3,228
127

100
200
16,915
120,000
24,700
20,000
4,590
1,180
65,000
4,000
2,089
140
0
400
12,000
24,500
40,000
6,607
8,800
61,000
130,000

70.0%
87.7%
94.7%
70.0%
81.0%
75.0%
75.0%
80.5%
83.3%
97.5%
52.6%
97.9%
0.0%
32.5%
58.3%
80.8%
75.0%
87.3%
69.6%
60.7%
69.2%

6.29

2,739

5,311

69.8%

341.09

30,086

657,712

*

Source: Eurelectric & VGB Powertech (2018), potentials includes the already realised as well as the additionally technically feasible potential.

**

Source: Shares are calculated from the data provided in table 1 of Bódis et al. (2014).
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Annex 4: Geothermal power potential EU-28 (2050)
Country
Austria
Belgium
Bulgaria
Croatia
Cyprus
Czech Republic
Denmark
Estonia
Finland
France
Germany
Greece
Hungary
Ireland
Italy
Latvia
Lithuania
Luxembourg
Malta
Netherlands
Poland
Portugal
Romania
Slovakia
Slovenia
Spain
Sweden
United Kingdom
EU-28
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Geothermal economic power potential (TWh) by 2050
67.10
22.28
71.66
49.97
n/a
30.68
29.43
1.67
n/a
653.02
345.59
81.30
173.69
27.26
225.83
2.84
18.71
2.66
n/a
51.76
143.56
62.99
104.65
54.57
8.15
348.58
1.03
41.81
2620.79

Annex 5: Overview of Properties of Energy Storages and Carriers 45
Technology

Energy density
Wh/kg (Wh/L)

Power
Discharge
range (MW) time

Suitable
storage
duration

Flywheel

10–30
(20–80)

0–0.25

s–min

PHES

0.5–1.5
(0.5–1.5)

10–5,000
1–24 h+
(Schmidt et
al., 2019)

h–months

CAES

30–60
(3–6)

5–400
1–24 h+
(Schmidt et
al., 2019)

h–months

20–60

LAES

97–190 (Aneke & Wang, 0.35–5
2016; Legrand et al.,
2019)47

h–months

20+

LPES
3.2–5.55
Electrical energy storage
SMES
0.5–5
(0.2–2.5)
Supercapacitor

2.5–15

Gravity Energy Storage
GPM
1.06
(1.06)
ARES
Chemical energy carriers
H2
38,889
(472)

45
46

ms–
15 min

1–24 h+

Life time Cycle life
LCOS2050 (€/kWh)
(years)
(cycles)
Power
Secondary
reliabilit response
y
18
20,000–
0.259
(Schmidt
225,000
(Schmidt
et
al., (Schmidt et
et
al.,
2019)
al., 2019)
2019)
40–60
20,000–
0.223
50,000
(Schmidt
(Schmidt et
et
al.,
al., 2019)
2019)
>13,000
(Schmidt et
al., 2019)

575.89
(Schmidt
al., 2019)
1,014.32
(Schmidt
al., 2019)

0.462
782.53
(Schmidt
(Schmidt
et
al., al., 2019)
2019)

0.05
(Legrand
et
al.,
2019)

1000–2000

Round trip Technological
efficiency
maturity
(%)

Storage application

1,330.83–
et 5,323.31
(IRENA,
2017a)
4.44–88.72
et (IRENA,
2017a)

85–95

Commercial

Primary response, secondary
response, black start, power
quality. (Schmidt et al., 2019)

65–87

Matured

1.77–74.52
et (IRENA,
2017a)

44–89
Developed
(Aneke &
Wang,
2016;
Schmidt et
al., 2019)47
50–70
Demonstration

Energy arbitrage, secondary
response, tertiary response,
peaker replacement, black start,
seasonal storage, T&D
investment deferral, congestion
management. (Schmidt et al.,
2019)
Energy arbitrage, secondary
response, tertiary response,
peaker replacement, black start,
seasonal storage, T&D
investment deferral, congestion
management. (Schmidt et al.,
2019)

331.67
(Legrand et al.,
2019)

~73
0.1–10

m–8 s

0–0.3

ms–
60 min

40–150
100–3000

34 s

0.3–500
s–24+h
(Schmidt et
al., 2019)

years
20+
(Twidell &
Weir, 2015)
s–h
14
(Schmidt
et
al.,
2019)

100,000+

200–300

>100,000
(Schmidt et
al., 2019)

0.574
265.93
(Schmidt
(Schmidt
et
al., al., 2019)
2019)

755.96–
95–98
7,559.59 (JRC
& IET, 2011)
12,182.44
90–95
et (Schmidt
et
al., 2019)

Demonstration

Developed

30+

887.18

75–80

Concept

h–months

40+

709.74

75–86

Concept

h–months

5–18
1,000–
(Aneke & 20,000
Wang,
(Aneke
2016;
Wang,

20–50

Developing

1.555
(Schmidt
& et
al.,
2019)

0.776
(Schmidt
et
al.,
2019)

1,000–
27.85
4,866.75 (Götz (Schmidt
et al., 2016; al., 2019)
Lambert,

Power quality, power
reliability. (Denholm et al.,
2010)
Primary response,
secondary response, black
start, power quality.
(Schmidt et al., 2019)

h–months

Table adapted from Aneke & Wang (2016).
Where necessary:
1) values are corrected for inflation rate from the corresponding source year to 2018 values using http://www.in2013dollars.com.
2) USD currency is converted to euros in 2018 using the average exchange rate of the year 2018 provided by the Internal Revenue Service (IRS).
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€/kW

TIC201846
€/kWh

et

All applications (Schmidt et
al., 2019)

Schmidt et 2016;
al., 2019)47 Schmidt et
al., 2019)47
NH3

6,250 (3,777.78)
Wang et al., 2013)

Iron powder

1,853.74–2,050.16
0.05–0.100
(14,574.27–16,108.4)
(TU/e,
(Bergthorson et al., 2017; 2019)
Fischer & Grubelich, 1998)

Batteries
NaS

(W.

150–240
(150–250)

h–months
(W. Wang
et al., 2013)
years–∞
(TU/e,
2019)

s–h

s–h

10–14

5–15
(Aneke &
Wang,
2016;
Schmidt et
al., 2019)47

100–120
(150–180)

0–0.3

VRB

10–30

0.02-50
s–10 h
(Schmidt et
al., 2019)

h–months

0.005–0.25
0.05–2

s12+h
s–10 h

h–months
h–months

0–0.01

s–24h+

h–months

Zn-air
PbO2

Li-ion

10–50
30–50
(30–60)
150–3000
(500–10,000)
35–50 (H. Chen et al.,
2016)
(~80) (Twidell & Weir,
2015)
75–200
(200–500)

s–h

0.005–100
(Schmidt et
al., 2019)
0.001–35
min–h
(Schmidt et
al., 2019)

Thermal storage usable for electricity generation
Molten50–83 (Tester et al., 2005) 0.1–10
salts
(Tester et
al., 2005)

min–days

Concept/resea
rch (W. Wang
et al., 2013)
Concept/demo
nstration
(TU/e, 2019)

27,500 (TU/e,
2019)

0.05-50
s–h
(Schmidt et
al., 2019)

NaNiCl

FeCr
ZnBr

2018; Schmidt
et al., 2019)47

10–15

5–10

10
(Schmidt
et
al.,
2019)
13
(Schmidt
et
al.,
2019)

days (Ma et 3048
al., 2011)
(Turchi &
Heath,
2013)

2,500–
4,500
(Schmidt et
al., 2019)
2500+

0.819
(Schmidt
et
al.,
2019)

5,000–
13,000
(Schmidt et
al., 2019)

0.589
(Schmidt
et
al.,
2019)

0.244
590.26
(Schmidt
(Schmidt
et
al., al., 2019)
2019)
133.08–
266.15

233.34–
et 652.10
(IRENA,
2017a)
88.72–177.44

80–90

0.132
744.79
(Schmidt
(Schmidt
et
al., al., 2019)
2019)

279.48–
et 1,490.53
(IRENA,
2017a)

73–90
Demonstration
(Aneke &
Wang,
2016;
Schmidt et
al., 2019)47
70–80
Commercial
70–80
Demonstration

2000+

<5,500
1.186
(Schmidt et (Schmidt
al., 2019)
et
al.,
2019)
2,000–
0.446
3,500
(Schmidt
(Schmidt et et
al.,
al., 2019)
2019)

621.02–
2,217.94
88.72–221.79
0.940
(Schmidt
et
al.,
2019)
0.127
(Schmidt
et
al.,
2019)

250
133.08–
887.18
8.87–53.23

Commercial

All applications, except
seasonal storage. (Schmidt
et al., 2019)

85–90

Commercial

50–55

Demonstration
Matured

606.43
(Schmidt
al., 2019)

93.16–419.66
et (IRENA,
2017a)

85–90

609.13
(Schmidt
al., 2019)

177.44–
et 1,117.89
(IRENA,
2017a)

85–90

All applications, except
seasonal
storage.
(Denholm et al., 2010)
All applications (Schmidt et
al., 2019)

All applications (Denholm
et al., 2010)

All applications, except
seasonal storage. (Schmidt
et al., 2019)

Demonstration

All applications, except
seasonal storage. (Schmidt
et al., 2019)

173.33-224.60 80-90
Commercial
System
(Turchi
& (Tester et (Turchi
& operation/management
Heath, 2013)
al., 2005)
Heath, 2013)
(Denholm et al., 2010)
Average: 74.1%

Abbreviation meanings: LCOS is levelized cost of energy storage, TIC is total installed cost, PHES is pumped hydro-electrical storage, CAES is compressed air energy storage, LAES is Liquified Air Energy Storage, LPES is liquid-piston energy storage, SMES is
superconducting magnetic energy storage, GPM is gravity power module, ARES is advanced rail energy storage, H2 is hydrogen gas, NH3 is ammonia gas, NaS is sodium-sulphur, NaNiCl is sodium nickel chloride, VRB is vanadium redox battery, FeCr is iron
chromium, ZnBr is zinc bromine, Zn-air is zinc air, PbO2 is lead acid, Li-ion is lithium ion.

47
48

Range is expanded due to the combining data from referred works.
Assumption by source author
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Annex 6: Potential energy storage and carrier technologies
There is a growing need for energy storage as variable energy sources grow in the shares of energy
production. As maritime, geothermal, NPP are suitable for providing baseload energy to the system,
these energy technologies are not everywhere possible. Other technologies using variable energy
sources such as hydropower, biomass, wind and solar energy are seasonally dependent and not all
locations are suitable either (Tester et al., 2005).
This chapter focuses on the storage and carrying of energy other than the electric power grid. There is
a vast amount of electrical energy storage technologies as explained by the state of the art review of
Aneke & Wang (2016). In this chapter however, only those discussed by Twidell & Weir (2015) are
described. And a complete overview adapted from Aneke & Wang (2016) is given in Annex 1.
The electricity can be stored in both physical and chemical forms. Both forms are described in the
following sections covering the types of storage technologies that use an electrical input. Per
technology, the state of use with power range, energy density, roundtrip efficiency49, costs and lifespan
are described. The costs will be given in levelized cost of energy storage (LCOS) and total installed cost
(TIC). The LCOS is based for the purpose of renewable energy source (RES) integration: power
reliability50 and secondary response51 (Schmidt et al., 2019). Where needed, costs are corrected for
inflation rate from the corresponding source year to 2018 values and USD currencies are converted to
euros in 2018 using the average exchange rate of the year 2018 provided by the Internal Revenue
Service (IRS)52.
Physical energy storage
Physical energy storage covers storage technologies using laws of physics where energy is stored in
the form of potential, kinetic, thermal, electrical, or magnetic energy (Tester et al., 2005). Batteries,
pumped hydro, flywheel, compressed air, capacitors, superconducting magnets and thermal storage
are such technologies that are described in the sections below.
Batteries
Batteries are the most well-known form of electrical energy storage. They are well suited for
autonomous, stand-by or emergency power systems and electric vehicles. There is a wide variety of
battery types including but not limited to: lead-acid (PbO2), Lithium-ion (Li-ion), redox-flow (VRB) and
sodium-sulphide (NaS). NaS have the highest energy density of 150-240 Wh/kg and redox-flow the
lowest (Aneke & Wang, 2016; Twidell & Weir, 2015). The power of these batteries ranges from as little
as 0.001 to as much as 100 MW with roundtrip efficiencies of 80-90% (Aneke & Wang, 2016; Schmidt
et al., 2019). Of the four mentioned batteries, only the redox-flow battery is not widely adopted. In
2009, the NaS exceeded installation of 270 MW (Denholm et al., 2010).
The lifespan of the four mentioned battery types generally ranges between 10-14 years (Aneke &
Wang, 2016; Schmidt et al., 2019). However, the amount of charging cycles limit their lifespan
(Denholm et al., 2010). Batteries can provide rapid response and are therefore usable for stability and
frequency regulations in short periods of seconds up to about 10 minutes (called power reliability
application). If used in this way, it will result in shorter lifespan. On the other hand, if the amount of
cycling is reduced, they are more suited for bridging power (in dealing with demand uncertainties in
grid control) or longer term storage. Electric vehicles are equipped with a Li-ion battery as “fuel tank”
and they are researched to serve in the near future as a storage option for electricity on the grid. This

49

Ratio of energy put in to the energy retrieved from storage.
Cover temporal lack of variable supply and provide power during blackouts.
51
Correct anticipated and unexpected imbalances between load and generation.
52
Conversion value USD to EUR of 0.848 used from:
https://www.irs.gov/individuals/international-taxpayers/yearly-average-currency-exchange-rates
50
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technology is generally called Vehicle to Grid (V2G) and is especially applicable for local networks as
the vehicle batteries cannot store very large amounts of energy.
Schmidt et al. (2019) projected an LCOS for 2050 for the batteries that ranges from € 0.45 to about €
1.19 per kWh if they are applied to cover temporal lack of variable supply and provide power during
blackouts (power reliability). This range is lower if applied to correct anticipated and unexpected
imbalances between load and generation (secondary response), namely € 0.13-0.94/kWh. The TIC was
estimated for 2018 to be between € 590/kW for NaS and € 745/kW for redox-flow batteries. The
lifespan of the batteries fluctuates as the number of charge/discharge cycles varies, but can be 10-14
years.
Pumped hydroelectric storage
Pumped hydroelectric storage (PHES) uses the potential energy of water like hydroelectric power
plants. Energy is stored by pumping water to a higher located reservoir and released again through
water turbines (Letcher, 2016). At a height of 100 metres, the energy density is about 1 MJ/m3 (0.001
MJ/kg) and PHES facilities usually operate with a head of 200-300 metres and reservoir volumes of 10
∙ 106 m3 resulting in a total capacity of 20-30 TJ (5.56-8.33 GWh) (Letcher, 2016; Twidell & Weir, 2015).
The PHES have a roundtrip efficiency of about 65-87% (Aneke & Wang, 2016). So in the end, PHES are
good for 3.61-7.25 GWh of energy storing. The power can range from 10 to 5,000 MW, but the average
capacity throughout Europe is about 300 MW (European Commission, 2019b).
The lifespan of a PHES facility is about 55 years (Schmidt et al., 2019). PHES are suitable for – among
other applications – secondary response and have in this application an LCOS projected for 2050 of
about € 0.22/kWh. The TIC as in 2018 is estimated at about € 1015/kW.
Flywheel
In a flywheel, energy is stored in the form of kinetic energy and comprises of a rotating mass (the
wheel) (Letcher, 2016). When it is charged, electrical torque is applied to the wheel causing it to
accelerate spinning. The rotational motion speed stores the energy. When it discharged, a braking
torque extracts the energy from the rotation by decelerating the speed. Their energy density is 10-30
Wh/kg according to Aneke & Wang (2016) and they operate with about 88% roundtrip efficiency
(Schmidt et al., 2019). The power ranges from 0.01 to 20 MW.
The major use of flywheels is short term energy storage as they can have several hundred thousands
of full charge and discharge cycles (Letcher, 2016). According to Schmidt et al. (2019) their lifespan is
about 18 years. The projected 2050 LCOS for secondary response is about € 0.26/kWh. The TIC is
estimated for 2018 to be about € 575/kW.
Compressed air storage
Compressed air energy storage (CAES) stores the energy in the form of potential energy. It releases its
energy by the expansion of the released compressed air (Letcher, 2016). The technique is mature, for
both diabatic and adiabatic CAES where the firsts wastes the heat created during compression and the
second does not (Matos et al., 2019). The storage of the compressed air requires for large-scale
application large underground caverns. The energy density of CAES is about 56 Wh/kg with a roundtrip
efficiency of 44% (Schmidt et al., 2019; Twidell & Weir, 2015). The power range is about 5-400 MW.
However, still fossil fuel needs to be used in both diabatic and adiabatic processes (Matos et al., 2019).
A new process, isothermal eliminates the use of fossil energy completely and increases the roundtrip
efficiency to 70-80% but is still immature and needs further research.
CAES is well suited for system operation applications (including secondary response) and can have
lifespan of about 30 years (Schmidt et al., 2019). The LCOS is projected for 2050 to be about € 0.46/kWh
and a TIC for 2018 of about € 780/kW.
Supercapacitors
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Capacitors are energy storages in the form of electrical storage. There is a wide variety of capacitors
but due to their low energy density – even though they have extreme fast response times – they are
not suited for grid connection. The supercapacitors (SC) have among the capacitors the highest
capacity, they can store thousands of times more energy per mass than electrolytic capacitors (Twidell
& Weir, 2015). However, their energy density is still rather small with 2.5-15 Wh/kg (Aneke & Wang,
2016). The power range of SC is smaller than 4 MW (Schmidt et al., 2019). According to Denholm et al.
(2010) the SC technology is typically used for power quality for providing a stable voltage. However,
next to Li-ion batteries and fuel cells, SC have gained increased attention as a promising energy storage
technology (Q. Li, Mahmood, Zhu, Hou, & Sun, 2014). SC have a rather high roundtrip efficiency of
about 90-95% and a lifespan of 14 years (Aneke & Wang, 2016; Schmidt et al., 2019).
In regards to the costs, the TIC is one of the lowest of all analysed storage technologies in this thesis.
For 2018 it is about € 265/kW or € 12,180/kWh, while the LCOS of about € 0.57/kWh for 2050 is among
the higher LCOS’s in secondary response applications studied in this project (Schmidt et al., 2019).
Superconducting magnets
The energy storage in superconducting magnets (SMES) can last for years and is stored as direct current
(DC) in the form of magnetic energy (Twidell & Weir, 2015). The energy is stored in a magnetic field
that is created by a flow of DC in a coil of superconducting material. The material is cryogenically cooled
to about 4 K, at which certain materials have basically zero resistance to electrical currency. SMES
systems can charge in minutes and rapidly discharge large quantities of electricity (e.g. 10 MW/s). The
energy density ranges from 0.5-5 Wh/kg (Aneke & Wang, 2016). The systems with a power range of
0.1-10 MW have already been in use for some years by industries for improving power quality and
reducing voltage fluctuations. SMES systems can have thousands of cycles without any degradation of
the magnet. According to JRC & IET (2011) the can have a lifespan of 20 years. Additionally, due to
negligible losses over the many years, SMES systems have a very high roundtrip efficiency of about
95% (the highest amongst all studied storage technologies) (Aneke & Wang, 2016; Tester et al., 2005).
The only disadvantage for wider SMES system deployment are the high costs (Twidell & Weir, 2015).
The TIC of such a system is about € 755-7,560/kWh which is after the SC, the highest in this thesis (JRC
& IET, 2011). No data could be found on the LCOS nor TIC on a kW basis.
Thermal
Thermal energy storage for electricity purposes is most developed and applied in CSP plants. Storage
of energy is done in molten-salt but can also be done using steam or phase changing materials
(González-Roubaud, Pérez-Osorio, & Prieto, 2017; Meroueh & Chen, 2020). The molten-salt
technology consists of a cold storage and hot storage. The temperatures in the cold storage can be
between 220°C and 300°C, for the hot storage, this is at temperatures between 340°C and 570°C
(González-Roubaud et al., 2017). The liquid salt circulates through the solar heat receiver of the CSP
and after heating is stored in the hot storage potentially for a week (Ma et al., 2011). This hot molten
salt can then be used in a steam generator to produce high temperature steam for use in a Rankinecycle power generation.
After use, the salt flows back into the cold storage again, ready for use when there is solar heating
available. The energy density of salts can be up to 83 Wh/kg with roundtrip efficiency of 80-90% (Tester
et al., 2005). However, the corrosive nature of the salts need to be taken into account in selecting
materials (González-Roubaud et al., 2017).
Other alternatives are possible for storing heat at CSP plants, such as molten silicon, other phase
changing materials and steam accumulation to increase energy density (González-Roubaud et al.,
2017; Meroueh & Chen, 2020; Prieto & Cabeza, 2019). According to Turchi & Heath (2013) the moltensalt technology is assumed to last for about 30 years and has a TIC of about € 170-225/kWh for 2018.
Chemical energy storage
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Chemical energy is related to the energy stored in molecular bonds (Tester et al., 2005). Energy is
released and used by combustion or oxidation converting the initial fuel molecules to a more stable
molecule. In this section, the following three chemical energy storage options are described: hydrogen,
ammonia and metals. Energy storage in metals have not been mentioned by Twidell & Weir (2015) nor
by Aneke & Wang (2016) and is therefore included in the description of this chapter.
Hydrogen
About 95% of the world’s hydrogen gas (H2) production is produced from steam reforming of natural
gas and water-gas shift reaction, accounting for about 50 Mt H2 (Letcher, 2016). The other production
method accounting for 5% – or 2.6 Mt H2 – is electrolysis. Steam reforming of natural gas with the
subsequent water-gas shift reaction still produces carbon dioxide (CO2). Electrolysis uses electricity to
split H2O into H2 and O2. If electricity from a renewable energy technology is used, it results in emission
free H2. Hence, the electrolysis method can be used as a way of storing renewable energy in H2 with
only O2 as a by-product. Electrolysis can be done in three ways (Lambert, 2018):
• Alkaline Electrolysis which is the most well established technology and has TIC of about
€1000/kW. Disadvantageous is that it takes a long time (30-60 min) to restart after shut-down
making it less suitable for smoothing out the intermittent nature of renewables.
• Polymer Electrolyte Membrane Electrolysis, is a newer technology but already commercially
available for €2000/kW. It has better start-stop characteristics than the Alkaline version but
shorter lifespan of equipment.
• Solid Oxide Electrolysis, is still in research but it is expected that the process will have lower
material cost, higher roundtrip efficiency and to be able to operate reversed as a fuel cell.
H2 can be used in two ways, 1) combustion with only H2O as by-product, or 2) catalytic recombination
with O2 which unlike combustion produces no heat but direct electricity. The latter process is done by
a fuel cell, the combustion of H2 can generate electricity just like with natural gas using a steam turbine.
Energy storage in H2 is a popular storage method as it is storable, transportable, highly versatile,
efficient and clean (Aneke & Wang, 2016). Additionally, the energy density is almost 39 kWh/kg.
However, on a per volume basis this is much lower. Electricity is used to electrolyse water to produce
H2, if the electricity used for the process is coming from renewable sources, it is called green H2. The
H2 can then be stored as compressed gas, liquified gas, metal hydrides or carbon nanostructures of
which the first two are most mature. Energy can be released as electricity by either burning it or using
it in a fuel cell. According to Schmidt et al. (2019) the power range of H2 is 0.3-500 MW and has a
lifespan of about 18 years.
Because of the great opportunities H2 brings, it is currently developing at a great pace. For example,
the majority of power to gas53 projects in Europe are H2 projects (Lambert, 2018). An installation of a
10 MW electrolyser has been announced in 2017 that will be installed at the Shell Rhineland refinery
in Germany and will cost about € 20 million (~€ 2,000/kW). Additionally, there are already
commercially available H2-cars and organisations who offer H2-car modification services. The northern
province of the Netherlands – Groningen – even aims to become one of the frontrunners in H2 with
the support receiving from the minister of Economic Affairs and Climate54.
Next to the great advantages H2 has, there are also some major drawbacks to it. Even though the fuel
has a high energy density on a per kilo basis, on a volumetric basis, this is significantly lower (472 Wh/l)
(Bergthorson et al., 2017). Compression or liquification can increase this number. However, substantial
energy losses occur during a single cycle resulting to a roundtrip efficiency of about 40% (Aneke &
Wang, 2016; Schmidt et al., 2019). Thanks to the low density of the fuel, additional storage and
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The concept of converting electric power to gases like H2 or methane.
https://www.snn.nl/nieuws/europese-steun-voor-de-groene-waterstofregio-van-europa-noord-nederland
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transportation challenges rise. However, under the same pressure as current natural gas distribution,
H2 can be transported safely (Terlouw et al., 2019).
Regarding the costs, Schmidt et al. (2019) projects an LCOS for 2050 of about € 1.56/kWh if applied for
power reliability purposes and € 0.78/kWh in case of secondary response. H2 is suitable for all energy
storage applications.
Ammonia
Ammonia (NH3) is another potential e-fuel like H2, but unlike H2 it requires far less liquification chilling
temperature of about -10°C for NH3 compared to -253°C for H2 (Service, 2018). Additionally, on a per
weight value, NH3 has a lower energy density of 6.25 kWh/kg than H2, but per volume its energy density
is 8 times greater with a value of about 3.8 kWh/l (W. Wang et al., 2013). However, despite its higher
energy density, it is not very suitable for substituting fossil fuels in internal combustion engines as it
only ignites at a much higher temperature of 651°C (in contrast with 254°C for diesel).
There is a wide variety of possible processes for the reduction of N2 to NH3 (J. G. Chen et al., 2018;
Service, 2018). But in principle, the production of green NH3 – that is using renewable energy for
production – is merging hydrogen-ions together with the abundant atmospheric nitrogen through
electrolysis. NH3 is an interesting way for carrying energy especially as an H2-carrier. The advantage of
NH3 is its H2 carrying capacity of 108 kg - H2/m3 (W. Wang et al., 2013). Comparing this with the most
advanced H2 storage system (i.e. metal hydrides) that stores up to 25 kg - H2/m3, NH3 has more
beneficial properties for storage than H2 in pure form. This together with a storage, distribution and
transportation infrastructure that already is operating with an annual delivery of 100 Mt NH3, makes
NH3 an interesting alternative fuel.
Unfortunately despite all the benefits NH3 has over H2, the technology is not enough developed yet to
compete with the conventional Haber-Bosch process. The production of green NH3 proves possible,
but the challenge in scaling up for competition is in both the energy storage efficiency and production
speed that should match equal rates of the Haber-Bosch process. Current efficiency of the Haber-Bosch
process is 60-65% and some processes reach a NH3 production rate of around 3,000 Mt/day
(Pattabathula & Richardson, 2016; Thomas & Parks, 2006). The electrolysis method is currently capable
to reach similar efficiencies, however, the production rate in combination with those efficiencies is
orders of magnitude smaller (Service, 2018).
In regards to converting NH3 back to energy, this can be done according to Wang et al. (2013) by using
the fuel directly in modified diesel engines as a replacement for diesel. But using NH3 as H2-carrier has
the most potential. H2 can be obtained back from the fuel by ‘cracking’ the NH3 using the NH3
production processes but reversed (Service, 2018). The energy penalty for converting H2 to NH3 and
back is about one third of the energy content of H2 (similar to the chilling required to liquify H2).
The energy carrier is still in research for its applications (note that its developments are behind that of
H2), so far only one source could be found that estimates the LCOS and round-trip efficiency of a
proposed 100MW storage system. G. Wang, Mitsos, & Marquardt (2017) estimate for this conceptual
system an LCOS of € 0.21/kWh with a round-trip efficiency of up to 72%.
Metals
In general, there are two main routes to efficiently harness at high power densities the chemical energy
in metals: wet- and dry-cycle (Bergthorson, 2018). The first uses reactions with water at high
temperatures and produces heat and H2. The second involves direct combustion of the metal with air
producing metal rust and high energy heat that is usable for power generation in amongst others the
Rankine gas turbine.
So H2 can also be produced using metals, therefore metals can be used as a chemical fuel to produce
on-demand H2 when reacted with water. As an additional benefit to this method, water itself contains
per volume much more hydrogen atoms than the same volume of H2 (Bergthorson et al., 2017). Hence,
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using metals as a chemical fuel to produce on-demand H2 helps to overcome the difficulties of longterm storage and long-distance transport.
Inspired by J. M. Bergthorson et al. (2015) a group of students from the Technical University in
Eindhoven (TU/e) realised in 2017/18 a demonstration model of power generation using the dry-cycle
method55. The demonstration unit uses a stable combustion flame of iron-powder with about 50 kW
of capacity. After combustion the rust-powder is collected to be recycled using (green) H2.
The advantages of metals as a means of energy storage/fuel are that:
• it has a high energy density of 1,853.74–2,050.16 Wh/kg56 for iron (Fischer & Grubelich, 1998),
• it is easy to store and transport,
• it can be recycled using green energy and
• iron, silicon and some other metals usable for this application are abundant in the Earth’s crust
(Bergthorson et al., 2015).
In 2019, SOLID has set the next big step to produce an power installation of 100 kW for the Dutch beer
brewery Swinkels Family Brewers (formerly Bavaria NV) (TU/e, 2019). The project is funded with € 2.4
million and costs in total about € 2.75 million, this comes down to about € 27,500/kW.
However, the technological concept is still far from commercially deployable and has still many
obstacles to overcome (Bergthorson, 2018). Nonetheless, it is a technological concept that deserves
attention.
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https://www.teamsolid.org/1-year-of-foundation-team-solid
Depending on the combustion product Fe2O3 or Fe3O4 (Fischer & Grubelich, 1998).
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Annex 7: Spatial datasets used in the geographical information system (GIS)
Subject
European
countries

Europe’s seas

Wind power
density

Solar radiation
Onshore wind
power capacity

Description
35 countries and their borders in
Europe. Provides the surface layer of
the EU-28.
The marine regions and subregions
listed in Article 4 of the Marine
Strategy Framework Directive,
together with other surrounding
seas of Europe.
Global wind atlas 3.0 containing the
wind power density in W/m2. Wind
resource mapping at 250 m
horizontal grid spacing and at 150 m
height.
Annual solar radiation in kWh/m2
and specific yield per peak capacity
on a country basis.
Data provides area in km2 which is
restricted and the potential power
capacity onshore in (MW).

Suitable land
Dataset of suitable land cover for
cover for solar PV
solar PV energy generation for the
energy
EU-27 in the period 2007-2013.
generation
Constraining areas
Major lakes and rivers plus other
Inland waters
smaller lakes and rivers.
Natura 2000
Nature preservation areas
E.g. sensitive environmental and
Protected sites
ecological sites and areas as
characterised by each member state
E.g. buildings, urban parks, industrial
Artificial surfaces
land uses, etc.
Forests
Wetlands
Beaches, dunes, bare rocks, glaciers
Open spaces
and perpetual snow.
Railroads
Major roads
Dataset provides slope values
calculated from elevation data. The
Slopes greater
values are integer and represent the
than 16%
angle of the downward sloping
terrain from 0 (flat) to 90 degrees
(vertical). Cell-size is 250 m.
Major shipping routes in the
European seas. These were extended
Shipping lines
to international shipping lines that
went through the European seas
using map data from CIA (2015).
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GIS file type

Source

Shapefile (.lyr)

(Leite, 2018)

Shapefile (.lyr)

(EEA, 2018)

Raster (.tif)

(DTU, 2019)

Excel sheet
(.csv) & raster
(.tif)

(Huld et al.,
2012)

Word (.docx)

(Enevoldsen et
al., 2019)

Raster (.tif)

(Perpiña Castillo
et al., 2016)

Shapefile (.lyr)

(Esri Inc., 2013)

Shapefile (.lyr)

(EEA, 2019c)

Shapefile (.lyr)

(EEA, 2019b)

Raster (.tif)

(EEA, 2019a)

Raster (.tif)
Raster (.tif)

(EEA, 2019a)
(EEA, 2019a)

Raster (.tif)

(EEA, 2019a)

Shapefile (.lyr)
Shapefile (.lyr)

(Esri Inc., 2013)
(Esri Inc., 2013)

Raster (.tif)

(Esri Inc., 2016)

Shapefile (.lyr)

(van Audenhove
& Kelly, 2015)

Annex 8: Spatial distribution of total installed cost per kWh for solar & wind energy

Figure 18: Map of suitable exclusive economic sea for wind energy and cost distribution for on- and offshore wind
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Figure 19: Map of suitable land cover for solar energy and cost distribution
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Annex 9: Approach of updating available land cover
This annex explains how the available land cover for all of the 28 Member States of the European Union
(EU-28) was computed after the total surface area of EU-28 was masked with the raster dataset of
Perpiña Castillo et al. (2016).
First, all most recent datasets containing the constraining areas (see Annex 2) were clipped to EU-28
(hence, including Croatia). From the Corine Land Cover (CLC) dataset the following constraining land
covers: artificial surfaces, forests, wetlands and open spaces were deleted using the delete selection
option in the attribute table. Thereafter, the inland waters and Natura 2000 areas were removed using
the < erase > tool on the surface area of the EU28 from Luizflea (2018). The slopes greater than 16%
were deleted from the attribute table using the < select by attribute > tool and delete selection option.
The protected areas, were in too great detail containing also very small features of less than the gridsize of the CLC dataset (100x100m). This made it not possible to erase this layer from the EU-28 surface.
Therefore, it was decided to only erase protected area features that are greater than 100x100m.
However, the units of the protected areas were unknown which resulted in additional complexities.
To have an approximation of what features should be excluded, the geodesic area was calculated for
a few of the small features. Based on this the cut-off shape area was searched for where the geodesic
area turned out to be approximately 10,000 m2. This turned out to be about 0.003586. Features below
this shape area value where deleted in the attribute table using the < select by attribute > tool. After
this, the protected areas could be erased from the surface area of the EU-28 using the < erase > tool.
Regarding the railroads and major roads, these data are polylines. Hence, first the < buffer > tool was
applied using the following settings: side type: full, end type: round, method: planar and dissolve type:
into one single feature. The resulting buffer layers were then used in the < erase > tool on the EU-28
surface, creating a new layer.
For major roads most lanes in Europe are 3.5 metres in width and to avoid accidents, roadsides
need to have clear zones of adequate width. For 120 km/h, a clear zone of 10 metres is safe
and for 70-80 km/h it is 3-4 metres (European Commission, 2018d). In this thesis a clear zone
of 10 metres and total number of lanes of 5 are used for all roads resulting in a buffer width of
37.5 metres. Thus, a linear distance unit of 18.75 metres is used.
For the railroads, an average gauge width of 1.4725 metres is calculated from the CIA (2018)
world factbook for the EU-28 countries (a per country gauge with can be found in Annex 5).
No data on clear zone on the railroad sides could be found. However, as trains are deemed
less accident sensitive, a clear zone of 3.5 metres as inspired by European Commission (2018d)
is assumed. Hence, a total buffer width of 10 metres is used (i.e. 5 metres for the linear
distance unit).
The resulted new layers from the previous described geoprocessing were then used as mask in the <
extract by mask > tool for extracting the available land cover from the remaining EU-28 surface (which
was first masked with the dataset of Perpiña Castillo et al. (2016)).
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Annex 10: Overview Country Infrastructure
Country

Bulgaria (BG)
Czech Republic
(CZ)
Estonia (EE)
Croatia (HR)
Latvia (LV)
Lithuania (LT)
Hungary (HU)
Poland (PL)
Romania (RO)
Slovenia (SI)
Slovakia (SK)
Denmark (DK)
Finland (FI)
Sweden (SE)
Greece (EL)
Spain (ES)
Italy (IT)
Cyprus (CY)
Malta (MT)
Portugal (PT)
Belgium (BE)
Germany (DE)
Ireland (IE)
France (FR)
Austria (AT)
Luxembourgh
(LU)
Netherlands (NL)
Page | XXIX

Total surface
(km2)

Share builtup area

110,961
78,869

4.2%
5.8%

45,357
56,582
64,599
64,882
93,011
311,927
238,456
20,280
49,014
43,340
337,907
449,775
131,693
505,971
301,397
9,245
316
91,957
30,666
357,599
69,944
549,172
83,920
2,596

1.7%
3.2%
1.6%
2.9%
5.6%
5.4%
5.2%
2.8%
5.5%
5.9%
1.2%
1.2%
2.4%
2.0%
5.0%
7.4%
24.9%
3.3%
19.0%
8.4%
1.8%
5.4%
5.1%
9.3%

35,490

12.1%

Motorways
Total length
Share
(km)
tunnel-free
734
99.9%
1,240
100.0%

Total length
(km)
4,030
9,567

Gauge
width (m)
1.435
1.435

Railroads
Source
year
2014
2017

1,161
2,604
1,860
1,911
7,945
19,209
10,774
1,209
3,626
1,987
5,926
10,906
2,240
15,949
16,788
16
0
2,546
3,578
38,594
1,931
28,120
5,526
275

1.520
1.435
1.520
1.520
1.435
1.435
1.435
1.435
1.435
1.435
1.524
1.435
1.435
1.668
1.435

2016
2014
2018
2014
2014
2016
2014
2014
2016
2017
2016
2016
2014
2017
2014

3,065
1,763
13,009
916
11,618
1,743
165

100.0%
99.7%
100.0%
100.0%
100.0%
100.0%
100.0%
99.1%
99.8%
100.0%
100.0%
99.9%
99.9%
99.4%
96.5%
100.0%
100.0%
99.8%
99.4%
99.8%
100.0%
99.6%
96.0%
98.8%

1.668
1.435
1.435
1.600
1.435
1.435
1.435

2,758

99.7%

3,055

1.435

154
1,310
324
1,937
1,640
763
782
482
1,308
893
2,132
730
15,523
6,943
257

Share
tunnel-free
99.1%
99.7%

Share
electrified
71.18%
34.00%
14.38%
37.24%
13.49%
6.38%
39.88%
63.95%
37.43%
41.36%
43.77%
24.46%
55.18%
75.21%
23.21%
63.67%
71.47%

2014
2014
2014
2018
2014
2016
2014

100.0%
99.0%
100.0%
99.4%
99.9%
100.0%
99.6%
96.1%
98.8%
99.5%
99.6%
99.3%
100.0%
96.1%
93.1%
100.0%
0.0%
99.4%
99.4%
99.0%
99.7%
98.3%
98.2%
99.6%

2016

99.4%

75.67%

64.90%
86.00%
52.80%
2.75%
56.75%
71.93%
95.27%

United Kingdom
(UK)
EU-28
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244,548

6.7%

3,803

99.9%

16,320

1.435

4,379,474

4.3%

75,992

99.3%

217,653

1.4725

2015

98.7%

33.74%

98.4%

54.27%

Annex 11: Extrapolated PEC 2018-2049
Year
2017
2018
2019
2020
2021
2022
2023
2024
2025
2026
2027
2028

PEC
18,290.7
18,235.7
18,181.4
18,127.1
18,072.8
18,018.5
17,964.2
17,909.9
17,855.6
17,801.3
17,747.0
17,692.7

2029
2030
2031
2032

17,638.4
17,584.1
17,529.8
17,475.5

2033
2034
2035
2036
2037
2038
2039

17,421.2
17,366.9
17,312.6
17,258.3
17,204.0
17,149.8
17,095.5

2040
2041
2042
2043
2044
2045
2046
2047
2048

17,041.2
16,986.9
16,932.6
16,878.3
16,824.0
16,769.7
16,715.4
16,661.1
16,606.8

2049 16,552.5
2050 16,647.8
The years 2017 and 2050 are used for the linear
regression equation. The years 2018 up to and
including 2049 are extrapolated.
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The used linear regression equation for the
years 2018 up to and including 2049 is:
𝑦 = −54.296 ∙ 𝑥 + 127805
Where,
y=
the PEC of year x.

Maximum

Total economic feasible potential (<0.052
€/kWh) onshore wind energy generation

Average

1634
1267
451
872
754
1041
2130
4304
3968
119
622

2016
1490
459
1043
782
1118
2376
5162
5337
183
798

2306
1662
476
1291
862
1243
2501
5455
6201
215
899

1634
1267
447
872
753
1041
2130
4304
3968
119
622

2016
1490
455
1043
782
1118
2376
5162
5337
183
798

2306
1662
472
1291
861
1243
2501
5455
6201
215
899

2246
334
176
319
858
584
827
1294
4682
91
192

2216
334
176
318
0
0
0
0
2
1
0

451

451

636
713
524
100

636
703
524
100

532
346
0

532
346
0

Eastern EU

17161
895
906
1231

20763
987
1139
2098

23110
1143
1286
2636

17156
895
802
1188

20758
987
1008
2025

23105
1143
1139
2544

11603
99
4900
7289

3049
99
4900
7289

3303
1646
1534
2882

3292
1646
1534
2882

3032
2080
8544
4010
293
17
1996

4224
2860
12972
7571
309
18
2411

5065
3173
14019
9105
309
18
2542

2886
2080
8544
4010
293
17
1996

4021
2860
12972
7571
309
18
2411

4826
3173
14019
9105
309
18
2542

12287
1593
6519
1103
51
0
865

12287
1559
6511
1053
51
0
865

6062
6454
7369
6595
695
613
2883

6062
6245
7361
6437
274
613
2883

16941
822
5187
999
9348
732
26
857

26141
887
6548
1240
12306
1048
27
924

29166
966
7608
1492
16673
1354
29
1017

16941
822
5187
987
9348
731
26
857

26141
887
6548
1226
12306
1046
27
924

29166
966
7608
1475
16673
1352
29
1017

10130
20
1495
581
895
146
1
36

10039
20
1495
581
892
144
1
36

24608
47
633
5163
3276

23814
47
633
5163
3241

977

977

Denmark
Finland
Sweden
Northern EU
Greece
Spain
Italy
Cyprus
Malta
Portugal
Southern EU
Belgium
Germany
Ireland
France
Austria
Luxembourg
Netherlands
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Minimum

Maximum

Bulgaria
Czech Rep
Estonia
Croatia
Latvia
Lithuania
Hungary
Poland
Romania
Slovenia
Slovakia

Minimum

Average

Country

Total potential offshore wind energy
generation

Total economic feasible
potential (<0.052 €/kWh)
solar energy generation

Total economic feasible potential (<0.052
€/kWh) onshore wind energy generation

Total potential solar
energy generation

Total potential onshore wind energy
generation

Annex 12: Potential energy generation solar and wind

United
Kingdom
Western EU
+ British Isles
EU-28
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3198

4516

5847

2909

4107

5318

2031

2031

10661

10661

21169
58303

27497
78624

34987
92327

20867
57850

27072
77992

34439
91535

5205
39226

5200
30575

20757
54731

20723
53891

