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Abstract

This chapter presents a technically feasible and economically viable energy pathway for Europe, in which
the energy sector (comprised of power, heat, transport, and desalination) reaches 100% renewable energy
and zero greenhouse gas emissions by 2050. The research highlights the transition of the transport sector,
which is currently dependent on fossil fuels to a great extent, towards being driven by 100% renewables.
The transport sector achieves zero greenhouse gas emissions by 2050, mainly through direct and indirect
electrification in the form of synthetic fuels, such as hydrogen and Fischer-Tropsch fuels. The methods are
comprised of the derivation of the transportation demand, which is converted into final energy demand for
direct electrification along with production of hydrogen, methane and Fischer-Tropsch fuels. The power-
to-gas (H2, CH4) and power-to-liquids (Fischer-Tropsch fuels) value chains are applied for the total energy
demand, which is fulfilled entirely by renewables in 2050. The primary energy demand for the transport
sector decreases from 21,000 TWh in 2015 to around 20,000 TWh by 2050, driven by massive gains in
energy efficiency with a high level of direct and indirect electrification of more than 85% in 2050. While,
the final energy demand for transport decreases from 7000 TWh/a in 2015 to 5000 TWh/a, despite the
assumed growth of passenger and freight transportation, mainly driven by the massive electrification of
road transport. Solar PV and wind energy emerge as the most prominent energy supply sources with around
62% and 32%, respectively, of the total electricity supply by 2050. Batteries emerge as the key storage
technology with around 83% of total electricity storage output. Fuel conversion technologies such as water
electrolysis, methanation, Fischer-Tropsch synthesis, and others, supply renewable-based fuels along with
sustainably produced biofuels and electrification to ensure a 100% renewable energy-based transport sector
across Europe. The levelised cost of energy for a fully sustainable energy system across Europe remains
stable in the range of €50-60 /MWh through the transition from 2015 to 2050. The final annualised energy
costs for transport remain around 300-450 b€ per year through the transition period, with a massive
reduction for road transport, while increases for marine and aviation transport by 2050 are projected.
Greenhouse gas emissions can be reduced from about 4,200 mega tonnes CO- equivalent (MtCOzq) in 2015
in the entire energy system to zero by 2050, with cumulative GHG emissions of around 85 gigatonnes CO>
equivalent (GtCOzq). While GHG emissions in the transport sector can be reduced from about 1900
MtCO2eq in 2015 to zero by 2050, this could be further accelerated with ambitious policies and targets
across Europe. Consequently, a 100% renewable energy system across the transport sector in Europe is far
more efficient and cost competitive than a fossil fuel-based option, and most importantly compatible with
the Paris Agreement.



1. Introduction

A special report from the Intergovernmental Panel on Climate Change (IPCC) [1] has made it evident that
a temperature rise of 2°C in comparison to pre-industrial levels would be far more harmful and ultimately
far more devastating from an economic perspective. Achieving only a 1.5°C rise means cutting emissions
by 45% by 2030 and reaching net zero around 2050. Limiting warming to a rise of 1.5°C compared with
pre-industrial levels will require an unprecedented number of efforts across the world. This fundamental
insight is of prime importance since the debate on reacting to the ongoing climate crisis and the necessary
transformation of the energy system towards 100% renewable sources demand urgent measures and strong
political decisions. The societal tipping point for tackling the climate crisis may have already been passed,
but due to the global ‘Fridays for Future’ movement of youth all around the world with the support of
scientists [2,3], there is still hope that rapid and massive measures will be encouraged in the short- to mid-
term.

In this context, a transition of the energy sector in Europe is of utmost relevance as the sector is responsible
for the majority of greenhouse gas (GHG) emissions [4]. The objective of this research is to generate results
for a European energy system transition towards 100% renewables in full hourly resolution for entire years
from 2015 until 2050, with an emphasis on the transport sector. Insights for the case of Europe are presented
in the following sections.

Energy for the transport sector makes up nearly one-third of global total final energy demand (TFED) [4].
The transport sector is comprised of several modes, namely road, rail, marine and aviation across passenger
and freight categories [5]. Despite gains in efficiency, global energy demand in the transport sector
increased 39% between 2000 and 2016, a rise attributed to the increased movement of freight globally and
to the overall increase in transportation demand in emerging and developing countries, among other factors
[4]. Currently, road transport accounts for 79% of global transport energy use, with passenger vehicles
representing more than half of this. Additionally, marine transport consumes over 11% of the global energy
used in transport, which is mainly from freight and is responsible for approximately 2% of CO, emissions.
Moreover, aviation accounts for around 9% of the total energy used in transport, while rail accounts for less
than 1% of the total energy used in transport and is the most electrified transport mode. The transport sector
is Europe’s largest contributor to climate change accounting for nearly 27% of its GHG emissions in 2017
[6]. Moreaver, pollution from the transport sector is causing the illness and premature death of hundreds of
thousands of Europeans [7]. Meanwhile the EU spends over 200 b€ a year importing oil to power its
transport fleet [6].

However, there is a movement towards electrification in the transport sector with the evolution of the global
electric car stock reaching nearly 2 million within six years from 2010 to 2016 [4]. With more than 1.2
million electric vehicles sold in 2017 (or 1.5% of the global car market), the penetration of this technology
in the transport sector could reach the same level as the PV penetration in the power sector in the coming
years and possibly evolve even faster [8]. The cumulative global EV stock reached 5.1 million in 2018 and
the growth of EV sales is accelerating [9]. Likewise, the marine mode has options with increasing
availability of alternative fuels such as biofuels in existing engines, which could be an immediate option,
thereafter use of electricity-based synthetic fuels, such as synthetic natural gas, Fischer-Tropsch based fuels
or hydrogen [10,11]. Additional fuels are discussed for the marine mode, such as ammonia or methanol,



but not considered further here. The production and use of sustainable aviation fuels, specifically bio-based
jet fuel or synthetic jet fuel apart from direct electrification for short-distance flights can propel the aviation
mode towards being more sustainable [12]. Whereas, the rail mode with a share of electricity at 39% in
2015 is well underway towards maximum electrification [13]. However, just one-fourth of the electricity is
estimated to be renewable, constituting 9% of rail energy, which is expected to change along with the power
sector. In addition, synthetic fuels, including hydrogen and biofuels, could cover the non-electrified rail
transport.

Transport is responsible for more than a quarter of GHG emissions in the EU [6]. All transport modes
therefore need to contribute to the defossilisation of the mobility system. This requires a system-based
approach. Low and zero emission vehicles with highly efficient alternative powertrains in all modes is the
first prong of this approach. Just as for renewable energy in the previous decade, the automotive industry
already today heavily invests in the emergence of zero and low emission vehicle technologies, such as
electric vehicles. A combination of defossilised, decentralised and digitalised power, more efficient and
sustainable batteries, highly efficient electric powertrains, connectivity and autonomous driving offer
prospects to defossilise road transport with strong overall benefits including clean air, reduced noise, and
possibly reduce accidents, altogether generating major health benefits for citizens and the European
economy.

1. Transitioning to a fully renewable-based energy system: Methods and influencing
factors across the transport sector

The LUT Energy System Transition model applied for the power sector in Ram et al. [14], Bogdanov et al.
[15] and Breyer et al. [16] is further expanded to other energy sectors and its fundamental aspects for
application across various energy sectors as is shown in Figure 1. The unique feature of the model enables
a global-local energy system transition towards 100% renewables in full hourly resolution for the transition
period from 2015 until 2050 across the power, heat, transport, and desalination sectors. In the present set
up of the model, the power and heat sectors are completely integrated as shown in Bogdanov et al. [17],
while the transport and desalination sectors are modelled separately with identical technical and financial
assumptions applied across all the sectors. Furthermore, an aggregation of all the sectors represents the
integrated energy sector. The results are visualised and presented in five-year intervals through the
transition from 2015 to 2050 for the energy sector and more specifically for the transport sector across
Europe in a highly decentralised manner. A rather conservative approach for understanding the limits has
been adopted in this research, which suggests that all the 20 regions across Europe will have to fulfil their
energy demands on an individual basis, which is a highly decentralised approach. Cooperation between
neighbouring countries, within Europe, or internationally could reduce energy costs further. However, the
intention of adopting a rather conservative view in this regard is to highlight security of energy supply
across the different European countries and regions.
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Figure 1: Fundamental structure of the LUT Energy System Transition model.

The model has integrated all crucial aspects of the power, heat, transport, and desalination sectors, which
are further described in Ram et al. [18], Bogdanov et al. [15] and Bogdanov et al. [17]. The technologies
introduced to the model are:

- electricity generation technologies: renewable energy (RE), fossil, and nuclear technologies;
- heat generation technologies: renewable and fossil;

- energy storage technologies: electricity, heat, gases, and fuel storage technologies;

- fuel conversion technologies: fuels for transport;

- desalination technologies; and

- electricity transmission technologies.

Transportation demand is derived for the modes: road, rail, marine, and aviation for passenger and freight
transportation. The road segment is subdivided into passenger LDV (light duty vehicles), passenger 2W/3W
(2- and 3-wheel vehicles), passenger buses, freight MDV (medium duty vehicles), and freight HDV (heavy
duty vehicles). The other transport modes are comprised of demand for freight and passengers. The demand
is estimated in passenger kilometres (p-km) for passenger transportation and in (metric) ton kilometres (t-
km) for freight transportation. Further information and data for transportation demand along with fuel
shares and specific energy demand are provided in Breyer et al. [5] and Khalili et al. [19].

The transportation demand is converted into energy demand by assuming an energy transition from current
fuels to fully sustainable fuels by 2050, whereas the following principal fuel types are taken into account
and visualised in Figure 2:

» Road: electricity, hydrogen, liquid fuels

+ Rail: electricity, liquid fuels

» Marine: electricity, hydrogen, methane, liquid fuels
+ Aviation: electricity, hydrogen, liquid fuels
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Figure 2: Schematic of the transport modes and corresponding fuels utilised during the energy transition
from 2015-2050.

The fuel conversion process adopted to produce sustainable fuels is shown in Figure 3. The recycled heat
flows from electrolyser, methanation and FT units and the heat demand of the reverse water-gas shift unit
are not shown in the figure but are considered in the simulations.

Electrolyser

Water Ij";Hn

{ 05

D)
wa | & 3
©)

Hydrogen

Electricity Methane

Liquid hydrocarbons

@)[@][@)

one
EH_HGE
=

el

Biomass

Digesters and
biorefineries

Figure 3: Schematic of the value chain elements in the production of sustainable fuels.

The fuel shares of the transportation modes in the road segment are based directly or indirectly on levelised
cost of mobility considerations for newly sold vehicles, which change the stock of vehicles according to
the lifetime composition of the existing stock. Vehicle stock and overall demand data are then linked to
specific energy demand values to calculate demand of fuels and electricity for the transport sector. A more
detailed description of the methods is provided in Breyer et al. [5] and Khalili et al. [19]. In addition, all
fuel volumes and costs are based on a higher heating value.

A detailed overview of the technical and financial assumptions included in the modelling for the power,
heat, transport, and desalination sectors can be found in the Appendix, which is based on the detailed
explanation of the model applied to the global energy sector in Ram et al. [18], Bogdanov et al. [15], Breyer
et al. [5] and Khalili et al. [19].

Regions of Europe

The regional composition of Europe considered in this study is shown in Figure 4. Some of the smaller
countries have been merged with larger countries to form sizeable local regions, as the energy transition is



envisioned on a regional basis and interconnections between the regions have not been considered. The
regional composition of Europe and further details for the power sector are described in Child et al. [20].
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Figure 4: The different countries and regions of Europe considered in the energy transition from 2015 to
2050.

Resource potentials for renewable energy technologies

The generation profiles for optimally fixed-tilted PV, solar CSP and wind energy are calculated according
to Bogdanov and Breyer [21] and for single-axis tracking PV according to Afanasyeva et al. [22]. The
hydropower feed-in profiles are computed based on daily resolved water flow data for the year 2005 [23].
The potentials for biomass and waste resources were obtained from Bunzel et al. [24] and further classified
into the categories of solid wastes, solid residues and biogas. Geothermal energy potential is estimated
according to the method described in Gulagi et al. [25] across Europe. More details on renewable resources
for Europe can be found in Child et al. [20]. The average profiles of single-axis tracking PV and onshore
wind energy across Europe are shown in Figure 5.
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Figure 5: Hourly generation profile on an annual basis for solar PV with single-axis tracking (left) and
onshore wind at 150 m hub-height (right) across Europe.

The distribution of full load hours across Europe (equivalent to annual generation) of solar PV, for the case
of single-axis tracking, and wind onshore at 150 m hub-height, which are the two most vital sources of
electricity in the energy transition, are shown in Figure 6.
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Figure 6: Mapping of annual full load hours for solar PV with single-axis tracking (left) and onshore wind
at 150 m hub-height (right) across Europe.

Best Policy Scenario

The LUT Energy System Transition model can be utilised to generate wide-ranging energy scenarios across
the different regions of the world on a global-local scale. However, the objective of this study is to highlight
an energy scenario that can contribute towards achieving the goals of the Paris Agreement by reaching zero
GHG emissions from the energy sector across Europe by 2050, in a technically feasible and economically
viable manner and respecting comprehensive sustainability guardrails [26]. Therefore, a Best Policy
Scenario is envisioned across the power, heat, transport, and desalination sectors for the case of Europe,
from the current system in 2015 towards a cost optimal zero GHG emissions system in 2050. Furthermore,
the transport sector is analysed in greater detail in this chapter and presented in the following sections.



2. Results: Transition towards a 100% Renewable Energy System across Europe

Europe is one of the major economic centres of the world with an 18% share of global GDP according to
the International Monetary Fund (IMF) [27]. In addition, Europe is amongst the biggest energy consumers
across the world, with total electricity consumption of around 4,000 TWh in 2015, which is estimated to
rise to around 5,400 TWh by 2050 according to the International Energy Agency (IEA) [28]. Europe has
been at the forefront of the global energy transition with about 37% of installed power capacity and nearly
30% of electricity generation from renewables, according to statistics from the European Commission [29].
Moreover, the European Commission has proposed a long-term strategy to confirm Europe's commitment
to lead global climate action and present a vision that can lead to achieving net-zero GHG emissions by
2050 through a socially fair transition in a cost-efficient manner [30]. In this context, the study shows that
an energy transition to 100% renewable electricity is feasible at every hour throughout the year and is more
cost-effective than the existing system, which is largely based on fossil fuels and conventional energy
production across Europe. In addition, this study demonstrates that the European transport sector can be
defossilised by 2050 or earlier, not only to limit global warming, but also to ensure Europe’s
competitiveness globally, its energy sovereignty and most importantly the health and well-being of its 665
million citizens.

Energy Sector

The penetration of renewables is not just a matter of replacing hydrocarbons with fossil free sources of
energy supply — it also represents a significant change in resource efficiency. This is illustrated by the
impact of electrification on energy demand across the power, heat, transport, and desalination sectors as
shown in Figure 7. This research assumes a high electrification across the energy system, driven by low-
cost renewables, high efficiency of electricity-based solutions and overall sustainability constraints. The
resulting primary energy demand with high electrification decreases from 21,000 TWh in 2015 to around
16,000 TWh by 2035 and increases up to 20,000 TWh by 2050. On the contrary, with low electrification
(continuation of current practices until 2050) the primary energy demand would reach nearly 35,000 TWh
by 2050. The average per capita energy demand decreases from around 33 MWh/person in 2015 to 24
MWh/person by 2035 and increases up to nearly 30 MWh/person by 2050. The massive gain in energy
efficiency is primarily due to a high level of electrification of more than 85% resulting in a primary energy
demand reduction of around 15,000 TWh by 2050, in comparison to the continuation of current practices
(low electrification).
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Figure 7: Primary energy demand sector-wise (top left), efficiency gain in primary energy demand (top
right), electricity consumption per capita with population (bottom left) and primary energy demand per
capita (bottom right) during the energy transition from 2015 to 2050 in Europe.

However, a higher demand for industrial process heat, as well as space heating induced by growing building
space per person, reduces the overall gains and contributes to an increase in energy demand in the later
years of the transition, from 2035 to 2050. Additionally, a substantial demand from fuel conversion
technologies arises beyond 2040, in producing synthetic fuels for the transport sector across Europe.

Energy supply

Electricity generation from the various technologies to cover the demand of power, heat, transport, and
desalination sectors is shown in Figure 8. Solar PV supply increases through the transition from 29% in
2030 to about 62% by 2050, becoming the lowest cost energy source. Wind energy increases to 32% by
2030 and contributes a stable share of the mix up to 2050. On the contrary, the share of coal and nuclear
power generation decline substantially by 2030 and through the transition, as they are rendered
uneconomical. In the heat sector, heat pumps play a significant role through the transition with a share of
nearly 50% of heat generation by 2050 on both the district and individual levels, as indicated in Figure 8.
On the other hand, fuel-based heating decreases through the transition from over 95% in 2015, to around
30% by 2050. Additionally, fossil fuel-based heating decreases through the transition period, as coal-based
combined heat and power (CHP) and district heating (DH) is replaced by waste-to-energy CHP, biomass-
based DH, and individual heating (IH).
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the energy transition from 2015 to 2050 in Europe.

Energy storage

Energy storage technologies play critical roles in enabling a secure energy supply across Europe, fully
based on renewable energy across different sectors. As highlighted in Figure 9, storage output covers 17%
of total electricity demand in 2050. The ratio of electricity demand covered by electrical energy storage
output increases significantly to around 13% by 2035 and remains around 11-13%. An additional 4% is
covered by heat storage conversion to electricity by 2050. Batteries emerge as the most relevant electricity
storage technology contributing about 83% of the total electricity storage output by 2050. Additionally, a
significant share of gas storage is installed to provide seasonal storage primarily during the cold winter
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Figure 9: Electricity demand covered by energy storage (left) and ratio of electricity demand covered by
different forms of energy storage (right) during the energy transition from 2015 to 2050 in Europe.

Similarly, heat storage plays a vital role in ensuring heat demand is covered across all the sectors. As
indicated in Figure 10, the ratio of heat demand covered by energy storage to heat generation increases
substantially to almost 20% by 2050. Thermal energy storage (TES) emerges as the most relevant heat
storage technology with around 40-60% of heat storage output from 2030 until 2050. Furthermore, power-
to-gas (PtG) contributes around 40% of heat storage output in 2050. As fossil fuel usage for heat generation
is completely eliminated in the final five-year period from 2045-2050, there is an increase in heat storage
utilisation.
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Figure 10: Heat demand covered by energy storage (left) and the ratio of heat demand covered by different
forms of energy storage (right) during the energy transition from 2015 to 2050 in Europe.

Costs and investments

The total annual costs are in the range of 950-1,100 b€ through the transition period and are well distributed
across the major sectors of power, heat, and transport, as desalination demand in Europe is relatively smaller
compared to other regions of the world. As indicated by Figure 11, power, heat, and transport costs are in
the range of around 300-350 b€ each through the transition. In addition, as indicated in Figure 11 capital
expenditures (CAPEX) increase through the transition, as fuel costs decline. The steady increase in
CAPEX-related energy system costs indicate that fuel imports and the respective negative impacts on trade
balances will fade out through the transition. In addition, a low fuel import dependency will lead to a higher
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Figure 11: Annual system costs, sector-wise (left) and functionality-wise (right) during the energy
transition from 2015 to 2050 in Europe.

As increasing shares of power generation capacities are added globally, renewable energy sources on a
levelised cost of energy basis become the lowest cost power generation sources [31]. As indicated in Figure
12, levelised cost of energy remains around 50-60 €/ MWh and is increasingly dominated by capital costs
as fuel costs continue to decline through the transition period, which could mean increased self-reliance in
terms of energy for Europe by 2050 as mentioned earlier. Capital costs are well spread across a range of
technologies with major investments for PV, wind energy, batteries, heat pumps, and synthetic fuel



conversion up to 2050, as shown in Figure 12. The cumulative investments are about 9,910 b€ through the
transition from 2016 to 2050.
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Figure 12: Capital costs for five-year intervals (left) and levelised cost of energy (right) during the energy
transition from 2015 to 2050 in Europe.

Different trends in the power, heat, transport, and desalination sectors across Europe emerge through the
transition. As the sectors transition towards having higher shares of renewable energy, different
technologies have vital roles in ensuring the stability of the energy system. A closer look at the transport
sector provides vital insights into the energy transition across Europe towards 100% renewable energy
based transport.

Transport Sector

The final passenger demand and freight demand in Europe through the transition from 2015 to 2050 is
shown in Figure 13. Also included are international marine and aviation transportation demands, which are
often ignored on the regional level by other studies due to statistical reasons. More details on that aspect
can be found in Khalili et al. [19]. For transportation passenger demand, the largest increase is projected
for aviation by about 370% from 2015 to 2050, followed by about 160% increase in road transportation
passenger demand. For transportation freight demand, the marine mode shows the highest increase by about
230%, followed by about 150% for the road mode.
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Figure 13: Final transport passenger demand (left) and freight demand (right) during the energy transition
from 2015 to 2050 in Europe.

The corresponding final energy demand in the transport sector undergoes an increase from around 7,000
TWh in 2015 and thereafter a decline to below 5,000 TWh in 2050, as subsequent overall transport
technological efficiencies increase during the transition, during which shifts to more efficient power trains
are projected. This is shown in Figure 14.

[ Road passenger

" | Road freight
"|Rail passenger

| |7 Rail freight

B Marine passenger
B Marine freight

. | Aviation passenger
B Aviation freight

7000 |- 7000

[-2]
=3
=3
o
-]
=3
=3
=]

o
=3
=3
o
T
o
=3
=3
o

w
=3
=3
o
T
[X}
=3
=]
o

Final transport energy demand [TWhi/a]
= ]
o =3
(=] =}

1000

Final transport energy demand [TWh/a]
g
o

2020 2030 2040 2050 2020 2030 2040 2050
Years Years

Figure 14: Final energy demand for different transport modes (left) and different transport categories
(right) during the energy transition from 2015 to 2050 in Europe.

The road transport energy demand declines through the transition with massive gains from a high level of
direct electrification, whereas the final energy demand increases continuously for marine and aviation
modes due to continued transportation demand increase, limited options for fuel shifts and further increase
in efficiencies of existing power trains. Energy demand for the rail mode remains fairly stable through the
transition, as steady rail transportation demand growth is well compensated by efficiency gains due to
electrification. The development of final energy demand for the different transport modes through the
transition is shown in Figures 14-16.
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Figure 15: Final energy demand for road passenger transport (left) and road freight transport (right)
during the energy transition from 2015 to 2050 in Europe.
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The low efficiency of the present transport sector is illustrated by the projection of a threefold increase in
transportation demand, but stabilised final energy demand for the transport sector.
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Figure 16: Final energy demand for rail (left), aviation (centre) and marine (right) during the energy
transition from 2015 to 2050 in Europe.

The final energy demand of the transport sector across Europe is almost the same as the energy demand
from the power sector at around 7,000 TWh in 2015. However, this demand declines through the transition
to around 5,000 TWh, mainly due to the efficiency gains brought about by direct electrification of the sector
as shown in Figure 17. Fossil fuel consumption in the transport sector across Europe is seen to decline
through the transition from about 97% in 2015 to zero by 2050. On the other hand, liquid fuels produced
by renewable electricity contribute around 35% of final energy demand in 2050. In addition, hydrogen
constitutes more than 25% of final energy demand in 2050. Sustainable biofuels, produced from forest
industry residues, contribute a minor share to enable a complete elimination of fossil fuel usage in the
transport sector. Additionally, sustainable biofuels produced from energy crops such as Jatropha could
contribute towards enabling 100% renewable energy systems [32]. Electrification of the transport sector
creates an electricity demand of around 7,500 TWhe by 2050. The massive demand for liquid fuels kicks
in from 2040 onwards up until 2050, as indicated in Figure 17.
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Figure 17: Final energy demand for transport (left) and electricity demand for sustainable transport (right)
during the energy transition from 2015 to 2050 in Europe.

Installed power generation capacity for the transport sector increases substantially through the transition to
around 5,250 GW by 2050, as shown in Figure 18. Solar PV and wind form the majority share of the power
generation capacity for the transport sector, as they are the lowest cost energy sources by 2050. Similarly,
electricity generation increases substantially up to almost 8,000 TWh by 2050 as also seen in Figure 18.
Solar PV and wind energy can generate all the electricity required to meet the demand of the transport
sector in 2050, as only a small biofuel share is assumed comparable to the present. The electricity
requirement of 8,000 TWhg is higher than the final energy demand of 5,000 TWh, which is caused by the
conversion of electricity to synthetic fuels and respective conversion efficiencies.
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Figure 18: Transport sector installed power generation capacity (left) and electricity generation (right)
during the energy transition from 2015 to 2050 in Europe.

A critical aspect to complement the electrification of the transport sector is the installation of storage
technologies. As seen in Figure 19, the installed capacities of electricity storage increase through the
transition to around 3.3 TWhcs by 2050. The majority of installed capacities are utility-scale batteries and
compressed air energy storage (A-CAES). Similarly, electricity storage output increases through the
transition to over 700 TWhe by 2050 as shown in Figure 19. Utility-scale batteries play a vital role as they
contribute a major portion of the output through the transition, with over 500 TWhe by 2050. The relatively
low electricity storage of less than 10% of generated electricity for the transport sector is enabled by the



flexible operation of batteries, water electrolyser units, and hydrogen buffer storage for synthetic fuel
production.
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Figure 19: Transport sector installed electricity storage capacity (left) and electricity storage output (right)
during the energy transition from 2015 to 2050 in Europe.

Another essential aspect in the transition of the transport sector towards higher electrification completely
based on renewable energy is the production of synthetic fuels, hydrogen and sustainable biofuels. As
indicated in Figure 20, the installed capacities of fuel conversion technologies increase substantially from
2040 onwards to over 2,300 GW by 2050. Water electrolysis forms the majority share of fuel conversion
capacities through the transition. Additionally, heat is generated during the production of synthetic fuels,
which leads to higher overall energy system efficiency if recovered heat is used for CO; direct air capture
(DAC) [33] . Heat availability is in the range of 1,100 TWhs, by 2050, which partly is recovered, and the
rest is excess heat, as shown in Figure 20. In a model with coupled heat and transport sectors, such excess
heat from the transport sector could be used by the heat sector, which would further lower the overall cost
of the energy system, due to improved overall energy system efficiency.
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Figure 20: Transport sector installed capacity for fuel conversion (left) and heat management (right)
during the energy transition from 2015 to 2050 in Europe.

Similarly, gas storage is necessary in the production of synthetic fuels. As shown in Figure 21, the installed
storage capacity for gas increases through the transition to around 13 TWh by 2050. Hydrogen storage is
the major gas stored through the transition, with a minor share for methane gas in 2050. CO, storage and



CO.direct air capture, which are vital in the production of synthetic liquid fuels and methane, are installed
from 2040 onwards. The installed capacity for CO- direct air capture increases up to around 375 MtCO»/a
by 2050 while CO; storage reaches 16 MtCO,, as shown in Figure 21. Despite having a lower storage
capacity, CO; storage has a substantial utilisation and correspondingly higher throughput, comparable to
the CO; direct air capture capacity.
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Figure 21: Transport sector installed capacity for gas (methane and hydrogen) storage (left) and CO;
storage and CO; direct air capture (right) during the energy transition from 2015 to 2050 in Europe.

Fuel costs are a deciding factor in the overall energy mix for the transport sector across Europe and their
developing trends are highlighted in Figure 22. Fischer-Tropsch fuel and synthetic natural gas (SNG) costs
decline through the transition up to 2050. FT-fuels are in the range of costs of fossil liquid fuels including
GHG emissions costs, in the range of 90-100 €/ MWh in 2050. Figure 22 also shows that SNG and liquefied
synthetic natural gas (LNG) are more cost effective than FT-fuels. Electricity emerges as the most cost-
effective option with primary levelised cost of electricity around 25 € MWh and along with complementary
costs of storage and other system components, total levelised cost of electricity is around 32 €/ MWh in
2050. Hydrogen (H2) fuel costs decline to be more cost competitive that fossil fuels, in the range of 55
€/MWh in 2050, while liquid H: is in the range of 60 € MWh. The cost of CO, from DAC, which is a
critical component for synthetic fuels, is at around 33 €/tcor in 2050, as shown in Figure 22. A
methodological upgrade has resulted in higher costs of FT-fuels of around 3-4 € MWh by 2050, which
builds a slightly less favourable case for renewable powered synthetic fuels. However, this has little impact
on the overall structural results, as presented in this chapter, but will enable more accurate estimations in
future research.
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Figure 22: Fuel costs for the transport sector during the energy transition from 2015 to 2050 (left) and fuel
costs in 2050 (right) in Europe.

The total annual energy costs for the energy supply of the transport sector are in the range of 300-450 b€
through the transition period with a decline from around 430 b€ in 2015 to about 330 b€ by 2050, as shown
in Figure 23. Furthermore, annual system costs transit from being heavily dominated by fuel costs in 2015
to a very diverse share of costs across various technologies for electricity, synthetic fuels and sustainable
biofuel production by 2050. The difference in annual final transport energy and system costs is
predominantly due to additional aspects of the system beyond 2040, as FT units produce naphtha as a by-
product, that adds to the overall system costs. The cost for naphtha is allocated to the industry sector as
input for the chemical industry, since it is a valuable feedstock there.
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Figure 23: Final energy cost of transport based on mode of transport (left) and source of energy (right)
during the energy transition from 2015 to 2050 in Europe.

The final transport passenger cost declines from around 0.011 €/p-km in 2015 to 0.07 €/p-km by 2050, as
shown in Figure 24. Final transport passenger costs decline for road transport through the transition,
whereas for marine and aviation there is a marginal increase. Similarly, final transport freight costs decline
from around 0.065 €/t-km in 2015 to 0.025 €/t-km by 2050, as shown in Figure 24. The final freight cost in
the case of road declines through the transition, whereas it increases slightly for aviation and remains stable
for rail and marine.
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Figure 24: Final energy cost of transport passenger (left) and transport freight (right) during the energy
transition from 2015 to 2050 in Europe.

Greenhouse gas emissions

The results of the global transition towards a 100% renewable energy system indicate a sharp decline in
GHG emissions until 2050, reaching zero GHG emissions by 2050. Moreover, the GHG emissions from
the transport sector decline through the transition from around 1,900 MtCO; eq./a in 2015 to zero by 2050,
as shown in Figure 25. In addition, the GHG emissions from the road transport mode, which are the
majority, reduce from around 1500 MtCO; eq./a in 2015 to zero by 2050 as indicated in Figure 25. These
results clearly indicate that at the latest from 2030 onwards pressure on ship operators and airlines would
dramatically increase, since the relative contribution of these two transport modes will start to dominate the
total GHG emissions of the transport sector in Europe.
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Figure 25: GHG emissions in the transport sector (left) and GHG emissions in the road transport mode
(right) during the energy transition from 2015 to 2050 in Europe. Tank to Wheel (TTW) considers GHG
emissions from readily available fuels and does not consider GHG emissions from the upstream production
and delivery of fuels.

3. Discussion

A paradigm shift is observed, wherein electricity emerges as the energy carrier of the future, replacing fossil
fuels within the transport sector by 2050. In a highly digitalised future with strong global climate policies,
electrification of energy services will be pervasive [34]. Primarily, fossil and nuclear fuels used in the
energy sector are substituted by technologies directly extracting electricity from the environment, in
particular solar PV and wind energy. As highlighted by the results, electric vehicles will largely replace
fossil-fuelled 2-wheelers, 3-wheelers, cars and trucks. While heat pumps and electric heating substitute oil
and gas furnaces in buildings and industries. Electricity from renewables will cover the growing electricity
demand and will be used to produce hydrogen and other synthetic fuels for applications where direct
electrification is challenging. The advantages of widespread electrification are clear and compelling.
Substantial efficiency gains are observed throughout the European transport sector with final energy
demand in transport declining by nearly 30%. The high generation contribution of solar PV of about two-
thirds of all generated electricity for the transport sector can be explained by four main drivers: Firstly, a
further decline in costs of solar PV and batteries, most likely at even lower costs than as assumed in this




research, as recently discussed by Vartiainen et al. [35]. Secondly, the anticipated cost decline of
electrolyser units allows a cost optimised operation in the range of 3000 to 4000 full load hours, so that the
low cost electricity of solar PV can be utilised to a very high extent. Thirdly, low cost storage of hydrogen,
methane and CO- allows a more pronounced decoupling of the electricity supply from solar PV plants and
synthesis plants for refining the fuels for final energy demand in the transport sector. Lastly, the partial
flexibility of several components further helps in integrating higher shares of low cost solar PV while still
keeping curtailment at a low level, so that overall optimum costs can be achieved. Several of these aspects
are detailed in the following section.

From the research, it can be derived that the electrification of the transport sector will proceed in three
major phases. Firstly, direct electrification across the different modes mainly led by road transport occurs
till about 2030- Thereafter, a broader indirect electrification through the production of FT-fuels occurs
across the different transport modes. Finally, more usage of liquefied gases (CHa4, H2) in the 2040s is
observed across the transport sector mainly for long-distance, heavy-duty transport modes, such as marine
and aviation. This projection leads to zero GHG emissions in the transport sector by 2050 across Europe.

Full hourly operation is visualised for several of the major components needed for the transport sector, in
particular for the production of synthetic fuels. The highly flexible operation of electrolysers, as shown in
Figure 26 is a key reason for achieving competitive cost structures for synthetic fuels in the transport sector.
This reveals that wind energy is mainly used for direct electricity supply, whereas solar PV is the dominant
source for the production of synthetic fuels (see also Fig. 5 for the solar resource availability).
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Figure 26: Hourly production profiles of electrolysers in 2050 across Europe.

The operation patterns of aggregated FT and methanation facilities are illustrated in Figure 27. By 2050, it
can be observed that FT-fuels are produced throughout the year and methane production is predominantly
during the summer periods with good solar conditions. Methanation follows the solar PV generation profile,
but in a more diversified way so that higher full load hours can be achieved, and phases of excellent wind
conditions can be used.
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Figure 27: Hourly production profiles of Fischer-Tropsch fuels (left) and Methanation (right) in 2050
aggregated for Europe.

There is no place for fossil fuels in a fully sustainable energy system, if the goals of the Paris Agreement
are to be realised. As highlighted by the results for 2050, a zero GHG emissions global energy system can
be achieved across the power, heat, transport and desalination sectors. Additionally, it is evident that a
complete substitution of hydrocarbons by renewable electricity is not possible with currently available
technologies, as electricity cannot be directly used in some sectors such as aviation (for long distance
flights) or marine in many cases. Thus, renewable electricity based synthetic fuels are essential to fulfil this
demand. FT-fuels, hydrogen and liquefied gases (methane and hydrogen) are a viable alternative to fossil
fuels by 2040 and have a vital role through the transition.

Furthermore, as highlighted earlier, regional variation of production costs of these fuels has been factored
into the cost optimal energy transition pathway. Production costs for FT-fuels vary significantly across the
different regions of Europe with an average cost of nearly 95 €/ MWh in 2050. FT-fuel costs in Europe are
higher due to a decentralised and localised approach to the production of FT-fuels, whereas an integrated
European production of FT-fuels will most likely reduce the costs, due to production in the regions with
the most beneficial RE conditions. Additionally, considering global production and trade of FT-fuels could
potentially lower the costs, as fuels could be shipped from least-cost production sites from around the world.
The operation modes in Figure 27 are not for individual plants, but for the aggregated capacity of all
respective plants across Europe. The entire required FT capacity in 2050 is slightly less than 240 GW of
liquids output for Europe. Depending on the modular size of the FT units it is rather likely that several
hundreds of FT units can be in operation in Europe if the modular size would be for a few hundreds of MW
output capacity. The aggregated fleet of FT units would be able to follow the resource availability and the
buffered hydrogen in a cost-optimised way. The operational flexibility of methanation units is higher than
that of FT units. Some flexibility of FT units will help to better follow the resource availability of solar PV
electricity. This is currently demonstrated by smaller and decentralised FT units which are offered to the
market [36][37]. Scientific literature also confirms that identical geometric designs of FT reactors can
follow different syngas volume streams and adjust respective process parameters accordingly [38]. Such
characteristics are required for large scale roll-out of FT units for the transport sector. The flexibility aspect
of LNG liquefaction facilities has to be further investigated, in particular for large scale units. Smaller scale
LNG liquefaction units, currently offered to the market show enhanced flexibility characteristics [39],
which may be required more and also for large-scale units in the future to better follow renewable resource
availability. Both, liquefied hydrogen and methane, can be in principle operated at baseload and buffered



by gas storage on the input side and liquefied hydrogen along with LNG at the output, if this would lead to
better economics for the overall process chain.

DAC technology is increasingly being seen as a viable technology option for zero GHG emission fuels [33],
but also as negative CO, emission technology option [40,41]. DAC units can be used for both major
emerging applications, whereas CO; supply for fully defossilised fuels and chemicals may be the first major
application, followed by CO, direct removal [33,42]. The challenge of fast ramp up of DAC technology is
comparable to the fast ramp up of solar PV in the past 20 years and requires respective policies [42]. As
further highlighted by the results, DAC plays a key role in the production process of syn