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Abstract
In the 19th century, the use of fossil fuels triggered the industrial revolution. What led to great prosperity has turned into a crisis for our
planet. Climate change poses an existential threat to humanity and plenty
of ecosystems. The good news is: We have solutions at hand to solve this
crisis.
This work analyses CO2 mitigation pathways for the automotive, the aviation, and the shipping sector in Europe. Currently, these three sectors
have an annual demand for fossil fuels (mainly diesel, gasoline, and jet fuel)
of roughly 3’500 TWhch and are responsible for CO2 emissions of 917 Mt
p.a., with 60% stemming from the automotive sector, and about 20% each
from aviation and shipping. In the future, these fossil fuels will have to be
replaced by renewable energy carriers, in this thesis defined as renewable
electricity or fuels produced from renewable electricity (so-called e-fuels),
including hydrogen, ammonia, methane, methanol, and diesel. Renewable
electricity could become for this century what coal and oil were for the
last.
If the transition to carbon-neutrality is mastered until 2050, it could shift
the primary energy demand massively towards aviation and shipping. Until
2050, the electrification of transport could more than double the current
electricity consumption of Europe, from roughly 3’000 TWhel to about
7’500 TWhel . The automotive sector could only have a share of 10% of
this electricity demand in 2050, while the share of shipping could rise to
almost 40%. Aviation could be the predominant electricity consumer with
a share of over 50%. These numbers represent a scenario in which electric
cars, ships powered by liquefied hydrogen or ammonia and aircraft running
on e-jet fuel prevail, for which this thesis finds evidence. The additional
electricity demand would require massive investments in renewable electricity generation assets in Europe, exceeding currently installed capacities
of PV and wind power plants by a factor of 5-8.
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Currently, aviation and shipping are far from contributing their fair share
to the target of limiting global warming to 2.0◦ C. Only the automotive
sector is roughly on track, if the current emission reduction trajectory until
2030 imposed by the European Union were to continue beyond that year.
The aviation sector is on its way towards cumulative emissions (2021-2050)
of roughly 7.5 Gt CO2 , compared to its maximum permissible amount of
emissions for a 1.5◦ C/2.0◦ C target –its carbon budget– of 1.1/3.8 Gt CO2
(derived from the global carbon budget assuming even distribution across
countries and sectors according to their population and emission shares).
The situation for the shipping sector is similar.
Both, aviation and shipping, lack ambitious emission targets. Given their
increasing relevance in the future, accelerating their transition to renewable
energy carriers could be even more important than tightening targets for
the automotive sector.
Long lifetimes of existing vehicles commit current fleets to high lockedin emissions. The turnover time of the ship fleet towards new propulsion
systems is constrained by ships’ average lifetimes of 25-40 years. Even if all
newly built ships were powered by carbon-neutral energy carriers from 2021
on, the locked-in emissions of the existing vehicle stock would overshoot
the sector’s 1.5◦ C carbon budget by 100%. The same phenomenon can be
observed for cars. Even if all newly sold cars were full-electric from 2021
on, the sector’s 1.5◦ C carbon budget would be exceeded by roughly 40%.
Blends of e-diesel for the existing vehicle fleet, early retirements of existing
vehicles or retrofits could close this gap. Otherwise, other sectors will have
to contribute even more towards a 1.5◦ C target.
The cost gap between fossil and renewable energy carriers has to be closed
through policies and industry R&D as soon as possible if climate targets
are to be met. In particular the production costs of e-jet fuel exceeds current market prices of fossil jet fuel (averaged over the last seven years) by
a factor of about 5-8, depending on the production location in Europe.
At current emission rates, the automotive sector, aviation, and shipping
will have used up their 1.5◦ C carbon budgets within the next six years.
Fast, decisive action is needed to turn the tide and set a new course towards
1.5◦ C. This thesis provides technology pathways on how the transition to
carbon-neutrality could be mastered.
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Zusammenfassung
Fossile Energieträger leiteten im 19. Jahrhundert die Industrielle Revolution ein. Was zu großem Wohlstand geführt hat, hat sich zu einem Albtraum
für unseren Planeten entwickelt. Der Klimawandel stellt eine existentielle
Bedrohung für die Menschheit und eine Fülle an Ökosystemen dar. Die
gute Nachricht ist: Wir haben Lösungen, um diese Krise zu bewältigen.
Diese Doktorarbeit analysiert CO2 -Reduktionspfade für den Europäischen
Automobil-, Flugverkehrs- und Schiffsverkehrssektor. Derzeit bedingen diese drei Sektoren eine jährliche Nachfrage an fossilen Kraftsoffen von ca.
3’500 TWhch und sind für CO2 -Emissionen von 917 Mt p.a. verantwortlich. Davon stammen 60% aus dem Automobilsektor und ca. je 20% aus der
Luft- und Schifffahrt. In Zukunft werden diese fossilen Kraftstoffe durch
erneuerbare Energieträger ersetzt werden müssen, d.h. durch erneuerbaren
Strom oder alternative Kraftstoffe, die z.B. mit Hilfe erneuerbaren Stroms
produziert werden können. Erneuerbarer Strom könnte für dieses Jahrhundert werden, was Kohle und Öl für das letzte Jahrhundert waren.
Wenn die Transformation hin zu Klimaneutralität bis zum Jahr 2050 gelingt, könnte sich die Primärenergienachfrage massiv in Richtung Luft- und
Schifffahrt verschieben. Bis 2050 könnte die Elektrifizierung des Transportsektors den Strombedarf Europas mehr als verdoppeln, von 3’000 TWhel
auf 7’500 TWhel . Der Automobilsektor könnte im Jahr 2050 nur noch einen
Anteil von 10% an diesem Energiebedarf haben. Der Anteil der Schiffahrt
dagegen könnte auf 40% anwachsen und die Luftfahrt könnte für mehr als
50% verantwortlich sein. Dieses Szenario basiert auf der Annahme, dass im
Jahre 2050 Elektrofahrzeuge, mit verflüssigtem Wasserstoff oder Ammoniak betriebene Schiffe und mit eneuerbarem Kerosin betriebene Flugzeuge
vorherrschend sein werden. Diese Doktorarbeit belegt die Machbarkeit und
Sinnhaftigkeit dieses Szenarios aus einer technologischen Perspektive.
Aktuell sind Luft- und Schifffahrt weit davon entfernt, ihren gerechten
Anteil dafür beizutragen, ein 2.0◦ C-Ziel zu erreichen, d.h. die globale Erd-
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erwärmung auf 2.0◦ C zu begrenzen. Nur der Automobilsektor ist auf dem
Weg, ein 2.0◦ C-Ziel einhalten zu können – vorausgesetzt die aktuelle EUGesetzgebung bis 2030 wird auch über dieses Jahr hinaus genauso ambitioniert fortgeführt. Die Luftfahrtindustrie steuert auf kumulative Emissionen
(2021-2050) von 7.5 Gt CO2 zu, verglichen mit maximal erlaubten Emissionen für ein 1.5◦ C/2.0◦ C-Ziel –einem CO2 -Budget– von 1.1/3.8 Gt CO2 (abgeleitet vom globalen CO2 -Budget, das gleichmäßig auf Länder und Sektoren nach ihrem Bevölkerungs- bzw. Emissionsanteil aufgeteilt wurde). Die
Situation für den Schiffsverkehr gestaltet sich ähnlich. Sowohl in der Luftals auch der Schifffahrt mangelt es an gesetzlichen Vorschriften, Klimaziele erreichen zu müssen. Bedenkt man deren rasante Wachstumsraten, ist
die Einführung verpflichtender Zielvorgaben für sie womöglich sogar noch
wichtiger als bestehende Ziele für den Automobilsektor zu verschärfen.
Auf dem Weg zu einem klimaneutralen Transportsektor limitieren hohe
Lebensdauern von Fahrzeugen und Schiffen eine schnelle Marktdurchdringung erneuerbarer Energieträger. Selbst wenn alle neu gebauten Schiffe
ab 2021 mit CO2 -neutralen Energieträgern betrieben würden, würde die
Bestandsflotte an Schiffen ein 1.5◦ C-CO2 -Budget um 100% übersteigen.
Dasselbe Phänomen zeigt sich für den Automobilsektor. Selbst wenn alle
neu zugelassenen Fahrzeuge ab 2021 vollelektrisch wären, würde ein 1.5◦ CCO2 -Budget um 40% überstiegen werden. Diese Zielüberschreitung könnte
z.B. durch Beimischung erneuerbarer Kraftstoffe für die Bestandsflotte oder
durch Flotten-Umrüstungen verringert werden. Ansonsten müssen andere
Sektoren noch mehr zu einem 1.5◦ C-Ziel beitragen.
Um Klimaziele zu erreichen, muss die Kostenlücke zwischen fossilen und
erneuerbaren Energieträgern so schnell wie möglich durch Forschung, Entwicklung und Politikmaßnahmen geschlossen werden. Vor allem die Produktionskosten von erneuerbarem Kerosin übersteigen den Marktpreis von
fossilem Kerosin (Durchschnitt der letzten sieben Jahre) um einen Faktor
von ungefähr 5-8.
Mit ihren aktuellen Emissionsraten werden der Automobilsektor, die Luftfahrt und die Schifffahrt ihre 1.5◦ C-CO2 -Budgets innerhalb der nächsten
sechs Jahre aufgebraucht haben. Schnelles, entschiedenes Handeln ist erforderlich, um einen neuen Kurs auf 1.5◦ C einzuschlagen. Diese Doktorarbeit
liefert technologische Lösungsansätze, wie eine solche Transformation hin
zu Klimaneutralität gelingen kann.
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Chapter 1

Introduction
Compared to the pre-industrial era, our atmosphere has warmed by approximately 1.0◦ C, based on global near-surface air temperatures. 1 Extreme precipitation, droughts, and other extreme weather events are associated with global warming. 2–5 There is evidence that recent migration
waves have partly been motivated by environmental changes 5,6 and that
climate-induced migration will occur more frequently in the future. 7 Climate change also affects our ecosystems and poses a severe threat to biodiversity. 8 To prevent humanity from more severe impacts, 191 out of 197
Parties to the United Nations Framework Convention on Climate Change
(UNFCCC) have ratified the Paris Agreement (status 16 Apr 2021). 9 It
aims at “[h]olding the increase in the global average temperature to well
below 2◦ C above pre-industrial levels and pursuing efforts to limit the temperature increase to 1.5◦ C above pre-industrial levels”. 10
Climate change mitigation strategies can be formulated using a carbon
budget as an indicator for the maximum amount of CO2 that is allowed
to be emitted in order to stay below a certain degree of global warming.
Table 1.1 provides global carbon budgets as well as those for the European
Union (EU27), the United Kingdom (UK), and the four countries of the
European Free Trade Association (EFTA), together hereafter referred to
as EU32. The global carbon budget from the beginning of 2018 is based
on global near-surface air temperatures and taken from the Special Report
on Global Warming of 1.5 ◦ C of the Intergovernmental Panel on Climate
Change (IPCC). 1 It is updated to the beginning of 2021, distributed to the
EU32 using population shares, and allocated to its sectors using current
emission shares, see documentation in Appendix A.1.
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Using the concept of sectoral carbon budgets, sectoral CO2 reduction targets can be defined. However, some caveats have to be kept in mind:
First, the global carbon budget values from the IPCC are subject to high
uncertainties, e.g. due to different non-CO2 emission scenarios, see Table 2.2. in ref. 1 . Second, the global carbon budget can be distributed to
individual countries via a variety of different effort-sharing approaches, e.g.
only considering current emissions vs. considering also historical, cumulative emissions of a country. 11 Third, the distribution of national carbon
budgets to its individual sectors can be defined in multiple ways. In this
thesis, a distribution according to current emission shares is used, following
the rationale that every sector needs to achieve sufficient market dynamics
to ramp-up carbon-neutral technologies in the light of fleet turnover constraints. Another conceivable approach would be to factor in the economic
feasibility of CO2 mitigation pathways for individual sectors, e.g. granting
higher carbon budget shares for harder-to-abate sectors. While such an
approach better captures the economic capabilities of individual sectors, it
is at risk to underestimate market and fleet turnover dynamics. Granting
one sector a higher carbon budget necessarily results in additional cuts for
the carbon budget of other sectors. With many sectors facing locked-in energy assets (residential heating and cooling systems, material production
for consumer goods or industry, energy generation, vehicles, etc.), such
an approach would only be feasible if other sectors were capable to move
quicker to carbon-neutrality. Due to the high uncertainties and trade-offs
in such considerations, this thesis is based on the assumption that all sectors have to move simultaneously in order to make every effort to achieve
climate goals.
Table 1.1: Carbon budgets from the beginning of 2021 for a target of limiting
global warming to 2.0 and 1.5◦ C with a probability of 67%. The aviation and
shipping sector include international and domestic transport activities. The values are
estimated using refs. 12–17 , see documentation in Appendix A.1.

2.0◦ C
◦

1.5 C

World

EU32

Transport
(EU32)

Cars
(EU32)

Aviation
(EU32)

Shipping
(EU32)

1044.0

70.9

25.9

11.1

3.8

3.5

294.0

20.0

7.3

3.1

1.1

1.0

The global carbon budget of 294.0 Gt CO2 from the beginning of 2021 compares to current annual anthropogenic CO2 emissions of roughly 43.2 Gt in
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2019. 12,13 At the current emissions rate, the remaining carbon budget will
already be depleted in 2027. “[L]imiting warming to 1.5◦ C would require a
rapid escalation in the scale and pace of transition, particularly in the next
10-20 years.” 18 Rogelj et al. find that “stringent early reductions are key
to retain a possibility for limiting warming to below 1.5◦ C by 2100. The
window for achieving this goal is small and rapidly closing.” 19 Even from
an economic perspective, delays in CO2 reduction efforts have a detrimental economic impact. The additional abatement costs per year of inaction
are estimated to amount to 5 trillion USD, when aiming to comply with
the 1.5◦ C target. 20
Furthermore, the carbon budget estimations in Table 1.1 exclude earth system feedbacks. 1 Such self-reinforcing feedback loops (tipping points) can
trigger a sudden and rapid increase in global warming. Even though scientific evidence is limited, such tipping points are likely to occur already at
1.5◦ C global warming. 21 Hence, the presented carbon budget values might
be underestimating the urgency for action.

By the end of 2020, major economies in the world have formulated their
aspirations to achieve net zero emissions by mid-century. 22,a Among those
countries are the European Union 23 , China 24 , and the United States 25 –
which alone make up more than half (55%) of global gross domestic product (GDP) –, Argentina 22 , Canada 22 , Japan 26 , Mexico 22 , South Africa 22 ,
South Korea 27 , and the United Kingdom 28 , together accounting for almost
three quarters (72%) of global GDP (measured in constant 2010 USD for
2019, ref. 29 ). In 2020, the UNFCCC further reported roughly a doubling
of the “number of commitments to reach net zero emissions from local
governments and businesses [...] in less than a year”. 30 There is a clear
momentum for climate change mitigation, accompanied by the potential
to overcome the “free-riding problem” of decades of international climate
policies – e.g. by a climate club, i.e. a coalition of nations pursuing the
same climate targets “with penalties for nonmembers”. 31

a

Most net zero targets are for 2050, except for China which targets 2060. Most targets refer to all
greenhouse gases (GHGs).
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1.1

Study scope

This study assesses CO2 reduction pathways for the automotive, the aviation, and the shipping sector of the EU32. The following sections provide
a rationale for the chosen geographical, sectoral, and emissions scope.

1.1.1

Rationale for the geographical scope

From the EU32’s total CO2 emissions, the transport sector is responsible
for more than one third (33.6%), with emissions of 1.3 Gt CO2 out of a
total of 3.8 Gt CO2 in 2018. 17,b Globally, the transport sector has an emissions share of only roughly a fifth (21.5%; 8.1 Gt CO2 of 37.7 Gt CO2
in 2018). 12,32 This difference is likely to stem from the trend of developed
countries like the EU32 towards faster, more comfortable, and hence more
carbon-intensive modes of transportation compared to developing countries. The EU32 shows, e.g., higher motorisation rates from passenger
cars 33,34 and higher CO2 emissions per capita from flying activities 35,36
than developing countries. The EU32 is considered an archetype for the
transition path towards climate neutrality that developing countries might
also follow in the future. It is also seen as a green innovation hub for the upcoming years. Within the European Green Deal, a CO2 reduction strategy
for the aviation and the shipping sector is planned to be implemented. 37–39
Furthermore, the European Commission currently considers ratcheting up
the 2030 emission limit target for cars to a 50% reduction compared to
2021 (ref. 40 ), from a current reduction target of 37.5% (Regulation (EU)
2019/631, ref. 41 ).
The findings of this thesis also give a glimpse into how transitions of the
transport sector in other countries might look like – respecting caveats like
different geographical and cultural environments. Thereby, the relevance
of this study could be expanded from the EU32’s to the global transport
sector (3.4% vs. 21.5% of global emissions).

b

Total emission values of the EU32 or the world include international bunkers and exclude emissions
from land use, land-use change, and forestry (LULUCF).
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Rationale for the sectoral scope

Transport is key in global efforts towards zero GHG emissions. It requires
high densities of the used energy carriers due to their mobile on-board
use, which makes it particularly difficult to decarbonise compared to other
sectors. 19,42,c As a result, emissions from the transport sector have been
rising in the EU32 since 1990, while all other energy-related sectors have
experienced a decline, see Figure 1.1.
The transport sector is the “least diversified energy end-use sector [...]
with 92% of transport final energy demand consisting of oil products”. 1
Furthermore, the 1.5◦ C carbon budget for the EU32’s transport sector,
7.3 Gt CO2 , compares to its current annual emissions of 1.3 Gt CO2 . 17 If
emissions would stagnate at current levels, the remaining budget will be
depleted in less than six years.
This study addresses passenger cars, aircraft, and ships (both domestic and
international transport activity). They account for 71.2% of all transport
emissions of the EU32. 17 Cars are analysed because they have the highest share of total transport emissions (42.9%). 17 Aircraft and ships (28.2%
of total transport emissions 17 ) are analysed because they represent heavyduty, long-distance transport. They are particularly difficult to decarbonise
and lack research in potential CO2 reduction measures. This situation aggravates considering their high projected growth rates for the next decades.
Both the demand for aviation and shipping is expected to roughly triple by
2050 compared to 2015, measured in revenue passenger kilometres (RPKs)
for aviation and in tonne kilometres (tkms) for shipping. 44 While all other
sectors are expected to be able to reduce their emissions under the Paris
Agreement, international aviation and shipping are currently not even part
of the Paris Agreement. Without any further climate change mitigation
measures, they could “consume between 60 and 220 per cent of allowable
CO2 emissions by 2050 under IPCC illustrative 1.5◦ C scenarios”. 22 Buses
and trucks (27.1% of total transport emissions 17 ) are excluded due to a
lack of mobility data or more complex data processing requirements on a
European scale. Other vehicles like motorcycles or railways are not considered since they only amount to 1.8% of total transport emissions of the
EU32. 17
c

This study refers to “decarbonisation” as a “process by which countries, individuals or other entities
aim to achieve zero fossil carbon existence.” It typically “refers to a reduction of the carbon emissions
associated with electricity, industry and transport”, according to the nomenclature of the IPCC. 43
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The European automotive sector is governed by EU law and national regulations from individual Member States. In contrast, emissions from international aviation and shipping are addressed by two agencies of the United
Nations (UN), the International Civil Aviation Organization (ICAO) and
the International Maritime Organization (IMO). Being rather cooperative
agreements than regulatory bodies,d those two international sectors are
particularly difficult to regulate. The current main CO2 reduction aspirations are documented in Table 1.2, which provides a comparison of the
automotive, the aviation, and the shipping sector regarding current policy
and technology characteristics.

d

The ICAO even explicitly states that is not a “global regulator” and that the “stipulations ICAO
standards contain never supersede the primacy of national regulatory requirements”. 45
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Figure 1.1: Development of the energy-related CO2 emissions (top panel) and
sectoral shares for 2018 (bottom panel) from the EU32. Data from the European Environment Agency. 17 Total energy-related CO2 emissions amount to 3.5 Gt CO2 ,
compared to the total emissions of the EU32 of 3.8 Gt CO2 .
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Technology/Data-related characteristics

Policy-related characteristics

Table 1.2: Comparison of sector characteristics for the automotive, the aviation, and the shipping sector.
Automotive sector

Aviation sector

Shipping sector

International
bodies

European Union (EU)

International
Civil
Aviation Organization
(ICAO)

International Maritime
Organization (IMO)

Main CO2 reduction policy/
aspiration

Regulation (EU) 2019/
631 (ref. 41 )

Carbon Offsetting and
Reduction Scheme for
International Aviation
(CORSIA, ref. 46 )

Initial IMO Strategy
on Reduction of GHG
Emissions from Ships 47

Specific targets

CO2
emission
performance
standards
for
new
passenger
cars: reduction of 15%
(37.5%) in 2025 (2030)
compared to 2021

Carbon-neutral growth
from 2020 on

Reduction of “annual
GHG emissions by at
least 50% by 2050 compared to 2008” (ref. 47 )

Target character

Regulation

Voluntary phase from
2021 through 2026, compliance period from 2027
through 2035

Non-binding aspiration

Average vehicle
lifetime

15-30 years 48

25-35 years 49

25-40 years 50,51

Importance
retrofits

low

med.

high

Number of individual vehicle
types/models

high

low

high

Mobility
demand of individual vehicles
available

x

(Automatic Identification System, AIS)

(Automatic
dependent
surveillance
broadcast, ADS-B)

CO2 emissions
in the EU32 in
2018

553.5 Mt CO2

190.8 Mt CO2

173.1 Mt CO2

Share of CO2
emissions from
international
transport in the
EU32 in 2018

—

91% (ref. 17 )

86% (ref. 17 )

Relevance
of
non-CO2
climate impact for
global warming

low

high

low

of
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Rationale for the emissions scope

This doctoral thesis is mainly concerned with CO2 emissions. To focus on
the actual climate impact from the operational emissions of on-board energy conversion, only the effects of tank-to-wheel/wake (TTW) emissions
are considered. However, for a direct comparison of renewable energy carriers and their fossil counterparts, energy-related upstream (well-to-tank,
WTT) emissions and emissions from the production of batteries (as part
of a life cycle assessment, LCA) are included. This scope extension is
only applied for the direct comparison of renewable energy carriers in Section 3.1.1. Future decarbonisation pathways for the transport sector only
consider TTW emissions again, since WTT emissions are ascribed to and
assumed to be reduced in other sectors like the industry or electricity sector.
Although this thesis focuses on CO2 emissions, the relevance of non-CO2
climate forcerse for global warming is discussed in the following.
Non-CO2 emissions (CH4 and N2 O) amount to only around 1% of total
CO2 -eq. emissions of cars. 52
For aircraft, non-CO2 emissions are responsible for “a net positive (warming) ERF [effective radiative forcing] that accounts for more than half
(66%) of the aviation net ERF in 2018” 53 . Major positive (warming) ERF
contributions result from contrail cirrus (57 mW/m2 ), CO2 (34 mW/m2 ),
and NOx (18 mW/m2 ), albeit all non-CO2 figures are subject to high confidence intervals. “Aerosol-radiation interactions from sulfur emissions”
show a negative (cooling) ERF contribution (-7mW/m2 ). 53 An overview of
the formation of aviation induced cloudiness (AIC) and potential measures
to reduce its climate impact are provided in Box 1.
The shipping sector historically had a net cooling effect on the atmosphere
(RF of roughly -70 mW/m2 ), comparing the year 2000 against the preindustrial period. The overall effect of NOx has been small since the positive
(warming) RF effect through ozone formation canceled out the negative
(cooling) RF effect through reduced methane lifetime. The indirect effect
of sulfate aerosols, increasing the water droplet number and decreasing
the average droplet size in low-altitude clouds, results in a higher albedo
and hence a cooling effect (“Twomey effect”, refs. 54,55 ). The direct effects
e

Note that different indicators (namely CO2 -eq., radiative forcing (RF), and effective radiative forcing
(ERF)) and time scales (current vs. historical emission effects) are used here. They are not directly
comparable and only used to exemplify the general importance of non-CO2 emissions.
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of sulfate aerosols and their indirect cloud-altering effects (both cooling)
overcompensate the warming effect of CO2 . 56 With the introduction of the
sulphur cap, i.e. a maximum permissible mass fraction of sulphur in marine fuels of 0.5% (since 2020, ref. 57 ), such effects will be diminished and
shipping is likely to have a net warming RF effect in the future.
Box 1: Current scientific evidence about aviation induced
cloudiness (AIC)
AIC describes the combined warming effect of persistent contrails
and cirrus clouds arising from them. 58 Persistent contrails are formed
in ice-supersaturated conditions 53,58 when aerosol particles from an
aircraft’s exhaust plume trigger ice nucleation. 59 The resulting ice
crystals are small but high in number and have a warming effect on
the atmosphere. 58
Using synthetic jet fuel results in lower soot particle numbers in the
exhaust 58 and can potentially mitigate contrail formation. 60,61 While
jet fuel produced from biomass or coal and blends of them with fossil
jet fuel show a high spread in the potential soot reduction effect, 62–64
jet fuel produced from renewable electricity promises the highest effect. 58 However, there are two caveats: First, the AIC reduction effect
is highly dependent on the background particle concentration in the
atmosphere. 65 Second, fuels with a higher hydrogen content (like some
biofuels or pure hydrogen) would also entail higher water vapour emissions. It is unclear whether “this increased water vapour in the early
plume is relevant to contrail evolution”. 62
In addition to synthetic fuels, other measures to reduce the AIC effect
of aviation can be considered: Depending on atmospheric background
conditions, rerouting of flights to regions with a lower expected likelihood of cloud formation might be such an option. 66 A reduction of
60% of the contrail EF might be achievable with negligible additional
CO2 emissions from longer flight tracks 67 – however, current scientific
evidence is subject to high uncertainties. 66,67 Finally, all-electric aircraft would reduce the AIC effect completely, but their potential is
limited by the energy density of batteries. Following current trends,
battery-pack densities of 800 Wh per kg could be achieved by midcentury and supply short-haul flights of up to 1’111 km, reducing
overall CO2 emissions from aviation by 15%. 68
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Key indicators for CO2 reduction strategies

A clear, measurable target (in form of a carbon budget or a fixed net-zero
emission year), paired with the commitments of major economies to pursue
this target, leaves the key question of how to reduce CO2 emissions in the
most effective way – more specifically, when to deploy which CO2 reduction
measures to gain the highest climate change mitigation impact with the
lowest resource investment. Policymakers and corporate strategists depend
on scientific evidence for climate change mitigation strategies. Three key
performance indicators (KPIs) are identified to play a crucial role in policymaking and investment decisions. They can support the prioritisation
of CO2 reduction measures.
1. The CO2 reduction potential of a measure (KPI 1). The CO2
reduction potential of different measures along a product’s life cycle
is important for their cost-benefit ratios. CO2 reduction measures
can either be of incremental/evolutive or of disruptive nature: Evolutive CO2 reduction measures improve existing technologies, e.g. via
lightweighting, aerodynamic design changes, and downsizing of vehicles. Disruptive measures, on the other side, represent a switch of
technology and are associated with a greater CO2 reduction potential. In the transport sector, disruptive measures comprise foremost
changes in energy carriers and converters.
In this thesis, renewable energy carriers are defined as renewable electricityf or synthetic fuels that are produced from renewable electricity,
so-called electro- or e-fuels. 69 In general, however, synthetic fuels can
be produced from four different feedstocks: from renewable electricity
via electrolysis, from sustainable biomass (biofuels 70 ), from concentrated solar power via thermochemical processes (solar fuels 71 ), and
from fossil fuels (like grey hydrogen 72 ). E-fuels combine high technology readiness levels (TRLs) of 5-9 (refs. 73–75 ; compared to lower
TRLs of solar fuels), a high feedstock availability (compared to biofuels 76 ), a high land productivity, i.e. the achievable fuel production
volume per land area (at least one order of magnitude greater than
f

The electricity demand could be supplied by any low-carbon energy source, including renewables like
PV or wind power and nuclear energy. This thesis only considers renewable electricity.
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for biofuels 77,78 ), low water requirements (several orders of magnitude
lower than for biofuels 79 ), and a high GHG reduction potential (compared to fossil fuels and most biofuels 80,g ). The scope of this thesis is
limited to e-fuels in order to address the resulting electricity demand
from a carbon-neutral transport sector. The use of sustainable biofuels or solar fuels, however, could lower this electricity demand.
The advantages listed above suggest e-fuels as the favourable option
for large scale adoption. However, they impose an additional demand
on the electricity production sector. Anticipating the soaring demand
for renewable electricity in the future, a sound sector-overarching
CO2 reduction strategy needs to prioritise CO2 reduction measures
and orchestrate varying incentives over time. Next to the avoided
kg CO2 per measure, the CO2 abatement per kWh invested renewable electricity will become important in the future 79 – as well as the
CO2 abatement per kW of installed capacity of renewable electricity
generation assets.
2. The time dimension (KPI 2). The velocity of the market adoption of new technologies is limited by existing assets as well as technological and customer-related ramp-up constraints.
First, existing assets like the vehicle fleet have a certain expected
lifetime which limits the market diffusion of new technologies, unless
early retirements or retrofits are considered. Decisions that are being
made now have a long-lasting impact. The average vehicle lifetimes
define the locked-in, committed emissions from existing assets 51,84,85
and how long it takes for CO2 reduction measures to materialise their
full impact in the fleet. Cars show average lifetimes of 15-30 years 48 ;
aircraft (25-35 years 49 ) and ships (25-40 years 50,51 ) stay even longer
in the fleet, see Table 1.2. Retrofits to the existing vehicle fleet are
more common for ships and aircraft than for cars. Besides the lock-in
of existing vehicles, a lock-in of infrastructure, e.g. for fuel refineries,

g

Some studies like refs. 69,70,81 argue that carbon capture and storage (CCS) deployment might outperform e-fuels economically. Latest scientific evidence suggests that CO2 leakage from CCS sites is not a
major concern if properly regulated, but that the “long-term behaviour of CO2 in the subsurface remains
a key uncertainty.” 82 Public acceptance for CCS is limited, but could be improved by informing the public
about risks and benefits. 83 Availability and accessibility of suitable CO2 storage sites, however, are key
hurdles for the deployment of CCS. 78 In this study, a continued use of fossil fuels with subsequent CCS
is not considered since it odes not trigger a systemic change towards a completely renewable transport
sector.
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fuel distribution logistics, or refuelling sites, aggravates the ramp-up
constraints of new technologies. From an economic perspective, companies have an interest to maintain their business in refineries, fuel
distribution, etc., once the investments have been made. The long
lifetime of vehicles demands for flexible solutions or a swift consensus
on the prevailing renewable energy carriers in the future. Stringent
and long-term emission reduction targets following a 1.5◦ C-compliant
carbon budget can help to reduce risks by providing planning security to industries.
Second, the deployment rate of low-carbon technologies can be limited by technological ramp-up constraints due to low TRLs, 86 production capacity/supply chain constraints, 87 refuelling/recharging infrastructure, 88 or their different financing structures compared to conventional technologies (e.g. higher upfront investment costs). 89
Third, the market diffusion of new technologies can be limited by
a lack of customer acceptance in the case of consumer products. 90
Only after years of research and development (R&D), marketing efforts, and financial incentives 91 , customers might switch to alternative, low-carbon products.
3. The CO2 abatement costs (KPI 3). The comparison of CO2
abatement costs of different measures, 92–94 i.e. the costs to mitigate
the emission of 1 t CO2 , is essential to assess the cost-benefit ratios of
these measures. This KPI adds the economic perspective (costs) to
the technological CO2 reduction potential of a mesure (benefit). Sorting all available measures ascending by their CO2 abatement costs
and plotting them against their overall CO2 reduction potential yields
the Marginal CO2 Abatement Cost Curve. Many CO2 reduction measures even provide a cost reduction compared to the current system.
Despite the fact that exploiting them entails an economic advantage,
their application remains limited, e.g. due to system inefficiencies
or a lack of knowledge or capacity. Other measures like renewable
fuels, however, are usually several times more expensive than fossil
fuels. 69,95
These three KPIs facilitate the design of policies which are e.g. effective in
creating a level playing field between conventional and new technologies. 96
For companies, on the other hand, these KPIs help to anticipate future
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policies in order to be able to design their product portfolios proactively
according to current and future regulations. Financing instruments and
conditions 89 and the development of new business models 97 are important
for a successful market diffusion of CO2 reduction technologies.
However, these three KPIs are not intended to be exhaustive, but to reflect focus areas where scientific evidence is an integral element for effective policymaking and corporate decision-making. Other factors should be
considered as well, e.g. societal effects, impacts on the job market, energy
security, the R&D landscape, innovation management, intergovernmental
relationships, pollutant emissions, non-CO2 climate impacts, or the geographical concentration of emissions.

1.3

Research gaps and contribution of this
doctoral thesis

In this section, research gaps will be derived along the three KPIs from
Section 1.2. A summary of the research outputs of this thesis provides an
overview of how this thesis advances the current methodological state-ofthe-art and which new scientific insights are generated. Figure 1.2 depicts
the research framework of this thesis and indicates where published or
submitted research articles are located. Bibliometric information about
these journal articles and conference papers is given in Table 1.3.
1. The CO2 reduction potential of a measure (KPI 1). Total
CO2 emissions from the transport sector can be calculated from four
factors according to the ASIF model: 98 (A) the transport activity,
i.e. the mobility demand, (S) the shares of different modes of transportation on this demand, (I) the energy intensity of on-board energy
converters of the vehicles, and (F) the CO2 content of the used energy
carrier (fuel). These four factors are depicted in the top left panel of
Figure 1.2 (“Vehicle fleet modelling”). Each of the four factors can
be addressed by corresponding CO2 reduction measures, see top right
panel of Figure 1.2 (“CO2 reduction measures”). These theoretical
reduction potentials are given per vehicle. Combined with the respective mobility demand and the vehicle specifications (panel “Vehicle
fleet modelling”), the fleet-wide application potential of each measure can be estimated. The theoretical potential per vehicle and the
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Figure 1.2: Research framework of this doctoral thesis. Numbers indicate published/submitted research articles within this doctoral thesis. Bibliometric information
about these journal articles and conference papers is given in Table 1.3.

real-world potential for the whole fleet differ for a number of reasons
that limit the application potential of an individual measure. Such
limitations can be found, e.g., for long-range, heavy-duty operations
for which the energy densities of batteries or the tank systems of
gaseous fuels are not sufficiently high, or behavioural aspects like a
limited individual willingness or ability to switch from car to public
transport.
This doctoral thesis focuses on the determination of application potentials and fleet-wide CO2 reduction potentials. From the four factors (A), (S), (I), and (F), only the carbon content of the used energy
carrier (F) can go to zero. Therefore, this thesis is centred around
the substitution of fossil by renewable energy carriers (electricity or
e-fuels). Since particularly scientific literature for e-fuels has only
emerged in the last few years, the first research questions of this
doctoral thesis are:
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Research Question 1: What is the CO2 reduction potential of renewable energy carriers compared to other CO2
reduction measures?
Research Question 2: Which renewable energy carriers
are suited for which mode of transportation and operation?
The current scientific evidence for the CO2 reduction potential of
all available measures for cars, aircraft, and ships is summarised in
Section 3.1. This overview addresses all four ASIF factors, not only
renewable energy carriers, and includes newly generated insights of
this doctoral thesis. While all four factors are discussed separately
here, there are interactions between them, e.g. shifts from one mode
to another causing higher activity levels. These interactions can be
highly complex and are influenced by regulatory, market and consumer behaviour.
For cars, the role of renewable fuels for passenger transport (foremost hydrogen, methane, and diesel/gasoline – all produced from
renewable electricity) is discussed in the light of a prevailing push for
electric vehicles. While the developed methodology is applied on a
European level within this thesis, a first case study for Switzerland
has been prepared for submission (paper #6).
For aircraft, the only renewable energy carrier that can be used currently is synthetic jet fuel. Various production pathways for such
fuels are summarised as Sustainable Aviation Fuels (SAFs). SAFs
can already be applied to the whole fleet as blends of maximum 50%
(status 2020, ref. 99 ). This limit is e.g. due to a reduced aromatics
content of SAFs compared to fossil jet fuel, which entails less particle emissions, but also a reduced lubricity of the fuel. However,
only minor changes to current engines or small fractions of lubricant additives to the SAFs are required to achieve 100% application
potential. 100,101
For ships, a variety of renewable energy carriers exist: hydrogen,
ammonia, methane, methanol, diesel – all produced from renewable
electricity –, or battery-electric propulsion directly using renewable
electricity. There is no scientific literature about the application potential of these renewable energy carriers, i.e. which fuel is suited to
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sustain which share of current cargo operations. A first assessment of
their application potential is provided for ships carrying bulk cargo
in Europe (paper #8). The developed methodology can be applied to
other ship types, as soon as currently lacking data on cargo capacity
utilisation become available. One part of this new methodology is
a port call recognition algorithm that identifies port calls from AIS
data. Applying this algorithm allowed for the detailed estimation of
the CO2 reduction potential of shore-side electricity (paper #7), i.e.
replacing the use of fossil fuels by electricity while berthed.
Methodologically, a new fuel estimation model for civil aviation is
developed (paper #5) that allows a rapid estimation of the sector’s
global fuel consumption and the impact of emission reduction measures. For ships, a novel methodology is developed (papers #7, #8),
since no accurate fleet-wide energy demand models have been available in current state-of-the-art modelling which focuses on individual
ships. For the automotive sector, mobility demand patterns of cars
are analysed on the example of Switzerland (papers #3, #4).
2. The time dimension (KPI 2). KPI 2 advances KPI 1 by a fleet
evolution perspective. The introduction of CO2 reduction measures
is limited by several ramp-up constraints, as discussed in Section 1.2.
The impact of such fleet dynamics on the ramp-up of renewable energy carriers is currently scarcely analysed. Due to the inertia of
existing vehicle stocks, the entry into force of policies and their effect are time-delayed. It is crucial to assess expected emissions under existing policies against climate targets in order to understand
which emission trajectories and which technology developments are
sufficient to comply with a 1.5◦ C/2.0◦ C carbon budget. From these
considerations, the third research question arises:
Research Question 3: Are current trends and regulations on track to meet a 1.5◦ C/2.0◦ C target? If not, which
additional measures can be taken to reduce the emissions
gap?
For each individual sector, models are developed to estimate future
mobility demand patterns, fleet compositions, and energy demands,
see top-left panel of Figure 1.2 (“Vehicle fleet modelling”). The fu-
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ture vehicle stock size for every year until 2050 is defined by an initial
stock size and the annual vehicle inflows and outflows. A key variable
for such models is the survival rate of vehicles in a given fleet, i.e.
the probability that a vehicle is still in service at a given age. For
the automotive sector, no up-to-date survival rates were reported in
literature for European countries. For the shipping industry, no survival rates were available at all. This thesis closes this gap (papers
#1, #2). Combined with models that estimate a sector’s energy demand (and hence emissions) based on current mobility patterns, the
fleet turnover models yield the total energy demand of a vehicle fleet
for each year until 2050.h Juxtaposing the corresponding emissions
to sectoral carbon budgets defines the demand for renewable energy
carriers, (papers #2, #6).
With a rising demand for renewable electricity and a potential competition of many sectors for clean electricity in the future, the amount
of necessary renewable energy carriers to achieve 100% decarbonisation should be minimised. While this perspective is of pure technological nature, a techno-economic study would additionally consider
the corresponding required installed capacity of renewable electricity
generation as an important proxy for the overall system costs. In
broader contexts, other indicators like safety, public acceptance, etc.
have to be taken into account as well. This thesis focuses on a technological perspective and hence the objective of minimised renewable electricity generation which can be achieved via two strategies:
First, the three other factors of the ASIF model, (A), (S), and (I),
can reduce the demand for renewable energy carriers (and expand
the time until carbon budgets are exhausted). Second, renewable energy carriers with the least electricity demand should be prioritised
(electricity > hydrogen > ... > liquid hydrocarbons like e-jet fuel) if
they can sustain the current operations. Only recent literature (like
refs. 79,104 ) has started to discuss such prioritisation tasks, concluding
that direct electrification should be preferred wherever possible. The
implications of a soaring electricity demand from renewable energy
carriers on a European 79,104 or global 105,106 level have not thoroughly
h

This thesis does not take into account a drop in demand due to the COVID-19 pandemic, since a quick
rebound after a relaxation of the pandemic is expected or already observable in some countries 102,103 –
even though long-term trends like video conferencing could have a lasting impact on the future demand
for aviation. 102
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been addressed by scientific literature up until recently, with first
publications emerging in 2019 and 2020. They are very valuable to
kick off such discussions, but are either not peer-reviewed, 79,105,106
do not document the used methodology in full detail, 79 or are only
based on rough estimations of the application potential of electrified
transport modes. 104 While refs. 79,104 agree in their estimations of the
potential electricity demand from a fully decarbonised transport sector – in the order of 2’800-2’900 TWhel p.a., compared to roughly
3’000 TWhel of electricity consumption in the EU32 in 2019 – these
figures are provided for 2013 (hypothetical scenario in ref. 104 ) and
for 2050 (dynamic transition to a fully decarbonised transport sector
in ref. 79 ). Demand forecasts, however, strongly influence such evaluations – in particular in the light of a projected tripling in demand
for aviation and shipping. More detailed assessments are necessary
to show the evolution of the additional electricity demand from the
transport sector until 2050. This thesis provides a start for this kind
of analysis for the automotive, the aviation, and the shipping sector.
Therefore, the fourth research question of this thesis is:
Research Question 4: What is the future demand for renewable energy carriers for the European automotive, aviation, and shipping sector and how can it be minimised?
3. The CO2 abatement costs (KPI 3). The CO2 reduction via
renewable energy carriers comes at a cost. Particularly for e-fuels,
the high demand for renewable electricity due to the efficiency losses
in the fuel production pathway is one of the main drivers for the cost
gap between fossil and renewable fuels. From that, the fifth research
question of this doctoral thesis arises:
Research Question 5: At which costs can the required
amount of renewable energy carriers be produced?
Fuel production cost estimations differ widely due to different assumptions and geographical scopes. 69,95,106–110 More research is needed
to narrow these uncertainty bandwidths. In this thesis, the future
production costs of e-jet fuel are assessed for the EU32 (paper #9),
since the mentioned cost gap to fossil fuels is the highest for liquid
hydrocarbons (e.g. compared to hydrogen).
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The developed methodology, a cost optimisation of fuel production
plant design and operation, can be used for other fuels as well. A
key question that is addressed in paper #9 is whether the EU32 can
supply its own demand for sustainable jet fuel at reasonable costs or
whether it will have to rely on cheaper imports.
In summary, this thesis contributes to the emerging literature on demand
and supply of renewable energy carriers for mitigating CO2 in the European
transport sector, particularly for aviation and shipping; thereby proposing
the indicator “invested kWh of electricity per tonne of avoided CO2 ” as
key indicator for future policymaking. The research insights generated in
this thesis allow for a prioritisation of renewable energy carriers with the
least electricity demand. Implications of the research insights for industry
and policy are derived for each mode of transportation.
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Table 1.3: Published/submitted research articles within this doctoral thesis.
First authors, incl. shared first authorships, marked in bold.
#

Title

Authors

Status

ref.

1

Lifespans of passenger cars in
Europe: empirical modelling of
fleet turnover dynamics

Maximilian Held, Nicolas
Rosat, Gil Georges, Hermann
Pengg, Konstantinos Boulouchos

Published in European
Transport Research Review (2021)

48

2

Scrapping Probabilities and
Committed CO2 Emissions of
the International Ship Fleet

Maximilian Held, Boris
Stolz, Jan Hoffmann, Michele
Bolla, Gil Georges, Konstantinos Boulouchos

Published at the 7th
Int. Symposium on Ship
Operations, Mgmt., and
Economics (2021)

50

3

Future mobility demand estimation based on sociodemographic
information: A data-driven approach using machine learning
algorithms

Maximilian Held, Lukas
Küng, Emir Çabukoglu, Giacomo Pareschi, Gil Georges,
Konstantinos Boulouchos

Published at the 18th
Swiss Transport Research
Conference
(2018)

111

4

Vehicle motion patterns for energy research: Comparison of annual mileage using vehicle and
person-based data

Michele Bolla, Maximilian Held, Lukas Küng,
Gil Georges, Konstantinos
Boulouchos

Published at the 18th
Swiss Transport Research
Conference
(2018)

112

5

Fuel Estimation in Air Transportation: Modelling global fuel
consumption for commercial aviation

Kyle Seymour, Maximilian Held, Gil Georges, Konstantinos Boulouchos

Published in Transportation Research Part
D (2020)

113

6

Pathways to contain the Swiss
car fleet within the 1.5◦ C carbon
budget: the roles of CO2 emission limits, electric cars and synthetic fuels

Lukas Küng, Maximilian
Held, Giacomo Pareschi,
Michele Bolla, Gil Georges,
Konstantinos Boulouchos

Prepared for submission

114

7

The CO2 reduction potential of
shore-side electricity in Europe

Boris Stolz, Maximilian
Held, Gil Georges, Konstantinos Boulouchos

Published in
Energy (2021)

Applied

115

8

Techno-economic prospects of renewable energy carriers for ships
carrying bulk cargo in Europe

Boris Stolz, Maximilian
Held, Gil Georges, Konstantinos Boulouchos

Submission in January
2021, currently under
review

116

9

Future costs of sustainable aviation fuels produced from renewable electricity in Europe

Kyle Seymour, Maximilian
Held, Gil Georges, Konstantinos Boulouchos

Prepared for submission
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Chapter 2

Methodology
To answer the research questions of this doctoral thesis, three core modules
are required for each of the three modes of transportation: fleet turnover
models (Section 2.1), mobility demand models (Section 2.2), and energy
demand models (Section 2.3). Moreover, a cost optimisation framework
is used to estimate the future production costs of renewable jet fuel (Section 2.4). The following sections will highlight the similarities and differences between the automotive, the aviation, and the shipping sector for
each of these modules. All modes have been modelled as similarly as possible in order to reduce complexity and enhance comparability.
The chapter concludes with the definition of future scenarios until 2050
(Section 2.5). Pathways for the transport demand, the energy intensity of
vehicles, and a potential mode shift to modes with a lower CO2 intensity
are defined. They are the basis for the evaluation of emission trajectories
and the future energy demand of each sector.

2.1

Fleet turnover modelling

New technologies usually diffuse into markets following logistic, S-shaped
market adoption curves. 118 To estimate the impact of market diffusions in
the transport sector, fleet turnover models are used. 119,120 Figure 2.1 illustrates their general setup: An initial stock of vehicles at time t0 is altered
over time by inflows of new vehicles entering the market and outflows of
scrapped vehicles leaving the market. The inflow is governed by the new
registrations of new vehicles, the outflow by survival rates of vehicles. The
latter is modelled as the probability of each individual car in a fleet to
survive a specific year (2020 < t < 2050), given its age. The required data
are documented in Table 2.1.
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Figure 2.1: Schematic fleet turnover model.

Table 2.1: Data sources for fleet turnover modelling.
Automotive sector

Aviation sector

Shipping sector

Current
vehicle
stock
resolved
by age

United Nations Economic Commission for Europe (UNECE 121 ), European Automobile Manufacturers
Association (ACEA 122 ), and national statistics offices (27 individual sources, see paper #1, ref. 48 )

Planespotters 123

FleetMon 124

Inflow
of new
vehicles

New registrations from UNECE 125 ,
ACEA 126 , Eurostat 127 , and national statistics offices (29 individual sources, see paper #1, ref. 48 );
extrapolation via population development projections 128 setting the
number of new registrations per
capita 15 constant

Number
of
new
aircraft
calculated
back from traffic
forecasts, applying
the annual mileage
per aircraft type
observed in 2018 to
traffic projections

Number of new ships calculated back from freight transport demand forecasts, applying the annual mileage
per ship (for similar groups
of ships observed in 2018)
to freight transport demand
projections

Outflow
of vehicles

Vehicle lifetimes from paper #1
(ref. 48 , see Table 2.2)

Vehicle
lifetimes
from Dray (ref. 49 ,
see Table 2.3)

Vehicle lifetimes from paper #2 (ref. 50 , see Table 2.3)
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Inflow and Outflow
The fleet turnover dynamics of the sectors aviation and shipping are
assumed to only show minor differences between individual countries because of their international mobility patterns. Therefore, the inflow of new
vehicles and outflow of scrapped vehicles are not modelled on a countryspecific basis, but on an aggregated European level. The dynamics of
the automotive sector, however, show a high variance between different
countries. Inflows to and outflows from the car stock are modelled on a
country-specific basis for all 32 European countries.
Figure 2.2 compares the survival rates for all three modes of transportation.
Ships show the highest average lifetimes of 25-40 years, while the lifetime
of cars offers the highest variance (below 10 up to over 30 years).

Figure 2.2: Range of survival rates for cars, aircraft and ships, based on data
from paper #1 (ref 48 ), paper #2 (ref. 50 ), and ref. 49 . For aircraft, the envelope of the
survival rates of narrowbody, widebody and turboprop aircraft is depicted. For cars, the
survival rates represent fleet exit rates, i.e. they include the outflow of national car fleets
due to exports.

Vehicle stock representation
The composition of vehicle fleets comprises different characteristics for
the automotive and the shipping sector on the one hand, and aviation on
the other. Very few different aircraft models exist, while there is a multitude of different car and ship models. To reduce the modelling complexity,
the car fleet is assumed to consist of only one reference vehicle type. The
fleet of ships is clustered by ship category and age, and the fleet of aircraft
by aircraft type.
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Fleet turnover modelling for the automotive
sector

Methodological frameworks documented in this section are taken from paper #1 (ref. 48 ). The full account of all analyses and background information can be found there.
Initial stock representation
To model the turnover dynamics of national car fleets, knowledge about
the current car stock resolved by car age is required for each individual
country. Databases of the United Nations Economic Commission for Europe (UNECE 121 ), and the European Automobile Manufacturers Association (ACEA 122 ) aggregate such stock data from individual national statistics, but their data are cut off at a specific car age, comprising e.g. a yearly
resolution of cars up to an age of 10 years and an overflow bin for cars ≥
11 years. However, a full age resolution (at least up to 30...40 years) is
essential for an accurate projection of future car stocks and their emissions. In particular for Eastern European countries with high car ages and
lifetimes, the impact of age-dependent survival rates and annual mileages
on the annual emissions of the car stock is high. Therefore, data with a
high age resolution were gathered from 29 individual national sources, see
Table 2.1.
Vehicle inflow: New registrations
There are two types of inflows of new cars to national car stocks: new
registrations of new cars, and new registrations of imported used cars. Import statistics are only available for few countries. However, since most
portfolio considerations of car manufacturers and most climate policies focus on the new car fleet, the integration of imported used cars in a fleet
turnover model can be neglected for many use cases. The new registrations
of new cars, in contrast, are essential. Historical data for all 32 European
countries were sourced from UNECE 125 , ACEA 126 , Eurostat 127 , and 29 individual national sources, see Table 2.1.
New registrations per capita have been stable over the last decades for most
European countries (calculated from registration and population numbers 15 ). Therefore, future registrations of new cars are extrapolated using
the average registrations per capita over the last ten years and popula-
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tion projections for each country. 128 With stagnating population sizes, the
number of new car registrations and the stock size of national car fleets are
stagnating as well, which is in line with the “peak car” theory. 129,130
Vehicle outflow: Scrappage of cars
The outflow of cars from national car fleets is governed by scrappage
patterns and the imports and exports of used cars. Extant studies on
scrappage/survival probabilities for cars have only observed countries with
a predominant position of the new car market and without a considerable share of imported used cars, like the United States 131,132 , Japan 133,134 ,
China 135–137 , or Germany 138 . They are also focused on individual regions
(e.g. metropolitan areas 139,140 ) or single countries 131–136,141 . Few studies
cover multiple countries since the data to estimate survival rates are cumbersome to obtain and because there are no harmonised, comprehensive
data sets for multiple countries. Huo & Wang 142 provide survival rates for
four, Oguchi & Fuse 143 for 17 countries, with survival rates changing substantially over time. 143 However, the data of the largest and most recent
study by Oguchi & Fuse 143 stem from 2008.
Paper #1 (ref. 48 ) fills this gap by providing a comprehensive study on survival rates for car fleets of all countries in the EU32.a It also proposes a new
method to estimate survival rates for car fleets of high-imports countries.
Regarding the magnitude of the imports/exports of used cars to/from a
country, three different cases are distinguished: countries without considerable imports/exports of used cars (or where the sum of imports and exports
for each car vintage cancels out), countries dominated by high imports, and
countries dominated by high exports, see Figure 2.3.
In countries without an import/export market, the survival rates of the
national car fleets can be derived from age-resolved stock data and historical registration data: The number of cars, Nt (x), of a certain vintage that
are still in the stock in year t are compared to the number of cars, R(t − x),
that were newly registered in year t − x. 135,143 This comparison yields the
cumulative survival probability (CSP) of the national car fleet:
CSPt (x) =
a

Nt (x)
R(t − x)

(2.1)

More precisely, this analysis includes all countries except of Bulgaria which was excluded due to a
lack of data. For Bulgaria, the average survival rates of Eastern European countries can be used as a
proxy.
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Figure 2.3: Composition of the cumulative survival probability of car fleets,
depending on the number of imports/exports of used cars. Figure based on paper #1,
ref. 48 .
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CSPt (x) describes the probability that a car with age x is still in service.
It can be fitted by a Weibull distribution, W: 133,138,143
 β
β !

x
1
W(x, γ, β) = exp −
·Γ 1 +
(2.2)
γ
β
with x as the car age, γ as the average vehicle lifetime, β as a shape
parameter (governing the steepness of the curve), and Γ as the Gamma
distribution.
For countries with a high number of imported used cars, Eq. 2.1 yields a
distorted Weibull curve. The stock at the observed time t contains more
cars of a certain age x than those that have been newly registered in the
year t − x and that would be expected to be still in service according to
a Weibull-shaped survival curve. This higher number of cars in the stock
can be explained by the imports of used cars that appear in the numerator
of the quotient of Eq. 2.1, but not in its denominator. It causes a survival
rate that starts at 1, rises above 1 for medium-aged cars (the ages of the
imported cars) and drops again for higher car ages, see orange curve in
the top panel of Figure 2.3. A similar, but inverted phenomenon can be
observed for exports, see turquoise curve in the top panel of Figure 2.3.
The distorted CSP curves can be corrected by age-resolved data of imported and exported used cars:
CSP (x) =

Nt (x)
Rnew (t − x) + Impused (t − x) − Expused (t − x)

(2.3)

where x is the car age, measured by the manufacturing year of the car,
i.e. the first registration year (for used imported cars abroad, for new cars
domestically). Impused (t − x) is the number of imported used cars present
in the stock at time t that have been registered as new cars abroad in year
t − x. Expused (t − x) is the number of exported used cars registered in the
year t − x that have been exported until year t.
Correcting Eq. 2.1 by imports and exports of used cars yields Eq. 2.3, which
in turn yields a Weibull-shaped survival probability curve again. However, with age-resolved imports and exports data being scarce, a different
methodology was developed to estimate the survival rate of a country’s
car fleet even without such data. This method relies solely on historical
registration and current stock data, i.e. it is based on Eq. 2.1 again. As
indicated in the lower panels of Figure 2.3, the effect of imports can be
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modelled by fitting a positive Gaussian on top of the Weibull curve. The
Gaussian curve is defined as follows:

2 !
x−µ
N (x, δ, µ, σ) = k · N (x, µ, σ) = δ · exp −0.5
(2.4)
σ
with N (x, µ, σ) as the Normal Gaussian distribution with mean, µ, standard deviation, σ, and car age, x. k defines a stretch in y-direction and is
k
.
lumped to the more intuitive maximum value of the Gaussian, δ = √2πσ
In theory, exports add a negative Gaussian in the same manner. However,
subtracting a Gaussian from a Weibull curve yields –in first approximation–
a Weibull-shaped curve again. That means the distortion of the Weibull
curve caused by exports cannot be fitted by the sum of a Weibull and a
negative Gaussian curve. For most use cases of a fleet turnover model,
however, it does not play a role whether a car leaves the fleet because it is
scrapped or because it is exported. The remaining main influence on the
survival rate of a car fleet is the imports of used cars.
In sum, this yields the following decision criteria which distributions are
suited to fit the raw data generated by Eq. 2.1:
CSP (x) ←− W(x, γ, β) for countries w./o. considerable imports (2.5)
CSP (x) ←− W(x, γ, β) + N (x, δ, µ, σ) for countries w./ imports

(2.6)

Figure 2.4 shows the implementation of both methods for four exemplary countries with high data availability: (1) correcting Eq. 2.1 by imports/exports data using Eq. 2.3, and (2) fitting the sum of a Weibull and
a Gaussian curve to the raw data of Eq. 2.1.
Applying the data-fitting methodology to the car fleets of European countries yields the parameters for their CSP curves which are listed in Table 2.2.
The average lifetimes of cars in Eastern European countries are substantially higher than in Western European countries, see Figure 2.5.
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Figure 2.4: Exemplary estimation of cumulative survival probability (CSP)
curves for four countries. Uncorrected CSP curve can be fitted by the sum of a
Weibull and a Gaussian curve (left column), or corrected by imports data (subtracting a
Gaussian) and exports data (adding a Gaussian), see two centre columns. The combined
consideration of imports and exports data (right column) yields a Weibull curve again.
Figure based on paper #1, ref. 48 .
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Table 2.2: Survival rate parameters for Eq. 2.2 (Weibull curve) and Eq. 2.4
(Gaussian curve). R2 provides the goodness of Weibull (and Gaussian) fits given the
raw data points. Table reproduced from paper #1, ref. 48 . No data were available for
Bulgaria.
Weibull parameters (Eq. 2.2)

Import-Gaussian parameters (Eq. 2.4)

average
lifetime γ

shape
parameter β

maximum δ

mean µ

standard
deviation σ

R2

AT

15.9

3.4

—

—

—

0.99

BE

11.7

2.0

—

—

—

0.97

CH

15.4

3.6

—

—

—

0.99

CY

25.0

6.0

0.8

14.8

5.7

0.81

CZ

25.5

6.0

0.9

13.4

5.0

0.90

DE

14.8

2.4

—

—

—

0.99

DK

16.9

3.4

—

—

—

0.94

EE

32.8

6.0

1.7

18.3

5.0

0.79

ES

19.4

3.2

—

—

—

0.97

FI

24.9

3.2

—

—

—

0.88

FR

15.2

6.0

—

—

—

0.93

GB

14.2

4.0

—

—

—

0.99

GR

33.9

4.2

—

—

—

0.62

HR

30.9

6.0

0.2

14.7

10.6

0.87

HU

23.1

6.0

0.2

12.1

6.7

0.87

IE

15.0

6.0

0.3

5.0

5.0

0.97

IS

19.7

6.0

0.8

5.0

5.0

0.71

IT

19.6

2.7

—

—

—

0.97

LI

15.6

3.9

—

—

—

0.99

LT

30.7

6.0

6.3

14.0

5.0

0.90

LU

8.0

2.0

—

—

—

0.97

LV

30.9

6.0

4.1

16.5

5.0

0.85

MT

31.2

6.0

1.5

11.2

6.2

0.88

NL

17.2

4.4

—

—

—

1.00

NO

19.8

6.0

0.2

10.2

5.0

0.98

PL

35.1

6.0

2.8

18.5

6.7

0.85

PT

23.1

6.0

—

—

—

0.98

RO

28.4

6.0

1.1

15.2

6.4

0.73

SE

19.4

4.9

—

—

—

0.89

SI

21.7

6.0

0.9

10.9

5.8

0.90

SK

20.0

6.0

—

—

—

0.90

Country
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Figure 2.5: Average lifetimes of cars in Western and Eastern European countries. Western European countries comprise AT, BE, CH, DE, DK, ES, FI, FR, GB, IE,
IS, IT, LI, LU, MT, NL, NO, PT, and SE. Eastern European countries comprise CY, CZ,
EE, GR, HR, HU, LT, LV, PL, RO, SI, and SK. The countries are divided into these two
groups based on similar survival rate patterns. Figure based on paper #1, ref. 48 .

Application of fleet turnover model
Figure 2.6 shows all data flows for the general fleet turnover setup of
Figure 2.1 for the example of Germany, the largest car market in the EU32.
Outputs of the model are age-resolved car stock numbers for every year
until 2050. The cars entering the fleet can be addressed by climate policies.
The cars leaving the fleet can be addressed by early retirement programs.
Projections of future stock sizes for the entire EU32 are based on fleet
turnover models of all individual countries.
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Figure 2.6: Exemplary implementation of fleet turnover model on the example
of Germany. Data sources are documented in Table 2.1.
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Fleet turnover modelling for the aviation sector

This section discusses the fleet turnover model setup for the aviation sector.
Underlying data sources are summarised in Table 2.1. The preprocessing
of raw data sets is documented in paper #5 (ref. 113 ).
Initial stock representation
Age-resolved stock data of the global aircraft fleet were provided by
Planespotters. 123 The global aircraft fleet consists of different aircraft types
which are uniquely identified by the aircraft type designator of the International Air Transport Association (IATA).
Vehicle inflow: New registrations
New registrations of aircraft and ships can be calculated back from traffic forecasts. Airbus, Boeing, and the ICAO provide expected compound
annual growth rates for the RPKs of region pairs (e.g. United States to
Western Europe). Assuming constant load factors as observed in 2018,
these growth factors are applied to the flight kilometres (FKM) for each
region pair, which are extracted from a database of scheduled flights. The
resulting FKM projection is transformed into a forecast of the required
number of aircraft over time (resolved by aircraft type), assuming a constant ratio of FKM per aircraft type as observed in 2018. The number of
aircraft leaving the fleet in 2018 is computed by applying age-dependent
survival rates to the aircraft stock. They have to be replaced by new aircraft in order to maintain a constant stock. On top, additional new aircraft
are required to match the expected stock growth. The same procedure is
applied to all subsequent years, resulting in age-resolved stock representations by aircraft type for each year up to 2050.
In order to estimate the application potential of CO2 reduction measures,
the entry into service of new aircraft generations is important since they
usually offer major design and efficiency improvements compared to the
current generation. A production run of 20 years is assumed for each
generation of an aircraft type and the earliest entry into service of all
aircraft of one type is extracted from the stock data set. After 20 years
of the first entry into service of the current generation of an aircraft type,
all new aircraft joining the fleet are modelled as next-generation aircraft
of this type.
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Vehicle outflow: Scrappage of aircraft
Survival probability curves for aircraft are reported by Dray 49 as skew
logistic distributions, L:
L(x) = (1 + exp(a1 · x − a2 ))−b

(2.7)

with x as the aircraft age and a1 , a2 , and b as shape parameters, which are
given in Table 2.3 for narrowbody, widebody, and turboprop aircraft. The
following list of aircraft types are identified as widebody aircraft: 144 Airbus
A300, A310, A330, A340, A350, A380, Boeing B747, B767, B777, B777X,
B787, and DC-10, MD-11, L-1011, IL-86, IL-96, CR929 from other manufacturers. The differentiation between jet and turboprop configuration is
documented in paper #5 (ref. 113 ) for all aircraft types.

Table 2.3: Survival rate parameters of the global aircraft and shipping fleet,
defining Eq. 2.7. The aircraft fleet is resolved by aircraft type (data from ref. 49 ), the
ship fleet by ship size and type (data from paper #2, ref. 50 ). GT: Gross Tonnage. t50 :
age at which 50% of all vehicles are scrapped.
a1

a2

b

t50 [years]

R2

Narrowbody

0.184

5.100

1.000

27.7

0.88

Widebody

0.230

6.640

1.000

28.9

0.95

Turboprop

0.114

3.780

1.000

33.2

0.94

a1

a2

b

t50 [years]

R2

1’000 - 4’999 GT

0.201

6.922

0.900

35.2

0.9996

5’000 - 49’999 GT

0.703

16.009

0.167

28.6

0.9989

>50’000 GT

0.936

17.354

0.205

22.1

0.9990

Bulk carriers

1.159

26.382

0.139

27.1

0.9991

Chemical tankers

0.346

10.979

1.639

29.9

0.9982

Container ships

0.681

13.712

0.268

23.8

0.9991

Ferries & passenger ships

0.172

6.563

0.863

39.5

0.9936

General cargo ships

0.204

6.999

0.868

35.3

0.9985

Liquefied gas carriers

1.256

31.465

0.195

27.9

0.9991

Offshore supply

0.211

5.810

0.418

34.4

0.9960

Oil tankers

1.199

20.907

0.095

23.5

0.9981

Other/n.a.

0.697

16.881

0.165

30.2

0.9965

Aircraft

Ships
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Fleet turnover modelling for the shipping sector

The fleet turnover of the shipping sector can be modelled in a similar way to
the aviation sector. Underlying data sources are summarised in Table 2.1.
Preprocessing of raw data sets are documented in papers #7 (ref. 115 ) and
#8 (ref. 116 ).
Initial stock representation
Age-resolved stock data of the European ship fleet were purchased from
FleetMon. 124 The “European ship fleet” is defined as the 10’710 oceangoing ships equal or larger than 5’000 gross tonnes (GT) that have called
a port of the EU32 in 2018 – irrespective of the ships’ flag country. They
result from processing the data of the Monitoring, Reporting, and Verification scheme (EU MRV, version 200). Since 2018, the MRV obliges ship
operators to report ship-specific annual CO2 emissions and other data to
the European Commission. 145,146
For the sake of a less fragmented data representation, ship categories are
defined as in the MRV and clustered as follows: Ro-pax (roll-on/roll-off passenger) ships are included in passenger ships, container/ro-ro (roll-on/olloff) cargo ships in ro-ro ships, combination carriers in bulk carriers, liquefied natural gas (LNG) carriers in gas carriers, general cargo ships and
refrigerated cargo carriers in “other ship categories”.
Vehicle inflow: New registrations
A projected compound annual growth rate of 3.6% for the global maritime freight transport demand 44 is assumed to reflect also the growth of the
European ship fleet. This growth rate projects the future payload distance
in tonne nautical miles (tnm). However, there is no information about the
payload distance for individual voyages of the European ship fleet, which
represents a major data gap.b Therefore, the growth rate of 3.6% is applied
to the overall travel distance of the European ship fleet (measured in nm)
b

Knowledge about a ship’s laden mass (cargo and non-cargo load) is particularly crucial to determine
the suitability of renewable energy carriers to power current cargo operations. Within this thesis (paper #8, ref. 116 ), this knowledge gap is addressed by proposing a methodology to estimate the laden mass
of bulk carriers and oil tankers from ships’ logged draught and cargo data that have been obtained from
three ship operators. With the scope of this study being limited to ships carrying bulk cargo (due to
data availability), it cannot be rolled out for the whole fleet.
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instead of the payload distance (measured in tnm), implying constant load
factors in the future.
For the fleet turnover model, ship tracking data from the automatic identification system (AIS) were purchased from FleetMon. 124 All voyages of
the European ship fleet as observed in 2018 are clustered by ship category,
three ship age groups, and three voyage length groups to capture characteristic differences in the CO2 emissions per travelled distance. The total
mileage per cluster is projected up to 2050 using the growth factor of 3.6%.
Then, the resulting mileage forecast is transformed into a forecast of the
required number of ships. This transformation assumes a constant number
of ships per total mileage for each cluster, as observed in 2018. Finally,
the number of scrapped and required new ships is determined for each year
between 2018 and 2050. Therefore, the survival rates found in paper #2
(ref. 50 ) are applied to the ship stock in 2018 per ship category. The total
number of new ships is defined by the ones required to balance the outflow
of scrapped ships and the number of ships required to match the growth
in the ship fleet for each year.
Vehicle outflow: Scrappage of ships
Survival probability curves for ships have not been reported in scientific
literature so far since there is no publicly available database for historical
time series of new registrations of new ships. This lack of data impedes
the application of Eq. 2.1.
Paper #2 (ref. 50 ) fills this gap by proposing an alternative approach to
estimate the survival probabilities of the global ship fleet. It compares
age-resolved stock data, N , of multiple years, t1 and t2 (with t1 > t2 ),
and assesses how many ships of a certain vintage, v, have been scrapped
in between. The corresponding scrapping probability, i.e. the probability
that a ship is scrapped at age x̂, formalises as follows:
P (x̂) =

Nt2 (v) − Nt1 (v)
1
·
Nt2 (v)
t1 − t2
with vintage v = t2 − x̂

(2.8)

The cumulative survival probability is defined as:
CSP (x) =

x
Y
x̂=0


1 − P (x̂)

(2.9)
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Raw survival rates are generated by applying Eq. 2.9 to stock data provided
by Clarksons Research Services. 147,c As for aircraft, a skew logistic function
(Eq. 2.7) is fitted to the raw data. Compared to the Weibull curve for cars,
this skew logistic curve stays at values close to 1 up to ship ages of roughly
20 years, followed by a pronounced decrease of the survival probability
afterwards. Fitting parameters are documented in Table 2.3.

2.2

Mobility demand modelling

Mobility patterns of cars are shaped by the choices of individuals. In contrast, aircraft and ships follow standard flight profiles and shipping routes.
Since they are not representing the mobility of individuals, tracking data
are largely available for the position and speed of aircraft and ships. For
cars, this is not the case, wherefore statistical derivations of the automotive
mobility demand are required.
This section discusses the general model setup to describe the mobility demand for the automotive, the aviation, and the shipping sector. Underlying
data sources are summarised in Table 2.4.
Table 2.4: Data sources for mobility demand modelling.
Automotive sector

Aviation sector

Shipping sector

Historical
operation
profiles

Daily mobility patterns from household travel surveys from AT 148 , BE, 149 ,
CH 150 , DE 151 , DK 152 , FR 153 , GB 154 ,
IE 155 , LV 156 , NL 157 , NO 158 , SK 159 , and
SE 160 ; annual mileages from refs. 161,162 ;
annual mileage by car age derived
from ten countries (CH from paper #4
(ref. 112 ), DE 163 , GB 164 for private cars,
IE 165 , LV 166 for diesel cars with a curb
weight > 1500kg, MT 167 , NL 168 , NO 141 ,
ES 169 , and SE 170 for natural persons)

Historical flight schedules for 2018 from
OAG 171 and historical
ADS-B
data
(Automatic
Dependent
Surveillance-Broadcast)
for Jan & Aug 2018 from
AirNav Systems 172

Historical
AIS
data for 2018 from
FleetMon 124

Future
operation
profiles

Daily mobility profiles assumed to be unchanged in the future; annual mileage
projections are modelled proportionally
to the increase of the passenger car stock
assuming that the current average annual mileage per car stays constant

Growth rates for revenue passenger kilometres from Airbus Global
Market Forecast 173 are
applied to the flight
schedules observed in
2018

Growth rates from
the International
Transport
Forum 44 are applied
to the shipping
activity observed
in 2018

c

The data of Clarksons Research Services were provided to the United Nations Conference on Trade
and Development (UNCTAD), with Dr. Jan Hoffmann from UNCTAD as a collaborator for paper #2.
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Mobility demand modelling for the automotive
sector

For cars, mobility demand patterns are characterised individually per person. The daily distances driven by car define the application potential
of range-constrained CO2 reduction measures like battery-electric vehicles
(BEVs). The annual mileages of cars define the cumulative CO2 emissions
of a car over one year.
Daily mobility demand
Daily mobility patterns can be derived from household travel survey
(HTS) data. 174–178 On the example of the Swiss HTS, 150 socio-demographic
determinants describing the mobility patterns of the Swiss population have
been derived from the HTS data using machine learning algorithms (paper #3, ref. 111 ). Age, gender, and marital status are found to be the most
descriptive parameters for the daily distance driven by car.
To derive similar findings for other European countries, all available HTS
of the EU32 have been considered, see Table 2.4. Most of them require
non-disclosure agreements to get access to the corresponding micro data,
but are free of charge. An initial assessment for Austria, France, Germany,
Ireland, Latvia, Norway, Sweden, and Switzerland showed no substantial
differences between their long distance mobility (like the maximum distances or the share of trips above a certain mileage per day). This finding
suggests that the insights about the application potential of BEVs from a
case study for Switzerland 179 can be transferred to other European countries in a first-order approximation. According to this case study and
refs. 180–183 , the application of BEVs ranges between 75% to close to 100%
dependent on the underyling modelling assumptions. However, “crosscountry comparisons are difficult” since HTS data collection methods and
data processing vary, 184 wherefore these findings have to be treated with
caution.
The HTS analysis also showed a general trend towards higher average daily
mileages driven by car for households with higher income and higher education. This trend can also be observed for public transport and is in line
with the travel time budget concept. Derived from historical mobility data,
this concept postulates that people spend on average 1.1-1.3 hours per day
for mobility, but switch to faster modes of transportation to increase range
at higher incomes. 98,185
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Annual mobility demand
Historically observed annual mileages of national car fleets are only available for some European countries. 161,162 Due to a lack of data for all EU32
countries, an aggregated average mileage of 12’071 km per car for 2016 is
assumed for total Europe. 162 Assuming that this average annual mileage
per car stays constant, future projections of the fleet performance are modelled proportionally to the increase of the car stock size.d
The distribution of the total mileage to individual cars, however, needs
to take into account that older cars drive less. Figure 2.7 displays this
reduced mileage for ten European countries (see references in Table 2.4).
Outlier values of new cars (age 0) for Sweden and the Netherlands were
set to the value of one year old cars.e Discontinuous data comprising of
only aggregate values for bins of several ages were sustained for all ages
in the respective bin, which creates step-wise distributions. The averages
weighted by the stock size of the countries are based on stock data that
were gathered from national statistics offices (paper #1, ref 48 ). A Weibull
function (Eq. 2.2) with γ = 19.7 and β = 1.2 was fitted to the equally
weighted data.

2.2.2

Mobility demand modelling for the aviation sector

The mobility demand for aviation is described by historical flight schedules
purchased from OAG. 171 The aircraft type and airport pair is provided for
all scheduled aircraft movements in 2018. The airport pair can be translated to a great circle distance using online tools. On a given route represented by an airport pair, aircraft mostly follow standard flight profiles.
Deviations from these standard profiles can be tracked using Automatic
Dependent Surveillance-Broadcast (ADS-B). Flight path inefficiencies influence the fuel consumption of global aviation and are estimated within
d

The assumption of constant average annual mileages per car is subject to high uncertainty. Eurostat 161 provides only data for eleven European countries and complete time series from 2013 to 2018 for
only four of them. Overall, the annual mileage in those countries increased slightly between 2013 and
2018, but more data would be needed in order to model that trend with high confidence. In addition,
the annual mileage by car is likely to be influenced by economic cycles. Therefore, a constant aggregated
average mileage is used in this thesis.
e
In the case of Sweden, the yearly data are not corrected for the artefact that not all brand new cars
(age 0) are registered at the beginning of one year, and hence, are not in use for the entire year, resulting
in much lower annual mileages. The same is assumed for the Netherlands.
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Figure 2.7: Annual mileages by car age for ten European countries, normalised
to the mileage of new cars (age 0). Data sources are documented in Table 2.4. The
Weibull function W(19.7,1.2) is fitted to the individual data.

the energy demand model, see Section 2.3. The preprocessing of the raw
flight schedules and ADS-B data sets are documented in paper #5 (ref. 113 ).
The future mobility demand of the aviation sector is governed by growth
rate forecasts, as discussed in Section 2.1.

2.2.3

Mobility demand modelling for the shipping
sector

The mobility demand of shipping is described by AIS data for 2018, purchased from FleetMon. 124 AIS data are the shipping pendant to the ADS-B
data for aviation. Global movements of the European ship fleet in 2018
are depicted in Figure 2.8.
As for flights, there are typical ship routes which, however, are not as
standardised as flight procedures. AIS data is used to measure the time
and distance spent at sea for individual voyages. A port call algorithm
is used to define the stops of ships at berth. It compares the distance of
AIS positions to port coordinates given by the World Port Index (WPI,
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Figure 2.8: Global movements of the European ship fleet in 2018. Data from
FleetMon. 124

ref. 186 ). Using other filters regarding a ship’s velocity and its proximity
to the shore line, the annual operational profile of a ship can not only
be divided into at-sea and at-port sections, but also into manoeuvring,
at-dock, and at-anchor sections. A full account of the underlying used
methods are documented in papers # 7 (ref. 115 ) and #8 (ref. 116 ).
The future mobility demand of the shipping sector is governed by growth
rate forecasts, as discussed in Section 2.1.

2.3

Energy demand modelling

Vehicles consume energy during their operation. The amount of energy
required to power the mobility demand defined in the previous section is
governed by the efficiency of the on-board energy conversion.
Three fuel properties that are used throughout this thesis are documented
in Table 2.5 for jet fuel, heavy fuel oil (HFO), diesel, and gasoline: their
specific volumes, their lower heating values (LHVs), and their emission
factors.
In the following, (a) energy and TTW emission models for the vehicle
operation are developed for each sector. It is also discussed (b) how hypothetical changes to the energy carrier, energy converter, and the vehicle
body are implemented to estimate the impact of CO2 reduction measures.
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Table 2.5: Specific volumes, lower heating values (LHVs), and emission factors
for common fuels in the automotive, the aviation, and the shipping sector.
Specific volume
[l/kg]

LHV [MJ/kg]

Emission factors
[kgCO2 /kgfuel ]

Diesel

1.20

43.0

3.167

Gasoline

1.35

44.3

3.185

Kerosene-type jet fuel

1.25

44.1

3.160

Heavy fuel oil (HFO)

1.15

40.4

3.114

Marine diesel oil (MDO)

1.12
187

References

ref.
for MDO,
188
ref.
for all other
fuels

42.7
187

ref.
for MDO,
189
ref.
for all other
fuels

3.206
187

ref.
for HFO and MDO,
190
ref.
for kerosene, ref. 191
for diesel & gasoline

Finally, it is defined (c) how the application potential of renewable energy
carriers is determined for each mode of transportation, given the mobility
demand as defined in Section 2.2.

2.3.1

Energy demand modelling for the automotive
sector

For the automotive sector, existing data sets and models can be used for
all three aspects (a)-(c).
Fuel demand estimation
Historical type approval CO2 emission figures of new passenger cars between 2000 and 2019 are taken from the European Environment Agency. 192,f
Real-world factors for the years 2001 to 2017 are used to correct these type
approval values to real-world emissions. 193 For years before 2001, the realworld factor for 2001 is used. Between 2018 and 2020, the real-world factor
of 2017 is sustained. The real-world emissions for 2020 are derived from a
reduction trend of new passenger cars observed between 2000 and 2017.
Applying the annual mileages per car age and the specific emissions for
individual registration years to the age-resolved stock data yields the total
CO2 emissions of the European car fleet.g The fleet turnover model is
f

The European Environment Agency reports annual averages for 30 countries, i.e. the EU32 except
of Switzerland and Liechtenstein. It is assumed that the EU30 values apply also to Switzerland and
Liechtenstein, even though they are probably slightly higher than the EU average.
g
Bulgaria is excluded from the emissions modelling due to missing stock data, but is implicitly included
again when calibrating the model to reported emission values in 2018.
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initialised for the year 2016, the baseline year for which national stock
data were found to have the highest availability. Fleet turnover dynamics
are applied to this initial stock to compute the emission value for 2018. The
model result of 556.2 Mt CO2 compares to the reported emission value of
553.5 Mt CO2 in 2018. 17 The difference between modelled and reported
values can be ascribed to the modelling assumptions listed in the previous
sections, but amounts to only 0.5%. The model is calibrated to the reported
value of 553.5 Mt CO2 .
After 2020, technology improvement scenarios are assumed, see Section 2.5.
For every year simulated in the fleet turnover model, the emissions for each
car in the stock are calculated from its age, its corresponding real-world
emissions, and its annual mileage.
Change to new energy carriers and converters
Changes in energy carrier and converter are modelled via adjusting the
real-world emissions per km; trajectories from 2021 to 2050 are defined in
Section 2.5.
Application potential of new energy carriers and converters
For the automotive sector, only BEVs show a limited potential due to
range and charging limitations. The evaluation of their application potential was not part of this doctoral thesis but done by colleagues, see
discussion in Section 2.2 and refs. 174,179,194 .

2.3.2

Energy demand modelling for the aviation sector

Since there is no widely accepted industry standard to estimate CO2 emissions from civil aviation, a new Fuel Estimation in Air Transportation
(FEAT) framework has been developed to serve the objectives of this thesis in a tailor-made way. It advances similar models from Wasiuk et al. 195
by higher computational efficiency at multi-year scenario modelling and the
method from Yanto & Liem 196 by lower data requirements of route-specific
payload data. Thus, FEAT offers higher modelling flexibility for the simulation of fuel burn scenarios given specific mobility patterns, growth projections and technology assumptions.
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FEAT combines energy demand physics with the use of flight profile data.
The basic model setup is explained in the following. A full account of the
modelling approach and its validation is documented in paper #5 (ref. 113 ).
Fuel demand estimation
Figure 2.9 shows the general setup of the FEAT framework. It consists
of a high fidelity and a reduced order model. The high fidelity model is
based on the Total Energy Model (TEM) of an aircraft: 197
(T hr − D) · VTAS = mg0

dh
dVTAS
+ mVTAS
dt
dt

(2.10)

with T hr as the thrust acting parallel to the velocity vector, D as the
aerodynamic drag, VTAS as the true airspeed, m as the aircraft mass, g0 as
the gravitational acceleration, and h as the altitude. Aerodynamic drag is
derived from coefficients of the Base of Aircraft Data (BADA) from Eurocontrol. 197 In Eq. 2.10, any of the three variables, thrust (T hr), speed
(VTAS ), or rate of climb or descent (ROCD, dh
dt ), can be determined if the
other two are known.
In the high fidelity model, a flight profile is generated for a given great
circle distance and an aircraft type. A mission is divided into 8 phases:
taxi-out, take-off, climb, cruise, descent, approach, landing, and taxi-in.
The durations of taxi-out, take-off, and taxi-in phases are set constant,
while the others are determined using the TEM and BADA performance
coefficients. Cruise altitude and duration are defined such that the overall
mission distance of an individual flight matches the given great circle distance. For each phase of a flight, fuel flow rates are assigned. For climb,
cruise, descent, approach and landing, fuel flow rates are determined using BADA. 197,198 Fuel flow rates during the taxi-out, take-off, and taxi-in
phases are determined from the ICAO Engine Emissions Databank (EED)
for jet aircraft 199 and the Swiss Federal Office for Civil Aviation (FOCA)
database for piston aircraft engines 200 . For turboprops, fuel flow rates for
the taxi and take-off phases are derived from BADA performance coefficients. An important factor for the overall fuel consumption of aircraft is its
take-off weight (TOW), consisting of the operating empty weight (OEW)
from BADA, the payload consisting of passenger and cargo mass, and the
take-off fuel weight. The payload is defined as follows: The seat capacity
for each aircraft type is derived from the Planespotters database and the

Chapter 2 Methodology

47

number of passengers is modelled via an average load factor of 81.9% for
2018 (ref. 201 ). The cargo mass is obtained using a passenger-to-freight factor of 85.1% derived from a report of the International Council on Clean
Transportation 202 and the OAG data set. The take-off fuel comprises of
trip, contingency, destination alternate, and reserve fuel. 203
The high fidelity model yields fuel burn estimations for a given great circle
distance and an aircraft type. A regression through multiple simulation
points resulting from the high fidelity model (for equidistant great circle
distances) allows to reduce the computational effort to calculate the fuel
burn for a high number of flight movements, while only little compromising
in estimation accuracy: The average coefficient of determination (R2 value)
for the reduced order regressions of all 133 modelled aircraft (each based
on 25 simulated high fidelity sample points) is 0.9997. These regression
models can be used to calculate the fuel burn from global annual aircraft
movements within less than 50 ms on a single 2.6 GHz processor core.
The reduced order FEAT model uses the great circle distance and the
aircraft type as sole inputs. Further refinements are built into the model,
considering e.g. higher fuel burn over the lifetime of an aircraft due to
engine degradation, or deviations of the standard flight profile resulting
from flight inefficiencies, like holding patterns or prolonged flight paths
due to restricted air spaces. For the latter, a distance correction factor
was determined from real-world flight tracking (ADS-B) data, purchased
for two representative months (Jan & Aug 2018) from AirNav Systems. 172
Integrating the engine degradation increased the global fuel consumption
estimate by roughly 3% compared to the baseline. Modelling flight path
inefficiencies via a distance correction factor increased the fuel consumption
by roughly 5%, showing the high necessity of a detailed aircraft energy
modelling to reflect reality as close as possible.
To validate the reduced order model, the fuel consumptions of the 10 largest
U.S. passenger airlines were computed and compared to reported data from
the U.S. Bureau of Transport Statistics 204 for 2018. The modelling error
turned out to be less than 5%. It likely stems in large part from the assumption of an average load factor for all flights globally (of 81.9%) compared
to higher load factors from these airlines. While this could be further improved in future research by implementing regionally differing load factors,
the current FEAT modelling framework shows already high accuracy.
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Figure 2.9: Overview of the Fuel Estimation in Air Transportation (FEAT)
framework, see paper #5 (ref. 113 ). For the fuel flow estimation, databases from the
ICAO 199 , the Swiss Federal Office of Civil Aviation (FOCA, ref. 200 ), and EUROCONTROL’s Base of Aircraft Data (BADA, refs. 197,198 ) are used.
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While implemented globally, the FEAT model is used to estimate the emissions from all flights departing from EU32 airports, representing the scope
of this thesis. Based on the OAG flight schedules data, FEAT estimates
total emissions of 160.2 Mt CO2 for this scope, while the reported emissions
from the European Environment Agency are 190.8 Mt CO2 . 17 There are
three conceivable explanations for this difference. First, military aircraft
are not modelled due to a lack of data. Their emissions are highly uncertain
but estimated to make up roughly 10% of the total emissions from global
aviation. 205 Second, the OAG data capture only part of the movements of
freighter aircraft. The emissions from dedicated freighters is estimated to
be 8% of global emissions from civil aviation. 202 Third, regional aircraft
are not modelled due to missing information in the Planespotters data.
All three factors are not expected to influence the application potential
of emission reduction measures. In particular SAFs can be used in any
aircraft, regardless of the aircraft type or operation. Application-specific
fuel characteristics could be tailor-made in Fischer-Tropsch fuel production
processes. Therefore, the result of the emission model is calibrated to the
reported emission value of 190.8 Mt CO2 for 2018 in order to capture the
full energy demand of the aviation sector.
Change to new energy carriers and converters
Using the FEAT model, changes in the lift-to-drag ratio, the OEW, or
the engine efficiency can be modelled for future aircraft generations. Fuel
cell-powered and hybrid propulsions systems are not considered in this
thesis which focuses on renewable jet fuel.
Application potential of new energy carriers and converters
Currently, at maximum 50% of SAFs can be blended to fossil jet fuel
(status 2020, ref. 99 ). As discussed in Chapter 1, there are only minor
hurdles to achieve an application potential of 100%. 100,101
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Energy demand modelling for the shipping sector

Existing energy demand models for individual ships (like the Ship Traffic
Emission Assessment Model, refs. 206–208 ) are based on large databases of
technical characteristics of individual ships. However, required data are
either prohibitively expensive or only available for a limited share of the
global ship fleet. They are not suited for the research goals of this thesis to identify fleet-wide emission reduction potentials within multi-year
scenarios.
Like for aircraft, a new, hybrid approach combining phenomenology and
data was developed to model the energy demand of ships. AIS data on
shipping activity and ship characteristics from FleetMon 124 are combined
with the CO2 emissions report of the European Commission, the EU MRV.
Annual CO2 emissions per ship reported in the MRV are distributed along
the trips observed in the AIS data.
The following paragraphs provide an overview of the implementation of this
approach, and how hypothetical changes in energy carrier and converter
are modelled. Detailed descriptions of both aspects are documented in
papers #7 and #8 (refs. 115,116 ). For the methodology used in paper #8,
it is referred to the future publication. It is currently not included in this
doctoral thesis due to prior publication restrictions of the journal where
the paper has been submitted.
Fuel demand estimation
The total CO2 emissions of a ship over a given time period consists of the
total emissions of the main engines (MEs), mCO2 ,M E , the auxiliary engines
(AEs), and the auxiliary boilers (ABs), together referred to as mCO2 ,aux : 209

mCO2 ,total = mCO2 ,M E + mCO2 ,aux


X
EF
SF
C
P
M
E,max
=
tstep d(t)2/3 v(t)3
+ mCO2 ,aux (2.11)
2/3 (v )3
η
η
(d
)
f
w
1
1
t
with tstep as the AIS sampling rate, d(t) as the instantaneous draught of
the ship, v(t) as its velocity, SF C as the average specific fuel consumption
of the ship, PM E,max as the maximum continuous power rating of the ME,
ηf and ηw as factors accounting for hull fouling and weather conditions, d1
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as the design draught of the ship, and v1 as the design speed of the ship.
EF is the average emission factor of all laden fuel on board a ship, which
is calculated via dividing a ship’s annual CO2 emissions by its annual fuel
consumption – both provided by the MRV report. mCO2 ,aux describes the
emissions of the AEs and ABs, which are reported in the MRV.
The ship-specific parameters PM E,max , d1 , and v1 are scarce in ship registers and ηf and ηw are difficult to estimate and often set to constant
values. 187,209 These parameters are lumped into one variable, ctech , which
is assumed to be constant. Using the total annual emissions per individual
ship from the MRV and the tracked draught and velocity from AIS data,
the ship-specific ctech is derived from Eq. 2.11 as follows:
PM E,max
ηf ηw (d1 )2/3 (v1 )3
mCO2 ,total − mCO2 ,aux

=P
2/3 v(t)3 · EF SF C
t
d(t)
step
t

ctech =

(2.12)

Calibrating ctech for each ship based on the historical data of 2018, Eq. 2.11
and ctech can be used to estimate the CO2 emissions of individual trips (for
2018 as well as for future years). Sole data requirements are draught and
speed information from AIS data and auxiliary emissions of ships at berth.
The latter can be derived from MRV and AIS data.
While at berth, ships usually shut off their MEs and switch on their AEs
and ABs to provide the required power for cargo handling operations and
hotelling functions. Knowledge about this power demand is important
to define the CO2 reduction potential of shore-side electricity, i.e. the
substitution of fossil fuel powered AEs by an electricity supply from the
shore.
Within the MRV, CO2 emissions at berth, mCO2 ,aux (s), are published for
individual ships, s, summed over all ports in the EU32. AEs and ABs are
usually operated with MDO. The specific fuel consumption of AEs and
ABs is assumed to be SF CAE = 225 g fuel per kWhmech and SF CAB =
305 g fuel per kWhtherm . 210 The average auxiliary power, P̄aux (s), of a ship
s during all port stays in one year can be estimated as follows:
P̄aux (s) = P̄AE (s) + P̄AE (s)
mCO2 ,aux (s)
=
(SF CAE + r(c, dwt) SF CAE ) · EFM DO · t(s)

(2.13)
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with the ratio r(c, dwt) between AB and AE power, which has been collected from literature for all ship categories c, resolved by deadweight tonnage, dwt, in paper #7 (ref. 115 ):
r(c, dwt) =

P̄AB
P̄AE

(2.14)

t(s) is the cumulative duration ships spend at berth for the entire year. Port
stays are defined as “securely moored or anchored in a port falling under the
jurisdiction of a Member State while it is loading, unloading or hotelling,
including the time spent when not engaged in cargo operations”. 145
Eq. 2.11-2.14 define the total CO2 emissions of a trip. Considering a safety
fuel factor, k, of 1.1 to account for detours, unexpected bad weather conditions, etc., the total laden fuel mass for a given trip is defined as follows:
mCO2 ,trip
·k
(2.15)
EF
By design this modelling approach matches the reported emissions from
the MRV, since it only distributes the aggregate emission value per ship
to individual voyages and port stays. After preprocessing of the MRV and
AIS data, the emission model yields 87.9 Mt of CO2 emissions from voyages
departing from EU32 ports. This result is broadly in line with the Annual
report from the European Commission on CO2 emissions from maritime
transport which reports 92.5 Mt CO2 based on MRV data for the same
scope. 211 The difference in the two results stems from different versions of
the MRV and missing AIS data for some ships (see details in paper #7,
ref. 115 ).
The European Environment Agency, however, reports total emissions of
173.1 Mt CO2 from European shipping, including 148.7 Mt CO2 from international shipping and 24.4 Mt CO2 from domestic shipping. 17 This discrepancy has a number of reasons which are briefly discussed in the following. First, the MRV excludes shipping on inland waterways. It only reports
emissions from ships above 5’000 GT which is estimated to cover 90% of the
shipping emissions. 145 Second, the MRV data for the year 2018, in which
it was established for the first time, is subject to inaccuracies, missing
harmonisation among emission report verifiers, and missing or erroneous
data. 211,212,h In the MRV version used for the Annual report from the Euromf uel =

h

At the time of writing (11 Feb 2021), already version 245 was available, indicating the multitude of
corrections and additions to the MRV data.
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pean Commission on CO2 emissions from maritime transport, 11’653 ships
were registered. Thereof, 741 ships called a European port, but did not report any emissions so far. Furthermore, this report finds that “1’323 ships
made port calls in the EEA in 2018, but were missing” in the MRV. 211 In
other words, 10’912 ships contributed to the reported emissions of 92.5 Mt
CO2 , while 2’064 ships are likely to produce emissions on top of this figure.
If the 2’064 ships were to contribute to the overall emissions from shipping proportionally to the 10’912 ships, these new ships would increase the
92.5 Mt CO2 by 19%. Third, port calls in the EU32 “for the sole purpose of
refuelling” are excluded from the scope of the MRV, 145 but add to the fuel
sales in Europe which are the basis for the data base of the European Environment Agency. 17 Fourth, the MRV “does not apply to warships, naval
auxiliaries, fish-catching or fish-processing ships, wooden ships of a primitive build, ships not propelled by mechanical means, or government ships
used for non-commercial purposes”. 145 However, they add to the emissions
figure of the European Environment Agency 17 if the fuel for these ship
types is sold in the EU32. Fifth, it should be mentioned that there are
general uncertainties about fuel sales from global shipping, particularly an
imbalance of reported imports and exports of bunker fuels that can distort
the statistics. 210 Different data sources report different emission values dependent on the methodology how the reported values have been derived,
see paper #2 (ref. 50 ).
There is a clear demand for more transparent reporting of emissions data
for shipping. The EU MRV 145 and the IMO DCS (data collection system,
ref. 213 ) are important steps in this direction. For the purpose of this thesis,
emission scenarios for European shipping are scaled to the 173.1 Mt CO2 of
total shipping emissions reported by the European Environment Agency 17
in order to capture the full energy demand of the shipping sector. Scaling
from the MRV scope to this total scope of all emissions from any voyages
departing from EU32 ports is assumed to be legit since the voyages that are
captured by the MRV represent the most demanding voyages regarding the
application potential of renewable energy carriers. Compared to smaller
vessels or domestic shipping, the ocean-going ships of the MRV report are
likely to be the most challenging, e.g. due to range limitations of renewable energy carriers which feature lower energy densities. There is, e.g., a
higher probability that ships operating on inland waterways can be directly
electrified via batteries than there is for ocean-going ships due to shorter
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voyage lengths. Hence, the emission scenarios of this thesis represent a
first-order approximation which rather underestimates the application potential of renewable energy carriers. This assumption has to be refined in
the future, as soon as more detailed data are available.

Change to new energy carriers and converters
A change in the propulsion system of a ship is modelled using the difference in energy densities of the existing and the new energy storage and
converter system. All other ship characteristics are set constant, including
ctech and operation profiles. The details of how changes in energy carriers
and converters have been modelled will be made available in paper #8
(refs. 116 ), as soon as it is published.

Application potential of new energy carriers and converters
For most renewable energy carriers, the change in the ship’s propulsion
system entails a loss in cargo volume and mass. The question arises how
much of the current payload distance can still be covered with this new
propulsion system, if current cargo operations are to be maintained. The
share of the payload distance that can be attained by a new propulsion
system is hereafter referred to as the attainment rate. Particularly on long
voyages with a high cargo utilisation, i.e. the laden cargo mass/volume as
share of the maximum permissible load, ships might not be able to store
enough fuel to power the voyage due to mass/volume constraints. Such
voyages minimise the attainment rate.
The maximum range of a ship, i.e. its longest trip, and the cargo utilisation
for all trips are key indicators to define the attainment rate of new propulsion systems. Paper #8 (refs. 116 ) will reveal how the attainment rates
of renewable energy carriers and new energy converters are modelled, as
soon as the paper is published. In this paper, renewable electricity stored
in Li-ion batteries, hydrogen, methane, methanol, and diesel are considered as energy carriers. All fuels are produced from renewable electricity
and – where applicable – CO2 captured from the air. As energy converters, electric motors, internal combustion engines (ICEs), proton exchange
membrane fuel cells (PEMFCs), and solid oxide fuel cells (SOFCs) are
considered. For the PEMFCs, methane/methanol reformers and ammonia
crackers are considered in addition.
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Fuel production costs modelling

Liquid hydrocarbons can be produced from renewable electricity and captured CO2 . The fuel production pathway is depicted in Figure 2.10. It includes photovoltaics (PV), offshore and onshore wind power for electricity
generation, direct air capture (DAC) of CO2 and low-temperature polymer
electrolyte membrane electrolysis (PEMEL) to provide H2 and CO2 to the
syngas synthesis, and a Fischer-Tropsch (FT) synthesis module to produce
liquid hydrocarbons. In this study, the FT process is designed to yield 44%
kerosene-type jet fuel, 31% gasoline, and 25% diesel, measured by their energy shares. However, a FT process can also be designed to yield other
output fractions. All FT process parameters are taken from ref. 214 . The
total electricity demand of the FT fuel production plant is met by installations of PV panels and wind turbines. Heat requirements that cannot
be met internally (e.g. by using the excess heat of the FT synthesis), are
assumed to be provided by an electric boiler. Thereby, the whole plant
setup is self-sufficient and not connected to the electricity grid. The future

Figure 2.10: Fuel production pathway for e-jet fuel, based on wind and solar
PV plants. Fuel output fractions are based on ref. 214 .

costs of renewable jet fuel are assessed using a cost optimisation of e-fuel
production sites. In the following, an overview of the corresponding model
setup is provided. A full description of all modelling assumptions will be
made available in paper #9 (ref. 117 ).
Europe is divided into more than 3’000 evaluation points. Based on the
wind potential 215 and solar irradiation 216 for each evaluation point, the
design and hourly operation of hybrid PV-wind e-fuel production plants are
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optimised. Within a mixed integer linear problem, the objective function
is the minimisation of the Levelised Cost of Fuel (LCOF). The LCOF
is defined as the quotient of the cumulative costs of the plant and the
cumulative fuel production volume over the entire plant lifetime n:
LCOF =

N P Cplant
N P Pf uel

(2.16)

with the Net Production Costs, N P Cplant , of the fuel production plant:
N P Cplant = CAP EX0 +

n
X
OP EXt
t=0

(1 + i)t

(2.17)

and the Net Present Production, N P Pf uel , of the fuel production plant:
N P Pf uel =

n
X
t=0

Ft
(1 + i)t

(2.18)

where CAP EX0 are the capital expenditures (investments) at time t = 0,
OP EXt the operational and maintenance expenditures at time t ≥ 0, Ft
the fuel production volume at time t, and i the interest rate (assumed
to be 5%, refs. 69,70 ). All fuel outputs (diesel, gasoline, and jet fuel) are
assumed to be produced at the same costs. The plant size for a given
evaluation point is scaled based on individual plant modules of 10 GWh
jet fuel output. The CAPEX, OPEX, lifetimes and –where applicable–
efficiencies of all components in the fuel production chain are documented
in Table 2.6 for 2020 up to 2050. The overall plant lifetime is assumed to
be 30 years.
The CAPEX degression curves are modelled as follows: Start and end
values for the years 2020 and 2050 (C0 and Cend ) are taken as the average
cost of all literature values for these two years. Literature values for 2020
are interpolated if original sources did not state data points for this year.
The parameter k of the empirical CAPEX degression curve, C(t), is defined
such that these two points are matched.


1
C(t) =
C0 (1 + t)−10k + C0 exp(−kt)
(2.19)
2
with 0 < t < 30, corresponding to the years 2020-2050. In Table 2.6,
C0 , Cend , and k are documented for all analysed components. For onshore
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wind power, low (/medium/high) costs are given for low (/medium/high)
hub heights and high (/medium/low) specific capacities of wind turbines.
Offshore wind is not considered in the preliminary results of this thesis,
but will be included in paper #9 (ref. 117 ).
Normalised to the initial cost in 2020, C0 , the projected experience rates
for all components are depicted in Figure 2.11. Except for wind power and
the FT synthesis, all components are projected to be more than halved
over the next three decades.

Figure 2.11: CAPEX of the individual components of a jet fuel production
plant, normalised to their cost in 2020. Underlying data is documented in Table 2.6.

The production costs of e-jet fuel is estimated for all evaluation points.
However, not all land is available for industrial use. Built-up land, forests,
grasslands, mountainous terrain, etc. have to be excluded. Several data
sets can be considered for this purpose. 241–243 For the preliminary results
that have been available at the time of writing this thesis, land availability
constraints have not been considered. They will be included in paper #9
(ref. 117 ).
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Table 2.6: CAPEX projections, OPEX, lifetimes, and efficiencies of jet fuel
production components. Efficiencies are assumed to increase linearly between 2020
and 2050. Efficiencies for Li-ion batteries are round-trip efficiencies. Efficiencies for
PEMEL are defined as the electricity requirements per kWh of hydrogen output on an
LHV basis. Efficiencies for the FT synthesis are defined as chemical conversion efficiencies
in kWhH2 /kWhsyncrude . Where no references are given, own assumption were made.
Onshore wind

Li-ion battery

DAC

Unit of C0 and Cend

EUR/kWp

EUR/kWp

EUR/kWh

EUR/tCO2 /a

C0 (2020) of Eq. 2.19

676

1’040 / 1’290 / 1’760

324

730

Cend (2050) of Eq. 2.19

323

890 / 1’110 / 1’520

129

199

k [10−3 ] of Eq. 2.19

22.98

4.85 / 4.67 / 4.56

28.71

40.52

OPEX [% of CAPEX p.a.]

2.0

2.5

2.5

4

Lifetime [years]

30

25

15

25

Efficiency [%] in 2020

–

–

90

*1

Efficiency [%] in 2050

–

–

95

*1

Refs. for costs

217–219

218,219

217,220,221,
223,224

222

Refs. for lifetimes

217–219

218

217,221,224,
226

225

Refs. for efficiencies

–

–

226–229

–

CAPEX

PV

1

* ) The energy demand of direct air capture plants is set constant to 1.6 kWhel /kgCO2 and
0.4 kWhtherm /kgCO2 . 225 These numbers already present the long-term energy requirements of DAC.
H2 storage

CO2 stor.

Electric boiler

FT synthesis

Unit of C0 and Cend

EUR/kWel

EUR/kWhH2

EUR/tCO2

EUR/kWel

EUR/kWch

C0 (2020) of Eq. 2.19

1084

21

1’500

100

799

Cend (2050) of Eq. 2.19

358

11

750

100

452

k [10−3 ] of Eq. 2.19

34.48

21.58

21.58

–

17.70

OPEX [% of CAPEX p.a.]

2.5

1.0

2.5

0.0

2.5

Lifetime [years]

*2

30

30

20

30

60

100

100

100
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CAPEX

PEMEL

Efficiency [%] in 2020

30

Efficiency [%] in 2050

75

100

100

100

80

Refs. for costs

69,219,
223,234,236–239

224,230–232

224,233,234

235

219,223

Refs. for lifetimes

234,237,239

–

–

–

223

Refs. for efficiencies

69,219,236,
223,234,238,239

–

–

235

219,223

*2 ) Stack replacement required after 10 years, 234,237,239 entailing additional investments of 33% of
the electrolyser CAPEX in 2020, linearly decreasing to 25% of the CAPEX in 2050. 236,240
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Scenario definition: Pathways to climateneutrality

Scenarios for the European car, aircraft, and ship fleet are defined in which
fossil are replaced by renewable energy carriers. As outlined in Chapter 1,
these scenarios are chosen to minimse the future electricity demand of these
sectors, wherefore the required electricity for the production of a variety
of different renewable energy carrier is provided in Figure 2.12 in form
of Well-to-Tank efficiencies. These efficiencies represent the energy losses
in the whole chain from available electricity to the fuel or electricity at
the energy converter (ICE, FC, or electric motor), neglecting electricity
transmission or fuel transport losses. The roundtrip efficiency for Li-ion
batteries does not include efficiency losses during seasonal storage which
might, however, be necessary to power a 100% EV fleet throughout the
year.

Figure 2.12: Well-to-Tank efficiencies of renewable energy carriers. E-fuels are
produced from renewable electricity using low-temperature PEMEL and DAC. 225,244–249
A summary of all mass and energy flows for the fuel production processes is documented
in paper #8 (ref. 116 ). For Li-ion batteries, the round-trip efficiency is displayed, including
charging and discharging losses. 226–229

From the four available emission reduction levers (ASIF: activity level,
mode shift, energy intensity, and fuel carbon content), improvements in
(A), (S), and (I) are defined in a first step to derive future energy demand
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scenarios, see summary in Table 2.7.i These scenarios are evaluated against
a 1.5◦ C and a 2.0◦ C emission pathway. The difference between the technology scenarios and the 1.5◦ C/2.0◦ C scenarios determines the amount of
renewable energy carriers (F) that is required each year in order to stay
within a 1.5◦ C/2.0◦ C carbon budget.
The following renewable energy carriers are assumed for a carbon-neutral
transport sector.
• 100% BEVs for the automotive sector
• 100% liquefied e-hydrogen for the shipping sector
• 100% e-jet fuel for the aviation sector
While it is unlikely that only one technology will prevail per sector, this
combination of energy carriers minimises the sectoral electricity demand.
In terms of this indicator, it showcases a best case scenario (which might
be different for other indicators like system costs).
The analyses of Section 3.1 show that an application potential of close to
100% of BEVs for the automotive and of jet fuel for the aviation sector
is feasible – either already now or in the future. For aviation, hydrogenpowered, hybrid-electric or battery-electric aircraft might further reduce
the overall energy demand of the sector. Due to high uncertainties regarding their market readiness, however, they are excluded here. For the
shipping sector, a combination of liquefied e-hydrogen and e-ammonia is
assumed to be suited to cover current cargo operations (details see paper
#8, ref. 116 ). Ammonia exhibits similar production efficiencies to liquefied
hydrogen, it is also a carbon-free energy carrier, and only complements a
small share of voyages that liquefied hydrogen cannot cover (see paper #8,
ref. 116 ). Therefore, no distinction is made between the two fuels hereafter,
and liquefied hydrogen is taken as the only reference fuel for the future.
However, the same results could be attained for ammonia for which projected fuel costs are lower. 250
Section 3.1 shows that the GHG reduction potential of renewable energy
carriers is not exactly 100%, but in the range of 70-90% due to embedded
emissions of the renewable electricity generation. However, as all sectors
reduce their carbon intensities, emission factors for electricity produced
i

The scenarios for the automotive sector already contain inherent information about the fuel carbon
content (F) due to a modelled switch to BEVs.

Chapter 2 Methodology

61

from renewable sources will also experience a decrease in the future. For
the scenarios until 2050, it is assumed that all renewable energy carriers are
produced carbon-neutrally. Thereby, the main focus of this thesis on TTW
emissions is followed. Upstream emissions are assumed to be reduced by
the electricity generation sector. However, the emission scenarios that are
described in the following would not change considerably, but just end in
a remaining share of e.g. 20% (instead of 0%) of today’s emissions, if all
upstream emissions would be included.

2.5.1

Scenarios for the automotive sector

Three scenarios for the automotive sector span the entire bandwidth of
conceivable future developments: from current EU regulation to an (hypothetical) immediate switch to zero-emission vehicles (ZEVs). The rationale
behind these scenarios and the modelling implementation are described in
the following.
• Continued-EU-regulation scenario: The current EU regulation
(Regulation (EU) 2019/631, ref. 41 ) foresees a reduction of legal CO2
emission limits of 15% by 2025 and 37.5% by 2050, compared to 2021
levels. In the Continued-EU-regulation scenario, a Weibull curve
(Eq. 2.2) is applied to the start value of specific real-world emissions
per km in 2020. It fits the 2025 and 2030 reduction targets and
extrapolates the current regulation beyond 2030, yielding the Weibull
distribution W(14.5, 1.5), which is applied to the specific emission
value (in g CO2 /km) in 2020, see Figure 2.13.
It is assumed that this CO2 emission reduction path is achieved by
(a) a ramp-up of BEVs and (b) efficiency improvements of non-BEVs.
BEVs are modelled as ZEVs with an energy demand of 200 Wh per
km in 2020. 174,251,252 A linear decrease to 165 Wh per km is assumed
until 2050, which is broadly in line with the scenarios of ref. 252 . NonBEVs are modelled technology-agnostic, i.e. they are not resolved by
fuel type or powertrain, but an aggregated trajectory for the specific
emissions per km of non-BEVs is assumed as 0.3 · W(8.5, 1.5) + 0.7.
This trajectory assumes hybridisation and efficiency improvements
for new ICEVs, exploiting an emission reduction potential of 20% by
2030 and 30% by 2050 compared to 2020 levels.
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Figure 2.13: Real-world emission limits for Continued-EU-regulation scenario.

Regarding the mobility demand, two variants are assumed: First, the
total vehicle kilometres per year are assumed as projected from the
mobility demand model. Second, a demand reduction and mode shift
to high-speed rail is modelled, assuming a linear reduction in total
vehicle kilometres of 20% until 2050.
• ICE-phaseout-by-2035 scenario: This scenario is motivated by a
wave of announcements of governments to ban ICEVs in the upcoming decades and of carmakers to stop developing and selling
ICEVs. 253,254 It is likely that other big car manufacturers follow the
aspiration of GM to stop making ICEVs by 2035. 254 This scenario
accounts for such a development via an emission trajectory for new
cars which follows the Weibull curve W(6.1, 1.5). According to this
trajectory, 95% of all new car registrations are BEVs by 2035. The
efficiency trajectory of non-BEVs and the mobility demand variants
are modelled in the same way as in the Continued-EU-regulation
scenario.
• Instant-ZEV-scenario: In this hypothetical scenario, all new registrations are modelled as BEVs as of 2021. The mobility demand variants are modelled in the same way as in the Continued-EU-regulation
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scenario.
These three scenarios are evaluated against emission pathways that comply
with a 1.5◦ C/2.0◦ C carbon budget (Table 1.1). The 1.5◦ C/2.0◦ C scenarios
are also modelled as Weibull distributions which are applied to the sector’s
CO2 emissions in 2020: W(6.2, 1.9) for the 1.5◦ C target and W(20.7,
1.9) for the 2.0◦ C target. The shape parameter of 1.9 is chosen to reflect
reasonable reduction pathways. However, different shape parameters could
be chosen, without changing the cumulative CO2 emissions from 2021 on.

2.5.2

Scenarios for the aviation sector

Technology scenarios for the aviation sector are defined using three indicators: the OEW of an aircraft, its glide ratio (lift-to-drag, L/D), and its
thrust-specific fuel consumption (TSFC). A business as usual (BAU) scenario based on extrapolations of historical trends and a scenario with higher
technological improvements (HIGH) are based on paper #5 (ref. 113 ) and
Section 3.1. Additionally, a third scenario (MAX) reflects the maximum
CO2 reduction potential if additionally to more ambitious OEW, L/D and
TSFC improvements also the transport demand is reduced. This scenario
assumes the demand in flight kilometres to be only 80% compared to the
BAU scenario in 2050, with a linear ramp-up of this reduction from 2021
on. The demand reduction is applied equally to all routes. Additionally, it
is assumed that 75% of the emissions of flights shorter than 1’000 km can
be eliminated by either shifting them to high-speed rail, which is assumed
to have a negligible carbon-intensity, or by using all-electric aircraft, based
on the literature review of Section 3.1.
1.5◦ C/2.0◦ C-compliant scenarios are modelled in the same manner as for
cars. They are defined by the Weibull curve W(6.2, 3.0) for the 1.5◦ C
target and W(20.6, 3.0) for the 2.0◦ C target.

2.5.3

Scenarios for the shipping sector

The scenarios for the shipping sector follow the same rationale as for the
aviation sector. A BAU, a HIGH, and a MAX scenario are defined as
follows: The BAU scenario assumes an energy efficiency improvement of
1.6% p.a., based on a projection of the International Energy Agency for
CO2 per tnm between 2020 and 2030. 255 Due to a lack of cargo load data,
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this annual improvement factor is applied to the specific emissions per
nm (instead of tnm) until 2050. The HIGH scenario assumes an additional
energy efficiency improvement for all new ships of 0.8% per year, exploiting
an efficiency improvement potential of 24% over the next 30 years. This
assumption is in line with emission reduction potentials of changes to the
hull design reported in ref. 256 . The MAX scenario assumes an additional
decrease in demand compared to the BAU scenario, linearly ramped up
from 0 to 20% until 2050. Analogue to cars, another scenario is modelled
assuming an instantaneous switch to ZEVs from 2021 on. In this case, all
newly built ships are either directly electrified, or powered by carbon-free
fuels like hydrogen or ammonia.
1.5◦ C/2.0◦ C-compliant scenarios are modelled in the same manner as for
cars and aircraft. They are defined by the Weibull curve W(6.0, 3.0) for
the 1.5◦ C target and W(20.1, 3.0) for the 2.0◦ C target. They are almost
identical to those for the aviation sector, showing the high parallelism of
aviation and shipping.
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Table 2.7: Scenario definition for all sectors following the four ASIF factors.
Abbreviations: ASIF: Activity level, Mode shift, Energy intensity, Fuel carbon content;
OEW: operating empty weight; L/D: lift-to-drag ratio; TSFC: thrust specific fuel consumption; NG: next generation. Mode shift and demand reductions are assumed to
experience a linear ramp-up between 2018 and 2050.
ASIF

Measures for the...

...automotive sector
I & F*

Scenarios

Contin.-EUregulation
W(14.5,1.5)

ICE-phaseoutby-2035
W(6.1,1.5)

InstantZEV
–

Energy consumption trajectory for all new cars
Energy consumption trajec0.3 W(8.5,
0.3 W(8.5,
–
tory for new non-BEVs
1.5) + 0.7
1.5) + 0.7
–
Year at which share of BEVs in
2035
2056
2021
new registrations reaches 95%
A&S
Mileage reduction compared to
0...20
0...20
0...20
BAU due to demand reduction
& mode shift [% by 2050]
*
Footnote: ) Weibull-shaped emission reductions (defined by Eq. 2.2) are applied to the start value of
specific emissions per km in 2020.

I (applied
to NG
aircraft)
A

S&F

I

A

...aviation sector
Reduction of OEW [% p.a.]
L/D improvement [% p.a.]
Reduction of TSFC [% p.a.]
Demand reduction compared
to BAU [% by 2050] – for all
flights
Demand reduction from mode
shift & all-electric flights compared to BAU [% by 2050] – for
flights < 1’000km

BAU
0.375
0.90
1.00
0

HIGH
0.750
1.50
1.50
0

MAX
0.750
1.50
1.50
20

0

0

75

...shipping sector

BAU

HIGH

MAX

1.6

1.6

1.6

InstantZEV
1.6

0

0.8

0.8

–

0

0

20

0...20

Energy efficiency [% p.a.] – applied to all ships
Ship design-related energy efficiency [% p.a.] – applied to
NG ships
Demand reduction compared
to BAU [% by 2050] – for all
ships

Chapter 3

Results & Discussion
This chapter is aligned to the five research questions of this thesis, see
Chapter 1. Section 3.1 defines the CO2 reduction potential of renewable
energy carriers. It consists of a literature review and newly generated
insights filling research gaps. Section 3.2 adds the time dimension of fleet
dynamics on top. Emission trajectories for different technological scenarios
are compared to carbon budgets and evaluated against existing regulations.
This section discusses whether current transport policies are in line with a
1.5◦ C target, and how a climate-neutral European transport sector could
look like. Section 3.3 assesses the future costs of e-jet fuel produced in
Europe. Section 3.4 concludes with policy and industry implications.

3.1

The CO2 reduction potential of renewable energy carriers

Corresponding to Research Question 1 and 2a , this section provides the
CO2 reduction potentials of the most important CO2 reduction measures
that are available for the automotive, the aviation, and the shipping sector.
It discusses the role of renewable energy carriers and their application
potential.
a

Research Question 1: What is the CO2 reduction potential of renewable energy carriers compared to
other CO2 reduction measures?
Research Question 2: Which renewable energy carriers are suited for which mode of transportation and
operation?
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CO2 reduction measures for cars, aircraft, and
ships: A literature review

Figures 3.1-3.5 provide a literature review of emission reduction measures
for the automotive, aviation, and shipping sector – including the insights
generated within this thesis. The figures are structured according to four
types of measures addressing changes in (1) the vehicle body specifications
(Figure 3.1), (2) the energy carrier (Figure 3.2), (3) the energy converter
(Figure 3.3), and (4) the vehicle operations (Figures 3.4 and 3.5).
They show the theoretical emission reduction potential per vehicle and for
the whole fleet for each measure. The latter includes the overall application
potential of a measure. Underlying data sources 51,52,72,80,92,98,104,113,115,116,133,
134,179–183,187,190,249,252,256–309
and assumptions are documented in Tables A.3A.6 in the Appendix.
Measures addressing the vehicle body have low CO2 reduction impacts
for cars since they are already highly optimised. Even lightweighting plays
a diminishing role when considering the large-scale substitution of ICEVs
with BEVs. 310 In contrast, novel airframe configurations could increase the
fuel economy of aircraft by 20-50%, even though they are associated with
high R&D risks/uncertainties 276 and long approval procedures. For the
shipping sector, larger ships and optimised ship hulls also offer emission
reduction potentials of up to 25-30% each.
For all three sectors (automotive, aviation, shipping), renewable energy
carriers (electricity and e-fuels) offer the highest emission reduction potential of roughly 70-90%. Compared to such renewable energy carriers,
fossil-based energy carriers like hydrogen produced from natural gas have
little positive to even negative effects on overall CO2 emissions. The shipping sector offers the highest flexibility regarding the energy carrier options.
While methanol or ammonia will most likely not be considered for cars and
aircraft due to toxicity and safety issues as well as a low energy content
per unit weight and volume, they might play a role in shipping. Ships also
offer the possibility of solar or wind assistance and even nuclear-powered
ships are under discussion.
Energy carriers always require a suitable energy converter on board of
the vehicle. While energy converters cannot eliminate emissions, they can
reduce the energy demand of the vehicle, i.e. the amount of required re-
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newable electricity – either directly used in battery-electric vehicles, or for
the production of e-fuels. The presented literature review focuses on improved ICEs/jet engines, hybrid-electric ICEs/jet engines, fuel cells, and
electric motors. For cars, hybridisation already offers the potential to reduce current emissions by approximately 20-25% (with a high variance
that depends on the individual driving behaviour). Fuel cells could reduce
emissions by roughly 40-50% and electric motors by two thirds compared
to ICEs – assuming just the converter efficiencies, without a change in
the CO2 intensity of the used fuel or electricity. For aircraft, hybrid and
all-electric aircraft might reduce the industry’s emissions by 10-20% in the
long-term, but rely on further increases of the energy density of batteries.
For the short-term, improved turbine concepts like geared turbofans offer
reduction potentials in the range of 20-25%. For ships, the potentials of
alternative energy converters alone (without substituting the energy carrier) are smaller than for cars, since the larger and more steadily operated
ICEs on board ships operate more efficiently than in automotive applications. However, improvements of existing systems (e.g. by new propellor
designs or waste heat recovery) can reduce overall emissions by roughly
5-30%. Another CO2 reduction measure that is unique to the shipping sector is on-board carbon capture for existing fossil fuel-powered ships. Such
systems offer the same reduction potential as e-fuels (ca. 70-90%), but as
retrofits they might not be applicable to all ships.
Measures addressing the vehicle operation are particularly relevant for
the automotive and shipping sector. Adjusting the individual driving behaviour for cars can result in fuel economy gains of up to 25%, e.g. by
smoother acceleration and a limited maximum speed. For ships, slow
steaming and enhanced capacity utilisation could reduce CO2 emissions
by 5-40%. Aircraft already follow a standard flight profile to large extents
even if there is also a range of possible operational procedure optimisations.
Figures 3.1-3.5 are based on a broad literature review. Nevertheless, for
some measures the uncertainty in the per-vehicle CO2 reduction potential
or their fleet-wide application potential is high. Finally, the interactions
and additivity of different measures is important in order to derive the
total emission reduction potential of a set of measures. The evaluation of
such interconnections is, however, beyond the scope of this thesis.
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Figure 3.1: CO2 reduction potential of measures addressing the vehicle body.
Fleet potential (orange) = per-vehicle potential (dark blue), multiplied by application
potential. For 100% application potential, the two boxes overlap entirely. References are
documented in Table A.3.
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Figure 3.2: Emission reduction potential of measures addressing the energy
carrier. Fleet potential (orange) = per-vehicle potential (dark blue), multiplied by application potential. For e-fuels (fossil fuels), the fleet potential is depicted in light blue
(orange), the per-vehicle potential in turquoise (dark blue). For 100% application potential, the two boxes overlap entirely. Values given in CO2 -eq. for all fuels, and in CO2 for
other measures. References are documented in Table A.4.
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Figure 3.3: CO2 reduction potential of measures addressing the energy converter. Fleet potential (orange) = per-vehicle potential (dark blue), multiplied by application potential. For 100% application potential, the two boxes overlap entirely. References are documented in Table A.5.
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Figure 3.4: CO2 reduction potential of measures addressing the vehicle operation (1/2). Fleet potential (orange) = per-vehicle potential (dark blue), multiplied
by application potential. For 100% application potential, the two boxes overlap entirely.
References are documented in Table A.6.
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Figure 3.5: CO2 reduction potential of measures addressing the vehicle operation (2/2). Fleet potential (orange) = per-vehicle potential (dark blue), multiplied
by application potential. For 100% application potential, the two boxes overlap entirely.
References are documented in Table A.6.
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The CO2 reduction potential of shore-side electricity: New insights from this thesis

This section summarises the findings from paper #7 (ref. 115 ) which assesses
the CO2 reduction potential of shore-side electricity in Europe.
While berthed, ships use their auxiliary engines to power cargo handling
operations and hotelling functions. Replacing fossil fuel-powered auxiliary
engines by the use of shore-side electricity (SSE, or onshore power supply,
OPS) can reduce CO2 emissions. Currently, most auxiliary engines rely on
MDO as a fuel with emissions of roughly 784 g CO2 per kWh electricity
output. If SSE is supplied from an electricity mix below this value, it
entails a CO2 reduction. This is the case for the electricity grid of all
coastal countries of the EU32, except for Poland and Estonia (according
to the CO2 intensity of the electricity mixes in 2017, ref. 311 ). Besides CO2 ,
SSE can also substantially reduce pollutant emissions – e.g. particulate
matter (PM), or nitrogen oxide (NOx ) – and contribute to reduce the
approximately 250’000 premature deaths per year from pollution. 312–317
Within the European Green Deal, the European Commission plans “to regulate access of the most polluting ships to EU ports and to oblige docked
ships to use shore-side electricity”. 39 Knowledge about the emission reduction potential from SSE and the associated electricity demand is essential
to plan a ramp-up of infrastructure and supporting policies. However,
there is no up-to-date study about the emission reduction potential of SSE
for European ports. The 17 peer-reviewed studies on the CO2 reduction
potential of SSE that were published in the last two decades are all limited
in their scope. While most of them only address one port 318–327 , and only
a few up to 25 ports 328–334 , the present study covers all major ports (714)
of the EU32. It also provides emission reduction potentials for all relevant
non-CO2 emissions, i.e. SO2 , NOx , PM, CO, volatile organic compounds
(VOC), CH4 , and N2 O. Furthermore, this assessment is the first to provide accurate information about the energy demand of SSE for individual
ports in the EU32. The provided data (see paper #7, ref. 115 ) can serve
as a basis for future decisions on European policies regarding the support
of SSE and help ports and shipping companies to prepare for demand and
supply of SSE in individual ports. Local utilities can also use the projected
additional electricity demand from the future use of SSE to enlarge their
capacity of renewable electricity generation accordingly.
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Combining data from AIS and the MRV scheme of the European Commission, 145 the auxiliary power demand at berth was estimated. The resulting
energy demand for different ship categories is shown in Figure 3.6. Passenger ships have the highest average auxiliary power demand of up to
10 MW. Together with container ships, these two ship categories make up
more than 50% of the total SSE demand which adds up to 6.4 TWhel. .
Analogously, 35 ports, or five countries (Italy, Spain, the United Kingdom,
the Netherlands, and France) demand more than 50% of this SSE energy.
These ship categories, ports, and countries could be prioritised during the
ramp-up of SSE facilities. For a sound prioritisation, however, other indicators like system costs, frequent ship routes, port infrastructure readiness,
etc. have to be considered.

Figure 3.6: Shore-side electricity (SSE) demand, resolved by ship types. Figure
based on paper #7, ref. 115 .

In a world of limited resources for renewable electricity generation, however, also the CO2 reduction per invested kWh of renewable electricity
is important. In Figure 3.7, the annual CO2 reduction potential is plotted against the annual electricity demand for individual countries and the

Chapter 3 Results & Discussion

77

two biggest ports in the EU32, Rotterdam and Antwerp. A SSE supply
from national grid mixes is assumed. The underlying energy demand data
and CO2 reduction potentials are shown in Table 3.1. From Figures 3.6
and 3.7, it can be concluded that countries with a high SSE demand and a
low-carbon electricity grid could be prioritised for SSE infrastructure support in the beginning, subject to corresponding economic considerations.
Comparing e.g. Spain and France, Spain requires almost double the electricity, but has only a slightly higher emission reduction potential due to
the high share of nuclear power in France. Scandinavian countries already
have a very clean electricity mix wherefore they are located close to the
line of maximum CO2 reduction potential. This line is defined by the CO2
intensity of MDO which is currently used in on-board auxiliary engines.
Some countries like Poland, Estonia, or Cyprus only show a small emission
reduction or even increase from SSE due to their high-carbon electricity
grid mixes. However, with the rise of renewable electricity generation, the
CO2 reduction potentials will increase for all countries in the future.

Figure 3.7: Annual electricity demand and CO2 reduction potential from
shore-side electricity (SSE) for all coastal countries and the two biggest ports in
the EU32, including the specific CO2 savings per unit electricity. Electricity supply from
national grids is assumed here. Figure based on paper #7, ref. 115 .
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Table 3.1: Electricity demand and avoided CO2 emissions for the implementation of shore-side electricity (SSE). The CO2 savings are calculated from current
CO2 emissions of ships at berth and CO2 emissions from the production of the amount
of electricity required to substitute all auxiliary engine power demand at berth through
SSE. Table reproduced from paper #7, ref. 115 .
Electricity

CO2 emissions

Demand
for SSE
[GWh]

Gross domestic
production
[TWh]

Share
of SSE
[%]

of
electricity
for SSE [kt]

of ships
at berth
[kt]

saved in
total by
SSE [kt]

share
saved by
SSE [%]

IT

959

289

0.36

266

752

487

65

ES

863

274

0.34

288

672

384

57

GB

713

331

0.23

207

559

352

63

NL

651

114

0.60

309

509

200

39

FR

478

581

0.09

34

374

340

91

BE

429

75

0.61

80

336

257

76

DE

414

642

0.07

180

325

145

45

GR

375

53

0.76

266

293

27

9

SE

244

163

0.16

2

191

189

99

NO

232

147

0.17

5

182

177

97

FI

178

70

0.27

15

140

124

89

PT

142

60

0.26

55

112

57

51

DK

107

30

0.38

17

84

67

80

PL

99

170

0.06

79

77

-2

-3

EE

79

12

0.68

77

62

-16

-26

IE

78

31

0.27

33

61

28

46

MT

63

2

3.34

29

49

20

41

RO

54

65

0.09

16

42

27

63

LV

51

7

0.83

3

40

37

93

HR

44

14

0.36

9

34

25

73

LT

43

3

1.60

3

34

30

90

SI

37

16

0.24

10

29

19

67

BG

34

47

0.08

18

27

9

33

IS

22

20

0.11

0

17

17

100

CY

19

5

0.38

13

15

2

12

6’406

3’221

0.20

2’014

5’015

3’001

60

Total
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Furthermore, the total CO2 reduction potential of SSE compared to the
total emissions from all shipping activity is derived from this study. So
far, there has been “little agreement between [SSE] studies as to its CO2
reduction potential”. 256 Literature values range from 0.44% up to 10%
(refs. 293,332,335,336 ). This study estimates the CO2 reduction potential to be
highly dependent on the ship category and the supplied electricity mix.
With an SSE supply from national grids, the reduction potential amounts
to roughly 2% (1-5%), see Table 3.2. With an SSE supply from renewable
electricity, the maximum reduction potential increases to roughly 4% (19%). Compared to extant literature, this study provides more certainty
about the CO2 reduction potential of SSE due to an increased geographical
and temporal scope. The new insights are shown in Figure 3.2.
Table 3.2: Overall CO2 reduction potential of SSE compared to total shipping
emissions. Averages are weighted by the amount of emissions per ship category. Table
reproduced from paper #7, ref. 115 .
CO2 reduction potential if electricity is supplied from
...national grids

...renewable electricity

Passenger ships

4.9%

9.1%

Combination carrier

4.9%

9.1%

Ro-pax ships

4.3%

7.1%

Container/ro-ro cargo ships

4.2%

6.4%

Chemical tankers

2.7%

4.6%

General cargo ships

2.4%

3.7%

Vehicle carriers

2.3%

3.7%

Gas carriers

2.1%

3.3%

Ro-ro ships

2.0%

3.1%

Bulk carriers

1.7%

2.9%

Oil tankers

1.5%

2.6%

Container ships

1.2%

2.1%

Refrigerated cargo carriers

1.1%

2.0%

LNG carriers

0.9%

1.3%

Other ship types

1.9%

2.9%

Average

2.2%

3.7%

Supplying the energy demand of SSE by renewable electricity could further
reduce annual emissions of 86,431 t NOx , 4,130 t SOx , 1,596 t PM10 , 4,333 t
CO, 94 t CH4 , 4,818 t NMVOC, and 235 t N2 O.
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The application potential of renewable energy
carriers for shipping: New insights from this
thesis

Paper #8 (ref. 116 ) assesses the application potential of renewable energy
carriers for ships carrying bulk cargo in Europe. The findings cannot be
discussed here due to a prior publication embargo, but they are made
available within the paper as soon as it gets published.

3.1.4

The CO2 reduction potential of mode shift from
short-haul flights to high-speed rail: New insights from this thesis

Using the FEAT modelling framework of paper #5 (ref. 113 ), the CO2 reduction potential of shifting short-haul flights to high-speed rail is analysed.
From all flights departing from European airports, 6.5/21.5% of all flight
kilometres and 5.8/17.8% of corresponding CO2 emissions stem from flights
equal or shorter than 500/1’000km, see Figure 3.8. An analogue analysis
reveals that these numbers are very similar on a global scale.

Figure 3.8: Cumulative share of flights departing from the EU32 sorted by
flight length.

It is assumed that 75% of these flights can be shifted to high-speed rail in
the future. This very high application potential is chosen to illustrate the
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upper end of the impact of mode shift measures. While this assumption is
broadly in line with an estimated application potential of 80% for all flights
shorter than 500 km of ref. 104 , it is extremely ambitious and would require a
substantial enhancement of existing high-speed rail infrastructure. Shifting
75% of all flights below 1’000 km to high-speed rail, which is assumed to
have a negligible carbon intensity by 2050, would result in an overall CO2
reduction potential of roughly 5-15%.

3.2

The transformation of a fossil-based to
a carbon-neutral transport sector

In the following, the findings of Section 3.1 are set into the context of a
dynamic fleet turnover. Research Questions 3 and 4b are answered and it
is illustrated how a climate-neutral European transport sector could look
like.
The annual demand for renewable energy carriers for the European automotive, aviation, and shipping sector is estimated until 2050 using the fleet
turnover, mobility demand, and emissions model for the scenarios defined
in Table 2.7. Emission trajectories of BAU scenarios represent a future
without changes in the transport demand and with continued historical fuel
economy improvements of vehicles. HIGH and MAX scenarios reflect more
ambitious efforts regarding the (A), (S), and (I) levers of the ASIF model.
They incorporate demand reductions (A), modes shift to high-speed rail
(S), and more ambitious energy intensity reductions (I). However, (A), (S),
and (I) cannot eliminate all emissions. Cumulative emissions between 2021
and 2050 would exceed the 1.5◦ C carbon budget in all described scenarios
if no renewable energy carriers were deployed. The resulting emissions gap
has to be filled by renewable energy carriers (F) in order to bring down CO2
emissions to zero. According to the scenario definition, it is assumed that
the automotive sector will be BEV-dominated by 2050, the aviation sector
will be supplied by e-jet fuel, and the shipping sector will be predominantly
powered by liquefied hydrogen or ammonia.
Research Question 3: Are current trends and regulations on track to meet a 1.5◦ C/2.0◦ C target? If
not, which additional measures can be taken to fill the emissions gap?
Research Question 4: What is the future demand for renewable energy carriers for the European automotive, aviation, and shipping sector and how can it be minimised?
b
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3.2.1

Scenarios towards a carbon-neutral automotive
sector.

The top panel of Figure 3.9 shows emission reduction trajectories for different scenarios. The cumulative emissions between 2021 and 2050 are
documented in Table 3.3 for all scenarios.
The Continued-EU-regulation scenario, extrapolating current legislation
beyond 2030, is found to overshoot the 2.0◦ C carbon budget only slightly.
In this scenario, BEVs will make up 95% of new car registrations by 2056.
If ICEVs were to be phased out earlier and this 95% threshold for BEVs
will already be reached by 2035, a cumulative amount of 3.2-3.6 Gt CO2
could be saved until 2050, equalling a reduction of roughly one third. In
the hypothetical Instant-ZEV scenario, in which all new car sales would be
BEVs from 2021 on, cumulative emissions are reduced by 6.0-6.5 Gt CO2
compared to the Continued-EU-regulation scenario, equalling a reduction
of roughly 60%.
The resulting electricity demand for BEVs until 2050 is depicted in the
bottom panel of Figure 3.9. While the ramp-up curves show different
dynamics, all scenarios converge to the same electricity demand by or after
2050, as soon as the whole stock of vehicles consists only of BEVs. Due to
the modelled efficiency increase of cars over time and the slight decrease
in European population projections after 2040, which governs the number
of cars in the stock, the electricity demand decreases slightly after 2045 for
the Instant-ZEV scenario. The time when a full-electric fleet is achieved
is constrained by the inertia of the fleet turnover, which is constrained by
typical car lifetimes of 15-30 years. Therefore, even the most ambitious
Instant-ZEV scenario is not sufficient to comply with the 1.5◦ C carbon
budget of 3.1 Gt CO2 , exceeding it by over a third.
Potential solutions to offset this emission gap and to stay within the 1.5◦ C
carbon budget are (a) early retirement programs to accelerate the fleet
turnover and hence the market adoption of BEVs, (b) increased efforts regarding the (A), (S), and (I) levers to bend down the energy demand curve,
and (c) a complementary strategy for the (F) lever (of the ASIF framework). In such an additional strategy addressing the fuel carbon content
(F), a share of carbon-neutrally produced e-fuels is supplied to existing
vehicles, e.g. blended to fossil diesel or gasoline.c The amount of required
c

E-diesel is taken as a reference fuel here. In this discussion, it could be replaced by similar fuels like
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Figure 3.9: CO2 emission and electricity demand scenarios for the automotive
sector. Emission scenarios in the top panel are defined in Table 2.7 for different BEV
ramp-up and demand projections. They are translated to corresponding electricity demand scenarios for BEVs in the bottom panel. All three scenarios comply with a 2.0◦ C
scenario, but exceed the 1.5◦ C carbon budget, albeit to different extents. Carbon-neutral
e-fuels supplied to existing vehicles can avoid this carbon budget overshoot.
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e-fuels for each scenario is depicted in the bottom panel of Figure 3.9. As a
case study, paper #6 highlights potential transition pathways for the Swiss
automotive sector in more detail (ref. 114 ).
Alternatively to the deployment of e-fuels, a certain overshoot of the carbon budget for the automotive sector might be accepted and balanced by
increased CO2 reduction efforts in other sectors.

3.2.2

Scenarios towards a carbon-neutral aviation sector.

The top panel of Figure 3.10 shows emission reduction trajectories for
different scenarios.
In the BAU scenario, emissions rise from roughly 200 to 300 Mt CO2 until 2050, despite already high requirements for aircraft and engine design
improvements. Cumulative emissions from 2021 until 2050 are 6.7 times
the carbon budget of a 1.5◦ C scenario and 1.9 times the carbon budget
of a 2.0◦ C scenario. Only after considering even higher technological improvements (HIGH), a reduced demand, and a mode shift of 75% of all
flights shorter than 1’000 km to high-speed rail (MAX), the emissions are
stabilised or slightly reduced until 2050. However, even for the most ambitious scenario (MAX), which would require enormous efforts from the
aviation industry and society, the 1.5◦ C carbon budget is exceeded by a
factor of 4.8 and the 2.0◦ C carbon budget by a factor of 1.4, see Table 3.3.
The gap between the BAU/HIGH/MAX scenarios and the 1.5◦ C/2.0◦ C
scenarios has to be filled by renewable energy carriers. Here, e-jet fuel is
assumed to fill this gap. The resulting electricity demand until 2050 is depicted in the bottom panel of Figure 3.10. To stay within a 1.5◦ C carbon
budget, a fast ramp-up of e-jet fuel production facilities within this decade
is required. In the HIGH scenario (middle curve), almost a steady-state
is achieved after 2030, with an annual demand for renewable electricity
of approximately 2’250 TWhel . In contrast, the 2.0◦ C scenario shows a
slower ramp-up until 2050 and even in 2050 not all aircraft are powered by
renewable e-jet fuel.
Figure 3.11 shows the blend ratio of e-jet fuel required to close the gap to
a 1.5/2.0◦ C target, i.e. the amount of fossil jet fuel that has to be replaced
e-gasoline since any of these fuels can be tailor-made, e.g. in a Fischer-Tropsch process.
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Figure 3.10: CO2 emission and electricity demand scenarios for the aviation
sector. Emission scenarios in the top panel are defined in Table 2.7 for different efficiency
improvement and demand projections. The gap between these projected emissions and a
1.5◦ C/2.0◦ C scenario has to be filled by carbon-neutral e-jet fuel if these targets are to be
met. The resulting electricity demands are shown in the bottom panel.
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by e-jet fuel over time as share of the total jet fuel supply. In the 1.5◦ C
scenario, a 50% blending ratio is required by 2026. For the 2.0◦ C scenario,
the amount of e-jet fuel exceeds the amount of fossil jet fuel from 2037-2041
on, depending on the assumptions regarding other technological improvements, flight activity and mode shift (BAU/HIGH/MAX scenarios).

Figure 3.11: Required amount of e-jet fuel as share of total jet fuel supply to
comply with 1.5/2.0◦ C carbon budget. The three curves per scenario correspond to
the BAU/HIGH/MAX assumptions depicted in Figure 3.10 and defined in Table 2.7.

Compared to the automotive sector, fleet turnover constraints are not expected for the aviation sector since e-jet fuel can be introduced in blends.
Retrofits to engines of existing aircraft are deemed feasible to also allow
for the use of pure e-jet fuel. An acceleration of the fleet turnover by early
retirements of aircraft could, however, reduce the overall demand for jet
fuel – in particular, if new aircraft showed major improvements compared
to the current generation.
Alternative energy carriers like liquefied hydrogen or methane could also
contribute to reduce the emissions of aviation. They could also reduce the
overall electricity demand of the aviation sector, since they feature higher
fuel production efficiencies than e-jet fuel.
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Scenarios towards a carbon-neutral shipping sector.

The top panel of Figure 3.12 shows emission reduction trajectories for
different scenarios.
In the BAU scenario, the emissions of the shipping sector increase by 78%
until 2050 compared to 2020, despite of the already considered efficiency
improvements of the fleet. Only when considering higher technology improvements due to advanced ship design (HIGH) and a reduction of activity (MAX), emissions can approximately be stabilised by 2050 to annual
emissions of 210 Mt CO2 . All scenarios exceed the 1.5◦ C and 2.0◦ C carbon
budget. The cumulative emissions until 2050 and the remaining emissions
gap to be filled by renewable energy carriers are very similar to the ones
observed for the aviation sector, see Table 3.3.
The resulting electricity demand for the production of liquefied hydrogen
(or ammonia) until 2050 is depicted in the bottom panel of Figure 3.12.
Like the automotive sector, the shipping sector experiences fleet turnover
constraints, since a change of fuel from fossil HFO to liquefied e-hydrogen is
considered here. Only in the hypothetical Instant-ZEV scenario, in which
all new ships are powered by carbon-neutral energy carriers from 2021 on,
the carbon budget for a 2.0◦ C target is met. Nevertheless, the 1.5◦ C-related
carbon budget is also exceeded in this scenario – by a factor of 1.9-2.1.
Potential solutions to offset this emission gap and to stay within the 1.5◦ C
carbon budget are similar to those mentioned for the automotive sectors:
(a) early retirement programs, (b) increased efforts regarding the (A), (S),
and (I) levers, (c) retrofits to existing ships, e.g. replacing the propulsion
system, and (d) a complementary strategy for the (F) lever of the ASIF
framework. The fuel carbon content (F) of the ship fleet can be further
reduced by introducing a share of carbon-neutrally produced e-fuels like
e-diesel that is supplied to existing ships. The amount of required e-fuels
is depicted in the bottom panel of Figure 3.12. Alternatively, a certain
overshoot of the carbon budget for the shipping sector might be accepted
and balanced by increased CO2 reduction efforts in other sectors.
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Figure 3.12: CO2 emission and electricity demand scenarios for the shipping
sector. Emission scenarios in the top panel are defined in Table 2.7 for different efficiency
improvement and demand projections. The gap between the projected emissions for the
BAU/HIGH/MAX scenarios and the Instant-ZEV/2.0◦ C scenario is assumed to be filled
by carbon-neutral liquefied hydrogen or ammonia. The resulting electricity demands are
shown in the bottom panel. Even the Instant-ZEV scenario exceeds the 1.5◦ C-related
carbon budget. Carbon-neutral e-diesel supplied to existing ships can avoid this carbon
budget overshoot.
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Table 3.3: Cumulative emissions between 2021 and 2050 in Gt CO2 . Not all
trajectories end up at zero emissions in 2050, wherefore some cumulative emission numbers
would further increase beyond 2050. Emission gaps have to be filled by renewable energy
carriers, see Figures 3.9-3.12.
Automotive sector

Aviation sector

Shipping sector

10.2-10.8

–

–

ICE-phaseout-by-2035 scenario

7.0-7.2

–

–

Instant-ZEV scenario

4.2-4.3

–

1.9-2.1

BAU

–

7.4

7.4

HIGH

–

6.4

6.7

MAX

Continued-EU-regulation scenario

–

5.3

5.9

◦

10.3

3.8

3.4

◦

3.1

1.1

1.0

2.0 C scenario
1.5 C scenario

3.2.4

Summary: Future electricity demand and required capacity for PV and wind

This section combines the sectoral results of the previous sections. It compares the status quo (2018) of a fossil fuel powered transport sector with
a carbon-neutral future in 2050 which is powered by renewable electricity
– either directly used in BEVs, or used to produce hydrogen or jet fuel.
The required electricity demand is then translated to a demand of installed
capacity of PV and wind power.
The current demand for fossil fuels is derived from emissions statistics. 17
For simplicity, is assumed that the European car fleet consumes 50% diesel
and 50% gasoline, that ships are powered solely by HFO, and aircraft only
by jet fuel. The medium electricity demand for each sector in 2050 results
from average values of the Instant-ZEV scenarios (automotive and shipping
sector) and the middle curve of the 1.5◦ C scenario (aviation sector) in
order to capture an almost steady state of a fully renewable future, see
Figure 3.13.
Currently, the automotive sector demands 1.5 times as much fossil fuels as
aviation and shipping combined. This changes drastically with the electrification of transport. In 2050, ships and aircraft will consume eight times
the electricity as cars.
Cars experience a reduced energy demand due to the higher efficiency of
electric motors compared to ICEs, and due to the only moderate expected
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Figure 3.13: Current (2018) annual demand for fossil fuels vs. future (2050)
annual demand for renewable electricity for the automotive, the shipping,
and the aviation sector. Renewable electricity is either used directly in BEVs, or
used to produce liquefied e-hydrogen/ammonia and e-jet fuel. Numbers are taken from
Figures 3.9-3.12. For comparison, the upper panel shows the amount of electricity that
has been available for final consumption in the EU32 in 2019 (refs. 337,338 ), including all
electricity generation types.
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increase in transport demand. Aviation and shipping, however, are forecasted to experience high demand increases, without a drastic increase
in energy conversion efficiency (unless SOFCs reach market adoption for
ships quickly). The low efficiencies of the synthesis of liquefied hydrogen/ammonia (54-55%) and jet fuel (37%) from renewable electricity increase the electricity demand further.
In 2019, 3’071 TWhel of electricity have been available for final consumption in the EU32 (refs. 337,338,d ). The automotive, aviation, and shipping
sector will increase this demand by 147 (111-184)% in 2050. The total
electricity demand in 2050 for a fully renewable automotive, aviation, and
shipping sector amounts to 4’525 TWhel for the medium scenario. The
upper end of the scenarios, assuming only BAU technology improvements
for aviation and shipping and a Continued-EU-regulation scenario for cars
results in a demand of 5’660 TWhel . The lower end of the scenarios, assuming MAX technology improvements, mode shift and demand reduction
results in a lower demand of 3’410 TWhel . The high spread in the scenarios shows that increased efforts regarding the (A), (S), and (I) levers
can lower the total demand for renewable electricity substantially by up to
40%. Fuels produced from renewable biomass might reduce the electricity
demand as well. However, biofuels are not considered within this thesis,
for the reasons discussed in Chapter 1.
For the generation costs of renewable electricity, the CAPEX are decisive. 339 A first-order approximation of the required installed capacity of
PV and wind power plants is based on the assumption of roughly 1’250 full
load hours (FLH) for solar PV, 340,341 2’500 FLH for onshore wind power, 342
and 3’500 FLH for offshore wind power (in the North and Baltic Seas) 219,343
in Europe. It is further assumed that 25% of the electricity demand will be
sourced from PV and offshore wind each and the other half from onshore
wind. The required installed capacities are listed in Table 3.4 for the three
electricity demand scenarios described above.
In Table 3.4, the required capacity increases are also compared to currently
installed capacities and estimations of future capacity potentials. It has
to be noted that estimations regarding the maximum technical potential
of PV or wind power differ considerably from source to source, e.g. due
d

Due to a lack of data, the value for 2018 was chosen for Iceland, and the 2017 value for Liechtenstein.
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to different assumptions about land eligibility for industrial use. They are
only provided for a first indicative comparison, which suggests a considerably higher potential for wind than for PV. Due to the higher FLH of
wind power plants, they might also be more suitable for the production of
e-fuels, which benefits from less intermittency.

Table 3.4: Installed capacities of PV and wind power at the end of 2019,
maximum (technical) potentials, and required demand for transport in 2050 in
the EU32. Original references stating electricity production potentials are transformed
to potentials of installed capacity using the stated full load hours (FLH). Some literature
values are given for slightly different scopes than the EU32 (mostly the EU28 or excluding
smaller countries) which does, however, not disturb the overall picture.

Installed capacity

PV

Onshore wind

Offshore wind

133 GW

172 GW

22 GW

– 550-950 GW for buildingintegrated PV, 345–347
– 1’000 GW for PV alongside railway tracks and motorways 347

1’800-12’800 GW,
refs. 342,347

1’000 GW,
refs. 347,348

1’250 (refs. 340,341 )

2’500 (ref. 342 )

3’500
(refs.
)

(high)

1’130 GW

1’130 GW

400 GW

(medium)

900 GW

900 GW

320 GW

344

Maximum potential

Assumed average FLH

*

Additional demand in 2050

219,343

(low)

680 GW
680 GW
240 GW
) The required installed capacities are given for low/medium/high electricity demand scenarios, see
Figure 3.13. It is assumed that 25% of the electricity demand in TWhel is supplied by PV, 50% by
onshore wind, and 25% by offshore wind.
*

In the transition between 2018 and 2050, the additional demand for e-diesel
due to fleet turnover constraints has to be considered for the automotive
and the shipping sector, if emission overshoots compared to the 1.5◦ C target are to be offset.
Depending on the scenario for the automotive sector (with or without demand reduction and mode shift) and shipping (BAU vs. MAX), the electricity demand for e-diesel to offset the emissions gap to the 1.5◦ C target
amounts to 19’500-23’200 TWhel . This demand for e-diesel represents a
cumulative demand between the years 2021 and 2050. Since only the cumulative emissions are relevant for the compliance with a carbon budget,
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the deployment of this amount of e-fuels is not bound to a certain timeline,
as long as diesel-consuming vehicles are still in service.
E-fuels can be transported easily. Hence, they can be produced at production sites that are located far away from their end use location. Wind power
locations with high FLH (like Patagonia with roughly 5’000 FLH 349 ) can
reduce the fuel production cost. Assuming a lifetime of an offshore wind
power plant of 30 years 218 , the aforementioned electricity demand would
translate into a required wind power capacity of roughly 130-150 GW for
the production of e-diesel or e-gasoline. This additional capacity demand
is only required once to offset surplus emissions between 2021 and 2050,
but not to maintain a steady state of a fully renewable transport system.

3.3

The CO2 abatement costs of renewable
energy carriers

In this section, the future production costs of renewable jet fuel are discussed from a European perspective, answering Research Question 5e . It
provides a literature review of FT fuel production costs and preliminary results of the model setup developed within this thesis that will be published
in paper #9 (ref. 117 ).

3.3.1

The production costs of e-jet fuel: A literature
review

Estimated FT fuel production costs are collected from literature. 69,80,81,350,
106,107,109,214,219,347,351–366
They are recalculated to EU R2019 using the annual
Harmonized Indices of Consumer Prices (HICP 367 ) and historical currency
exchange rates 368 , where applicable. Figure 3.14 shows the development of
estimated costs until 2050 of all literature sources.
They contain a variety of different assumptions, including different electrolysis types (low- and high-temperature), different CO2 supply sources
(e.g. from DAC or captured from flue gas), different output fractions (syncrude vs. distilled fractions of diesel, gasoline, or jet fuel), different cost
assumptions (CAPEX and OPEX for all components), different system
e

Research Question 5: At which costs can the required amount of renewable energy carriers be produced?
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Figure 3.14: Production costs of FT fuels from literature until 2050. The
depicted regression line of the 113 data points (shading indicates the 95% confidence
interval) comprises an adjusted R2 value of 0.16. Figure will be published in similar form
in paper #9 (ref. 117 ).

boundaries (e.g. purchase of hydrogen vs. integrated electrolysis plant),
different world regions for the fuel production plant, and different electricity prices. Thereby, no significant descriptive variable could explain the
high variance in fuel production cost estimates, except for the electricity
price, see Figure 3.15.
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Figure 3.15: Production costs of FT fuels for a range of electricity prices
from a literature review. The depicted regression line of the 85 data points (shading
indicates the 95% confidence interval) comprises an adjusted R2 value of 0.21. Colour
coding indicates the year of the estimate. Figure will be published in similar form in
paper #9 (ref. 117 ).

3.3.2

The production costs of e-jet fuel: New insights
from this thesis

The high spread in fuel production costs found in the literature review
shows the need for more clarity on this research topic. In order to close
the cost gap to fossil jet fuel, policymakers need accurate knowledge about
future production costs over time. Paper #9 (ref. 117 ) provides a transparent set of fuel production cost scenarios: regionally resolved for locations
all over Europe, including sensitivity analyses for all major model inputs
(CAPEX, OPEX, component lifetimes, etc.), and projected up to 2050
assuming the cost reductions and efficiency improvements of Table 2.6.
It assesses whether PV, onshore wind, or offshore wind is favourable to
power the fuel production – thereby indicating optimal production sites in
Europe. The findings of paper #9 (ref. 117 ) can support policymakers and
industry strategists in their decisions for future investments in fuel production plants. They also show which countries in the EU32 can supply their
own demand for renewable jet fuel in the future at reasonable costs and
which countries will most likely become exporters and which importers.
Within this thesis, first preliminary results leading towards paper #9
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(ref. 117 ) are presented. They exclude offshore wind power and land eligibility considerations. Nevertheless, first conclusions can be derived for
the production of e-jet fuel from PV and onshore wind power. Figure 3.16
depicts the fuel production costs across Europe. The UK, Ireland, and the
shoreline of the North and Baltic Sea show the lowest LCOF of 2.3 EUR/litre
due to high onshore wind potentials.

Figure 3.16: Levelised cost of e-jet fuel in the EU32. Costs higher than 4 EUR/litre
are grouped in an overflow bin and share the some colour code. For comparison, the price
of fossil jet fuel over the last seven years ranked at about 0.4 (0.2-0.6) EUR/litre. 369

In general, the area between 50◦ and 60◦ latitude features lower costs. The
mean cost in this region amounts to 2.6 EUR/litre, with an interquartile
range of 2.4-2.8 EUR/litre, see Figure 3.18. These numbers compare to
mean costs of 3.2 EUR/litre for the rest of Europe, with an interquartile
range of 2.8-3.3 EUR/litre.
This difference mainly stems from the higher onshore wind power potential
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between 50◦ and 60◦ latitude, which is found to be favourable for low-cost
e-jet fuel production compared to PV-dominated sites. The production
costs at locations for which PV power has a share of up to 50% on the
total installed capacity of PV and wind only show a small spread. For
higher shares of PV, the cost bandwidth increases massively, dependent on
the production location, see Figures 3.17 and 3.18. Nevertheless, also in
the PV-dominated regions (≥ 60% of installed capacity from PV), low-cost
e-jet fuel production sites can be found – foremost in Spain and Portugal.
This is the reason, why the median cost for PV- and for wind-dominated
production sites are not far apart, see Figure 3.18. Figure 3.17 shows also a
separation of LCOF costs for wind shares above 60% into two point clouds.
Thereby, lower costs are observed for the UK, Ireland, and Denmark due
to the higher wind power potential.
However, even the lowest LCOF of 2.23 EUR/litre are 6 (4-11) times as
high as the market price of fossil jet fuel over the last seven years, which
ranked at about 0.4 (0.2-0.6) EUR/litre. 369 While the inclusion of offshore
wind power might reduce the production costs of e-jet fuel (which will
be evaluated in paper #9, ref. 117 ), a significant price gap will remain.
Currently, carbon prices of 800-1’300 EUR/t CO2 would be required to
bridge this cost gap for the bulk of production sites in Europe – assuming
related LCOF of 2.4-3.7 EUR/litre which represent the 90% confidence
interval for all production sites, taken from Figure 3.18. In the future, the
cost gap can decrease by reduced production costs for e-jet fuel (foremost
triggered by economies of scale) and taxation of fossil jet fuel.
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Figure 3.17: Levelised cost of e-jet fuel dependent on the share of PV on the
total installed capacity. The colour code indicates the latitude of the fuel production
location, see map of Figure 3.16.

Figure 3.18: Levelised cost of e-jet fuel for different locations. Box plots display
the median (red line), the interquartile range (box), whiskers, and outliers.
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Policy and industry implications for renewable energy carriers

This section sets the generated insights about the role of renewable energy
carriers for the automotive, the aviation, and the shipping sector into the
context of climate policies and industry strategies. The focus of this thesis,
however, are technological analyses. Economic and infrastructure-related
considerations are only touched upon here, but represent an important
part in a holistic assessment of renewable energy carriers – future research
should supplement the findings of this thesis with such perspectives.
Renewable energy carriers for the automotive sector
Regarding their CO2 reduction potential, BEVs are on a par with e-fuels
(hydrogen, methane, diesel), if powered by renewable electricity. However,
the CO2 reduction per invested kWh of renewable electricity differs. While
BEVs combine a high battery round-trip efficiency of 90% with high efficiencies of electric motors, e-fuels are subject to high efficiency losses
in their production chain (37-60%, see Figure 2.12) and rely on less efficient ICEs or fuel cells as energy converters. However, increasing shares
of BEVs in the car fleet that are powered by renewable electricity could
require seasonal energy storage to power BEVs also in winter – entailing
additional system efficiency losses also for a BEV-dominated fleet. Alternatively, carbon-neutral nuclear energy could supply a BEV fleet without
the need for seasonal energy storage.
Hydrogen, methane, or diesel/gasoline hybrid-electric cars could play a
role for long-distance transport where BEVs might be range-limited in the
near-term. However, with increasing energy densities of battery packs,
and hence, increasing range, the application potential of BEVs will very
likely reach values close to 100% soon. Therefore, e-fuels are most likely
not a long-term solution for the automotive sector, but can help to support the transition towards carbon-neutrality by offsetting emission overshoots from a 1.5◦ C target. Thereby, the required amount of e-diesel or
e-gasoline should be minimised for two reasons: First, the production of
e-diesel/-gasoline entails substantially higher electricity requirements than
needed for BEVs (even when including seasonal energy storage). Second,
the electricity-intensive production of e-fuels should primarily serve shipping and aviation, because direct electrification plays a minor role for these
two sectors.
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Therefore, a fast ramp-up of BEVs is crucial if the overall demand for
electricity is to be minimised. Cost parity between BEVs and ICEVs is
expected for 2025 or even earlier. 370–373 In the short-term, policies (a) to
accelerate the path to cost parity for all car segments and (b) to support
charging infrastructure can accelerate the uptake of BEVs. Li-ion batteries
have to be produced using low-carbon electricity in order to ensure a high
emission reduction effect on a lifecycle basis. Current challenges related to
the social sustainability of the production of cobalt can be be solved by
technological progress, e.g. by new battery chemistries. 374,375
Renewable energy carriers for the aviation sector
Currently, the two viable options to drastically reduce the CO2 emissions
of aviation is the deployment of e-jet fuel or bio-jet fuel. For the reasons
discussed in Chapter 1, biofuels are beyond the scope of this thesis. E-fuels
can reduce the WTW CO2 emissions of aviation by 70-90%, but entail a
high electricity demand due to a low conversion efficiency of electricity to
jet fuel (37%). In the mid- to long-term (2035-2050), hydrogen-/methanepowered, hybrid-electric, and all-electric aircraft could reduce this electricity demand due to higher WTT efficiencies. Constrained by the energy
densities of their storage systems (pressurised/liquefied hydrogen/methane
tanks or batteries), they will likely only promote the decarbonisation of
short- and medium-haul flights. By 2035-2050, solar jet fuel production
could achieve sufficiently high technology readiness levels for large-scale
production, providing an alternative production route to e-jet fuel.
The assessment of future production costs of e-jet fuel (paper #9, ref. 117 )
revealed that renewable jet fuel is currently and in the foreseeable future
not competitive to fossil jet fuel. Production costs of 2.3-4.0 EUR/litre
e-jet fuel for the bulk part of European production locationsf compare to
fossil jet fuel prices of 0.4 (0.2-0.6) EUR/litre. Currently, aviation fuels
are tax-exempted (Art. 14, Energy Taxation Directive 2003/96/EC 376 )
and not part of the Emissions Trading Scheme of the European Union (EU
ETS, Directive 2003/87/EC 377 ). Electricity, however, is taxed and part of
the EU ETS. This situation creates very unfavourable market conditions
for the use of electricity, and even more for electricity-intensive e-fuels. The
f

Note that the stated levelised costs of e-jet fuel refer to the theoretical production potential from PV
and onshore wind power, excluding offshore wind and land eligibility constraints – which is analysed in
addition in paper #9, ref. 117 .

Chapter 3 Results & Discussion

101

revision of the Energy Taxation Directive 378 considers to review and remedy
this defect. Furthermore, the impact assessment ReFuelEU Aviation of the
European Commission considers, amongst others, blending mandates and
funding mechanisms “with the aim of encouraging the deployment of SAF
production facilities in the EU and of accompanying the gradual uptake of
SAF by the aviation market at competitive prices by helping to bridge the
cost gap and upscale production.” 38
Currently, the production of e-jet fuel via Fischer-Tropsch synthesis results
in unwanted byproducts. In case there is no demand for such byproducts in
the future, the selectivity of renewable jet fuel production would become a
major research desideratum. In the mid-term, byproducts like e-diesel and
e-gasoline could be used for cars, ships, and trucks, buying time to optimise
the fuel production processes towards higher selectivities for jet fuel. In the
1.5◦ C scenario for the aviation sector (middle curve in Fig. 3.10), the cumulative production of roughly 20’000 TWhch e-jet fuel between 2021 and
2050 will produce roughly 14’500 TWhch of e-gasoline and 11’500 TWhch of
e-diesel as byproducts at the assumed FT configuration. 214 These byproducts alone would be sufficient to offset the carbon budget overshoot of the
automotive and the shipping sector, see Figures 3.9 and 3.12.
Renewable energy carriers for the shipping sector
Emissions of ships at berth can be completely eliminated by the use of
shore-side electricity. However, this decreases overall emissions from shipping only by on average 4%. For further emission reductions, renewable
energy carriers need to be deployed also at sea. The technological suitability of Li-ion batteries, hydrogen, ammonia, methane, methanol, and diesel
for ships carrying bulk cargo in Europe is discussed in paper #8 (ref. 116 ).
Carbon-free energy carriers (liquefied hydrogen or ammonia) are promising substitutes for fossil HFO from a technological perspective. With some
changes to current cargo operations, they could cover 90-100% of the current shipping activity, while requiring a smaller amount of renewable electricity compared to carbonaceous fuels like methane or methanol (see Figure 2.12). A recent economic assessment of low-carbon marine fuels, however, suggests that methanol and ammonia outperform liquefied hydrogen
on a fuel cost basis. 250 Capital expenditures for alternative propulsion systems onboard ships as well as infrastructure costs at the port-side add
to the complexity of a holistic suitability assessment of marine fuels for
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specific ship types and cargo operations.
A policy analysis for shore-side electricity (paper #7, ref. 115 ) showed that
a level playing field between fossil and renewable energy carriers needs to
be created to enable their large scale deployment. An assessment of the
historical development of related policies in Europe revealed that the regulatory option for individual Member States to promote the use of shore-side
electricity on their own initiative has not led to a pace of infrastructure
ramp-up in line with the ambitions of the European Green Deal. 379 Within
the initiative FuelEU Maritime, an orchestrated European approach is
planned to overcome the hen-and-egg problem between demand and supply
of shore-side electricity, i.e. the required technology on board ships and at
ports. 37 The revision of the Alternative Fuel Infrastructure Directive plans
to “oblige docked ships to use shore-side electricity, allowing to effectively
reduce the impact of ships on local air pollution in port cities.” 379
As for sustainable aviation fuels, also renewable marine fuels are far from a
cost parity with fossil marine fuels – due to the same reasons as described
above.
Common baseline for all modes of transportation
Based on the insights obtained within this thesis, three major hypotheses
for industry and policymakers are formulated. They should be validated
and further specified in future research.
First, ambitious CO2 reduction targets are required if the transport sector
were to contribute its fair share to a 1.5◦ C target. Clear and long-term
goals that internalise the social cost of CO2 emissions can help to create
planning and investment security. Such targets can range from blending
mandates of renewable fuels to emissions trading schemes or emission limits for new vehicle sales. Currently, existing policies in all sectors lack
ambition, with a higher gap towards achieving a 1.5◦ C target for aviation
and shipping compared to the automotive sector.
Second, a level playing field between fossil and renewable energy carriers
needs to be created (e.g. through policy interventions or reduced costs
due to R&D efforts and economies of scale). Cost parity has almost been
reached for the automotive sector, not least because of ongoing purchase
incentives for BEVs in many countries. 91 For the aviation and the shipping
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industry, however, there are currently only weak incentives to switch from
fossil to renewable energy carriers. While the automotive sector is regulated by individual Member States guided by the European institutions,
a lack of mandate makes an international regulation of the aviation and
shipping sector more difficult. Based on the preliminary assessments of
this thesis, only a CO2 price of 800-1’300 EUR/t CO2 could close the gap
between renewable and fossil jet fuel, dependent on the production location. At least for the ramp-up of production volumes of e-jet fuel, policy
support seems to be required to bridge this gap and to achieve cost parity.
Third, cross-sectoral synergies could be exploited stemming from the common reliance of many sectors on renewable energy carriers. Effort-sharing
between all sectors that could rely on renewable fuels in the future could
reduce costs substantially. Economies of scale can increase the efficiency
and decrease the cost of all technical components in the production chain
of renewable fuels. The more the fuel production processes for different
sectors converge, the higher the benefits. In particular, sectors like shipping, aviation, and the steel industry could rely on renewable hydrogen in
the future. Hydrogen would be used either directly or further processed to
hydrocarbons.

Chapter 4

Conclusions
The urgency of the climate crisis has long been ignored. At current global
CO2 emission rates, the target of limiting global warming to 1.5◦ C will
already slip out of reach by about 2027. However, there is an unequivocal
momentum in policymaking and industry to bend the global emissions
curve down to zero. The question is how to shape this transition to carbonneutrality successfully.
For the transport sector, renewable energy carriers play an important role
in this transition, wherefore they take centre stage in this thesis. Here,
they are defined as renewable electricity or fuels produced from renewable electricity (so-called e-fuels), including hydrogen, ammonia, methane,
methanol, diesel, and jet fuel. This study analyses CO2 reduction pathways for the automotive, the aviation, and the shipping sector of the EU27,
the United Kingdom, and the European Free Trade Association. It fills research gaps along the following three key performance indicators that can
decisively shape future policymaking and strategic decisions in industry:
(1) the CO2 reduction potential of individual measures, (2) the related
time dimension, i.e. how the CO2 reductions materialise in a dynamic fleet
turnover, and (3) the CO2 abatement costs of renewable energy carriers.
Strategies towards a carbon-neutral automotive sector.
In 2018, the European automotive sector was responsible for 553.5 Mt
CO2 . A future carbon-neutral car fleet is likely to consist of close to 100%
battery-electric vehicles, which minimise the sectoral electricity demand
due to their high efficiency. If the existing EU regulation until 2030 (Regulation (EU) 2019/ 631) were to continue at the same ambition beyond
that year, a 2.0◦ C carbon budget for the automotive sector (11.1 Gt CO2 )
is only slightly exceeded, while its 1.5◦ C carbon budget of 3.1 Gt CO2 is
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overshot by far. If internal combustion engine vehicles were to be phased
out from the car market by 2035, cumulative emissions between 2021 and
2050 could be reduced to 7.0-7.2 Gt CO2 . However, even if 100% of the
newly sold cars were to be full-electric from 2021 on, a 1.5◦ C carbon budget cannot be met. Furthermore, the transition to a full-electric car fleet
is limited by the inertia of the fleet turnover. Existing vehicles alone are
responsible for locked-in emissions of 4.2-4.3 Gt CO2 (2021-2050).
If the remaining emissions gap to a 1.5◦ C carbon budget was to be closed,
blends of carbon-neutral e-diesel for the existing car fleet or early retirements of cars to accelerate the market adoption of battery-electric vehicles
need to be considered.
Strategies towards a carbon-neutral aviation sector.
European air traffic was responsible for 190.8 Mt CO2 in 2018 and revenue passenger kilometres are expected to increase at a compound annual
growth rate of 3%. Considering past efficiency improvement trends, this
increase in demand entails a rise of emissions from currently about 200 Mt
CO2 p.a. to 300 Mt CO2 in 2050. Only a combination of more ambitious
technology improvements, a demand reduction of 20%, and a mode shift
of 75% of all flights shorter than 1’000 km to high-speed rail or all-electric
flights by 2050, could stabilise the emissions or even slightly reduce them
compared to current levels. However, even carbon-neutral growth from
2020 on, as the Carbon Offsetting and Reduction Scheme for International
Aviation from the ICAO demands, exceeds a 1.5◦ C/2.0◦ C carbon budget
(1.1/3.8 Gt CO2 ) by 4.8/2.1 Gt CO2 .
This emission gap could be closed by replacing fossil with sustainable aviation fuels. In a 1.5◦ C-compliant pathway, this transition must already be
completed by 2030. While the GHG reduction potential and the available
amount of sustainable biofuels is controversially debated, jet fuel produced
from renewable electricity and CO2 captured from the air is a promising
alternative. E-jet fuel can be blended to fossil jet fuel and only minor
retrofits to existing jet engines are required for the use of pure e-jet fuel.
Strategies towards a carbon-neutral shipping sector.
In 2018, European shipping was responsible for 173.1 Mt CO2 . Compound annual growth rates for freight transport demand in shipping rank
at an expected 3.6%. Considering expected efficiency improvement trends,
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this increase in demand entails a rise of emissions to 320 Mt CO2 by 2050.
This development results in cumulative emissions of 7.4 Gt CO2 between
2021 and 2050, compared to a 1.5◦ C/2.0◦ C carbon budget of 1.0/3.5 Gt
CO2 . Only a combination of more ambitious technology improvements
(e.g. new ship designs and slow steaming) and a demand reduction of 20%
by 2050 could stabilise CO2 emissions at levels of 210 Mt CO2 in 2050.
Without a quick ramp-up of renewable energy carriers, the IMO’s aspiration to reduce GHG emissions by 50% until 2050 compared to 2008 is not
achievable.
A variety of energy carriers can close the emission gap. The next generation
of Li-ion batteries is expected to be able to electrify short-sea and inland
waterways shipping to a certain extent. For ocean-going ships, however, renewable fuels are required due to their higher energy densities. Carbon-free
fuels (liquefied hydrogen and ammonia) already show a very high technological application potential. They could cover large parts of current operations despite their energy density constraints compared to fossil heavy
fuel oil. Carbonaceous fuels (methane, methanol, or diesel) offer slightly
higher application potentials than carbon-free fuels, but entail higher electricity demands (with production efficiencies of 37-46% compared to about
55% for liquefied hydrogen and ammonia).
However, even if 100% of the newly built ships were to be powered by
hydrogen or ammonia from 2021 on, a 1.5◦ C carbon budget cannot be met.
The transition to achieve this state is limited by the high average lifetimes
of ships of 25-40 years and the resulting inertia of the fleet turnover. The
existing ship fleet alone is responsible for locked-in emissions of 1.9-2.1 Gt
CO2 (2021-2050). If the remaining emission gap to a 1.5◦ C carbon budget
was to be closed, blends of carbon-neutral e-diesel for the existing ship
fleet, retrofits to existing ships, or early retirements of ships need to be
considered.
Future demand for renewable electricity.
The next decades are decisive for the transformation of the automotive, the aviation, and the shipping sector towards carbon-neutrality. Direct electrification (via battery-electric vehicles) and indirect electrification
(via e-fuels) will change the energy demands of these sectors substantially.
Currently, the automotive sector has the highest demand for fossil fuels of
2’110 TWhch p.a. – about 1.5 times the demand of aviation (740 TWhch
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p.a.) and shipping (620 TWhch p.a.) combined. However, the switch to
battery-electric cars brings along a drastic efficiency improvement. In 2050,
the automotive sector could demand only about 500 TWhel of renewable
electricity in a fully carbon-neutral stock of battery-electric cars. In stark
contrast, aviation is likely to demand 2’360 TWhel p.a. for the production
of e-jet fuel by 2050, assuming a production efficiency of 37% and already
ambitious aircraft efficiency improvements. Assuming similar efficiency improvements and liquefied hydrogen or ammonia as the predominant energy
carrier for the shipping sector, it could demand an annual 1’660 TWhel
of renewable electricity in the future. Both, aviation and shipping, are
experiencing substantial demand increases and high energy losses in the
production of their required energy carriers compared to the automotive
sector in such scenarios. Given these opposing trends for the automotive
sector on the one hand and shipping and aviation on the other, ships and
aircraft could consume eight times the electricity as cars in 2050.
Renewable energy carriers are the single most effective lever to reduce CO2
emissions in the transport sector. It is up to them to bring down the emissions to close to zero. However, all available levers must be pulled to reduce
the final energy demand of transport. In 2019, 3’071 TWhel of electricity
was available for final consumption in Europe. The automotive, aviation,
and shipping sector could increase this demand by 147 (111-184)% in 2050
to about 7’600 (6’500-8’700) TWhel , depending on which additional measures will be taken. Demand reduction, increased efficiencies of on-board
energy converters, and mode shift to electrified high-speed rail can lower
the future additional electricity demand for these three modes of transportation by up to 40% (3’410 vs. 5’660 TWhel ). The medium projection
of the future electricity demand for the automotive, aviation, and shipping
sector (4’525 TWhel p.a.) would require high additional installed capacities for renewable electricity generation, e.g.: 900 GW of PV capacity, 900
GW of onshore wind power capacity, and 320 GW of offshore wind power
capacity, if PV and offshore wind were to supply 25% each and onshore
wind 50% of the final energy demand. In addition, about 1’190 TWhel of
the current (2019) electricity consumption in the EU32 stems from fossil
sources (and 730 TWhel from nuclear energy). Replacing this generation
capacity by renewables would increase the required capacity by about 2540%. However, renewable fuels could also be produced outside Europe and
be imported at potentially lower costs.
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Policy and industry implications.
The entirety of the generated insights within this thesis reveals three
technological enablers for the transition of the transport sector to carbonneutrality: increased energy densities of batteries, increased efficiencies
of fuel production components (electrolysers, Fischer-Tropsch synthesis
plants, and direct air capture plants for CO2 sequestration), and foremost
the ramp-up of sufficient renewable electricity generation capacity. Renewable electricity could become for this century what coal and oil were for the
last. Corresponding investments in research, development, and large-scale
deployment of these technologies have to be intensified by policymakers
and industries.
Overall, the automotive sector is the only sector roughly on track to meet
the 2.0◦ C target, whereas aviation and shipping are far from it. This
situation combined with the high traffic demand growth rates for aviation
and shipping and their substantially higher electricity demand compared to
cars suggests that future policymaking ought to pay much more attention
to these two sectors. Air and sea ports could produce their demand for
renewable energy carriers directly on site and become the energy hubs of
the future.
From an economic perspective, the cost gap between fossil fuels and renewable energy carriers has to be closed. While cost parity between batteryelectric and conventional cars can be expected soon (in the light of current subsidy schemes), fossil aviation and marine fuels are currently taxexempted. E-jet fuel is found to cost 5-8 times the costs of fossil jet fuel.
This cost gap should be closed within the revisions of the Alternative Fuel
Infrastructure Directive and the Energy Taxation Directive. Other instruments like blending mandates for renewable fuels, which are currently considered in the two initiatives FuelEU Maritime and ReFuel EU Aviation
within the European Green Deal, can provide investment security in order
to achieve the required ramp-up of renewable energy carriers for aviation
and shipping.

Chapter 5

Outlook
What is the role of renewable electricity in the transformation to
carbon-neutrality?
Renewable electricity is one of the cornerstones of a transformation to a
climate-neutral society. This thesis has shown that electricity-based energy
carriers – either the direct use of renewable electricity or the use of renewable fuels produced from electricity – can drastically reduce the emissions
of the transport sector.
Assuming that the findings of this thesis could be scaled to global transport, the global electricity consumption of 22’000 TWhel in 2018 could be
more than doubled by 2050 due to the electrification of cars, ships, and
aircraft. But the potential of renewable energy carriers is not limited to
transport. Renewable electricity and renewable fuels can bring down almost all energy-related CO2 emissions to close to zero, including electricity
and heat generation, the industrial sector, and the residential sector.
How fast can the generation of renewable electricity be expanded?
Latest trends reveal that wind and solar power alone comprise a doubling rate of 4 years globally and 5 years for Europe over the last decade,
see Figure 5.1. If this historical growth rate for Europe could be sustained
– not even ratcheted up –, a fully renewable electricity system could be
achieved until 2030, considering that hydro power and other renewables
already contributed 22% to the European electricity production in 2019.
The use of coal could end around 2025.
Considering the increase in the total electricity demand, a fully renewable
system might be achieved only a few years after, but current dynamics are
promising. The ramp-up of renewable electricity generation brings along
other challenges that have to be solved. Balancing the fluctuations of wind
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and PV power will e.g. require energy storage solutions – or the investment
into the next generation of nuclear energy.

Figure 5.1: Share of European electricity production from solar and wind
power. Data until 2019 are sourced from ref. 380 , extrapolations are based on the growth
rate of 15% over the last ten years. The Figure layout has been inspired by ref. 381 .

What are future research desiderata?
This doctoral thesis advances the current scientific evidence for CO2 reduction strategies in the transport sector in many points. However, with
every question answered, many more arise. The major research desiderata
found in this study are (i) an enlargement of the techno-economic analysis
for e-jet fuel to other renewable energy carriers, foremost hydrogen, (ii)
the assessment of overall system costs for each sector and renewable energy carrier option, including infrastructure costs and capital expenditures
for vehicles and propulsion systems, (iii) an expansion of the analyses of
this study to other sectors, foremost to trucks, buses and energy-intensive
industries, (iv) an assessment of effective policy designs in order to bring
about a transformation to carbon-neutrality as fast as possible, and (v) an
assessment of new business models that can thrive under such new conditions. Moreover, (vi) life cycle assessments for renewable energy carriers,
(vii) an impact assessment for hybrid-electric and hydrogen-powered aircraft, and (viii) an extension of the suitability assessment of renewable
energy carriers for all ship categories besides bulk-carrying ships would be
desirable.
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What is the role of open data for these research desiderata?
For all of these research fields, reliable, accurate and open-access data
are key. Research on aviation could profit immensely from an open-access
standard to estimate the fuel consumption of individual flights. New assessments for shipping will open up by new data sets like the EU’s Monitoring,
Reporting, and Verification scheme or the IMO’s Data Collection System.
To date, however, knowledge about cargo load for individual voyages remains an industry secret. If there is a good time for ship operators to share
such currently unaccessible information, it is now. Industries and policymakers can benefit immensely from research providing innovative solutions
and new ideas for the transition to climate-neutrality.
How can the findings of this thesis for the transport sector be
compared to other sectors?
This thesis proposes the “CO2 reduction per invested kWh of renewable
electricity” as a new decision indicator in the evaluation of CO2 reduction
measures. As many sectors compete for a limited amount of renewable
electricity, it will be a rare commodity in the future. One kWh of renewable
electricity replacing one kWh of coal-based electricity comes along with
an emission reduction of about 1’000 g CO2 -eq. This emission reduction
is lower for the electrification of the transport sector. It can be as low
as 150 g CO2 -eq./kWhel. for replacing fossil with e-jet fuel due to the
high energy losses during its synthesis. However, a parallel ramp-up of
renewable energy carriers in all sectors is desirable to overcome their inertia
and to trigger systemic changes towards carbon-neutrality.
Future research may compute the CO2 reduction per invested kWh of renewable electricity for multiple sectors and emission reduction measures. A
sector-overarching assessment of this indicator as well as others (like overall system costs or infrastructure requirements) can provide guidance for
policymakers regarding their industry support decisions and for industries
regarding their strategic portfolio decision-making.

Chapter 6

Closing Remarks
At the start of this doctoral project in January 2018, the global carbon budget amounted to 420 Gt CO2 . At the end of it, in March 2021, 285 Gt CO2
are left. Humanity is rapidly moving towards a climate crisis with global
impacts of inconceivable magnitude.
Whether we will solve this crisis or not will depend on the decisions we
make as a global society – decisions that will substantially influence the
path of humanity over centuries to come, regarding the condition of planet
Earth, but also regarding the way we will choose to live together and solve
global problems in the future.
In 100 years, upcoming generations will look back at us and judge whether
we managed to solve the first crisis of this magnitude that encompassed
every single nation and every single person on this planet.
It all depends on our decisions.
It is our responsibility to act.
Now.
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P. Zhai, H.-O. Pörtner, D. Roberts, J. Skea, P.R. Shukla, A. Pirani, W. Moufouma-Okia, C. Péan,
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[120] Juan C. González Palencia, Yuki Otsuka, Mikiya Araki, and Seiichi Shiga. Scenario analysis of lightweight and electric-drive vehicle market penetration in the long-term and impact
on the light-duty vehicle fleet. Applied Energy, 204:1444–1462, oct 2017. ISSN 03062619.
doi: 10.1016/j.apenergy.2017.05.054. URL https://linkinghub.elsevier.com/retrieve/pii/
S0306261917305226.
[121] United Nations Economic Commission for Europe (UNECE).
Road Vehicle Fleet at 31
December 2016 by Age Group, Type of Vehicle, Country and Year [Statistical Database
of the United Nations Economic Commission for Europe > Transport > Road Vehicle
Fleet], 2016. URL https://w3.unece.org/PXWeb2015/pxweb/en/STAT/STAT__40-TRTRANS__03TRRoadFleet/02_en_TRRoadtypVeh_r.px/.
[122] European Automobile Manufacturers Association (ACEA). ACEA Report: Vehicles in use: Europe
2018. Technical report, European Automobile Manufacturers Association, Brussels, 2018. URL
https://www.acea.be/statistics/article/report-vehicles-in-use-europe-2018.
[123] Planespotters. Global aircraft fleet data as of 2019-07-23. Data provided by Planespotters.net,
2019. URL https://www.planespotters.net/.
[124] FleetMon. AIS and ship specification data from FleetMon.com, JAKOTA Cruise Systems GmbH,
data provided on Dec 17, 2019 and Oct 19, 2020, Rostock, Germany, 2020. URL https://www.
fleetmon.com/.

REFERENCES

127

[125] UNECE. New road vehicle registrations by vehicle category and fuel type (1993-2018) [Statistical
Database of the United Nations Economic Commission for Europe > Transport > Road Vehicle
Fleet], 2019. URL https://w3.unece.org/PXWeb2015/pxweb/en/STAT/STAT__40-TRTRANS__03TRRoadFleet/08_en_TRRoadNewVehF_r.px/.
[126] European Automobile Manufacturers Association (ACEA). Historical series 1990-2018: new
passenger car registrations by country [Consolidated Registrations - By Country], 2020. URL
https://www.acea.be/statistics/tag/category/by-country-registrations.
[127] Eurostat. New registrations of passenger cars 1970-2017 [Road transport equipment - new registration of vehicles (road eqr) > New registrations of passenger cars by type of motor energy and
engine size (road eqr carmot)], 2019. URL https://ec.europa.eu/eurostat/web/transport/
data/database.
[128] Eurostat. Population on 1st January by age, sex and type of projection (PROJ 19NP), 2020. URL
https://ec.europa.eu/eurostat/databrowser/view/proj_19np/default/table?lang=en.
[129] Phil Goodwin and Kurt Van Dender. Peak Car - Themes and Issues. Transport Reviews, 33(3):
243–254, may 2013. ISSN 0144-1647. doi: 10.1080/01441647.2013.804133. URL http://www.
tandfonline.com/doi/abs/10.1080/01441647.2013.804133.
[130] Caralampo Focas and Panayotis Christidis. Peak Car in Europe?
Transportation Research
Procedia, 25:531–550, 2017. ISSN 23521465. doi: 10.1016/j.trpro.2017.05.437. URL https:
//linkinghub.elsevier.com/retrieve/pii/S2352146517307445.
[131] Alan Greenspan and Darrel Cohen. Motor Vehicle Stocks, Scrappage, and Sales. The Review of
Economics and Statistics, 81(3):369–383, 1999. URL https://www.jstor.org/stable/2646761?
seq=15.
[132] Antonio Bento, Kevin Roth, and Yiou Zuo. Vehicle Lifetime Trends and Scrappage Behavior in the
U.S. Used Car Market. The Energy Journal, 39(1):159–183, jan 2018. ISSN 01956574. doi: 10.5547/
01956574.39.1.aben. URL http://www.iaee.org/en/publications/ejarticle.aspx?id=3032.
[133] Yuya Nakamoto. CO2 reduction potentials through the market expansion and lifetime extension of used cars. Journal of Economic Structures, 6(1):17, dec 2017. ISSN 2193-2409. doi:
10.1186/s40008-017-0080-0. URL http://journalofeconomicstructures.springeropen.com/
articles/10.1186/s40008-017-0080-0.
[134] Shigemi Kagawa, Keisuke Nansai, Yasushi Kondo, Klaus Hubacek, Sangwon Suh, Jan Minx, Yuki
Kudoh, Tomohiro Tasaki, and Shinichiro Nakamura. Role of Motor Vehicle Lifetime Extension in
Climate Change Policy. Environmental Science & Technology, 45(4):1184–1191, feb 2011. ISSN
0013-936X. doi: 10.1021/es1034552. URL https://pubs.acs.org/doi/10.1021/es1034552.
[135] Jihu Zheng, Yan Zhou, Rujie Yu, Dongchang Zhao, Zifeng Lu, and Peng Zhang. Survival rate
of China passenger vehicles: A data-driven approach. Energy Policy, 129:587–597, jun 2019.
ISSN 03014215. doi: 10.1016/j.enpol.2019.02.037. URL https://linkinghub.elsevier.com/
retrieve/pii/S030142151930120X.
[136] Ruijie He, Zheng Zhao, Pei Liu, and Zheng Li. Transport Fuel Supply and Demand of the Passenger
Car Sector in China up to 2030: A Modeling Approach. ACS Sustainable Chemistry & Engineering,
6(4):4633–4647, apr 2018. ISSN 2168-0485. doi: 10.1021/acssuschemeng.7b03649. URL https:
//pubs.acs.org/doi/10.1021/acssuschemeng.7b03649.

128

REFERENCES

[137] Han Hao, HeWu Wang, MingGao Ouyang, and Fei Cheng. Vehicle survival patterns in China.
Science China Technological Sciences, 54(3):625–629, mar 2011. ISSN 1674-7321. doi: 10.1007/
s11431-010-4256-1. URL http://link.springer.com/10.1007/s11431-010-4256-1.
[138] Theodoros Zachariadis, Zissis Samaras, and Karl-Heinz Zierock. Dynamic modeling of vehicle
populations: An engineering approach for emissions calculations. Technological Forecasting and
Social Change, 50(2):135–149, oct 1995. ISSN 00401625. doi: 10.1016/0040-1625(95)00057-H.
URL https://linkinghub.elsevier.com/retrieve/pii/004016259500057H.
[139] Monorom Rith, Jimwell Soliman, Alexis Fillone, Jose Bienvenido M. Biona, and Neil Stephen
Lopez. Analysis of Vehicle Survival Rates for Metro-Manila. In 2018 IEEE 10th International Conference on Humanoid, Nanotechnology, Information Technology,Communication and Control, Environment and Management (HNICEM), pages 1–4. IEEE, nov 2018. ISBN 978-1-5386-7767-4. doi:
10.1109/HNICEM.2018.8666408. URL https://ieeexplore.ieee.org/document/8666408/.
[140] Rahul Goel, Sarath K. Guttikunda, Dinesh Mohan, and Geetam Tiwari. Benchmarking vehicle
and passenger travel characteristics in Delhi for on-road emissions analysis. Travel Behaviour and
Society, 2(2):88–101, may 2015. ISSN 2214367X. doi: 10.1016/j.tbs.2014.10.001. URL https:
//linkinghub.elsevier.com/retrieve/pii/S2214367X14000416.
[141] Lasse Fridstrøm, Vegard Østli, and Kjell Werner Johansen. A stock-flow cohort model of the
national car fleet. European Transport Research Review, 8(3):22, sep 2016. ISSN 1867-0717. doi:
10.1007/s12544-016-0210-z. URL http://link.springer.com/10.1007/s12544-016-0210-z.
[142] Hong Huo and Michael Wang. Modeling future vehicle sales and stock in China. Energy Policy, 43:
17–29, apr 2012. ISSN 03014215. doi: 10.1016/j.enpol.2011.09.063. URL https://linkinghub.
elsevier.com/retrieve/pii/S0301421511007774.
[143] Masahiro Oguchi and Masaaki Fuse. Regional and Longitudinal Estimation of Product Lifespan
Distribution: A Case Study for Automobiles and a Simplified Estimation Method. Environmental
Science & Technology, 49(3):1738–1743, feb 2015. ISSN 0013-936X. doi: 10.1021/es505245q. URL
https://pubs.acs.org/doi/10.1021/es505245q.
[144] Alternative Airlines. Wide Body Aircraft: Currently and previously produced, 2020. URL https:
//www.alternativeairlines.com/wide-body-aircraft.
[145] European Parliament and the Council of the European Union. Regulation (EU) 2015/757 of
29 April 2015 on the monitoring, reporting and verification of carbon dioxide emissions from
maritime transport, and amending Directive 2009/16/EC. Official Journal of the European Union,
2015. URL https://op.europa.eu/en/publication-detail/-/publication/c895b0b3-fdf711e4-a4c8-01aa75ed71a1/language-en.
[146] European Maritime Safety Agency (EMSA). THETIS-MRV, 2021. URL https://mrv.emsa.
europa.eu/#public/emission-report.
[147] Clarkson PLC. Clarksons Research Services, 2020. URL https://www.clarksons.com/services/
research/.
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[182] Patrick Plötz and Simon A. Funke. Mileage electrification potential of different electric vehicles in Germany. In European Battery, Hybrid and Fuel Cell Electric Vehicle Congress Geneva
(14-16 March 2017), Geneva, 2017. URL https://www.isi.fraunhofer.de/content/dam/isi/
dokumente/cce/2017/EEVC_17_Ploetz_Funke_full-paper.pdf.
[183] Electric Vehicle Database. Range of full electric vehicles, 2020. URL https://ev-database.org/
cheatsheet/range-electric-car.
[184] Aoife Ahem, Gill Weyman, Martin Redelbach, Angelika Schulz, Lars Akkermans, Lorenzo
Vanacci, Eleni Anoyrkati, and Anouk van Grinsven. Analysis of National Travel Statistics in
Europe OPTIMISM WP2: Harmonisation of national travel statistics in Europe. Technical
report, JRC Technical Reports, 2013. URL https://ec.europa.eu/jrc/en/publication/eurscientific-and-technical-research-reports/analysis-national-travel-statisticseurope-optimism-wp2-harmonisation-national-travel.
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Abbreviations
Abbreviation

Description

AB

Auxiliary Boiler

ACEA

European Automobile Manufacturers Association

ADS-B

Automatic Dependent Surveillance-Broadcast

AE

Auxiliary Engine

AIC

Aviation Induced Cloudiness

AIS

Automatic Identification System

APU

Auxiliary Power Unit

ASIF

Activity Level, Mode Share, Energy Intensity & Fuel Carbon Content

ATM

Air Traffic Management

BADA

Base of Aircraft Data

BAU

Business As Usual

BEV

Battery-Electric Vehicle

CAPEX

Capital Expenditure

CAGR

Compound Annual Growth Rate

CCS

Carbon Capture and Storage

CORSIA

Carbon Offsetting and Reduction Scheme for International Aviation

CSP

Cumulative Survival Probability

DAC

Direct Air Capture of CO2

DCS

Data Collection System

DWT

Deadweight tonnage

EED

Engine Emissions Databank

EFTA

European Free Trade Association

EIS

Entry Into Service
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Abbreviation

Description

ERF

Effective Radiative Forcing

EU

European Union, EU-27

EU32

EU-27 + UK + EFTA

EU ETS

Emissions Trading Scheme of the European Union

FEAT

Fuel Estimation in Air Transportation

FKM

Flight Kilometres

FOCA

Swiss Federal Office for Civil Aviation

FT

Fischer-Tropsch

GDP

Gross Domestic Product

GHG

Greenhouse Gas

GT

Gross Tonnage

HFO

Heavy Fuel Oil

HTS

Household Travel Survey

IATA

International Air Transport Association

ICAO

International Civil Aviation Organization

ICEV

Internal Combustion Engine Vehicle

IMO

International Maritime Organization

IPCC

Intergovernmental Panel on Climate Change

KPI

Key Performance Indicator

LCA

Life Cycle Assessment

L/D

Lift-to-Drag ratio

LCOF

Levelised Cost of Fuel

LHV

Lower Heating Value

LNG

Liquefied Natural Gas

LULUCF

Land Use, Land-Use Change and Forestry

MDO

Marine Diesel Oil

ME

Main Engine

MRV

Monitoring, Reporting and Verification of CO2 Emissions
from Maritime Transport, see EU Regulation 2015/757

NPP

Net Present Production

NPV

Net Present Value

OAG

Official Airline Guide

OEW

Operating Empty Weight
Continued on next page
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Abbreviation

Description

OPEX

Operational Expenditure

OPS

On-shore Power Supply

PEMEL

Proton Exchange Membrane Electrolysis

PEMFC

Proton Exchange Membrane Fuel Cells

PM

Particulate Matter

PV

Photovoltaics

R&D

Research & Development

RF

Radiative Forcing

ROCD

Rate Of Climb or Descent

RPK

Revenue Passenger Kilometre

SAF

Sustainable Aviation Fuel

SFC

Specific Fuel Consumption

SOFC

Solid Oxide Fuel Cells

SSE

Shore-Side Electricity

STEAM

Ship Traffic Emission Assessment Model

TEM

Total Energy Model

tkm

tonne kilometre

tnm

tonne nautical mile

TOW

Take-Off Weight

TRL

Technology Readiness Level

TSFC

Thrust-Specific Fuel Consumption

TTW

Tank-to-Wheel/-Wake

UK

United Kingdom

UN

United Nations

UNCTAD

United Nations Conference on Trade and Development

UNECE

United Nations Economic Commission for Europe

UNFCCC

United Nations Framework Convention on Climate Change

VOC

Volatile Organic Compounds

VTAS

True Air Speed

WPI

World Port Index

WTT

Well-To-Tank

ZEV

Zero-Emission Vehicle
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Symbols
Symbol

Description

β

Weibull shape parameter

γ

Weibull average lifetime

δ

Maximum of the Gaussian distribution

µ

Mean of the Gaussian distribution

σ

Standard deviation of the Gaussian distribution

Γ

Gamma distribution

L

Skew logistic distribution

N

Gaussian (Normal) distribution

W

Weibull distribution
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Appendix
A.1

Carbon budget derivation

The global carbon budget from the beginning of 2018 based on global
near-surface air temperatures is taken from the IPCC’s Special Report on
“Global Warming of 1.5◦ C”. 1 Note that these values exclude earth system
feedbacks like permafrost thawing and are subject to high uncertainties. 1,2
To update the carbon budget to the beginning of 2021, the global CO2
emissions of 2018-2020 are subtracted. They consist of CO2 emissions
from fossil sources and from Agriculture, Forestry and Other Land Use
(AFOLU).
Fossil CO2 emissions amounted to 37.7 Gt CO2 in 2018 and 38.0 Gt CO2
in 2019 (ref. 3 ). For the first half of 2020, a drop in global CO2 emissions
by 8.8% has been reported compared to the first half of 2019 due to the
lockdown effects of the first wave of the COVID-19 pandemic. 4 Assuming
the second wave of the pandemic will cause a CO2 reduction of similar
magnitude, the fossil CO2 emissions for 2020 are estimated as 34.7 Gt CO2 .
AFOLU emissions are subject to high uncertainty, with the latest available
estimate from the IPCC being 5.2 Gt CO2 for the year 2018 (ref. 5 ). Due
to an absence of more recent data, identical values are assumed for 2019
and 2020. In summary, the reduction of the global carbon budget between
the beginning of 2018 and 2021 is estimated to be 126.0 Gt CO2 .
The EU32’s share of this global carbon budget is calculated via its population share 6 of the global population 7 in 2020, i.e. approximately 529
million out of 7’795 million people. Finally, the sectoral shares of the EU32
carbon budget are calculated proportionate to the current sectoral emission shares of the EU32’s total CO2 emissions (considering IPCC sectors
1-6, incl. intern. aviation and navigation). 8
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CO2 reduction measures: References for
the literature review

Tables A.3-A.6 document the data sources of Figures 3.1-3.5 of the main
manuscript.
Emission reduction figures focus on the operational, i.e. tank-to-wheel/wake
(TTW) emissions. However, in order to have the largest possible data base,
also a few references with a well-to-wheel/wake (WTW) system boundary,
or from a full life cycle assessment (LCA) are included. For aircraft and
ships, indirect emissions from the vehicle production play only a minor
role due to the high utilisation of the vehicles. Cars, however, are parked
roughly 95% of their lifetimes. 9
In general, emissions from vehicle manufacturing are reported within the
industry or the electricity generation sector, not the transport sector.
Therefore, they are excluded in the following analysis. Only for a fair
comparison of battery-electric vehicles with other energy carriers, the embedded emissions from the battery production as well as upstream emissions are considered. In the following paragraphs, the emission reduction
potential of battery-electric cars, aircraft, and ships is discussed. Renewable electricity generation is assumed to have life cycle emissions of 446 gCO2 -eq./kWhel. . These values are taken as 50th percentile values from
a literature review of the IPCC. 10 The lower end represents hydro power
(4 gCO2 -eq./kWhel. ), the higher end solar PV (46 gCO2 -eq./kWhel. ).
Emission reduction potential for battery-electric cars: Cox et al.
estimate the battery-related emissions of BEVs to be 18 gCO2 -eq./vkm. 11
It is assumed that batteries are produced using the global average electricity mix (ca. 850 gCO2 -eq./kWhel ). 11 In comparison, a battery produced
from renewable electricity will comprise associated emissions below 1 gCO2 eq./vkm. Operational emissions amount to 44 gCO2 -eq./vkm 11 when the
BEV is charged from the European average electricity mix, and to roughly
5 gCO2 -eq./vkm when charged with renewable electricity. The resulting
total emissions amount to 6-62 gCO2 -eq./vkm from the electricity used for
the battery production and the operation of the car. This range compares
to fuel-related emissions of an ICEV of ca. 200 gCO2 -eq./vkm (average of a
diesel and a gasoline ICEV). The CO2 -eq. reduction potential of switching
from an ICEV to a BEV amounts to 69-97%, considering only operational
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emissions, upstream emissions in the production chain of fossil fuels, emissions from charged electricity, and battery-related emissions.
This finding is in line with other sources. Applying the same emissions
scope to values provided by Hoekstra 12 results in a CO2 -eq. reduction potential of 67-95%. Using values provided by the International Council on
Clean Transportation 13 yields a CO2 reduction potential of 57-97%, compared to the average European ICEV. These reduction potentials include
the different energy converter efficiencies of ICEs and electric motors.
The application potential of battery-electric cars varies from 75% to close
to 100% according to different assumptions. 14–17
Emission reduction potential for battery-electric aircraft: The
battery production of an all-electric aircraft is estimated to be responsible
for 2-10 gCO2 -eq. per RPK. 18 With an energy consumption of 180 Wh
per RPK 18 and life cycle emissions from the generation of renewable electricity, an additional 1-8 gCO2 -eq. per RPK have to be considered for the
operational use. All-electric aircraft might only become a viable solution
by mid century. By then, the global electricity generation will already be
renewable to a large extent. Therefore, a scenario with a current electricity generation mix is not considered. Assuming that the emissions from
renewable electricity mainly consist of CO2 (since the assumed values are
given in CO2 -eq.), the 3-18 gCO2 equivalent per RPK of an all-electric
aircraft compare to the 75 gCO2 per RPK for a conventional jet engine
aircraft. 18 This equals a CO2 reduction of 76-96%.
The application potential is defined as follows: It is assumed that a battery pack energy density of 800 Wh/kg can be achieved by mid-century. 18
Then, all-electric aircraft could power all flights up to a range of 1’111 km,
corresponding to 15% of aviation’s CO2 emissions. 18

Emission reduction potential for battery-electric ships: A firstorder approximation using typical voyage profiles from AIS data 19 revealed that the emissions of the battery production for a short-sea ship
are very low compared to its operational emissions. Therefore, the CO2
reduction potential is assumed to be calculated by comparing the operational emissions from the generation of the required renewable electricity
(4-46 gCO2 -eq./kWhel. ) with the emissions from the use of HFO (345 gCO2 -
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eq./kWhHFO , ref. 20 ). This comparison yields a CO2 -eq. reduction of 8799%.
It is assumed that 50% of domestic shipping (which is responsible for 14% of
all shipping emissions in the EU32, ref. 8 ) can be electrified due to the short
distances of their operations, compared to ocean-going ships. An additional
5% application potential for international shipping is extrapolated from
an impact analysis for bulk carriers and oil tankers in paper #8 (ref. 21 ).
Hence, the application potential of battery-electric ships is estimated to be
12%. It is, however, subject to high uncertainty.
As indicated in paper #8 (ref. 21 ), this value is likely to increase considerably with the large-scale availability of next generation batteries with
higher energy densities. A doubling of the current application potential
might be possible, but challenges e.g. for battery management and safety
requirements on board, as well as battery swapping and charging infrastructure at the port-side need to be resolved first.
Limitations of this literature review: The considerations of this chapter are based on many assumptions and do not take into account infrastructure aspects, system costs, and a full LCA-based comparison of technologies. These indicators are, however, imperative for a holistic prioritisation of decarbonisation options. Future research should expand the
present work for a more sound comparison of technologies, given varying
geographical, economic and social contexts.

High strength steel,
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Rolling resistance of
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reduce heat load

-

Lightweight
materials

Resistance
reduction

Hull/frame
coating

Vehicle size

1

100*

100*

100*

7-26a

1-3.5

100*

2-4

∆CO2 AP
in %
in %

35

22

0.1-1.5

Surface polish and reduced decorative paint
-

0-5

1-10

Variable camber
Airframe coatings or foils

1-6

Winglets, riblets, raked/spiroid
wingtips (as retrofits)

1-4

Structural health monitoring
5-15

1-3

Composites

(Natural/hybrid) laminar flow control

1-5

Lightweight cabin interior

20-50

Novel airframe configurations, e.g.
strut-braced wing, blended wing
body, double-bubble fuselage
30–32

8-10

Form optimisation/glide ratio

22

∆CO2
in %

Measures in the aviation sector

refs.

10

25*

50*

25

50*

100*

100*

50

100* (EIS
after
2030/40)

100* by
2037/40

AP in %

33

36

29

29,33

29

29

29

29,33

29

23–25

refs.

Economies of scale

Hull coatings

Air lubrication

High
strength
steel, composites

Dimensions
&
form optimisation

Measures in the
shipping sector

6-31

1-5

1-20

0-10

5-25

100*

100*

20*

100*

100*

∆CO2 AP
in %
in %

26,27

26,28,309

27,28,34

26,27

26–28

refs.

For the emission reduction values of ref. 26 , the stated ranges indicate the first and third quartile of their literature review. If technologies are expected to have their entry into service
(EIS) later than 2020, the estimated EIS is provided. Footnotes: *) Own assumption. a ) CO2 reduction of 6-9% per 100 kg weight reduction, ref. 30,31 , and an estimated achievable
weight reduction of 120-290 kg, ref. 30,32 .

Aerodynamics

Vehicle
shape

Measures in the automotive sector

Table A.3: Emission reduction potential, ∆CO2 (per vehicle), of measures addressing the vehicle body and their application potential,
AP (as the share of the total vehicle fleet to which the measure can be applied, calculated as emission share).
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based

fossil-

low-carbon

E-fuels &

Hydrogen

Ammonia

Methane

Methanol

Diesel/jet fuel

Energy carrier

N/A | 100* | N/A

100 | 25* | 80-99*

0 | 0 | 90-99*

100 | 25* | 98-100*

N/A | N/A | 93-100*

100* | 100* | 100*

AP in %: cars | aircraft |
ships (refs. 116,179 )

84

ca. 70-90

ca. 70-90

ca. 80-90

ca. 80-85

70-90

∆CO2 -eq.
for e-fuels

58

39,44,45,54–57

51–53

39,46

39–41

37,38

refs. for e-fuels

-

ca. -50-0

ca. -50

ca. -10-20

ca. -20-30

-

∆CO2 -eq. in % for
fossil-based fuels

-

44,45,54–56

51,52

27,42–45,47–50

42–45

-

refs. for fossilbased fuels

Table A.4: Emission reduction potential, ∆CO2 or ∆CO2 -eq. (per vehicle), of measures addressing the energy carrier and their
application potential, AP (as the share of the total vehicle fleet to which the measure can be applied, calculated as emission share).
Application potentials for renewable energy carriers in shipping are rough estimations based on paper #8 (ref. 21 ).

fuels
Jet fuel

in %

Solar fuels

CO2 reduction potential highly dependent on feedstock, production route, and the supply volume. 59,60

∆CO2 AP
in %
in %

refs.

Measures in the
shipping sector

∆CO2 AP in %
in %

refs.

Measures in the
aviation sector

∆CO2 AP in
in %
%

refs.

Measures in the
automotive sector

12*

21,a

10,20,

18,20,

8799*

10,14–17,20,

Battery-electric ships
86-99

10,a

Battery-electric aircraft
61,a

15
by
2050 (EIS
after
2035/40)

33,62

75-100
by 2040

50

57-97

1-4

Battery-electric cars

Electric taxiing

-

26,34,63

-

-

100*

-

-

via

3-10

-

-

Wind assistance
kites/sails/wings

Shore-side electricity

-

64

-

26

100*

-

50*

1-3

-

Nuclear

1-4

Solar assistance on
rooftop

-

-

Solar panels on deck

Biofuels

Electricity

Others

-

-

26–28

-

-

50*

-

-

7-25

-

-

42,47

-

N/A

-

95-99

-

This overview is limited to the most common alternative fuels, excluding other potential candidates like polyoxymethylene dimethyl ether 65 , dimethyl ether 65 , or liquid organic hydrogen
carriers (LOHCs). If technologies are expected to have their entry into service (EIS) later than 2020, the estimated EIS is provided. For the emission reduction values of ref. 26 , the stated
ranges indicate the first and third quartile of their literature review. Footnotes: *) Own assumption. a ): Assumptions are documented in Section A.2.

3

1.5-2.5

Thermal
management/heat recovery

-

-

Electrification
of
auxiliary systems

-

100*

100*

-

-

-

-

-

100*

0-1

100*
by
2030

75100

Exhaust gas treatment

66 (5575)

Electric motor

100

10-30

49 (38,
58)

Fuel cell

100

AP
in
%
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turbocharger, downsizing, rightsizing

16
(0-31)

Hybrid-electric
propulsion

∆CO2
in %

32,61,

Emission reduction for
Auxiliary Power Units
-

22

22

-

Boundary layer ingestion

Open rotor

High pressure core &
ultra-high by-pass ratio
geared turbofan

68

-

Evolutionary, continued
improvement of existing
turbine technology

11,66

a

15–17,

Electric motor

Fuel cell

11,61 ,
a

propul-

Hybrid-electric
sion

11,61 ,
a

Measures in the aviation sector

refs.

-

(low
impact)

-

8.5-9

30-40

20-25

10-12

50

N/A

up to 40

∆CO2
in %

-

-

-

100*

100 (EIS
after
2030/35)

100*
(EIS after
2020/2025)

100*

15
by
2050 (EIS
after
2035/40)

N/A

100* (EIS
after
2030/35)

AP in %

-

72

-

Hybrid electric auxiliary
power, power demand optimisation, etc.

On-board carbon capture

0-5

73-90

0-1

100*

50*

100*

26,27,

27,28

70,71

26

Reduction of on-board
power demand (e.g. efficient lighting)

100*

28,34

26,27,

28,67

21

21,26

26

29,69

5-20

100*

100*

12*

100*

100*

refs.

28,34

Waste heat recovery

33,

3-30

0.3-4

50

2-25

3-18

∆CO2 AP
in %
in %

29,62

Propellor design

Engine development, turbocharger, shaft generators

Electric motor

Fuel cell

Hybrid-electric propulsion

Measures in the shipping sector

62

23,24

18,62

N/A

62

refs.

For the emission reduction values of ref. 26 , the stated ranges indicate the first and third quartile of their literature review. If technologies are expected to have their entry into service
(EIS) later than 2020, the estimated EIS is provided. Footnotes: *) Own assumption. a ) Calculated from Tank-to-Wheel efficiency difference compared to an ICEV. 11

Auxiliary
power/
heat

Efficiency
of current
energy
converters

Alternative
energy
converters

Measures in the
automotive sector

Table A.5: Emission reduction potential, ∆CO2 (per vehicle), of measures addressing the energy converter and their application
potential, AP (as the share of the total vehicle fleet to which the measure can be applied, calculated as emission share).
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refs.

AP
in %

refs.

refs.

∆CO2
in %

26

Measures in the aviation sector

AP
in %

AP
in %

50
15
100

27,

33

33

-

Ballast water reduction,
trim/draft optimisation

Optimised
maintenance
(e.g. tracking of fouling)

-

5-9

0-10

-

50*

100*

-

26,34

26,27

78,79

33

*

( 27,34)

∆CO2
in %

∆CO2
in %

75

Measures in the shipping sector

Measures in the automotive sector
0.9-2.4

0.26
0.38

73–75

Speed optimisation (foremost during cruise)

100*

22

11-36
(0-80)

100*

Slow steaming

5-25

33,

Individual eco-driving
behaviour

-

26,27

-

100*

26,27

-

5.5-38

100*

-

0-10

-

Table A.6: Emission reduction potential, ∆CO2 (per vehicle), of measures addressing the vehicle operation and their application
potential, AP (as the share of the total vehicle fleet to which the measure can be applied, calculated as emission share).

Speed optimisation

Traffic management
(e.g. traffic signals)

(low
impact)
-

b

100*

Enhanced capacity utilisation, fleet management, etc.

-

76

Trip optimisation/

-

Charging/refuelling
infrastructure
-

2-3.2

0-10a

Advanced weather routing,
route planning, etc.

-

5-20

traffic
manage-

-

Refuelling
& port
68-83

-

operation
Mode shift to rail by
2050

-

Demandside

Passenger load factor

33

-

-

-

-

33,74

-

-

-

-

75* by
2030
to

33

-

-

100*

-

25*

Eco-driving assistance
systems

75

33

-

0-12.5

-

-

-

Passenger load factor

1.5

75

23

Optimised port operations
(e.g. reduced waiting times)

-

Reduced fuel tankering
Reduced contingency fuel
(by 300 kg)

75

Optimised departures procedures

4.6

75

25,33

-

-

-

-

1.5

76

Altitude optimisation

1.6

50*

33

-

-

-

up
50*

Lateral/vertical
ineffic.
red. during cruise

2-6

100

80,83,

d

0-10
76

Optim. approach proced.
(e.g. contin. descent)

0.8-1.5

50

Early retirement

Demand reductionc
d

-

-

-

ment

Capacity
utilisation

-

Non-ATM horiz. flight ineffic. red.

2

5-15

33

-

100 by
2030

-

Surface congestion management (e.g. taxi time)

75-90

4-11

-

Route planning (e.g.
by assistance systems)

-

Single engine taxiing

-

Early retirement

Demand reductionc

77

-

Mode shift to rail

52-57

2-20

-

Demand reductionc

0.5-1.2

100 by
2030

80–82,

Early retirement (aircraft
w. age ≥ 25/30 years)

-

-

-

Additional engine wash

-

-

-

22

-

-

100

measures

-

-

3

Vehicle lifetime
Others

Optimised maintenance (e.g. for tyres)
-

For the emission reduction values of ref. 26 , the stated ranges indicate the first and third quartile of their literature review. If technologies are expected to have their entry into service
(EIS) later than 2020, the estimated EIS is provided. Footnotes: *) Own assumption. a ) Assuming current load factors of 60-80% (ref. 84 ) and a reduction of the number of flights
accompanying a higher load factor. b ) Emission reduction potential is highly dependent on the route and the specific CO2 emissions of railways (see refs. 60,83 ); given values are optimistic
estimations. c ) Demand reduction e.g. induced by increased fuel prices in the future. 85 d ) Effect on life cycle emissions of the vehicle fleet controversially discussed and highly dependent
on cut-off vehicle age and technology of replacing vehicles. 86–90
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