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Abstract. The transport sector accounts for about one quarter of the global carbon dioxide emissions. It is
dominated by fossil fuels, leading to different negative impacts on humans and the environment. Over the last
years, interest in alternative automotive powertrains such as different types of electric vehicles as well as low-
carbon fuels has been increasing. The main objective of this paper is to provide review of the current state of
the major renewable energy systems in road transport focusing on the EU. Based on a detailed literature
review, the major prospects and impediments for the future use of biofuels, renewable electricity and green
hydrogen in road transport are discussed considering policies implemented, as well as emission reduction
targets set for the future with a special focus on passenger car transport. The major conclusions are: (i) The
prospects of biofuels depend on their future economic and environmental performance as well as on land
availability and the food versus tank discussion. (ii) The high investment costs of battery- and fuel cell
electric vehicles are still a major barrier for their faster market penetration but they could be reduced in future
due to technological learning. In addition, their contribution to the reduction of global greenhouse gas
emissions is achievable only in combination with the increasing use of renewable energy sources in electricity
generation.
1 Introduction

For a long time, transport was based on renewable
energy sources, mostly horses fed on biomass, and wind,
which powered sailing ships, see Figure 1. With the
beginning of the industrial revolution and its new
technical inventions, renewable energy was widely
replaced by commercial fossil fuels. At the same time
the demand for mobility, and therefore for energy
skyrocketed. Currently, the largest amount of energy
used in the transport sector is provided by fossil fuels,
about 96% [1,2].

This rapid development over the last century has
unfortunately not been without consequences for the
environment and our health. Global greenhouse gas (GHG)
emissions are increasing continuously as well as air
pollution, especially in urban areas. According to the
World Health Organization (WHO) about 7 million people
die every year of diseases caused by air pollution [3]. Due to
the negative impact of mobility based on fossil fuels, many
countries and regions have prioritized the reduction of
emissions in the transport sector.
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The transport sector accounts for about one quarter of
the world’s total energy consumption [4]. However, the
largest percentage is accounted for by road transport. For
example, in 2018, road transport was responsible for 89%
of the total energy consumption in transport in Interna-
tional Energy Agency (IEA) member countries [5], see
Figure 2.

Continuously increasing energy consumption in road
transport is dominated by fossil fuels, especially gasoline
and diesel [6]. Due to pressing environmental problems,
there is an urgent need to reduce greenhouse gas emissions
and improve local air quality.

Over the last years, interest in alternative automotive
powertrains and alternative, low-carbon fuels based on
renewable energy sources has been increasing. Currently,
the common alternatives to fossil fuels and conventional
internal combustion engine (ICE) vehicles are biofuels and
different types of electric vehicles, including fuel cell
vehicles refuelled with hydrogen.

All currently available alternative fuels and automotive
technologies have their advantages and disadvantages. The
major advantage of biofuels is that they can be blended with
conventional fuels, gasoline and diesel, can be used in
conventional cars and do not require new infrastructure.
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Fig. 1. Development of transport service.

Fig. 2. Energy consumption in transport in IEA countries,
2018 [5].
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However, 1st generation biodiesel and bioethanol, which are
currently in use, are produced from feedstocks, which are also
used in food- and feed-production. This could lead to
competition between food and fuel.

Electric vehicles have the potential to reduce local air
pollution, as well as GHG emissions. However, the extent
to which they will be beneficial for the global environment
is very dependent on the primary energy sources used for
electricity generation and hydrogen production.

For the faster and broader introduction of electric
vehicles it is very important to reach a further cost
reduction, to improve battery performance, as well as to
accelerate infrastructure development.
The current implementation of a broad portfolio of
policies aims at increasing the use of alternative fuels and
vehicles.

However, despite of the broad portfolio of the policies
implemented, the transport sector is still not on the track to
reach emission reduction targets for 2030 and 2050 [7].
Although, energy efficiency of automotive technology is
increasing, global energy demand in the transport sector is
continuously growing mostly due to increasing number of
vehicles in the road transport.

Due to the increasing size of vehicles and additional
services, important technical improvements, which have
been made to engine and other vehicle components, have
been largely offset by heavier, larger and more powerful
vehicles. These developments have resulted in almost
continuously increasing GHG emissions from the transport
sector. Worldwide, the transport sector is responsible for
about one-quarter of total GHG emissions with the
increasing trend. Largest amount of the emissions from
the transport sector is caused by the road transport, since
road transport accounts for around three-quarters of global
transport energy use [4]. Energy demand in the transport
sector is continuously growing and is almost completely
covered by fossil fuels. In 2018, share of transport in total
final energy consumption was 29%. However, largest
amount of these energy, 96.3% was met by fossil fuels,
3.4% by biofuels and just 0.3% by renewable electricity
[1,2]. To reach the goals of the Paris Climate Agreements,
as well as different regional and national targets, use of
renewable energy in the transport sector should be
significantly increased.

Although, increasing use of renewable energy sources
and reduction of the GHG emissions is one of the priorities
of the EU energy and transport policy, GHG emissions
from the transport have been almost continuously growing



Fig. 3. Development of GHG emission in the EU [8].

Fig. 4. New cars in the EU by fuel type, 2019 [9].
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over the last decades [8], see Figure 3. The transport sector
is the least energy-diversified sector with a very high energy
import dependency in Europe.

The mostly used vehicles in the EU are conventional ICE
vehiclespoweredbygasoline,almost60%[9], followedbydiesel
vehicles. In spiteofdifferent supportingmeasuredprovided for
alternative automotive technologies, in 2019, mostly sold cars
in the EU were still conventional cars, see Figure 4.

Over the last years, alternative fuels and alternative
automotive technologies have been investigated in many
scientific papers. In the beginning of the last decade, major
focus was put on conventional biofuels, bioethanol and
biodiesel. The benefits and challenges of biofuels have been
discussed in several scientific papers [10–13]. Political,
economic and environmental impacts of biofuels are often
discussed in the literature [14–16]. Hammond et al. [17] have
analysed environmental footprint of biofuel production.
Water and land use for biofuels have been analysed byAyres
[18] and Wise et al. [19] respectively. Impact of biofuels
production on food is discussed by Srinivasan [20],
Rathmann et al. [21], and Ajanovic [22].

Recently major focus is on electrification of mobility.
Different aspects of electric vehicles, as well as hydrogen
economy and hydrogen technologies are discussed in
scientific papers [23–25]. Some of the papers are focusing
on the use of electric vehicles in urban areas [26–28]. Many
authors have conducted environmental assessment of e-
mobility [29–31]. However, due to changeable policy
framework and technical improvements the discussion on
all alternative fuels and alternative automotive technolo-
gies started again.

Most literature focusses either solely on biofuels, or
battery electric vehicles or hydrogen and fuel cell vehicles.
Very few papers analyse all these renewable energy systems
together, e.g. [32,33]. This review paper provides a
comprehensive overview of the current situation regarding
the use of the three most relevant renewable energy
systems in the transport sector, focusing on the EU. The
paper contributes to the better understanding of the major
impediments and future prospects for the use of renewables
in transport.

The main objective of this paper is to document the
current state of the three major renewable energy systems
in road transport � biofuels, battery electric � and fuel
cell vehicles. Based our literature review the major
prospects and impediments for the future use of biofuels,
renewable electricity and green hydrogen in road
transport are discussed considering policies which have
been implemented, as well as emission reduction targets
set for the future with the special focus on passenger car
transport.
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In the next section, the policy framework relevant for
the increasing use of renewable energy sources (RES) in the
transport sector is documented and discussed with a special
focus on passenger car transport. The section about policy
framework provides a suitable lead-in to the discussion on
biofuels in Section 3, pointing out the most relevant
advantages and disadvantages related to biofuel use. In
Section 4 we discuss electric vehicles with a special focus on
the use of renewable electricity and green hydrogen.
Finally, in the last section the major conclusions of this
work are provided.
2 Policy framework

Over the last years, to cope with the increasing emissions
from the transport sector, strong focus has been put on the
support of alternative automotive technologies, which have
better energy efficiency and better environmental perfor-
mance, as well as on alternative fuels based on renewable
energy sources. About 15 years ago, biofuels were of special
interest since they can be blended with conventional fossil
fuels and used in ICE vehicles.

Already in 2003, the EU introduced a blending target in
the scope of the Biofuels Directive [34]. The first goal was to
reach 5.75% share of biofuels in the transport sector by
2010. In 2009, as part of the European climate and energy
package for 2020, the Renewable Energy Directive [35] set
the target of 10% share of renewable energy for 2020.
Moreover, an amendment to the Fuel Quality Directive
introduced a mandatory target of a 6% reduction in GHG
intensity of fuels used in the road transport and non-road
mobile machinery by 2020 [36].

However, with the increasing use of biofuels also some
new challenges and limits have been recognised so that the
policy framework has changed over time. In legislation
approved by the European Parliament it was decided to
cap the amount of crop-based biofuel used in the transport
sector at 7%, since crop-based biofuels can have unintended
negative impact on environment such as deforestation and
food shortages. Moreover, to ensure environmental benefits
of biofuels, fuel suppliers are required to report on indirect
land use change (ILUC) emissions. In addition, it was
decided to stop public support for the crop-based biofuels
after 2020.

On 30 November 2016, the European Commission
presented a proposal for the promotion of RES, as part of
the package ‘Clean Energy for all Europeans’ [37]. Initially,
the main goal was to increase the share of renewable in the
European energy mix to at least 27% by 2030. In this
version of the proposal, a target for RES in the transport
sector was excluded. One year later, on 18 December 2017
the Council reached agreement to support the binding
target for 27% of renewables in the energy mix for 2030.
Moreover, a 14% target for the renewables in the transport
sector was proposed. For the first time a target for 3% share
of advanced biofuels was suggested, as well as cap at 7%
share of conventional biofuels [38].

Finally, in Renewable Energy Directive (RED II), the
overall EU target for share of RES in energy mix by 2030 has
been raised from the originally proposed 27% to 32%.
Moreover, a sub-target for RES in the transport sector has
been included in the final agreement. According to this
agreement, EUMember States must have a minimum of 14%
ofrenewableenergyintheenergyconsumedinthetransportby
2030 including a 3.5% share of advanced biofuels and biogas,
and a 7% cap on the share of first-generation biofuels [38,39].

The revised Renewable Energy Directive (EU) 2018/
2001, adopted in December 2018 emphasises the sustain-
ability issues related to biofuels production such as indirect
land use change (ILUC). Since for the conventional biofuels
agricultural products such as corn, wheat, rapeseed, etc.,
are needed, they are in competition for arable land with
food and feed production.

Currently, due to limitations related to the use of
biofuels, electrification of mobility gains increasing atten-
tion, mostly due to very generous portfolio of monetary and
non-monetary supporting measures. Many governments
have seen electrification as a good opportunity to reduce
local air pollution, as well as global GHG emissions.

Most of the policies implemented on the EU level
indirectly support use of electric vehicles. Some of them are
the EU CO2 emission standards for new passenger car [40],
the EU climate & energy packages for 2020 and 2030
[41,42], as well as transport White paper 2011 [43]
according to which conventionally-fuelled cars should be
removed from cities by 2050. Ban of conventional vehicles
has already started. Already now, many countries have
introduced zero-or-low carbon emission zones in city
centres. Moreover, some of the countries have announced
stop for the registration of new gasoline and diesel vehicles
in the coming years. For example, ICE vehicle ban in
Norway will start in already 2025, followed by Denmark,
Iceland, Ireland, Netherlands and Slovenia in 2030.

Such development is challenging for biofuels. On the
one side, this mean that the demand for biofuels will be
lower in the passenger car transport, however, on the other
side, that demand for so-called zero emission vehicles, such
as battery electric vehicles and fuel cell vehicles, will be
much higher than today.

Due to the policies implemented the share of renewable
energy in the transport sector has been continuously
increasing, see Figure 5.

In 2004 share of RES in the transport sector was just
1.4%, and in 2019more than 8%.Until 2010, all biofuelswere
counted as renewable energy sources. However, in 2011 the
European Commission set new criteria according to which
biofuels could be counted as clean energy, and this change
caused a dip in 2011.Although the share of renewable energy
is continuously growing this development is still not good
enough to stop increase of GHG emission.
3 Biofuels

In contrary to fossil fuels, which are the result of a very long
process, approximately millions of years, biofuels are made
from renewable sources of carbon such as different
agricultural products, trees, grasses, etc., which have been
harvested recently. Depending on the feedstock used, as
well as biofuel production process, biofuels could be divided
in different categories, but the major classification is in the



Fig. 6. Share of the global land area [45].

Fig. 5. Share of RES in transport in the EU [44].

Fig. 7. Global energy consumption in road transport, 2018 [46].
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conventional and advanced biofuels. Conventional biofuels
are based on agricultural products, which could be also
used for food and animal feed. To produce such feedstocks
arable land is required, which is very limited all over the
world. The total world’s land area is roughly 13 Gha, and
can be split into four major categories as shown in Figure 6.
The share of arable land is very limited in all regions,
mostly in the range from about 5% to 18% [45]. In Europe it
is less than 15%. Globally, there is just about 1.5 Gha of
arable land which is to large extend used to grow crops for
food and feed.

Increasing biofuel production may lead to the conver-
sion of non-cropland e.g. forests, wetlands and peatlands to
agricultural land. A land use change may significantly
reduce possible benefits of the GHG savings due to
increased biofuels production.

The competition between biofuel and food production
could be avoided with advanced biofuels, which could be
produced from different lignocellulosic materials such as
grasses, trees, waste wood from forest industry, etc., so that
total potential for biofuel production could bemuch higher.
Such feedstocks are not in competition with food produc-
tion. Unfortunately, advanced biofuels are still immature.
Their production processes have to be improved and
production costs reduced. However, already at this
stage advanced biofuels have very good environmental
performance.

Currently, mostly used are conventional biofuels,
bioethanol and biodiesel. The global energy consumption
in the road transport is shown in Figure 7. It can be seen
that in 2018, biofuels represented just 4% of the global
energy consumption in the road transport [46].



Fig. 8. Biofuels production by region [47].

Fig. 9. Biofuels consumption in the EU by fuel type, 2019 [48].

Fig. 10. Biofuels production in the selected EU countries,
2019 [49].
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Bioethanol ismostlyproducedfromwheat,corn,sugarbeet
and sugar cane, and biodiesel from different kinds of vegetable
oil (e.g. rape seed, sunflower, and soybean). Which feedstock
will be used is very dependent on available land and climate
conditions. As it can be seen in Figure 8 biofuel production is
increasing all over the world, however, in different regions
different feedstocks are used for biofuel production. For
example, in North America, predominant feedstocks are corn
and soybean, in South- and Central America sugar cane and
soybean, and in Europe corn and rapeseeds.

Global bioethanol production is much higher than
biodiesel production, but biodiesel is the most important
alternative fuel in the EU [47,48]. As illustrated in Figure 9,
in 2019 biodiesel was the most consumed biofuel type, with
the share of more than 80%. In the EU bioethanol
accounted for 18% and biogas for less than 2% of total
biofuel consumption [48].

Regarding the total biofuels production there are
significant differences across the EU countries. In 2019,
the largestbiofuelproductionwas inGermany,about143PJ,
followedbyFrance and theNetherlandwith 113PJ and 79.2
PJ respectively [49]. The countries with the highest biofuel
production in 2019 are presented in Figure 10.

The demand for biofuels is mostly triggered by
supporting policies and ambitious EU targets. However,
with the increasing use of biofuels also some challenges and
limits have been recognised, as well as the need to switch to
the advanced, second-generation biofuels. Yet, to acceler-
ate the use of second-generation biofuels their costs
competitiveness with other biofuels and fossil fuels should
be significantly improved.

Changeable policy framework, announced ban of ICE
vehicles as well as increasing attractiveness of electric
vehicles, have affected the investment in biofuel technolo-
gies. After the early enthusiasm between 2004 and 2007,
global investment in biofuel sector has been on the
decreasing trend, see Figure 11. Over the last years
investment in biofuels has been marginal in comparison to
other renewable energy investments, e.g. wind power and
solar photovoltaic [2,50].



Fig. 11. Global investment in biofuels [50].
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Moreover, the COVID crisis has impacted all segments
of our life, but especially our mobility [51,52]. Due to the
mobility restrictions the demand for oil products and
consequently for biofuels was extremally reduced in 2020.
Since bioethanol is mainly used in passenger cars, it was
muchmore affected by this crisis than biodiesel which has a
broader use. For example, in Europe, in 2020 demand for
bioethanol was reduced by about 13%, and for biodiesel by
just about 7% [46].

There are different scenarios regarding the future
development of biofuels. According to some optimistic
estimates, biofuel could contribute about one-third of the
global fuel supply by 2050 under assumption that 2nd and
3rd generations biofuels are commercially available by 2030
[53]. However, biofuels’ future depends on the development
of oil prices, investments, and policy preferences. With the
ban of ICE passenger cars, biofuels will be more used in
other transport modes e.g. in aviation, shipping and heavy
goods vehicles. In such transport mode is also competition
with electric vehicles very low, at least for now.

4 Electric vehicles

Over the last decade electrification of mobility, especially
passenger road transport is widely supported and promot-
ed in many countries worldwide [54]. Although electric
vehicles are not new technology, through significant
improvements of battery performances, electric vehicles
have got a new chance recently. In general, electric vehicles
have potential to reduce local air pollution and depending
on the energy sources used for electricity generation, they
can also contribute to the reduction of the global GHG
emissions. However, it is important to notice that different
types of electric vehicles, such as hybrid electric vehicles
(HEV), plug-in hybrid vehicles (PHEV), battery electric
vehicle (BEV) and fuel cell electric vehicles (FCEV), have
different characteristics and different impact on the
environment.
All hybrid vehicles are using, at least to some extent,
fossil fuels and they can play important role in the
transition towards complete electrification. Due to the
announced ban of fossil fuels in transport, in the future it
is likely that hybrid vehicles will be increasingly
dependent on biofuels. However, since full environmental
benefits of electric vehicles could be reached only in
combination with renewables, for the future of special
interest are so-called zero-emission vehicles, BEV and
FCEV.
4.1 Electricity and battery electric vehicles

Electricity use in the transport sector has a very long
tradition, and different types of electric vehicles, e.g. trams,
train, subway, etc., are proven and very successful
technologies [55]. However, due to the raising emissions
from the road transport, currently special effort is put in
the electrification of the passenger cars, as well as urban
buses.

Number of battery electric vehicles is increasing all over
the world. In 2019, worldwide there were about 4.8 million
BEV, most of them in China. However, also in Europe
electrification of mobility is progressing, reaching almost
one million in 2019 [56], see Figure 12.

Since BEV is still expensive in comparison to
conventional cars, in spite of different incentives provided
by governments, they are mostly used in the EU countries
with the higher GDP per capita. Recently, it can be noticed
a continuous shift from direct subsidies to policy
approaches that rely more on regulatory and other
structural measures, including zero-emission vehicles
mandates and fuel economy standards. This should give
strong and long-term signal to the auto industry and
consumers.

All policies applied have as a final goal to reduce GHG
emissions from the transport sector. However, to reach
significant emission reduction it is important to increase
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use of zero-emission vehicles (ZEV), but also to increase use
of renewable energy sources in electricity generation.
Currently, electricity generation mix is very different
across the EU, see Figure 13, so that the benefits of
electrification are very different. Use of BEV in countries
with the high share of fossil energy will contribute just for
the improvement of the local air pollution, but not
significantly to the reduction of the global GHG emissions
[57].

However, one of the priorities of the European policy
is to increase the share of RES in electricity mix [41,42],
and this will increasingly improve environmental
benefits of EV. Yet, it is important to note that currently
(except on some single days) in no country excess
electricity from RES is available and hence, the by far
largest share of electricity used in BEV and for hydrogen
production comes from conventional primary energy
sources.
Fig. 13. Electricity produc

Fig. 12. Battery electric car stock, 2013–2019 [56].
4.2 Hydrogen and fuel cell vehicles

A special type of electric vehicles is fuel cell vehicles. In
such vehicles, instead to charge battery at the charging
stations, hydrogen is refuelled, stored and finally used to
produce electricity on board.

Hydrogen is like electricity a secondary energy carrier
and can be produced using different primary energy sources
including fossil energy and renewable energy. Hydrogen
produced from renewable energy sources is usually called
green hydrogen.

However, currently the largest amount of hydrogen is
produced using fossil energy, especially natural gas. The
steam reforming of natural gas is well developed process
with relatively low costs. Currently, hydrogen is used in
different industries such are refinery, ammonia production,
etc. In such cases low cost are priority and not
environmental benefits.

Nevertheless, if hydrogen is considered as an energy
carrier for the use in the transport sector, good environ-
mental performance is becoming priority.

One of the major obstacles for the larger use of green
hydrogen and fuel cell vehicles are high cost. The costs of
green hydrogen are more than two time higher in
comparison to grey hydrogen produced from fossil fuels.
Moreover, FCEV are still very expensive automotive
technology, so that the total number of FCV worldwide is
increasing but still very low. In 2019 global stock of FCEV
was just about 25,000 [59].

However, since hydrogen can be used as a storage for
surplice electricity from renewable energy sources, with the
increasing use of renewables in electricity generation
hydrogen will become important for supply and demand
balancing [60,61]. In the long-term green hydrogen can be
also used in the transport sector. It is important to
recognise that both BEV and FCEV have same advantages
tion by source, 2019 [58].



Fig. 14. Costs vs range, BEV and FEV.
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and disadvantages, and they are complementary technolo-
gies. As illustrated in Figure 14, BEVs have economic
advantages in urban areas, where lower driving range is
needed and charging infrastructure is sufficiently provided.
However, FCEV aremore suitable technology for the larger
vehicles which can be used over longer distances.
5 Conclusions

Renewables in transport have not been a real success story
so far. While alternative technologies and energy carriers
have been well-known more or less for more than 100 years
(e.g. BEV, FCEV or hydrogen), progress over the last
decades has been modest [62].

Based on the comprehensive literature review and
discussion provided in this paper major conclusions can be
derived as follows:

To highlight the most important findings and critical
points of this study:

1.
 Regarding biofuels the major conclusion is that their

future use is very dependent on the development of their
economic and environmental performance as well as on
land availability. The food versus fuel discussion is still
on the table and the current CO2 savings are moderate.
Moreover, the time of intensive political and financial
promotion of biofuels is widely over. Even for advanced
2nd generation biofuels based on lignocellulosic materials
there are not many bright prospects on the horizon.
Changeable policy framework, including the proposed
ban on the sale of new petrol and diesel cars, and unclear
long-term visions have a negative impact on the
investment in biofuels.
2.
 With respect to battery electric- and fuel cell vehicles,
the major problem for their faster penetration in the
market is the high investment costs of vehicles. In the
future a significant reduction in these costs can be
expected due to technological learning.
However, their contribution to the reduction of the
global greenhouse gas emissions is achievable only in
combination with the increasing use of renewable energy
sources in electricity generation. Moreover, it is
important to note that currently, except on some single
days, no excess electricity from RES is available. Hence,
by far the largest share of electricity used in BEV and for
hydrogen production comes from conventional primary
energy sources. Another major challenge for the future is
to create sustainability standards regarding the mining
of materials for battery production, as well as for battery
recycling to avoid new environmental problems [63].

The most critical points for the future of renewables in
the transport sector are their potential and environmental
benefits. A fundamental aspect for biofuels is competition
with food and feed production. For the deployment of wind
turbines and photovoltaic systems, the major problem is a
limited acceptance and availability of suitable locations for
their installation.

The most important findings and critical points in this
field of study are that there are perspectives for an increased
useofRESinthetransportsectorbutwemustkeepinmindthe
overall life-cycle balance of all corresponding emissions to
avoid the trap of the Green Paradox.
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