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Abstract: To solve the challenge of decarbonizing the transport sector, a broad variety of alternative
fuels based on different concepts, including Power-to-Gas and Power-to-Liquid, and propulsion
systems, have been developed. The current research landscape is investigating either a selection of
fuel options or a selection of criteria, a comprehensive overview is missing so far. This study aims
to close this gap by providing a holistic analysis of existing fuel and drivetrain options, spanning
production to utilization. For this purpose, a case study for Germany is performed considering
different vehicle classes in road, rail, inland waterway, and air transport. The evaluated criteria on
the production side include technical maturity, costs, as well as environmental impacts, whereas, on
the utilization side, possible blending with existing fossil fuels and the satisfaction of the required
mission ranges are evaluated. Overall, the fuels and propulsion systems, Methanol-to-Gasoline,
Fischer-Tropsch diesel and kerosene, hydrogen, battery-electric propulsion, HVO, DME, and natural
gas are identified as promising future options. All of these promising fuels could reach near-zero
greenhouse gas emissions bounded to some mandatory preconditions. However, the current research
landscape is characterized by high insecurity with regard to fuel costs, depending on the predicted
range and length of value chains.

Keywords: Power-to-Gas; Power-to-Liquid; hydrogen; transport; future mobility concepts; LCA;
environmental impacts; synthetic fuels; synthetic natural gas; technology readiness level

1. Introduction

Anthropogenic climate change requires a comprehensive structural change in the
energy sector to be enacted [1]. With the Paris climate conference in 2015, a limit for
global warming was set to a maximum of 2 K and 1.5 K compared to the pre-industrial
period [2]. The annual increase in greenhouse gas emissions resulting from rising energy
consumption and a growing world population also requires rapid and targeted actions.
In Germany, for instance, greenhouse gases in the energy and industrial sectors were
reduced by 45% and 34%, respectively, compared to 1990 [3]. In contrast, greenhouse
gas emissions of the transport sector stay at the same level as 1990 despite increasing
levels of engine efficiencies [3]. In order to reach the goals in the transport sector, several
alternative fuels have been researched and developed in recent years, all with different
properties and technical maturity. Current literature either assesses single fuels or only
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single criteria of these fuels like technical maturity of fuel production [4,5], net production
cost [6], import [7], well-to-wheel efficiencies [8], or environmental impacts [9,10]. The
literature lacks a holistic analysis considering all criteria, spanning from production to
utilization, and all fuel and drivetrain options. This review aims to connect all information
of different fuel and drivetrain options, elaborate on the advantages and disadvantages
and identify the most promising fuels for specific applications in the transport sector. For
this purpose, it classifies different fuels and drivetrain options for road, rail, air, and inland
waterway transport in terms of technical maturity, costs, and environmental impacts. For
the three mentioned fields, different criteria will be defined and subsequently analyzed and
discussed based on existing literature. The chosen criteria will be explained in Section 2
in detail.

Figure 1 provides an overview of fuel pathways. The pathways are subdivided into
primary fuels, conversion, fuels, and drive systems. This work focuses on alternative fuels
from RE sources, seen on the top right-hand side of Figure 1. These fuels are subdivided
into synthetic fuels obtained using renewable electricity, also known as the Power-to-
Fuel, Power-to-Gas or Power-to-Liquid (PtL) concepts, and biomass-based fuels. The
latter is subdivided into conventional biofuels such as fatty acid methyl esters (FAMEs)
or hydrotreated vegetable oil (HVO) derived from feed crops or advanced biofuels from
lignocellulose [11]. Electricity-based fuels are further subdivided into methanol and higher
alcohols, ethers such as oxymethylene ether (OME), and hydrocarbons like synthetic
gasoline and diesel [4]. Starting from biomass and renewable electricity as resources,
different pathways may lead to the same product fuel. One example is the production of
methane from biomass via fermentation and subsequently biogas upgrading, as described
in [12], or synthetic electricity-based production via the PtG pathway [13]. The produced
fuels are then used in different propulsion systems which are subdivided into electric
and internal combustion powertrains. Internal combustion drivetrains are operated with
liquid or gaseous fuels, whereas electric engines utilize electricity, which is either stored
in batteries or converted from an energy carrier such as hydrogen by means of a fuel
cell (see Figure 1). A combination of electric and internal combustion powertrains, as in
hybrid-electric vehicles, is also common.
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Figure 1. Overview of alternative fuel pathways. Source: Own elaboration based on Bruchof [14].
LPG: Liquified petroleum gas, LNG: Liquefied natural gas, CNG: Compressed natural gas, SNG:
Synthetic natural gas, BNG: Bio natural gas, FT: Fischer-Tropsch, FAME: Fatty acid methyl ester,
HVO: Hydrotreated vegetable oils, OME: Oxymethylene ether, DME: Dimethyl ether, FCEV: Fuel
cell-electric vehicle, BEV: Battery—electric vehicle, HEV: Hybrid-electric vehicle, PHEV: Plug-in
hybrid-electric vehicle.

2. Materials and Methods

In this work, alternative fuels are investigated on the production side, as well as on the
application site. Additionally, the environmental impacts of promising fuels are discussed.
The production side is assessed with respect to the technical maturity of fuel production
and fuel production costs, considering domestic production as well as imports. Technical
maturity is assessed via technology readiness level, which is described in detail in the next
section. The application side is analyzed in terms of potential mission ranges using the
fuels in different vehicles and the reduction in their possibilities. For this purpose, the
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potential mission ranges of different vehicles are analyzed for Germany as a case study. The
achievable mission range of the fuels used in propulsion systems depends on tank-to-wheel
(TtW) efficiency, the consumption, the amount of saved fuel compared to a conventional
drivetrain, and the fuel’s heating value. The criteria TtW efficiency and heating value are
used in this work to assess the possible mission range of different fuel applications. TtW
efficiencies are employed instead of maximum efficiencies for assessing the fuels, as the
efficiency—-load curves of the different drivetrains vary quite significantly and the load
demand of different vehicle classes may also vary.

2.1. Technology Readiness Level

The technology readiness level (TLR) concept was primarily developed by the Na-
tional Aeronautics and Space Administration (NASA) [15]. In the meantime, the United
States Department of Defense [16], the European Space Agency [17], and the European
Commission [18] adapted the method. The European Space Agency employs ISO standard
16290 Space systems—Definition of the Technology Readiness Levels (TRLs) and their
criteria assessment [19]. The European Commission has also developed guidance for the
application of TRL to RE technologies [20]. Table 1 lists the TRL definitions according to
Rose et al. [20]. It is also noteworthy that the Joint Research Centre (JRC) expanded the
TRL assessment to a commercial readiness level (CRL) [5], which was developed by the
Australian Renewable Energy Agency [21] and takes into account the fact that high TRLs
among particular technologies do not automatically result in market adoption, e.g., due to
excessively high capital costs or regulatory burdens [5].

Table 1. TRL definitions.

TRL Definition

Identification of new concept, applications, and barriers

Definition of application, consideration of interfaces, and commercial offer
Proof of concept prototype ready: concept is laboratory tested
Integrated small-scale prototype with auxiliary systems laboratory validated
Large-scale prototype completed with auxiliaries, refined commercial assessment
Technology pilot demonstrated in relevant environment, manufacturing strategy defined
Pilot demonstrated in operational environment, manufacturing approach demonstrated
Technology in its final form, low-rate production
System fully operational and ready for commercialization
Notes. Source: Rose et al. [20].

O O N ONUT s WN -

2.2. Identification of Required Mission Ranges for Different Means of Transport

The required mission range for road transport in Germany was analyzed using a
dataset from the Federal Ministry of Transport and Digital Infrastructure (BMVI) [22]. The
BMVI [22] determined, amongst other variables, the daily driven distances of the following
vehicle classes: passenger cars, light duty vehicles, motorcycles, coaches, trucks, articulated
trucks, other tractors, other motor vehicles, and agricultural tractors, via a survey in 2010.
Even though the dataset is from 2010, it is the only currently available source containing
the daily driven distance for all road transport vehicle classes in the necessary accuracy.
Comparable is only the study series “Mobilitédt in Deutschland”, which was performed
for the years 2002, 2008, and 2017 [23]. However, it only contains information about the
vehicle class passenger car. Yet it shows that the following used daily driven distance is, at
least for passenger cars, mostly constant from 2002 to 2017. The daily driven distance for
passenger cars per person was 37 km in 2002 and 39 km in 2017 with a constant occupancy
of 1.5 persons per car [23]. For other vehicle classes, other statistics from the BMVI [24]
show, that driven distance will change slightly. For example, the average transport distance
from trucks was 89 km in 2002 and 93 km in 2017. The explained literature justifies the use
of the 2010 survey from the BMVIL

Figure 2 shows the mission range distribution of different means of transport based
on the BMVI survey from 2010 [22]. To create the different distribution curves, the daily
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driven distance samples for each vehicle class from the dataset were assigned to 10 km
classes in the range of 0 to 2500 km, normalized with the absolute number of samples,
and summed up for each 10 km class, starting at 0 km. Daily mileage values of 0 km
were ignored during this analysis. As an example, a Tesla Model S with a WLTP mission
range of 610 km [25] would be able to cover 99.4% of all daily distances from passenger
cars (see Figure 2). Figure 2 illustrates the high required mission range for articulated
trucks, coaches, and other trucks. Public urban buses are not covered in the analyzed
dataset, but probably require low daily ranges, as they mostly operate in urban areas.
Trucks are operated as either rigid trucks without an attached trailer or trailer trucks with
an attached trailer. Analyzing the dataset of Breuer et al. [26], which was published in
the article by Breuer et al. [27] indicates that trailer trucks mostly operate on highways,
similar to articulated trucks, whereas rigid trucks operate in urban areas. Considering
this finding while investigating the results presented in Figure 2, leads to the conclusion
that the curve of rigid trucks is most likely on the left-hand side of the corresponding one
from all trucks, whereas the curve from trailer trucks is on the right-hand side. As a result,
trailer trucks probably require drive systems with higher mission ranges and rigid trucks
systems with lower ones. As can be seen in Figure 2, the road transport classes of light duty
vehicles, passenger cars, motorcycles, other tractors, and agricultural tractors all have low
requirements in the case of achievable mission ranges.
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Figure 2. Range distribution of daily driven distances of the vehicle classes passenger cars, light duty
vehicles, motorcycles, coaches, trucks, articulated trucks, other tractors, other motor vehicles, and
agricultural tractors. Source: Own analysis based on [22].

McKinsey & Company [28] analyzed global air transport in terms of CO, emissions
considering the different aircraft classes of commuter, regional, short-range, medium-,
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and long-range aircraft, as well as different mission ranges. Deviating required mission
ranges from the results from McKinsey & Company [28] leads to maximum mission ranges
of up to 500 km for commuter, 2000 km for regional, 4500 km for short-range, and over
10,000 km for medium- and long-range aircraft. Commuter and regional aircraft have a
lower required mission range, short-range aircraft with 4500 km having a higher mission
range, and medium- and long-range aircraft with >10,000 km having the highest required
mission ranges. The global fleet consists of 4% commuter aircraft, 13% regional aircraft,
53% short-range aircraft, and 30% medium- and long-range aircraft. Aircraft require fuel
with high gravimetric and volumetric densities, as well as high powertrain efficiencies.

Rail transport in Germany is mostly electrified in terms of transport performance. As
of 2019, 53% of all rail sections were equipped with overhead catenary lines [29]. In the
case of transport performance, in 2019, long-distance rail passenger transport totaled 99%,
regional rail transport 79%, and rail freight transport 87% electric operation [29]. This leads
to the conclusion that non-electric operation with diesel is mostly used in sections with low
transport performances. Alternative fuels might be a more economical solution compared
to overhead catenary lines. A high gravimetric energy density of a possible fuel seems to be
more important for rail transport than a high volumetric energy density, as the maximum
load in each rail section is limited. Rail sections in Germany are divided into different track
classes defined by DIN EN 15528, which limits the maximum weight of operating trains to
between 6.4 t/m and 8 t/m [30].

Inland waterway transport is subdivided into freight and passenger transport. Freight
transport is separated into the ship classes of cargo barges, liquid cargo barges, pushed
barges, and pushed tankers, with the latter two being operated by pusher boats. Passenger
transport primarily takes place using day trip and cabin vessels. In addition to these, small
watercraft like sporting boats are used on inland waterways.

Figure 3 shows the share of transport performance (tkm) and volume of transport
(t), as well as the average trip distance of different distance classes for inland waterway
freight transport in Germany in 2016, based on data from the Federal Statistical Office
(Destatis). This covers the ship classes of cargo barges, liquid cargo barges, pushed barges,
and pushed tankers. As can be seen in Figure 3, 42% of freight transport ships fall into
the distance class of >500 km per trip, with an average trip distance of 627 km. In the
case of volume of transport (t), the value is 17% lower, because this value does not cover
the traveled distance. In the case of transport performance, only 11% would be covered
with a mission range of 100 km, whereas 89% require a mission range of >100 km. The
consumed fuel is proportional to transport performance or the distance traveled, and less to
the weight of transported goods. Unfortunately, the distance class of >500 km is not defined
in greater detail. Destatis also provides transport performance and transported good data
for the different ship classes. Based on Destatis data, the average trip distances for cargo
barges, liquid cargo barges, and pushers were calculated to be 296 km, 225 km, and 158 km
with transport performances of 34 bn tkm, 11 bn tkm, and 7 bn tkm. These average trip
distances are not classified for distance classes as in Figure 3, and therefore may appear
smaller. Pusher boats seem to operate over shorter distances, liquid cargo barges with 225
km over medium trip distances, and cargo barges over longer ones. However, the transport
performance of cargo barges is about five times larger than that of pusher boats and three
times greater than the transport performance of liquid cargo barges.
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Figure 3. Share of transport performance (tkm) and volume of transport (t), as well as the average
trip distance of different distance classes for inland waterway freight transport in Germany in 2016.
Source: Own elaboration based on [31,32].

Similar to rail transport, gravimetric energy density seems to be more important
for inland waterway transport, as increasing the weight would also increase the energy
consumption. Based on Figure 3, inland waterway freight transport is classified as a sector
with a higher required mission range. Compressed natural gas (CNG) is more attractive
for pusher boats due to their smaller sizes and lower daily distances [33]. In the case of
inland waterway passenger transport, energy density and mission range for small craft
like sport boats and ferries appear to be less important, whereas for cabin vessels, mission
range could be a more important criterion.

In this section, the methodology of this work was explained. First, the technology
readiness level was explained as the basis for a technological assessment. Furthermore,
mission ranges of the different vehicles classes in road, air, rail, and inland waterway
transport were analyzed and identified in the framework of the methodology. The analysis
showed, that requirements on the drive systems and subsequently the fuel vary strongly
even inside of each of the four sectors.

3. Potential, Technical Maturity, and Costs of Alternative Fuel Production

As outlined in the introduction, renewable alternative fuels are divided into biomass-
and electricity-based ones. Both fuel pathways will be discussed in this section. First,
the capacity of biomass-based fuels to cover energy demand in the transport sector in
Germany is discussed. Second, the technical maturities of the different fuel pathways will
be investigated.

3.1. Potential of Biomass-Based Alternative Fuels

Studies such as those by Robinius et al. [34] show that in order to reduce CO, emissions
in Germany by 80% or 95% by 2050 against 1990 levels, CO, emissions from the transport
sector must be reduced by 76% or 100% from 2020 to 2050. In the case of the 95% target, a
complete abandonment of fossil fuels in the transport sector is essential. The Germany-wide
potential of biomass is not sufficient to fully cover this demand. Electricity-based fuels
can be produced locally or imported to close the gap [34]. Indeed, the global potential of
wind and solar energy is already more than sufficient to meet global energy demand [35].
According to this concept, hydrogen can be produced in advantageous regions with high
wind and/or solar energy potential. Studies by the Hydrogen Council, for instance, forecast
a price of EUR 1.4-2.3/kgp, in 2030 [36,37], with further current and future expected prices
being discussed in Section 3.3.2 Review of Total Costs below. The following discussion of
biomass potential reveals that electricity-based fuels are vital, in addition to biomass-based
ones. Therefore, a selection of electricity-based fuels within their category, regardless of the
achievable price of biomass-based fuels, is necessary.
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Biofuels are subdivided into conventional and advanced types. Conventional biofuels
contain the first-generation biofuels ethanol and biodiesel from eatable crops, whereas
advanced biofuels constitute the second-, third-, and fourth-generation forms. These fuels
are obtained from nonfood, sustainably-grown feedstocks, and agricultural wastes. The
second-generation biofuels also encompass fuels from cellulosic biomass, whereas the third-
and fourth-generation ones contain fuels from both natural and genetically-engineered
algae biomass [11]. According to Ziolkowska [11], the latter are based on algae biomass
at demonstration level (TRL 4-5), whereas the first generation is well-established in the
market (TRL 9) and the second (TRL 9) is gaining increasing market shares.

The viewpoint on biofuels in EU countries changed with the introduction of RED II in
2018. Since then, biofuels, which are not based on food or feed crops, are promoted with
increased credibility for the national targets of RE usage in transport. Furthermore, targets
to achieve specific shares of advanced biofuels and renewable electricity ones are binding,
whereas the targets for food-based fuels are optional [38]. RED II also limited the share
of food and feed crops in EU countries as a function of total energy consumption in the
transport sector to 7% of energy consumption from road and rail transport in 2020. The
possibility of member states voluntarily reducing this threshold is ambiguous. Furthermore,
the threshold must be reduced to 0% by 2030, with the exception of feedstocks with certified
low risks for Indirect Land Use Change (ILUC) [39]. According to the EU legislation,
conventionally-produced biofuels are not regarded as an option for mass application in the
transport sector.

The production pathway of a fuel is essential for the assessment of its ILUC risk. Both
of the most common biofuels, namely FAME and HVO, can have a high or low ILUC risk,
depending on their feedstock. Feedstocks that are produced by means of BtL processes
from residue or waste oil are noncritical with respect to their ILUC risk. However, FAME
or HVO obtained from vegetable oil are ILUC-critical [40]. The European Commission
published a report [41] assessing global increases in ILUC areas devastating plants while
maintaining large quantities of carbon stock and biodiversity. The report indicates that
harvesting areas of biofuel feedstock plants increased globally by 2.3% for maize, 1.2%
for sugar beets, 4.0% for palm oil and 3.0% for soya beans between 2008 and 2016. These
growths rates are not only related to increased biofuel production but other factors as
well. Further valuations can be noted in the report [41]. The European Commission [42]
published criteria to identify resources with high and low ILUC risks. These criteria identify
palm oil as a resource with a high ILUC risk. The status quo of the JRC Biofuel Program in
2014 and other earlier published literature regarding feedstocks for biofuels like ethanol
or FAME did not take into account ILUC or other issues such as conflict affecting food
production as a limiting factor for fuel and decarbonization strategies [40].

As an interim conclusion, it can be stated that biofuels possess an ambivalent position-
ing in the field of alternative fuels. Furthermore, resources for biofuels vary significantly
across different locations and are limited to a greater extent than electricity-based fuels.
Thus, the following section discusses the biomass potential for the case of Germany.

In 2017, 1668 PJ of diesel, 791 PJ of gasoline, and 428 PJ of jet fuel were consumed in
Germany, according to the Mineralol Wirtschafts Verband e.V. IMWYV) [43]. Additionally,
81 PJ of biodiesel, 0.04 PJ of vegetable oils, 31 P] of ethanol, 2 PJ of biomethane, 43 PJ of
electricity, and 6 PJ of natural gas were consumed within the country’s transport sector
in 2018/2019 [24,44]. Based on data from the Federal Office for Agriculture and Food
(BLE) [45], Fehrenbach [46] concluded that the 81 PJ of biodiesel consisted of 27.5 PJ
produced in Germany, with 19 PJ imported as palm oil biodiesel, 31.5 PJ] coming from
waste oils, and 1.6 PJ from grain straw and industrial waste. Peters et al. [12] reviewed
the potential of biofuels. Based on data from Billig et al. [47], Peters et al. [12] state that
270 PJ of methane could be directly produced by biogas plants in Germany in 2050. If the
biogas plant-generated CO; is combined with renewable hydrogen, an additional value
of 205 PJ can be achieved [47]. The maximum amount of methane produced from this
concept in 2050 is estimated to be 750 PJ, also drawing on CO; from the cement industry
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and combining it with renewable hydrogen, alongside the mentioned sources [47]. In
their calculated scenario, Billig et al. [47] assume a 100% waste stream feedstock for biogas
plants in 2050 based on the 15.9-20.5 Mt (dry matter) of unused biomass in Germany
identified by Brosowski et al. [48]. According to Brosowski et al. [49], the biomass potential
of agricultural byproducts in Germany is 17.6 Mt (dry matter), comprising 52% manure and
48% grain straw. Municipal waste biomass potential is about 0.3 Mt [49]. Technical biomass
potential is 141 PJ for grain straw, 70 PJ for manure, and ~4 PJ for municipal waste [49].
Between the 270 PJ calculated by Peters et al. [12] based on Billig et al. [47] and the 218 PJ
of Brosowski et al. [49] is a gap of 52 PJ that may result in different conversion efficiencies.
Fehrenbach [46] calculated a potential unused biomass quantity of 250 PJ based on data
from Fehrenbach et al. [50] and combined it with an efficiency of 50%, leading to a biofuel
potential of 130 PJ. Comparing the 130-270 PJ of the three mentioned sources [12,46,49]
with the transport sector’s fossil energy demand of 2887 PJ [43] (excluding renewables,
electricity, and natural gas) leads to a biomass potential of 4.5-9.4%. This value will rise to
26% (750 PJ) by upgrading CO, from biogas plants and the cement industry, as described
in Billig et al. [47]. The RED II limits will reduce the palm oil biodiesel share to 0% in
2030 [46]. Fehrenbach [46] mentioned that the RED II limits will not resolve the ILUC
risk issues with biofuels. Other resources that are not classified as having a high ILUC
risk according to the European Commission [42] could replace palm oil [46]. The phase-
out of palm oil could prompt a boost in rapeseed production, which will then produce
further ILUC effects [46]. As noted earlier, the palm oil-based biodiesel share of total
biodiesel is about 23%. The potential of first-generation, conventional biomass-based
fuels’ potential to satisfy transport sector energy demand is low [51,52]. Furthermore,
their sustainability and macroeconomic benefit due to conflicts regarding land use for
growing food, as discussed above, is questionable [51]. Assuming that conventional biofuels
will drop to 0% after 2030 and advanced biofuels such as biogas methane will replace
them, the calculated biomass potentials shares on total transport sector energy demand
will be reduced to 0.6-5.5% (18-158 PJ) and a maximum of 22.1% (638 PJ). This share is
increasable by importing biomass from other countries. In terms of biofuel imports, the
current literature reveals uncertainty and concerns regarding large quantities of sustainably-
produced sources [51,53,54]. With respect to land use efficiency, biofuels are, with a
difference by a factor of up to 1000, significantly lower than e-fuels [53].

In its 2011 Technology Roadmap, the International Energy Agency (IEA) forecasts a
marked increase in the importance of biofuels [55]. It is stated that a total global energy
demand of the transport sector, including road, aviation, and shipping, of 116 EJ in 2050,
could be satisfied using 32 EJ biofuels (27.5%), equivalent to around 100 Megahectares (Mha)
of land used for feedstock. Comparing this area with the EU’s use of cropland, totaling
97 Mha in 2015 [56], underscores the pressing need for acreage for the high penetration of
biofuels, in accordance with the IEA Roadmap for Biofuels.

3.2. TRL of Fuel Production Pathways

In this section, the technical maturity of fuel production pathways is discussed using
TRL as a performance indicator. The TRL assessment of alternative fuel production path-
ways is illustrated in Figure 4. The striped areas represent ranges that are either caused by
different process pathways or different TRL assessments. The literature sources are listed in
Table Al in Appendix A. The TRL evaluation of the fuel pathways in Figure 4 is divided into
synthetic production from CO; and renewable electricity, conventional biofuel production,
and advanced biofuel production. As noted in the previous section, conventional biofuels
include fuels from edible crops, whereas advanced biofuels encompass those from nonfood