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Abstract: Achieving the CO2 reduction targets for 2050 requires extensive measures being undertaken
in all sectors. In contrast to energy generation, the transport sector has not yet been able to achieve
a substantive reduction in CO2 emissions. Measures for the ever more pressing reduction in CO2

emissions from transportation include the increased use of electric vehicles powered by batteries
or fuel cells. The use of fuel cells requires the production of hydrogen and the establishment of a
corresponding hydrogen production system and associated infrastructure. Synthetic fuels made using
carbon dioxide and sustainably-produced hydrogen can be used in the existing infrastructure and will
reach the extant vehicle fleet in the medium term. All three options require a major expansion of the
generation capacities for renewable electricity. Moreover, various options for road freight transport
with light duty vehicles (LDVs) and heavy duty vehicles (HDVs) are analyzed and compared. In
addition to efficiency throughout the entire value chain, well-to-wheel efficiency and also other
aspects play an important role in this comparison. These include: (a) the possibility of large-scale
energy storage in the sense of so-called ‘sector coupling’, which is offered only by hydrogen and
synthetic energy sources; (b) the use of the existing fueling station infrastructure and the applicability
of the new technology on the existing fleet; (c) fulfilling the power and range requirements of the
long-distance road transport.

Keywords: heavy duty transport; light duty transport; future mobility concepts

1. Introduction
1.1. General Overview of Future Power Train Options

Today’s transport solutions for long-haul road transport are mostly based on internal
combustion engines that use fossil diesel. Recent projections of future transport show
increasing global demand for energy for transportation [1]. In contrast to the global trend, in
Europe, and especially in Germany, this demand is nearly constant. An analysis performed
by the German association of mineral oil products (Mineralölwirtschaftsverband e. V,
MWV) in 2011 concluded a slightly increasing demand, from 18.7 up to 19.7 million t/a of
truck diesel through 2025, and a decreasing amount for light duty vehicles, from 12.1 to
10.8 million t/a, in Germany [2]. With respect to the goals of the Paris Climate Accord, the
transport sector should immediately start to reduce its CO2 emissions [3]. Statistical data
shows that the CO2 emissions in the German transport sector only slightly decreased, from
164.4 million t/CO2 to 160.8 million t/CO2 [4], in the time period between 1990 and 2019.
In Europe, greenhouse gas emissions caused by traffic increased from 857.5 million t. CO2
equiv. in 1990 to 1024 million t. CO2 equiv. in 2015 [5].
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The International Energy Agency (IEA) addresses the subject of road transport in its
technology collaboration program, “Advanced Motor Fuels” and within joint activities
with the Joint Research Centre of the European Commission [6–10]. Its proposal is to aim
for a 35% CO2 reduction by 2035 against a 2015 baseline for new heavy-duty vehicles by
introducing different measures, especially the implementation of new technologies. The
“35 by 35” target would require an annual reduction of 2.1% for new vehicles registered
between 2015 and 2019, and an annual reduction of 2.8% for new vehicles registered after
2019. Finally, this means that, for representative tractor-trailers over the World Harmonized
Vehicle Cycle C (WHVC-C) cycle and 17 t payloads, fuel consumption could be reduced
from 32.5 L/100 km down to 22 L/100 km. This in turn could lead to a CO2 reduction of
32% for a complete fleet without changing the fuel. Several measures have been discussed
to achieve these goals, that is, better tires, improved aerodynamics, and improved engine
technologies. Other items include telematics, smoother roads, and routing with low to
medium barriers for implementation. These measures could achieve a maximum effect of
about 10%.

Aside from these technology-oriented measures, improved logistics should also help
reduce transport kilometers. Items such as vehicle load, routing and port-centric logistics
are listed as measures with low to medium barriers but also an overall impact of 5% to
10% [9,11].

The introduction of high-capacity vehicles was discussed as a suitable measure, lead-
ing to a greenhouse gas reduction effect of more than 20% and exhibiting only a medium
barrier with regard to technology. Concerning legal rules and permissions, a change in
vehicle length is needed and mainly depends on political willingness. Such ideas must be
carefully assessed. Large-capacity trucks cannot be used on narrow roads and, therefore,
can only be favored in regions other than Europe, especially Australia, Canada, or the USA.

In order to achieve a large effect, measures with high implementation barriers are
required. These items comprise dual fuel, hydrogen solutions, dedicated biogas, electri-
fication, electric hybrids, the use of bio fuels, and platooning. In particular, hydrogen,
electrification, and platooning were controversially evaluated [7,11].

This contribution focuses on long-term solutions showing high barriers. They are
required to achieve the COP21 goals of 2050, while the “35 by 35” targets can be simultane-
ously realized. The “35 by 35” target already supports the more challenging measures for
higher CO2 reduction in transport.

A successful CO2 reduction strategy for transportation should be based on a widely
adapted switch from fossil to renewable energy-based fuels. Neither biofuels nor electro
fuels are able to cover the total future demand for liquid fuels alone [12]. A complete
substitution of fossil fuels by bio or electro fuels can only be considered theoretically
on the basis of all available potentials. A detailed analysis and subsequent assessment
of economically-realistic quantities is beyond the scope of this review article and will
be conducted in a separate publication. Electrification will play a major role in future
transport on different levels. The variety of different options must be aligned and directed
to preferable routes for different applications. Figure 1 shows combinations of process
chains for different fuels spanning fossil origin, biomass, and wind or solar with power
trains based on internal combustion engines or electric motors. The conventional path—
presently based with a fossil basis—is sketched in the upper left-hand corner. Diesel
is burned in internal combustion engines, complimented by some gas-to-liquid (GTL)
fuels from stranded gas, such as SHELL’s VPOWER and Liquefied Natural Gas (LNG) or
Compressed Natural Gas (CNG). The combination of an electric drivetrain with a fossil-
based fuel requires an on-board fuel-processing system for hydrogen production and gas
cleaning and a fuel cell to convert hydrogen into electricity. However, research on fuel
cell systems with on-board fuel processing for vehicle propulsion was halted due their
high complexity [13]. The technology can still be used for power supply to mobile systems
during idling [14–20]. Instead of fossil fuels, biofuels could be employed by Internal
Combustion Engines (ICEs).
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With respect to biomass-based options, plant oil can be used for transesterification to
fatty acid methyl esters (FAMEs). The blending of these fuels with fossil fuels is limited
to 7%, due to the components’ chemical properties. These form partly radical molecules,
leading to polymerization. Additives can suppress these chemical reactions, but the storage
capability is still decreased [23]. Additionally, FAME can creep into the lubricity system
and dilute the motor oil. This effect is harmful for trucks due to their extended maintenance
intervals [24]. A better way to introduce plant oils is through the hydrogenation of plant
oil, the output of which is termed hydrotreated vegetable oils (HVOs). These have nearly
the same composition as Fischer-Tropsch fuels and consist of long chain alkanes. HVO
has gained an increasing market share in recent years. Unfortunately, the share of biofuels
is restricted to 7% and FAME blending must be reduced. In general, a fuel mixture with
33 bio fuels, that is, 7% FAME and 26% HVO, fulfils the fuel specification for diesel [24],
but has not yet been implemented into the infrastructure. Finally, bio-methane obtained
from fermentation (CBG) or bio-dimethylether (DME) from biomass gasification, and via
methanol synthesis can also be used in ICEs [25,26]. For the combination of a biofuel and
an electric drive train, the same core principles as for fossil fuels are valid, that is, on-board
fuel processing is required to operate the fuel cell with a hydrogen rich gas. Therefore, this
combination will not play a major role in the future transport system.

Finally, wind and solar energy are used to produce electricity. The easiest way would
be to use these sources directly through a catenary system, like that for tramways. Battery
systems store electricity and transfer electrons to the electric motor if it demands them. A
further pathway that has been discussed recently is the power-to-fuel route [27]. Different
alcohols, ethers and Fischer-Tropsch products are considered liquid fuels. The methanation
of carbon dioxide and hydrogen yields synthetic natural gas (SNG). These fuels are prefer-
ably used for combustion in ICEs. A pathway for electric drivetrain systems again requires



Sustainability 2021, 13, 2225 4 of 57

an on-board fuel processing system for these synthetic fuels and fuel cell. These combi-
nations will also not be considered in the following, due to the already mentioned high
complexity of such systems. In general, the stepwise analysis in Figure 1 offers pathways
for hydrogen, CBG (and SNG), and DME for combustion in ICEs. Hydrogen for fuel cells
is an interesting option for light duty vehicles (LDVs), heavy duty vehicles (HDVs) and
passenger cars. The electric drivetrain options are complemented by batteries and catenary
system for highways, exclusively for HDVs.

Table 1 summarizes the options for future drivetrains and energy carriers. In this
contribution, we focus on technologies with a technology readiness level (TRL) higher
than six. Goods transport is undertaken by HDVs over long distances and partly by LDVs
for local distribution. Battery-driven electric drivetrains for battery-electric trucks (BET)
are an excellent option for these short distances, but fail for long-range operations due
to the restricted battery capacity and corresponding weight limitations. The company
FIER Automotive and Mobility presented a meta-study with mission ranges for BETs
of 100–300 km [28–30]. Although the TRL is very high at 9, this option is therefore not
considered. The use of hydrogen in combustion engines is also not included in the analysis.
Schwaderlapp [31] reported on the development of a 180 kW engine from Deutz but hardly
any information is available about such developments. Nevertheless, information on
hydrogen used in internal combustion engines is available in Appendix A.1, accompanied
by a preliminary SWOT analysis (Strengths/Weaknesses/Opportunities/Threats) for the
sake of completeness.

Table 1. Suitable options for future powertrain-fuel combinations.

Energy Carrier Drive System Conversion Technology Infra-Structure TRL Remark

NG (SNG, BNG, LNG) ICE none To be extended TRL 8–9 Focus on methane slip
DME ICE none To be built-up TRL 7–8 Focus on production chain

Hydrogen ICE none To be extended TRL 5–6 Focus on renewable electricity
and H2 infrastructure

PTF ICE none Existing TRL 7–9 Focus on renewable production
chain

Electricity (catenary) Hybrid (1) none To be built-up TRL 7–8 Focus on renewable electricity

Battery E-motor none To be extended TRL 9 Focus on renewable electricity
and infra-structure for charging

Hydrogen E-motor fuel cell To be extended TRL 7–8 Focus on renewable electricity
and H2 infrastructure

NG (SNG, BNG, LNG) E-motor fuel cell and fuel
processing To be extended TRL 5–6 Complex system technology

PTF E-motor fuel cell and fuel
processing Existing TRL 4–5 Complex system technology

(1) Hybrid system of catenary-based electric powertrains and an internal combustion engine or fuel cell system.

1.2. Scope of the Review

On the basis of the above discussion, we identified the following pathways for HDVs
meriting further analysis:

• Internal combustion engines driven by CBG, SNG or LNG;
• Internal combustion engines driven by DME;
• Internal combustion engines driven by biofuels or power-to-fuel;
• Electric drivetrains utilizing hydrogen and fuel cells;
• Electric drive trains with a catenary system.

The paper is structured as follows: First, we analyze the current vehicle fleet for freight
transport in Germany (Section 2) and then look into its future capacity based on existing
scenarios (Section 3) in order to set the scene. In Section 4, we discuss fuel properties
and storage options, which is followed by the production of renewable fuels, including
well-to-tank efficiencies. It should be noted that the terminology originally considered the
path from prospecting to vehicle storage. In the Life Cycle Assessment (LCA), various
impact categories are accounted for, from cradle-to-grave. With respect to biofuels, the term
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‘cradle’ is more appropriate than ‘borehole.’ On the other hand, the terms cradle-to-gate
and cradle-to-grave prompt false expectations with regard to possible LCAs. An LCA
is not a part of this work and therefore vehicle production and disposal emissions are
not considered. In order to avoid misunderstandings in this context, in this work the
terms well-to-tank and well-to-wheel are used for all fuels. In Section 5, we analyze the
above-listed options for future heavy-duty transportation in detail. For each option, an
overall motivation is given, followed by power train technology and vehicle availability, as
well as greenhouse gas reduction potential, infrastructure, and economic considerations.
The findings from the literature review and deeper analysis resulting from this work are
implemented in a SWOT analysis discussing the strengths, weaknesses, opportunities, and
threats of each option.

2. Vehicle Fleet for Freight Transport in Germany: Current and Future Capacity

The number of duty vehicles on German roads can be determined by consulting the
website of the Federal Motor Transport Authority. The duty vehicle classes are divided
into the ranges ≤2 t; 2.001–2.8 t; 2.801–3.5 t; 3.501–4 t; 4.001–5 t, etc.; each step 1 t up to
10 t; 10.001–12 t, etc.; each step 2 t up to 26 t and above 26.001 t. The same classification is
made with towing vehicles and separately for semi-trailers. These datasets were used for a
forecast study that will be discussed in the next section. For the sake of clarity, it is easier to
summarize these classes into fewer, that is, <3.5 t; 3.501–7.5 t; 7.501–12 t and higher than
12.001 t, as well as semi-trailers. The analysis of detailed classes offers various shifts in
vehicle numbers due to different market trends corresponding to user needs.

Figure 2 shows the share of vehicle numbers, average driven mileage, average con-
sumption and yearly transport capacity for the five classes in 2017 in Germany. These
data were released annually by the Federal Office for Motor Traffic [32]. It can be seen
that nearly 75% of all duty vehicles are LDVs (≤3.5 t) and that 80% of overall transport is
performed by semi-trailers. Semi-trailers account for over 40% of fuel consumption. The
average annual mileage of LDVs amounts to roughly 20,000 km, whereas semi-trailers may
rack up 100,000 km or more per year. Two major measures could be derived from the data
in Figure 2:

• A change in drive system technology in freight disposal by LDVs affects a large
number of vehicles

• More than 95% of freight transport is performed by 15% of the total vehicle inventory,
that is, semi-trailers and HDVs in the >12.5 t class.
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In order to describe the basic development of transport capacity over time, different
assumptions for key figures outlining the developments are used. A set of these assump-
tions is referred to as a scenario. In general, the capacity of transport can be formulated
by the means of different reference figures. The principle scheme for predicting future
freight transport capacity using most relevant reference figures, namely vehicle stock,
mileage, consumption, and transport capacity, is shown in Figure 3. These key figures can
be converted using conversion values such as average vehicle mileage, average vehicle
energy consumption, or average vehicle load.
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Figure 3. Principle scheme for predicting future freight transport capacity.

The popular approach to formulating development scenarios is a top-down approach
that takes transport capacity as the reference value, and is used for projections. The
remaining values can then be calculated on the basis of certain conversion factors. In the
following, a literature review of available studies with projections of the capacity of duty
transport is given for Germany.

Various studies that analyzed the capacity of freight transport from 2010 to 2050 are
drawn on and compared in this review. Figure 4 shows the results ranging from 400 to
450 billion tons per kilometer in 2010, to 300 to 870 billion tons per kilometer in 2050.
In the vast majority of these studies, a steady increase in transport capacity is apparent.
The low-capacity scenarios from the Forschungsvereinigung Verbrennungskraftmaschinen
(FVV) [33] and eMobil studies [34] constitute exceptions to this. It should be noted that
these scenarios represent a case in which the usage behavior of the means of mobility
strongly change in favor of climate protection. The mean trend can be approximated
within the range of 650 to 750 billion tons per kilometer, corresponding well to the stud-
ies from the BMU (Renewability—Basis), BMVI (MKS—EE im Verkehr) [35] and EWI
(Prognos—Referenz/- Ziel) [36], BMU: Bundesministerium für Umwelt, Naturschutz und
nukleare Sicherheit, BMVI: Bundesministerium für Verkehr und digitale Infrastruktur;
EWI: Energiewirtschaftliche Institut an der Universität zu Köln.

All of the development scenarios from the literature studies shown in Figure 4 follow
the approach of extrapolating transport capacity as the main reference value. Concerning
Figure 2, freight transport with semitrailers and HDVs will play an ongoing and important
role in the transportation sector and requires environmentally-friendly solutions. Therefore,
different solutions will be discussed in the following chapters that seek to foster drivetrains
that are more electric or use renewable synthetic fuels. The paper will discuss the state-
of-the-art of these technologies and offer an outlook on the challenges and opportunities
surrounding them.
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3. Fuels for Light- and Heavy-Duty Transport

Before commencing the detailed review on the options for future heavy-duty trans-
portation, this section will discuss selected fuel properties and the production of
renewable fuels.

3.1. Fuel Properties and Storage

In this sub-section, various liquid and gaseous fuels are introduced, together with
their fuel properties and the effects of using storage systems for truck applications. Fuels
such as FT-diesel, FAME and HVO were not discussed in detail because their properties
only lead to minor changes compared to conventional fuels. They will be compared in a
subsequent section, together with natural gas, DME, and hydrogen.

3.1.1. Natural Gas

Compressed natural gas (CNG) is the preferred fuel in many passenger cars and light-
and medium-duty commercial vehicles, whereas only liquefied natural gas (LNG) can
offer a competitive range that is similar to diesel for heavy-duty transport purposes. Other
designations, such as synthetic natural gas (SNG) or renewable natural gas (RNG), describe
the origin of the natural gas; any of these can be stored in gaseous (CNG) or liquefied
(LNG) forms. LNG differs from CNG with an extra step of liquefaction in production, by
which its volume is reduced by approximately 600 times. Cryogenic liquefaction begins
with the separation of water, acidic gases and heavy hydrocarbons [40]. The purified
gas is then cooled to a liquid state at −162 ◦C. LNG typically contains 81–99% methane,
0–13% ethane, 0–4% propane, 0–1% heavier hydrocarbons, and 0–1% nitrogen [41]. The
lower heating value of liquefied methane corresponds to 50 MJ/kg (21 MJ/L), compared
to 43.13 MJ/kg (35.88 MJ/L) for diesel. In light of these figures, an LNG tank must be
1.7 times larger than a diesel tank to be capable of an equal travel distance. LNG is only
slightly pressurized, but is vented when gas is boiled-off as it warms. In comparison, a CNG
tank is 3.7 times larger than a diesel one for an equal distance traveled. It is pressurized up
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to 250 bar and no venting is required [42]. Liquefied methane has a lower CO2 emission
factor (tank-to-wheel) of 55 g/MJ than diesel (73.25 g/MJ) due to its higher hydrogen-to-
carbon ratio [41]. This property results in it having reduced emissions, assuming that diesel
and gas motors can deliver the same efficiency. A state-of-the-art LNG tank system from
Westport offers more than 900 km range and 10 days’ holding time [43]. A single tank has
a size of 450 L for 225 L diesel equivalent and 409 kg dry weight. Typically, two such tanks
are used in heavy-duty trucks. The tank system includes an integrated cryogenic LNG
pump, the storage pressure of which is about 3.5 bar.

3.1.2. Hydrogen

The principle options for onboard hydrogen storage are gaseous storage at 350 or
700 bar and liquefied (cryogenic) hydrogen storage in thermally-insulated tanks or in
materials with special chemical properties, such as metal hydrides or organic compounds.
At present, the main research focus is on 350 bar and 700 bar storages in Type III (metallic
liner) or Type IV (plastic liner) tanks, the latter having an improved gravimetric storage
performance. Cryogenic hydrogen offers even more storage capacity per volume; however,
this comes at the expense of a significant lower energy efficiency of hydrogen provision due
to the liquefaction process. Boil-off losses that are on the down-side of cryogenic storage in
passenger cars may not be relevant for trucks due to the latter’s long operational hours,
with only short non-use periods. Moreover, if future hydrogen provision relies on imports
from remote locations with very high renewable energy yields, liquefied hydrogen storage
could play a more prominent role, as the hydrogen would then preferably be delivered in a
liquid state via ocean-going vessels.

For the packaging of the storage vessels onboard trucks, different locations may be
suitable, for example, behind the cabin or behind the front wheels. An indication of
the required mass and volume can be given based on the gravimetric and volumetric
storage performance of systems for light-duty vehicles. The technical targets set by the
US Department of Energy (DOE) are given with 5.5 weight-% for the year 2020 and
7.5 weight-% as the ultimate target [44]. Data in Gangloff et al. (2017) [45] show that the
gravimetric capacity of Type IV storage vessels increases with the geometric storage volume.
At high storage volumes of above 1000 L, this parameter saturates at about 9 weight-%. An
exemplary storage container with inner dimensions of 2.0 m in length and a 0.5 m diameter
would achieve a storage volume of roughly 400 L, resulting in an average gravimetric
capacity of 6.5 weight-%, which could carry up to 35 kg of hydrogen at 700 bar storage
pressure. Values that are somewhat more conservative are presented by Ahluwalia et al.
(2018) [46] for hydrogen bus applications, assuming a storage capacity of 40 kg of hydrogen.
In their study, compressed cryogenic storage (CcH2) is evaluated on the basis of finite
element stress analyses and compared to 350 and 700 bar compressed hydrogen storage
(cH2). The results indicate a better performance of up to 8.4 weight-% and 50.8 g/L for the
CcH2 option compared to a 350 bar compressed hydrogen (cH2) storage with 4.4 weight-%
and 18.5 g/L, respectively [46]. However, the cH2 concept is assumed with eight containers
of 5 kg hydrogen storage capacity each. The benefit of using larger storage vessels was
therefore not considered. Storage system costs are also presented by Ahluwalia et al. and
show that, with 10 US$/kWh (350 bar) and 11 US$/kWh (500 bar), CcH2 systems could
be less expensive than 350 bar cH2 storage solutions [46]. The US Department of Energy
(DOE) presents the 2015 status with 12 US$/kWh, 16 US$/kWh, and 19 US$/kWh for
CcH2 at 276 bar, cH2 at 350 bar, and cH2 at 700 bar, respectively [44]. The ultimate target is
cited as 8 US$/kWh, regardless of the storage type [44].

3.1.3. DME

The fuel properties of DME (chemical formula: CH3-O-CH3) are listed and compared
with those of various fuels in several studies [47–50]. DME is a volatile organic compound,
but is described as non-carcinogenic, non-teratogenic, non-mutagenic, and non-toxic [49].
The vapor pressure graph of DME lays between propane and butane, which are the main
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components of Liquefied Petroleum Gas (LPG) [51]. As the physical properties of DME
are similar to those of LPG, similar tank and pressure designs can be used. Moreover, the
available LPG infrastructure can be used with minor modifications to pumps, seals, and
gaskets [49]. Here, it should be noted that LPG is more suitable for Otto cycles, whereas
DME is better suited to diesel cycles. Countries such China and Japan mix up to 30 wt.%
DME in LPG for use as household cooking gases [52].

As DME contains C-O bonds, bond breaking energies are lower than hydrocarbons
that only contain C-C and C-H bonds. This property results in a shorter ignition delay and
lower auto-ignition temperature (DME: 235 ◦C vs. diesel: 250 ◦C), resulting in the fuel
having a high cetane number (DME: 55–60 vs. diesel 40–55) [47,51]. Because of the high
oxygen content (34.8%) and the absence of C-C bonds, soot formation from diffusive flames
is also suppressed [50]. As less air is required for combustion, the fuel itself contains oxygen,
and fuel-rich zones are avoided, even in areas with low oxygen concentrations. The lower
heating value of DME (28.43 MJ/kg) is less than that of diesel (42.5 MJ/kg) but higher than
methanol (19.5 MJ/kg) and ethanol (27 MJ/kg) [51]. As DME and ethanol are isomers, both
have the same molecular weight. Due to the lower calorific value and density compared to
diesel, its volumetric heating value is reduced and the injection system must be adapted to
deliver higher flow rates. Moreover, DME’s maximum possible injection pressure is limited
to 1000 bar due to its lower bulk modulus, demanding a further increase in the hydraulic
flow rate. To compensate the lower calorific value, density, and the injection pressure,
Zubel et al. [50] estimated the need for a higher flow rate with a factor of 2.2 compared to
diesel and finally decided on a factor 2.5 to cover uncertainties as well. The lower bulk
modulus than diesel, with a factor of 2.3, results in 3.2 times higher compression energy
demand than dodecane in a closed system for a final compression to 250 bar and 323 K [47].

DME is the lightest ether, with a boiling point of –25 ◦C. Therefore, it is in a gaseous
state under standard conditions. However, a slight pressurization, typically to 6 bar, brings
DME to its liquid form [53]. This pressure level is substantially lower than the typical
storage pressure of natural gas (250 bar) or hydrogen (350–700 bar) in gaseous form.

3.1.4. A Comparative Analysis of Fuel Properties and Storage

Figure 5 shows the results of a comparison of various fuels with regard to energy
density and the effects on storage systems. Besides gaseous fuels, natural gas, hydrogen
and DME fuels such as FT-diesel, FAME, and HVO were included in the analysis. Lower
heating values and storage densities were drawn from Meinert and Schemme et al. [27,54].
The highest energy densities of pure liquid fuels are indicated with ~35 MJ/L by FAME as
the agent for biodiesel and tetradecane for diesel, whereby fossil diesel contains aromatic
compounds, which increases the density and volumetric energy density. Boiling tempera-
tures below ambient temperatures require liquefaction if the fuel must be stored in its liquid
from. DME and LPG demand moderate pressures of about 5–8 bar at ambient temperature,
whereas LNG is stored at 135 K and 5 bar; see Meinert [54]. The liquid storage of hydrogen
at 5 bar and 26 K demands a higher effort. Fuels such as methane, DME, methylal, and
OME3–5 offer energy densities of about 20 MJ/L. Propane, as an agent for LPG and octanol,
is somewhat higher, with 25 MJ/L. Hydrogen is far below these values with 7 MJ/L (5 bar,
26 K), but its advantage is the extremely high gravimetric energy density with 120 MJ/kg.
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In order to evaluate these numbers, a technical analysis must be performed to evaluate
the effects on truck applications. Basic data were collected from the product catalogue
of the Mercedes-Benz Actros long-haul truck [55]. These trucks are available as 18 ton or
26 ton semitrailers with different tank systems. Internal combustion engines of 175–460 kW
can be selected. For reasons of comparability with existing development, a 26 t truck
with 260 kW was chosen. The installed diesel tank volume varies between 540 L, and up
to 1420 L in an extended version. For the calculations in this paper, the smallest diesel
tank volume of 540 L was considered, which weighs 557 kg. Subtracting the amount
of diesel, a total of 13.5 tons of freight can be transported. It should be noted that the
Actros 1835, with 260 KW, is limited to a maximal weight of 32 t, enabling 13.5 tons of
freight to be transported. Higher freight loads of 18–22.5 t, as discussed in the studies of
Mareev et al. [56], must be carefully analyzed. It must also be taken into account that the
Actros 18xx series only offers higher freight loads when combined with stronger engines
to achieve a 40 t gross weight. To enable a fair comparison between different drivetrain
systems, further data must be acquired. Assuming an efficiency of 42% and consumption of
31.9 L/100 km, as per the data of Schuckert [10], a range of 1693 km can be achieved when
the energy consumption at the wheels is about 480 MJ/100 km. Schuckert [10] predicted
further efficiency improvements being achieved by engine downsizing, waste heat recovery,
and lower parasitic losses beyond 44–48%. A change in an alternative liquid fuel is fairly
easy. Compared to diesel, OME3–5, with its halved energy density, leads to a halved range
of about 900 km, which can be compensated for by a larger tank losing 1.5 t of freight.

For liquefied gases such as LNG, LPG, and DME only the changed storage system
need be considered. The internal combustion engine must be adapted but changes in
weight for these measures were not taken into account. Specific data for the complete
storage system were taken from Meinert [54], that is, 18 MJ/L and 20 MJ/kg for CNG, and
18 MJ/L and 28 MJ/kg for LPG. Based on a similar storage technology as for LPG, the data
for DME were corrected to 14.4 MJ/L and 22.4 MJ/kg based on the lower heating value of
pure DME. Mission ranges of 960 km, 1090 km and 1360 km were calculated for LNG, DME,
and LPG, assuming a 557 kg tank weight. With LNG, a range of 1693 km is achievable
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with a small loss in freight of 500 kg. The analysis of CNG resulted in smaller ranges and
higher freight penalties of 535 km and 1300 kg. A further hurdle is the limited space of the
maximum 1540 L, which was established in this analysis, finally leading to a trip range of
800 km and a loss of freight of 350 kg. This option seems to offer a good compromise.

The implementation of an electric drivetrain leads to a number of changes. The
power density of an electric motor is much higher than that of an ICE. Füßel [57] re-
ported on developments of up to 20 kW/kg, whereas ICEs for HDVs are in the range of
0.3–0.5 kW/kg [58,59]. Tank-to-wheel efficiency is also much higher, and is estimated to
be 81%, as a result of the 85% battery efficiency, and 95% for the electric motor. Mareev
et al. [56] cited specific values of 200 Wh/l and 125 Wh/kg for the energy density of a
battery for vehicle propulsion. The technical data of a Mercedes Benz e-urban truck [60]
offered a good recipe for the analysis. The e-truck has a weight of 26 t and is equipped
with a 250 kW electric motor. The exchange of the drivetrain saved 2700 kg of ICE, gearbox,
and tank, which will be replaced by an electric drivetrain and the electronic equipment
totaling about 1900 kg. The 800 kg total for Battery Electric Vehicle (BEV) trucks is split
with 557 kg for the filled diesel tank (which was already considered in all options) and
243 kg for the extra freight. Applying the maximum space of 1541 L leads to a battery
weight of 2465 kg and a mission range of 186 km. The maximum freight was decreased
from 13.4 t to 11.8 t, that is, by 1.6 t. This is in good agreement with the data published by
Daimler, with 2500 kg of battery mass, a range of 200 km, and a freight deficit of 1.7 t [60].
Thus, it should be stated that BEV trucks are most suitable for retail delivery tasks or for
transport purposes over limited distances.

Finally, hydrogen-based Fuel Cell Electric Vehicle (FCEV) trucks must be evaluated. A
credit concerning weight issues cannot be given due to the exchange of ICE and gearboxes
by electric drivetrains leaving only the abovementioned 243 kg for the fuel cell system. For
the calculation of the achievable mission range, the following efficiencies were assumed:
60% fuel cell system, 97% power electronics, and 95% electric motor. These values resulted
in a tank-to-wheel efficiency of 55%. A tank weight of 557 kg (see [55]) allowed a maximum
range of 338 km for GH2 and 646 km for LH2, as shown in Figure 5. The main challenge
for hydrogen storage systems is the small volumetric energy density. A tank volume of
1541 L leads to a maximum range of 393 km for GH2 and 1076 km for LH2. The loss in
freight is fairly acceptable and amounts to 0.5 t for LH2. Finally, hydrogen-based FCEV
trucks are an excellent option for short to medium transport ranges. With respect to long
distances, a corresponding tank-filling strategy may be required.

3.2. Production of Renewable Fuels
3.2.1. Biogas

The use of residual biomass for biogas production is an frequently-utilized process
in Germany. Most gas is used directly on farm sites, whereas a minority of fermentation
plants feature up-grading facilities for bio-methane and a connection to the gas grid [61].
The technical potential for the present and future utilization of CO2 from biogas for
fuels in Germany was analyzed by Billig et al. [62]. As reported by Peters et al. [12],
9000 fermentation plants operate in Germany, including biogas upgrading, producing
around 5.2 million tons of CH4 and 11.9 million tons of CO2. In addition, a total of 4.1 Mt
CH4 could be synthesized from CO2 and 2.2 Mt of hydrogen from wind via electrolysis if a
corresponding technology were to be implemented.

Two concepts for biogas production from bio-waste, such as liquid manure and silage
from residual biomass, are sketched in Figure 6. Concept (a) illustrates the fermentation
of bio-waste and biogas upgrading to bio-methane, including CO2 separation; concept (b)
combines the fermentation of bio-waste and biogas, upgrading to bio-methane with CO2
methanation on the basis of hydrogen from renewable energy produced by electrolysis.
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Today, nearly 70% of the total volume of manure is used for fertilization, whereas
only 30% is processed in fermentation. As absolute numbers, only 100 mill. m3 out of
300 mill. m3 of liquid manure is converted into biogas [63,64]. With respect to the current
discussion about over-fertilization and eutrophication due to intensive manuring, a higher
share of fermentation and a corresponding build-up of biogas plants may be desirable. If
the amount of liquid manure used could be doubled, a maximum amount of 18 mill. tons
of bio-methane could be achieved from a combination of renewable hydrogen with CH4
and CO2 from biogas. A prerequisite for an increase in biogas production is also that
sufficient silage is available. Otherwise, the share between manure and silage must be
altered, leading to lower yields. Unfortunately, the trend is reversed, with biogas plants in
Germany becoming increasingly uneconomical due to reduced funding. Furthermore, they
were originally planned for corn-silage mixtures.

Peters et al. [65] performed a techno-economic analysis of the power-to-gas route,
leading to methane costs of 3.14–3.58 €/kg CH4, corresponding to 2.25–2.57 €/lDE. Leible
et al. [66] reported on different perspectives on biogas from different sources. They calcu-
lated costs of between 1.10–1.36 €/kg CH4 for the use of liquid manure and silage following
concept (a) in Figure 6. If wood is used in a bio-gasification plant (see Figure 7) and methane
is synthesized instead of a liquid fuel, the costs are in the range 0.70–1.66 €/kg CH4.
Kappler et al. [67] continued this analysis with respect to applications for heat, power,
and fuel provision. In regard to concept b), the costs could be estimated to be between
2.0–2.5 €/kg CH4.

3.2.2. Biofuels

An overview of today’s biofuels—especially for aircraft applications—is given by
Peters [68]. In this review, the origin of different biomass sources, their composition and
production pathways were discussed in detail. Different authors have analyzed global
biomass potential [69–71]. Mostly bio-energy resources are based on woody residuals
and must be considered locally. Kaltschmitt et al. [72] determined the potential for fuel
production in Germany to be between 511–962 PJ/a, corresponding to 12–22 million
tons of biofuel per annum. A large contribution arose from energy crops cultivated over
2 million ha in Germany. The potential rose from 103 to 256 PJ/a, depending on the type
of crops and the conversion pathways. Short-rotation coppice such as willow and poplar,
or miscanthus grass, reach a harvesting rate of up to 12 t of dry biomass per hectare. More
details are provided by Peters [73].
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Figure 7 shows different concepts for biofuels from biomass, such as fast-growing culti-
vated wood, bio-oil-containing crops, residual wood, and straw. The Bioliq process [74–77]
favors the local pyrolysis of straw and a central gasification and synthesis. In accordance
with a concept by the company Choren, locally-collected residual and cultivated woods
were transported to a central site with gasification and fuel synthesis. Unfortunately, the
activities were halted by Choren’s insolvency. In 2015, Linde Engineering overtook the
activities of Choren [78]. A common, first-generation means of producing biodiesel is the
cultivation of oil-containing crops and transesterification to produce FAME [79]. High
expectations were placed on bio-oils from second-generation biomass, such as algae [80–85]
or jatropha [86,87]. Instead of producing esters, the hydrogenation of plant oils leads to
long-chain alkanes termed hydrotreated vegetable oil (HVO) [88,89]. The properties of
HVO correspond to those of Fischer-Tropsch products.

According to an analysis by van Eijck et al. [90], the cost for first-generation biofu-
els in 2010 were in the range of 5–45 US$/GJ, and these were expected to decrease to
10–35 US$/GJ by 2020. This corresponds to approximately maximal values of 1.3 €/lDE
in 2010 and 1 €/lDE in 2020. This is in good agreement with a process analysis-based
cost approximation by Grube et al. [91] for combined wood gasification with subsequent
Fischer-Tropsch synthesis, yielding 0.85–1.17 €/lDE. For second-generation biofuels in 2030,
Eijck et al. predicted a cost range of between 14 and 26 US-$/GJ, that is, 0.4–0.75 €/lDE.
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Figure 7. Different concepts for biofuels from biomass, such as fast-growing cultivated wood, bio-
oil-containing crops, residual wood, and straw. Concept (a) local pyrolysis of straw and central
gasification and synthesis, such as the Bioliq process [74–77] or transport of locally-collected residual
wood and cultivated wood to a central site with gasification and fuel synthesis, such as that of
Choren [92]; (b) cultivation of oil-containing crops and transesterification to produce FAME [79];
(c) cultivation of oil-containing crops and hydrogenation to produce hydrotreated vegetable oil
(HVO) [88,89]. Chemical species: see Figure A2.

3.2.3. Power-to-Fuel

Renewable energy can generally be stored in liquid form, as described by König
et al. [93]. Liquid fuels can also be synthesized from renewable hydrogen and carbon
dioxide using different sources, as discussed by Schemme et al. [27]. These are termed
electro-fuels or power-to-fuel. Possible fuels of this type include, for example, methanol,
ethanol, higher alcohols, dimethylether (DME), oxymethylen dimethylether (OME3–5),
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methanol-to-gasoline (MTG) and Fischer-Tropsch products (FT). These fuels can be applied
as base fuels, that is, as FT products, MTG, or drop-in components, such as methylal
(OME1) and alcohols, using an existing or adapted infrastructure. DME is transported and
stored in a liquefied state and can make use of adapted LPG infrastructure.

Figure 8 shows different concepts for power-to-fuel production from renewable hy-
drogen via electricity and carbon dioxide using different sources. Concept (a) considers the
fermentation of bio-waste and biogas upgrading to bio-methane, including CO2 separation
(see Decker et al. [94]), in combination with renewable hydrogen. It is designed as an
off-grid system for a power-to-fuel market launch scenario based on small-scale activity at
farm sites. Concept (b) foresees CO2 separation from air or industrial sources, in combina-
tion with hydrogen from water electrolysis, using electricity from wind and solar energy
in the framework of a German energy system of 2050. In accordance with the design of
the energy system in 2050 outlined by Stolten et al. [95] and Robinius et al. [96], renewable
electricity is preferentially used by industry and end users. A curtailment of peak energy is
applied to optimize the cost of hydrogen production by a limited but reasonable number of
wind energy parks. A certain surplus of electricity can be used for power-to-x applications.
Such an option will gain importance if the share of renewable energy continues to grow. It
is important to note that a corresponding storage technology is required to buffer the fluc-
tuations from renewable electricity production. Electrolysis is able to follow such dynamic
operations, but chemical reactions are operated in mostly stationary settings. Therefore,
hydrogen storage is a viable option. Concept (c) considers fuel production outside Europe
in certain favored regions. With decreasing costs for hydrogen production and higher
yearly average operating hours, this option will become increasingly attractive.
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to bio−methane, including CO2 separation (see Decker et al. [94]), in combination with renewable
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For light-duty transportation methane, methanol and dimethylether can be considered
fuels, as reported by Bongartz et al. [97]. For freight transport by HDV, diesel-like fuels are
preferred, such as FT diesel, DME, octanol, and OME3–5. In particular, OME3–5 is of much
interest as a fuel or drop-in component.

The thermodynamically-oriented works on polyoxymethylen dimethylether began
with Maurer [98], concerning industrial applications, and were continued by Burger
et al. [99,100] for fuel applications. A number of research groups have analyzed various
process routes for power-to-fuel systems. Recently, Baranowski et al. [101] and Hackbarth
et al. [102] reported on progress in the production of OME3–5. Depending on the cho-
sen process pathway, different intermediates such as formaldehyde solutions, trioxane,
dimethylether, and methylal play an important role [99–105]. At present, the direct synthe-
sis of formaldehyde and methanol by Oestrich [104] and the endothermic dehydrogenation
of methanol as proposed by Ouda et al. [105,106] are challenging research topics. Process
analysis utilizes Aspen Plus or ChemCad simulations and has been performed by various
research groups [105–113]. An important finding of process analyses is that the high power
consumption entailed by Oxymethylenether (OME) synthesis requires special heat manage-
ment. A decisive factor is the choice and design of the material separation, which affects the
energy balance through the heat or steam requirement. Therefore, different research groups
(see the literature listed above) have proposed various innovative separation technologies,
such as reactive distillation [114], adsorption by zeolites [115], pervaporation [116], thin
film [110], and falling film evaporators [109].

As Haarlemmer et al. [117], Brynolf et al. [118] and Schemme et al. [119] have re-
ported, the comparison between the results of process analysis calculations by different
research groups is sometimes very difficult due to different sets of parameters. Brynolf
et al. [118] compared the plant efficiencies for methane, methanol, DME, FT liquids, and
MTG. Schemme et al. [119] analyzed the synthesis routes for methanol, DME, ethanol,
butanol, octanol, FT diesel, and FT kerosene, as well as MTG, OME1, and OME3–5 under
the same boundary conditions, that is, system efficiencies of 70% for PEM electrolysis
and an energy demand of 1.2 MJ/t CO2 for CO2 separation. Such a relatively low value
corresponds to separation from the flue gas of a cement plant. Important results in the
context of this paper are Power−To−Fuel (PTF) efficiencies (ηPTF) of 60% (DME), 51% (FT
diesel), and 42% octanol. Brynolf et al. [118] reported system plant efficiencies (ηSP) of
80% (DME, 68–92%) and 73% (FT, 63–83%), leading to 56% and 51% (ηPTF), respectively,
whereas König et al. [113] published only 43.3% (ηPTF) for FT products. The decisive step
for higher PTF efficiencies for FT products by Schemme et al. [119] was the integration of
an autothermal reformer (ATR), leading to a product mix of 75:25 for diesel and jet fuel.
Such an ATR has been developed at the Research Centre Jülich, and has been reported on
by Pasel et al. [120], amongst others. The ATR converts short-chain alkanes such as LPG
and crude naphtha into syngas.

Depending on the synthesis pathway, Schemme et al. [119] reported efficiencies (ηPTF)
of only 27–30% for OME3–5. OME synthesis is endothermic and requires steam in the
synthesis process, especially for material separation. Schemme et al. [119] have considered
a three-stage steam supply, as is common in chemical production plants, leading to reliable
solutions in practice. Another method can be traced back to the pinch point method
of Linnhoff et al. [121] and requires optimal heat recovery, taking the second law of
thermodynamics into account. Under such ideal conditions, Burre et al. [109] achieved 37%
(ηPTF). Held et al. [110] in turn considered different levels of heat exchange for two synthesis
pathways under the assumption of an idealized heat exchanger network, corresponding to
the pinch-point method. The results vary between 29.5–36.3% for the best synthesis route
and different CO2 sources, assuming that complete heat exchange takes place between
all process units. Considering the fluctuating nature of renewable energy, an idealized
and synchronized heat exchange is virtually impossible. In the case of an idealized heat
exchanger network for all synthesis units following methanol production, the efficiencies
are only 1–2% below those of a fully idealized heat exchanger network. Without any
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heat exchange between the single process units, 24–29% was achieved. This fits very well
with the results of Schemme et al. [119] if, on the one hand, an innovative separation
technique such as that of thin-film evaporators is used for trioxane-water separation (see
Held et al. [19]) and, on the other, a real heat exchanger network is taken into account.
Starting from methanol, Ouda et al. [105] reported a plant efficiency of 71.7% for OME3–5,
which is not directly comparable to the results of Schemme et al. [119]. The process energy
is partially unknown. New, homogenously catalyzed routes for OME1 and OME3–5 were
published by Thenert et al. [122] and Peter et al. [123] on a laboratory scale.

The most important factors are the costs for power-to-fuel products. Techno-economic
analysis methods for these were first described by König et al. [93]. The results of Brynolf
et al. [118] and Schemme et al. [119] match each other very well. The values varied between
2.00–2.79 €/lDE in 2015 and 1.59–2.10 €/lDE in 2030, as published by Brynolf et al. [118] for
methane, methanol, DME, FT liquids, and MTG. For these species, Schemme et al. [119]
and Peters et al. [65] calculated costs of between 1.85–2.3 €/lDE. König et al. [93] pub-
lished higher costs of between 3.4–5.8 €/lDE due to higher electricity costs of between
12.6–21.2 €/kWh, instead of 6 €/kWh. Improved conditions led to 1.5–2.2 €/lDE [93].
Interesting fuels such as octanol and OME3–5 lead to strongly elevated costs of about
2.85 €/lDE and 3.46–3.96 €/lDE, respectively, in relation to DME and FT diesel according
to Schemme et al. [119]. Ouda et al. [105] reported costs of about 1.67 €/lDE for OME3–5,
assuming methanol costs of about 0.58 €/lDE, which correspond to a fossil origin. Renew-
able methanol costing 1.85 €/lDE results in 5.32 €/lDE for OME3–5. On the basis of today’s
unfavorable techno-economic characteristics, OME3–5 should not be recommended as a
future base fuel, but it could be a blend component to decrease limited emissions.

Production facilities on an industrial scale for diesel-like fuels via the PTF route are
fairly scarce. Moser et al. [124,125] reported on a demonstration plant in Niederaussem that
produces DME for re-electrification purposes and as a starting substance for OME synthesis
to be used as a fuel in mobile applications. The DME synthesis unit was constructed
by Mitsubishi Hitachi Power Systems Europe (MHPSE). Dittmeyer et al. and Boeltken
et al. [126,127] published results on the development of micro-reactors for FT synthesis at
the Karlsruhe Institute of Technology (KIT), which were utilized as a kind of mini-plant by
the company INERATEC.

3.2.4. Comparison of Liquid Bio- and Electrofuels

In this section, an initial comparison is drawn between bio and electro-fuels. Two
aspects are of particular interest: well-to-tank efficiencies and costs for fuel provision.
Cradle-to-tank efficiency determines the amount of primary energy that must be provided
to fulfill a certain fuel demand. Fuel costs play an important role in determining the
preferred choice of fuel, alongside infrastructure costs and those of new drivetrain systems
and corresponding vehicle architectures. Figure 9 shows the cradle-to-tank efficiencies of
different alternative diesel fuels based on fossil, biomass, and renewable electricity. The
black-colored area of the single bars indicates an average value. A yellow range below the
average indicates a minimum, whereas a dark green range the maximum. The min. and
max. values are based on substantially different pathways. All efficiencies were drawn
from Edwards et al. [128], representing the CONCAWE data, apart from (2), which was
taken from Schemme et al. [119] and, additionally, a shaded bar for OME3–5 (see Held
et al. [110]). It is obvious that syndiesel from Fischer-Tropsch synthesis, FAME, and HVO
can achieve a cradle-to-tank efficiency of 50%. DME from a power-to-fuel route and bio
DME based on black liquor can reach up to 60%. The use of residual bio-oils can achieve
even higher values of up to 80%, whereas OME3–5 is beyond the scope, with realistic values
of 30%, and optimistic ones of about 35%.
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Finally, the costs offer an advantage for bio-fuels. According to data from different
sources these amount to 0.4–1.17 €/lDE [90,91], whereas the costs of electrofuels are in
the range of 1.85–2.30 €/lDE. OME3–5 is out of scope, at nearly 3.5–4 €/lDE [119]. These
data were derived by a techno-economic analysis based on ASPEN simulations. The most
decisive parameters were the costs of hydrogen, which were 4.6 €/kg H2 here, followed by
those of carbon dioxide, at 70 €/t CO2.

4. Options for Future Heavy-Duty Transportation

Within this section, the following options for heavy-duty transport were discussed:

• ICEs driven by renewable diesel-like liquid fuels or DME or natural gas (including
bio methane),

• Electric drive trains using catenary systems or hydrogen-based fuel cells.

Important items to be analyzed were the motivation for the envisaged solution, the
corresponding power train technology and vehicle availability, the greenhouse gas re-
duction potential, the emission behavior, infrastructure measures and techno-economic
considerations. The review output is summarized in the form of a SWOT analysis.

4.1. Renewable Diesel-Like Liquid Fuels in Heavy-Duty Transportation

In this section, the suitability of biogenic fuels FAME and HVO and liquid e-fuels such
as FT diesel and OME3–5 as a diesel substitute in heavy-duty trucks are discussed. The
section is then summarized by a SWOT analysis.

4.1.1. Motivation for Using Biofuels and Electro-Fuels in Heavy Duty Transport

The use of renewable liquid fuels in internal combustion engines is being studied
because the effort in terms of infrastructure and drive technology is considered to be
minimal. In addition, the existing vehicle fleet can ideally be converted to run on renewable
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fuels in the short- to medium-term. Several aspects are not discussed in subsequent
sections for different reasons: power train technology and vehicle availability, greenhouse
gas reduction potential, economic considerations, and infrastructure. Alternative liquid
fuels will first be tested in one-stroke cylinder engines and afterwards adapted to ICEs.
The properties and production chains of different fuels have already been discussed in a
previous chapter. The CO2 footprint and fuel costs were picked up to in order discuss a
possible fuel switch in comparison to other solutions. The number of filling stations in
Germany amounts to 14,449 [129].

4.1.2. Power Train Technology and Vehicle Availability

In case that an alternative liquid fuel fulfills the defined standard, it can be used in
each ICE. Considering the German fleet data by the Federal Motor Transport Authority
(KBA) [130,131] about 3.15 million trucks and 2.24 million towing trucks were registered
in Germany in 2019. It is important to note that trucks with a gross vehicle weight less
than 3.5 tons made up 2.62 million units in 2019 [132]. Further on, the majority of towing
trucks must be accounted to the agricultural sector, that is, 1.52 million tractors etc. Most
important for this analysis were the 0.22 million semi-trailer trucks, which provide 80% of
the total transport capacity and demand 45% of the total fuel for road transport applications.
A biofuel or an electrofuel will have a strong impact on today’s market if demand and
price fulfill present and future conditions.

4.1.3. Greenhouse Gas Reduction Potential

The economic boundary conditions for alternative liquid fuels depend strongly on
the origin of the input materials either biomass or carbon dioxide and hydrogen and on
the various process chains for the production of selected fuels. Therefore, the greenhouse
gas reduction potential has been already discussed within Sections 3.2.2 and 3.2.3. The
interaction between alternative fuel—especially for electrofuels—and combustion process
is an actual task of R and D projects.

4.1.4. Emission Behavior

Unglert et al. reported on the use of biodiesel (FAME) and hydrotreated vegetable oil
(HVO) in diesel engines and the corresponding emissions [24]. Following their literature
review, the use of FAME led to a reduction of hydrocarbon (HC), carbon monoxide (CO),
and particulate matter (PM) emissions of between 10% and 90%, depending on the set-ups
and adapted model drive cycle, with average reductions amounting to 36% HC, 25% CO,
and 31% particulate matter (PM) [24]. The use of HVO and HVO blends reduce emissions
by between 10% and 90%, depending on the set-ups and adapted model drive cycle for
HC and CO, and with a PM of up to 50%. Only NOx cannot be reduced by the use of
FAME: Unglert et al. [24] reported on an average increase in NOx emissions of 13% for the
use of FAME. Verbeek et al. [133] researched emissions in EURO V medium weight trucks
using FAME and HVO. They concluded that B100 leads to 25% more NOx and 60% less PM
emissions, while the usage of 100% HVO leads to NOx and PM reductions of 10% and 20%.

Deutz et al. [134] reported on single cylinder engine measurements using a 35% OME1-
diesel blend. NOx emissions could be reduced by up to 90% in most instances during
the chosen WLTP cycle. The LCA analysis also showed a reduction in CO2 equiv. from
130–100 g CO2 equiv./km (−22%), in NOx from 160 to 91 mg NOx/km (−43%), as well
as a remarkable decrease in soot formation from 12 to 3 mg/km (−75%). Härtl et al. [135]
measured the CO, HC, soot, and NOx emissions of two OME1-diesel blends, one with 25%
OME1 and the other with 95% OME1 and drew a comparison with corresponding FAME-
diesel blends for a single cylinder research engine. OME1 exhibits the highest potential
for soot reduction. It can be concluded that the particulate and soot levels decreased
rapidly from reference diesel to OME1-diesel mixtures (with increasing OME1 content) to
pure OME1. The conflict between soot and NOx reduction can only be resolved for pure
OME1. Härtl et al. [135] achieved HC and CO emissions of below Euro VI, comparable to a
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reference diesel following an oxidation catalyst and with high exhaust gas recycling. The
calibration was performed at a medium load operating point.

Lumpp et al. [136] reported on the emissions of a single cylinder research engine for
standard diesel-OME3–5 blends with 7% biodiesel and 20% OME3–5. They achieved a strong
reduction in limited emissions by applying Emission Test Cycles/ European Transient
Cycle (ESC/ETC), that is, particle matter (PM: −40%/−50%), soot (−60%/−50%), and
particulate number (−25%/−40%). Iannuzzi et al. [137] examined diesel-OMEX mixtures
(x = 1 − 7) in ratios of 90:10 and 95:15, whereby OME2–4 made up a share of about 75%. A
reduction in soot emissions of up to 34% has been reported for diesel-OMEX mixtures with
10% OMEx. A slight trend for higher NOx emissions can also be inferred. Barro et al. [138]
reported on an exhaust gas emission analysis of a four-stroke diesel research engine for
HDV operated with a mixture of 80% OME3 and 20% OME4. They observed different
effects for neat OME fuel compared to the DIN EN (German Institute for Standardization,
European Standard) 590 reference diesel fuel. During near to stoichiometric operation,
the OME fuel produced a large spike in CO and HC emissions. It is important to note
that HC emissions contain a substantial amount of methane. The total NOx emissions
were strongly affected by the exhaust gas recirculation (EGR) rate. In general, OME
produces lower amounts of soot than diesel. Nevertheless, the number of soot particles in
a size range mainly below 20 nm is very high compared to the corresponding reference
diesel case in agglomeration mode [138]. The transmission electron microscopy (TEM)
investigations by Barro et al. using an energy-dispersive X-ray system revealed that these
soot particles contained a few nm-size metal inclusions. Parravicini et al. [139] optimized
injector nozzles for two diesel-OME blends with 23% and 42% OME (80% OME3; 20%
OME4). They [139] reported that the lower concentration of OME in diesel also improved
NOx emissions and that the reduction in soot was higher than 75% for both mixtures at
high EGR rates. Finally, all research groups reported that the addition of OME to diesel
was beneficial for the NOx-soot tradeoff, whereby the reduction in NOx emissions itself
demands further investigation.

Zhang et al. [140] published an experimental study on the use of butanol—n-iso-
of up to 20%, and octanol blends of 30% for heavy-duty diesel engines. For different
operating conditions, emissions such as CO decrease slightly in alcohol-diesel blends, for
instance from 0.8 g/kWh to 0.55 g/kWh (octanol-diesel blend). Meanwhile, NOx and
HC emissions increase slightly, for example, from 1.75 g NOx/kWh to 2 NOx/kWh, and
from 0.12 g HC/kWh to 0.16 HC/kWh. Soot formation is thereby significantly reduced.
Kerschgens et al. [141] performed a combustion study on n-octanol, n-octane, and di-n-
buthylether (DnBE) in a single-cylinder engine. The emission behavior concerning CO and
HC was found to be best for DnBE, followed by n-octane and n-octanol in the opposing
sequence. NOx emissions were kept below the Euro-VI regulations by adapting the EGR
rates. Their analysis showed that the ether group accelerated the ignition, whereas the
alcohol group saw longer ignition times. These results explain the emission behavior of
CO and HC.

Gill et al. [142] published a review of the combustion characteristics of Fischer-Tropsch
diesel. They reported that limited HC, CO, NOx, and PM emissions were reduced in relation
to commercial diesel. Fischer-Tropsch diesel offers a very high potential for achieving a
much better NOx/PM trade-off without the often-observed decrease in fuel efficiency. They
also emphasized the strong similarity of FT diesel to HVO. Verbeek et al. [133] researched
emissions from buses in urban traffic with 100% GTL (Gas to Liquid), which is basically
FT diesel, in EURO IV and EURO V vehicles. Based on this, they derived a 10–20% NOx
and a 20% PM reduction for EURO III to EURO V vehicles. However, Verbeek et al. [133]
state, that due to limited data the effect on EURO VI vehicles is not clear. They assumed a
reduction in the range of 0–15% for NOx and PM in EURO VI vehicles.
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4.1.5. Infrastructure

In 2019, 14,449 filling stations were registered in Germany [129] and over 105,000 in
Europe [143]. This means that there exists an excellent and proven infrastructure for liquid
fuels in Europe. However, the drop-in possibility of the different fuels have to be considered
to ensure, that fuels can be provided in the existing infrastructure. Conventional diesel can
be blended with up to 35% of FT diesel and still fulfill the European diesel standard DIN
EN 590 [144] according to Kramer et al. [145]. In the U.S. conventional diesel may even
be blended with up to 100% of FT diesel and still fulfils ASTM D975-20c [146]. According
to Bohl et al., HVO blends up to 30% still fulfil DIN EN 590 [147]. Kuronen et al. [148]
reported the utilization of 100% HVO in city buses. Anyways, caused by the similar
properties discussed above, blending rates of HVO and FT diesel should be similar. FAME
is blended into conventional diesel with 7% and fulfills DIN EN 590 [144]. Higher blending
rates of FAME need to be approved by the vehicle manufacturers [149–151]. The existing
infrastructure can be used without any changes for FT diesel according to Kramer et al. [33].
This should also apply for HVO and FAME. However, OME3–5 can only be blended into
conventional diesel by 5–7% and still fulfill DIN EN 590 [144] according to Beidl et al. [152].
According to Kramer et al. [33], the existing infrastructure can most likely be used for
OME3–5, but seals and filter might need to be replaced, resulting in about 1000€ cost per
fuel pump. Experimental alcohol-diesel blends vary in the range of 10% for methanol,
10–20% for ethanol and butanol and 30% for octanol [153–155]. The existing infrastructure
can be used for alcohols as diesel substitutes under the condition, that seals are replaced
and a vapor-recovery-system is added [33]. Costs are about 2500€ per retrofitted fuel
pumps for methanol according to Kramer et al. [33].

4.1.6. Economic Considerations

The economic boundary conditions for alternative liquid fuels depend strongly on
the origin of the input materials either biomass or carbon dioxide and hydrogen and on
the various process chains for the selected fuels. Therefore, these considerations have been
already discussed within Section 3.2.4. Finally, the bio-fuel costs offer an advantage versus
electrofuels, that is, 0.4–1.17 €/lDE [90,91] vs. 1.85–2.30 €/lDE.

4.1.7. SWOT Analysis

Table 2 displays a SWOT analysis for internal combustion engines fueled by bio- and
electro-fuels. The advantages of using a liquid fuel with a renewable basis include the
existence of an established infrastructure and the option of reaching the existing fleet of
LDVs and HDVs. Such fuels can start as drop-in solutions to improve CO2 emissions
and might later be switched to a base fuel. Combustion technology should be adapted to
such new base fuels, because they offer options for higher efficiencies and lower limited
emissions. The drawback of new investments in wind parks and electrolyzers also holds
true for other drivetrain solutions as well. The production of electro fuels will be an
important building block for PTX solutions and sector coupling in the future.

Table 2. SWOT analysis of internal combustion engines fueled with bio- and electro-fuels.

Strengths Weaknesses

Existing infrastructure Investments in wind parks and electrolyzers required
High energy density⇒ long mission range New infrastructure for electro or biofuel production

Improved local emissions with clean fuels—especially for particle
matter (PM) Costly and low-efficient fuel production

Opportunities Threats

Rapid carbon footprint reduction of existing fleet Delayed capacity expansion for renewable electro-fuels
Build-up of a renewable PTX economy Labeled as a bridging technology with limited meaning in 2050

Storage possibility for renewable electricity Other applications compete with electro or biofuels for renewable energy
Different sector coupling chains
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4.2. Catenary Systems
4.2.1. Motivation for Using Catenary Systems in Heavy-Duty Transport

The concept of electrifying heavy goods traffic was initially pursued by Siemens
in 2010–2011 as part of the ENUBA project [156,157]. Presently, Scania delivers heavy-
duty trucks [158,159] for catenary systems. The goal is to use electricity directly for
the propulsion of heavy-duty trucks and electrify the huge power demanded for freight
transport on highways with the advantage of the high efficiencies of electric motors without
being limited by the disadvantages of using batteries only. Currently, Scania is testing
15 catenary trucks on the German federal highways, A1 and A5, and on federal road B 462,
together with eight haulers [160]. There exist two different hybrid concepts. In the diesel
hybrid a diesel engine enables the propulsion on the roads which are not electrified. In the
battery hybrid the drive train is completely electrified and the propulsion on non-electrified
roads is realized by a battery.

4.2.2. Power Train Technology and Vehicle Availability

Essentially, the developed contact lines and pantographs were tested. The concept
is based on a serial diesel-electric hybrid drivetrain. 2500 km diesel-electric and 1500 km
electric lines were completed on a test track. Different driving scenarios, such as night
driving, were simulated. The signs of wear found in the test run were moderate. In
comparison to a standard diesel drivetrain, the acceleration values of up to 60 km/h are
25% better and comparable at speeds of up to 90 km/h.

Mareev and Sauer [161] analyzed the energy consumption and lifecycle costs of
overhead catenary heavy duty trucks for long-haul transportation. They implemented a
Matlab/Simulink-based simulation model to determine the size of the catenary system for
a continuous (case a) and sectional (case b) set-up. In both cases, the mission included a
driving distance without catenary contract, utilizing a battery-electric drivetrain. Case (a)
assumed a distance of 680 km with a catenary capacity, and 40 km without it, whereas case
(b) considered only 230 km with the catenary system, and the rest without it. Finally, more
energy must be transferred to batteries in case (b), leading to a higher pantograph power of
480 kW in relation to 155 kW. The average transformer output power is also higher in case
(b), corresponding to (a), that is, 34.7 MW versus 11.3 MW. In relation to a conventional
diesel truck with an energy consumption of 3.84 kWh/km [161], corresponding to 38.4 L
diesel/100 km, overhead catenary trucks demand 1.66–1.82 kWh/km and a battery-electric
truck requires 1.74 kWh/km, corresponding to 17.4 lDE/100 km.

Another study, led by Fraunhofer ISI [5], conducted a potential analysis for different
overhead line truck concepts. Various aspects were examined as part of the feasibility study:
techno-economic design, vehicle technologies, the selection of routes to be expanded based
on existing traffic flows, a market ramp-up, lifecycle analyses, energy-economic effects,
the effects on manufacturers and logistics companies, financing models and, ultimately,
questions of European integration. In the market launch phase, a share of 25% of the existing
fleet, that is, 50,000–70,000 trucks, is to be converted to be compatible with overhead line
technology by 2030. Wietschel et al. [162] assume a total of 250,000 trucks by the end of
the market ramp-up. The study assumes that a route expansion of about 4000 km will be
sufficient to convert a large part of the transport performance. The selected corridors for a
ramp up of catenary trucks from Wietschel et al. [162,163] are shown in Figure 10.
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Figure 10. Corridors for a ramp up of catenary trucks according to Wietschel et al. [162,163].

The main lines in the north-south direction on the Rhine River are along the A5
highway, from Weil am Rhein (Swiss border) via Mannheim, from the A6 to the A61 (on
the left bank of the Rhine) to Nettetal and A3 (on the right bank of the Rhine) to Elten,
which borders the Netherlands (corridor A). Two routes lead from Austria to Denmark
via the A8 to Munich, the A9 and A7 to Rendsburg (Danish border) and via the A19 to
Rostock, in route corridor B. West-east connections are in the northern part of Germany
along the A4 (border to the Netherlands) near Aachen via the A1, A2 to Berlin, and A12
to Frankfurt an der Oder near the Polish border. Numerous junctions, such as the A24
from Hamburg to Berlin, complete this corridor C. In the south of Germany, the west-east
corridor consists of the A5, A6, A8, and A3 with the border crossings Bad Waidhaus, A6
(Czech Republic), Neuhaus, A3, and Reichenhall A8 (both Austria), named Corridor D.
There is also a fifth, Corridor E, in eastern Germany with a north-south orientation. The
selected north-south routes and the west-east routes total 12.5 million km for tractor units
with anticipated driving performance. Corridor B has the highest transport performance
for tractor units, with 7.9 million km, followed by corridor C, with 5.6 million km and the
highest transit share of 17.8%. As with Mareev and Sauer [161], the selection of highways
under consideration was made on the basis of real traffic flows.

4.2.3. Greenhouse Gas Reduction Potential

When fully assembled, 10–12 million tons of CO2 will be saved according to Wietschel
et al. [162]. With a consumption of approximately 20 million tons of diesel in 2025 [2],
approximately 74 million tons of CO2 will be emitted on a well-to-tank basis. The saving
will be between 13% and 16%.

4.2.4. Emission Behavior

Previous studies [161,162,164] have not considered the effects of introducing overhead
lines for freight traffic on local emissions. Additional analyses are being carried out by the
authors and in preparation for publication.
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4.2.5. Infrastructure

A current research project, “StratOn,” is analyzing various future vehicle concepts for
heavy goods traffic, including hybrid overhead line trucks and battery-based overhead line
trucks [164]. For this, the start network, expansion network, and final expansion are being
considered. The investment costs for a start network of 500 km amount to €1.7 million/km
for both directions and result in a total cost of €0.85 billion. The expansion network covers
2000–4000 km in both directions and, with a more powerful configuration, the costs add up
to €2.6 million/km. The final expansion will span 8000 km (both directions) and includes
a power configuration with a high-performance system, and results in total investment
costs of €10.2–12.2 billion. The number of vehicles will increase from 5000 to 40,000 in the
expansion network, totaling 120,000 in the final phase. The connected load will increase
accordingly, from 500 MW over 4 GW to 8–16 GW for the final expansion.

According to Wietschel et al. [162], the expansion of the infrastructure is estimated
at €8–10 billion. Pre-financing of it could be achieved through user fees. For the market
launch, traction service providers will offer to stimulate a higher utilization of the systems
and minimize the acquisition costs for vehicles and the associated risk of a bad investment
for the vehicle fleet. Instead of the container/train solution, the trailer of the tractor unit
would be exchanged. For the haulage company in particular, there are obstacles to the
purchase of overhead line trucks due to the limited transfer potential to the secondary
market. Wietschel et al. [162] therefore question market acceptance among users and
residents. The forwarding agencies in particular are considered reserved on the matter.

In addition to overhead line technology, induction loops for charging can also be
considered. According to Wietschel et al. [162], however, these are significantly more
expensive than the solution with overhead contact lines, by between 33–80%. Being laid in
the ground is more than twice as expensive as installing overhead line systems, and could
only be sensibly carried out as part of a complete renovation of a section of the route or a
new highway.

4.2.6. Economic Considerations

First, the annual operating costs of the overhead line system and the vehicles must
be considered. Kühnel et al. [164] and Wietschel et al. [163] assumed the annual operating
costs of an overhead line system to be 2% of the investment cost. Annual operating
costs of the overhead line system are €17 million/a, €102 million/a, and €224 million/a
for the three stages start network, expansion network, and final expansion respectively,
which are mentioned above. These values were calculated by Kühnel et al. [164] based
on the work from Wietschel et al. [162] and include staff, external services, rent, materials,
IT/communication and maintenance vehicles [164]. Due to the increasing number of
vehicles, the annual specific costs for vehicles decrease from €3400/a/vehicle over €2550/a,
to €1870/a for the three different stages [164]. If an annual mileage of 96,000 km is assumed,
the proportional specific costs are €0.02/km.

The lifecycle costs were allocated to 71,000 trucks, ultimately leading to €90,000/truck
for the continuous system, €50,000/truck for the sectional catenary, and €30,000/truck for
the battery charging infrastructure. Mareev and Sauer [161] only take the main German
highways into account in their analysis, namely the A1–A9. Their distance adds up to
4352 km; a share of 33% in relation to the entire German highway system of 13,000 km. On
the basis of the given numbers, the total investment can be determined to be €6.39 billion
for the continuous system, €3.55 billion for the sectional set-up, and €2.13 billion for the
charging infrastructure. The lifecycle costs are comparable to each other, that is, leading to
€0.68/km for case (b), with an improved battery lifetime at best, and to €0.705/km for a
diesel truck. During a lifetime of 10 years, a distance of 939,600 km was achieved.

Wietschel et al. [162] estimate the annual TCO costs depending on the degree of
catenary operation and the annual mileage. With conventional diesel, an annual mileage of
100,000 km in 2030 will lead to annual operating costs of €100,000 at 50,000 km to €65,000.
With high use of the overhead line of 80% here, the costs are slightly lower, that is, €90,000
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at 100,000 km and €60,000 at 50,000 km. The specific costs are between €0.9–1.2/km. The
data from Kühnel et al. [164] and Wietschel et al. [162] are thus 35–75% higher than the costs
according to Mareev and Sauer [161], but in contrast also suggest a disadvantage of at least
10% compared to diesel. According to Kühnel et al. [164] the possible elimination of the
truck toll could counteract against this disadvantage as a regulatory measure. Nevertheless,
clearer differences between the studies of Mareev and Sauer [161] and Wietschel et al. [162]
could also be analyzed. The basic numbers for the battery technology used in both studies
are essentially of the same order of magnitude. Mareev and Sauer [161] considered high-
energy density batteries with 0.125 kWh/kg and high-power batteries with 0.9 kWh/kg
at costs of about €300/kWh and €400/kWh, respectively. They implemented batteries at
between 96 kWh (high power and continuous catenary installation) and 190 kWh for high-
energy batteries, leading to a battery mass of 100 kg and 1500 kg, respectively. Wietschel
et al. [162] assumed a battery energy density of about 0.315 kWh/kg, costs between
€140/kWh and €233/kWh, and an installed battery capacity of 250 kWh, leading to a
battery mass of 800 kg. Mareev and Sauer [161] observed the hybrid solution, consisting
of a partial overhead line in connection with a high-performance battery with Total Costs
of Ownership (TCO) costs of approximately €0.68/km up front. According to Wietschel
et al. [162], the hybrid solution consisting of a battery and overhead line is less economically
advantageous. In a scenario with an overhead line expansion of approximately 4000 km,
a mileage of 50,000 km would need to cover an average of 130 km in battery mode—on
the one hand, for the 20% share on the highway and, on the other, for access routes on
the highway. The design of the battery system, according to Wietschel et al. [162], limits
the purely battery-operated route to 100 km in terms of its costs. With an annual mileage
of 20,000 km, a distance of 100 km can be shown, but the TCO costs in this case are
€45,000, that is, €2.25/km. The reason for the significantly different assessments lies in the
assumptions. Mareev and Sauer [161] assume, when operating the partially implemented
overhead line, that in addition to the provision of electrical drive power, the battery will
also be recharged. As a result, the charging power has to increase from 155 kW to 480 kW.
With the introduction of overhead line trucks, Wietschel et al. [162] assumed an increase in
electricity consumption of 7%. This raises the question of the local distribution of demand
and the locally-available electrical charging power. According to Mareev and Sauer [161],
an installation would again have to be carried out using the methodology of Wietschel
et al. [162].

The comparison of the studies by Mareev and Sauer [161], Kühnel et al. [164], and
Wietschel et al. [162] offers a relatively moderate range for the minimal costs, and the
differences can be attributed to different assumptions. The freeway network considered by
Mareev and Sauer [161] for the A1-A9 highways with 8700 km in both directions roughly
corresponds to the length of the final extension of 8000 km in Kühnel et al. [164], but
requires standard electrical engineering without a high-performance component. The
comparatively low investment costs of €6.4 billion are also reflected in the low specific costs
of approximately €0.75 million/km. The gradual expansion of the network means that the
high investment costs can only be taken into account if the number of vehicles increase
from 5000 to 120,000. The calculation assumes an operating time of the overhead line
network of 20 years, while the vehicles will only be in use for five years. For instance, the
€11.2 billion were divided by 20 years and 120,000 vehicles and, depending on the vehicle’s
operating time, multiplied again by a factor of 5 based on the operating time. According to
Kühnel et al. [164], investment costs total €8500/a/vehicle in the starting network and up to
€4500/a/vehicle in the final stage. Applying the same methodology, based on the assump-
tions of Mareev and Sauer [161], €4500/a/vehicle can also be achieved. Kühnel et al. [164],
as well as Mareev and Sauer [161], reported on user costs per vehicle for the years 2025
and 2030. These consist of the vehicle costs of around €180,000 for diesel compared to
that for the hybrid overhead line truck of around €200,000; toll costs of approximately
€80,000 for 5 years of operation, along with the fuel or electricity costs and the energy
supply infrastructure costs. It is important to note here that the infrastructure costs in the
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expansion network with full capacity and 40,000 vehicles increase from €29,700/vehicle
to €59,500/vehicle with half capacity (20,000 vehicles). Ultimately, compared to diesel
with TCO costs of €410,000–420,000/vehicle, values of 460,000–550,000 €/vehicle result,
depending on the case study. Assuming an annual mileage of 100,000 km and a five-year
operating time, the costs for combustion engines are between €0.84/km and, for overhead
line systems, are €0.92/km–€1.1/km. It must be remarked that the paper reflects data from
literature instead performing an own TCO analysis.

4.2.7. SWOT Analysis

Table 3 shows a SWOT analysis that summarizes the results of the literature review.
The strengths of the catenary solution include the high efficiency of the complete chain and
the option for zero-emission long-distance transport. Weaknesses include the need for the
build-up of long-distance catenary networks on highways.

Table 3. SWOT analysis for diesel-hybrid overhead catenary trucks.

Strengths Weakness

High efficiency Build-up of long-distance catenary systems on highways
Zero-emission, long-distance transport Investments in wind parks for renewable electricity

Electricity generation and transport in rural areas

Opportunities Threats

High-efficient, zero-emission heavy duty transport Missing widespread infrastructure in Europe
Lowest carbon footprint by using renewable electricity Low acceptance for heavy-duty vehicles in Europe

Competition with railway container transport

At the European level, there is a lack of political acceptance for hybrid catenary
technology to shift transport services to rail. Currently, four times the freight transport
capacity is accommodated by road than by rail. Rail transport can therefore not take up
freight transport performance without the massive expansion of the rail network.

4.3. Natural Gas as an Alternative Fuel in Heavy-Duty Transportation

This section describes the motivation for using natural gas in heavy-duty transport. It
is followed by a discussion of engine technologies. Based on these data, the possibilities for
greenhouse gas reduction are discussed, followed by economic considerations.

4.3.1. Motivation for Using Natural Gas in Heavy-Duty Transport

Natural gas is considered the cleanest fossil fuel and can be mixed with up to 100%
renewable methane. The overall motivation for using natural gas in heavy-duty transport
is the reduced dependency on crude oil it offers and the use of different countries for energy
supply [41]. The common drivers for natural gas in transport are air quality and energy
security. The Deutsche Energie Agentur (DENA) study also defines regional drivers in
selected countries [41]. These include climate change mitigation, national competitiveness,
and job creation, and an EU directive on the development of an alternative fuels infrastruc-
ture and noise reduction in urban areas in the case of the Netherlands. For China and the
U.S., high competition in logistics and, for the U.S., the natural gas boom, are listed.

4.3.2. Power Train Technology and Vehicle Availability

Among other possibilities, heavy-duty trucks that use natural gas are already available
and being used in different parts of the world. In 2017, more than 230,000 LNG trucks were
in operation in China [40]. Engine technologies for natural gas vehicles can be classified in
three groups: spark ignition (SI) engines, dual fuel (DF) engines, and high pressure direct
injection (HPDI) engines. Spark ignition engines are typically used in passenger cars but
are also in in use in many trucks. These are adapted diesel engines for natural gas operation
that use spark ignition mechanisms. With this technology, air is combined with fuel before
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being injected into the combustion chamber. The engines have a lower compression ratio
than diesel engines, with modified cylinder heads to position the spark plugs and added
throttle to adjust air flow and reduce the size of their turbochargers. A three-way catalyst
is required for exhaust gas conditioning. In dual fuel engines, a mixture of natural gas and
air is drawn into the combustion chamber, and is then ignited by diesel injection. As the
name implies, not only natural gas but also diesel fuel is required for the operation of this
engine type. However, a lower compression ratio of 12:1 is possible with diesel engines,
as a higher ratio leads to a risk of detonation, namely an untimed combustion event and
structural damage to the engine. This engine type offers advantages in cruise mode; yet,
urban operation at low speed and frequent load changes demands high diesel shares and
even pure diesel operation is required for the engine to achieve its maximum power. As
diesel is used together with natural gas, a complete diesel emission system is required
in dual fuel engines. In high-pressure direct injection engines, a small amount of diesel
is injected into the combustion chamber in order to ignite the mixture. Using the same
injector system, a metered amount of natural gas at high pressure (>200 bar, up to 600 bar)
is injected. Using this approach, a high compression ratio (16:1) and thus the same power,
torque, and fuel economy as full diesel operation can be achieved. Although a much lower
amount of diesel is used than in dual fuel engines, a complete diesel emission system is
required. The HPDI technology is generally combined with LNG as the fuel [42,165].

Wei and Geng [166] also list the above-mentioned advantages of HPDI technology,
but point out the high cost of the special injector and control difficulties as disadvantages.
Therefore, they focus on the dual fuel technology as a more practical approach to the use
natural gas in a diesel engine in their review. However, they point to a trade-off between
NOX and hydrocarbon emissions from a dual fuel engine and state that the hydrocarbon
and CO emissions may increase by more than 100 times. In another review, Boretti [167]
concludes that the key properties of an LNG injector are its high pressure, fast actuation,
high atomization, and flow rate, and that these lead to a better performance than diesel
with reduced emissions of PM, NOx, and CO2.

Another possibility for direct injection is low-pressure direct injection of around 16 bar.
Fasching et al. [168] performed a detailed analysis of this concept and reported that further
studies must be performed in order to reduce engine-out and tailpipe methane emissions.

Dual fuel engines can be operated with 60–80% natural gas, whereas the share of
natural gas is increased to 90–95% in high-pressure direct injection engines [165]. Dunn
et al. demonstrated a brake thermal efficiency map using a first-generation HPDI engine
with 456 kW output, with values higher than 40% for the majority of the map, and a large
region at or above 44% [169].

Iveco Stralis Natural Power manufactures two LNG tanks that can achieve a driving
range of 1600 km [170]. A vehicle equipped with them can also be operated with CNG.
According to IVECO, the 460 PS motor offers the same payload as a comparable diesel
vehicle [171]. In this case, spark-ignition stoichiometric combustion is applied to natural
gas [172]. Therefore, additional diesel fuel is not required and a three-way catalyst can
perform the exhaust after-treatment. Based on product specifications, 40% energy effi-
ciency is achieved within a broad operational window between the maximum torque and
maximum power [171]. Volvo FM LNG has two versions, with 420 PS and 460 PS, that
deliver equivalent performance with a regular Volvo FM diesel truck of the same rating.
The maximum range of this LNG vehicle is estimated to be 1000 km. The technology uses
90–95% natural gas and a very small amount of diesel based on the HPDI engine principle,
as explained above. According to Volvo, the CO2 reduction using LNG is estimated to
be 20% [173]. Similar to Iveco Stralis Natural Power, Scania’s gas motor with 410 PS can
achieve a driving range of 1600 km with two tanks. The motor operates on pure natural
gas using spark ignition. According to Scania, the engine emits up to 15% less CO2 than a
comparable diesel motor. In Europe, Volvo, Scania, and Iveco also offer trucks in series pro-
duction with lower range CNG tanks. In addition, Mercedes Benz offers series-produced
CNG trucks. In the U.S., Cummins Westport offers its ISX12N gas motor with 400 HP
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based on spark ignition, and for heavy-duty vehicles with CNG and LNG storage [174].
A second-generation, high-pressure direct injection engine system from Westport is also
available for original equipment manufacturer (OEM) integration [175]. As the above
discussion indicates, to the best of our knowledge, at present the most promising engine
technology for natural gas-powered heavy-duty trucks, offering the highest efficiency and
emissions saving potential and high-pressure direct injection, is only offered by Volvo.

4.3.3. Greenhouse Gas Reduction Potential

Apart from the estimations of CO2 emissions reductions from the truck OEMs above,
several publications have estimated the greenhouse gas reduction potential of using natural
gas in heavy-duty transport. Dunn et al. [169] performed a tank-to-wheel assessment of
the first-generation HPDI engine based on their emissions analysis during transient and
steady-state cycles. The authors state that they did not perform a well-to-wheel analysis
due to the uncertainties surrounding upstream emissions. They assumed a global warming
potential of 25 for methane. For this evaluation, they combined tailpipe emissions with
dynamic venting and hydraulic pump power and found a reduction of 22.9% of CO2eq
compared to baseline diesel. Tailpipe CO2 emissions predominated this number, with
tailpipe CH4 contributing 3 percentage points and dynamically vented CH4 1.3%.

Rosenstiel et al. [41] point out that, although LNG emits 25% less CO2eq per MJ of fuel,
the combined energy-specific advantage drops to 16% due to higher emissions during its
production. In order to analyze different fuel and engine combinations, they conducted a
well-to-wheel analysis composed of well-to-tank (fuel production and transport) and tank-
to-wheel (combustion) components. They calculated the reference LNG case based on spark
ignition, as no data were available for HPDI technology at the time. They ended up with a
slight tank-to-wheel advantage of 3.6% for the LNG truck compared to its diesel version.
Among the fossil routes studied, LNG imported from Norway to Germany resulted in a
2% reduction in the well-to-wheel balance. Other routes, such as imports from Qatar or
regional liquefaction from pipeline gas, resulted in a respective increase in emissions of
9% and 10% using the spark ignition engines, assuming that the second-generation HPDI
technology, in combination with imports from Qatar, resulted in a 10% reduction. The
combination of the HPDI technology for tank-to-wheel and LNG imports from Norway
to Germany (well-to-tank) as the single options leading to the highest reduction potential
was not explicitly considered in this report, but overall, this combination can lead to a 21%
reduction in the well-to-wheel balance. Among the renewable liquefied methane routes
considered, liquefied biomethane (50% energy crops and 50% manure) resulted in a 62%
reduction and liquefied synthetic methane from power-to-gas in 92% less greenhouse gas
emissions than the baseline diesel. A mixture of 20% liquefied biomethane in LNG brought
about a 14% reduction.

Alamia et al. [176] defined the cycle efficiency of a diesel engine as 43% and the
maximum efficiency as 45% to serve as a benchmark. The spark ignition engine, which
is the most common format, reaches a cycle efficiency of 35% and maximum efficiency of
39%, using 100% natural gas as fuel. The dual fuel engine with a 70% fraction of natural
gas achieves a cycle efficiency of 40% and maximum efficiency of 42%. The high-pressure
direct injection reached the same efficiencies as a diesel engine with a 95% natural gas
fraction cited. Based on these engine performances, they analyzed the total well-to-wheel
greenhouse gas emissions for different fuel and engine combinations. These fuels included
bio-LNG, bio-CNG, LNG, CNG, and diesel. The routes based on biogenic fuels (bio-CNG
and bio-LNG) resulted in emissions reductions of 43–47%, 60–67%, and 64% of diesel
engine emissions in dual fuel, spark ignition, and high-pressure direct injection engines,
respectively. The highest reduction of 67% was possible for the combination of SI and
bio-CNG, followed by HPDI and bio-LNG, with 64%. These reductions were significantly
higher than those from fossil fuels LNG and CNG, which were in the range of −1.4–15%.
The increase in the comparison to diesel was observed for the SI and LNG routes. In this
analysis, the well-to-tank emissions for the biogenic routes were higher than for fossil
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fuels due to the high electricity demand, depending on the electricity mix consisting
of renewable, fossil fuel, and nuclear elements. The SI and HPDI engines exhibited
comparable greenhouse gas emissions, as the diesel share in HPDI was compensated for
by the high efficiency of the HPDI technology. The large diesel share in the DF concept
resulted in the highest emissions output.

In a recent study [177], the research institution TNO tested a heavy-duty truck of the
Volvo FH 420 LNG type, which was introduced in 2018 and based on the HPDI technology
and LNG storage. The emissions of this vehicle were compared to older results from two
natural gas vehicles based on the spark ignition technology of model year 2016, and six
diesel vehicles from model year 2013. Tailpipe CO2 emissions, methane slip, and boil-off
from the tank were measured for a tank-to-wheel analysis. In addition, measurements of
the greenhouse gas N2O were performed. The test results showed 19% lower greenhouse
gas emissions for an average long-haul trip than the diesel baseline from 2013. For highway
operations, the difference was even higher (23%), and for urban operations lower (8%).
These values are valid for medium and low payloads, except for the combination of a low
payload and urban drive cycle, where the LNG truck had the same level of emissions as
an average diesel model. The share of methane emissions in carbon dioxide equivalent
were low (2–3%) overall. We expect that newer diesel trucks will emit somewhat lower
percentages of CO2 emissions than the 2013 models cited here. As expected, methane
emissions were higher than in diesel vehicles. They were also higher than those from both
types of spark ignition engine, with most methane emitted after a cold start. The TNO
study delivered important results for the analysis of the emissions of the latest technology
for LNG trucks based on real driving performance. The weak parts of this study are the
comparison with older diesel technology and the measurements involving only one truck.

Finally, Camuzeaux et al. [178] analyzed the climate implications of a switch from
diesel to natural gas in heavy-duty transportation using the technology warming potential
methodology. In this work, spark ignition and high-pressure direct injection technologies
were considered in combination with CNG and LNG. The SI engines were based on the
2014 models and were 13% less efficient than similar diesel engines. The HPDI technology
was based on 2012 models and was 5.5% less efficient than its diesel equivalent. The
applied methodology included upstream methane emissions and those during vehicle
use, including potential losses incurred during refueling. According to this analysis, a
fleet conversion from diesel to natural gas using the spark ignition engines affects the
climate for 72 years in the LNG case and 90 years in the CNG one. The authors state that
a conversion to the HPDI technology with LNG will already be beneficial to the climate
already after 51 years. This is possible thanks to the technology’s higher efficiency, although
the assumed in-use methane emissions are 60% higher in HPDI engines than SI ones.
The study concludes that such a fuel switch has the potential to produce environmental
benefits in all periods, but requires significant reductions in methane emissions and vehicle
efficiency improvements.

4.3.4. Emission Behavior

Otten et al. [179] assumed that EURO VI LNG trucks with spark ignition technol-
ogy have the same NOx and PM emissions as EURO VI diesel trucks based on Verbeek
et al. [133]. However, Verbeek et al. [133] researched emissions of gas buses and referenced
them on a diesel EURO VI bus. They observed, that a EURO V CNG bus in lean-burn
operation has 8.4 and 1.15 times higher NOx and PM emissions than a EURO VI diesel bus,
while a EURO V CNG bus in stoichiometric operation has 3 and 1.15 higher and a EURO V
dual-fuel LNG bus has 6.95 and 6.45 times higher NOx and PM emissions than a EURO
VI diesel bus. A EURO VI CNG bus in stoichiometric operation has 50–100% of the NOx
and PM emissions compared to a EURO VI diesel bus according to Verbeek et al. [133].
Anyway, Verbeek et al. [133] emphasized the uncertainty of the latter measurements. They
concluded, that with the introduction of EURO VI the emissions of diesel vehicles and
gas vehicles with spark ignition technology most likely will be the same. As reported by
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Matzer et al. [180], EURO VI LNG HPDI articulated truck emissions are assumed to be
the same as the ones from EURO VI diesel trucks in the database Handbook Emission
Factors for Road Transport (HBEFA) Version 4.1. Matzer et al. [180] described, that emis-
sions in HBEFA 4.1 for gas engine CNG trucks were calculated via CO2 specific emission
factors based on measurements from three EURO VI CNG heavy duty vehicles and the
ratio for the CO2 emissions between diesel driven vehicles and CNG vehicles from Röck
et al. [181]. As a result, the NOx emissions of EURO VI CNG heavy duty vehicles are 73%
on highways, 81% in rural areas and 40% in urban areas, referenced to EURO VI diesel
heavy duty vehicle emissions. The PM emissions are 14%, 43% and 30% on highways, in
rural areas and in urban areas of the corresponding ones from diesel vehicles. In the study
carried out by Vermeulen [177], which was already mentioned in the emission behavior
part above, the local emissions of the 2018 introduced Volvo FH 420 LNG truck with HDPI
technology were measured, analyzed and compared to older emission measurement from
spark ignition based gas vehicles, build in 2016, as well as to results from diesel vehicles,
which were introduced in 2013. An analysis of NOx emissions of the dual-fuel HPDI truck
found that they were higher than the diesel baseline in the combined cycle, lower than the
diesel vehicle with the highest NOx emissions and between the other two vehicles utilizing
spark ignition. This is mostly due to the urban cycle and cold start. During rural and
highway cycles, the NOx emissions were slightly less than those from the diesel baseline,
but higher than the lowest diesel value. Vermeulen [177] has concluded in his analysis, that
NOx emissions of the EURO VI dual-fuel HPDI truck are on the same level as the diesel
counterparts, despite the slightly higher emissions during cold start. but also emphasized,
that the NOx emissions strongly depend on the number of cold starts. The particulate
number (PN) emissions of the HDPI engine were lower than the average diesel vehicle
value and the ones from the spark ignition gas engines in the urban cycle. However, the
tested vehicle showed the highest PN emissions during highway operation. As a result,
the combined cycle PN emissions were even higher than those from the diesel baseline
and between the models utilizing spark ignition. Anyway, Vermeulen [177] has concluded,
that the PN emissions of the LNG dual-fuel truck are on a comparable low level like the
diesel trucks, but also mentions, that the conducted test trip differ a bit from the one of the
diesel vehicles.

4.3.5. Infrastructure

Only marginal infrastructure costs can be estimated with respect to the use of natural
gas in internal combustion engines. There is already a network of filling stations for CNG
that includes 870 filling stations in Germany [182]. Anderhofstadt et al. [170] showed that
the current availability of a fuel infrastructure is the most important motivator, followed
by the competitive total cost of ownership. In terms of barriers, the non-existent LNG
infrastructure in Germany, high purchasing price, and lack of model branding and variety
were listed.

Heavy-duty trucks using natural gas are already in use in different parts of the world.
In 2017, around 3000 filling stations for CNG and LNG were in operation in China [40]. In
the U.S., 115 filling stations offered LNG and 1252 offered CNG for heavy-duty vehicles
(classes 6 and 8) as of April 2020 [183]. At the present time, 271 LNG stations and 3785 CNG
ones in total were counted across Europe [184]. Heckler et al. [185] reported on current and
planned LNG stations in Germany, that is, 30 LNG stations already exist and a further 46
are in the planning phase. They announced a target for the federal administration to build
up 50 filling stations for 2500 LNG driven trucks through 2020 and 200 filling stations for
25,000 trucks through 2025. Concerning CO2 targets, a switch to biogenic LNG is important,
as is stated by Thys [186].

4.3.6. Economic Considerations

As was already mentioned, economic considerations play an important role in the
highly competitive logistics sector. Fuel cost savings, payback periods, and total cost of
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ownership analyses for heavy-duty transportation with natural gas have been performed by
several groups. ACT Research [42] analyzed fuel cost savings per year after a switch from
diesel to natural gas. The selected application was line haul use in the U.S. at 160,000 km per
year. They assumed an overall fuel economy of 2.55 km/L with diesel fuel as the reference,
and a diesel price of €0.94 per liter (assuming an exchange rate of 1.12 based on the 2019
average from Statista). The cost of natural gas fuel was assumed to be €0.59 per liter diesel
equivalent. Three cases were analyzed for 10%, 15%, and 20% efficiency reductions for
the natural gas engine in comparison to the reference diesel one. For the diesel reference
case, they also considered the cost of diesel exhaust fluid and the cleaning costs of the
diesel particulate filter. The authors stated that this cost component does not exist for the
natural gas version, pointing out that spark ignition technology is assumed. Assuming
these figures, they reach fuel cost savings of between €19,029 and €13,863 per year using
natural gas, depending on the different efficiency reductions assumed. This study only
considered the fuel cost savings and not the additional costs of purchasing a natural gas
truck, which forms the input for further considerations, such as payback periods and the
total cost of ownership.

In their analysis of Europe, Westport [187] assumed an incremental price of €40,000
for an LNG vehicle with HPDI technology. They assumed 120,000 km annual mileage and
€1.36 per L for diesel and €0.95 per kg for LNG. Assuming a consumption of 3.3 km/L for
diesel fuel and 4.8 km/kg for LNG, they ended up with a payback period of 19 months
and annual fuel cost savings of €25,100 per year with natural gas. Similarly, Smajla
et al. [40] showed that, for 124,000 km mileage per year, an LNG truck produces a cost
saving of €14,500, assuming a diesel price of €1.5/L and an LNG price of €1.33/kg. The
incremental price published by Westport is in agreement with the €35,000–50,000 estimated
for Germany [170]. Here, Anderhofstadt et al. [170] refer to a 3–6 year payback time
compared to diesel-powered heavy-duty trucks in another study by Lischke et al. [188].
Lischke et al. showed that, for 2015 fuel prices and a €35,000 incremental price for HPDI
technology, a payback period of 4.5 years is possible for Germany. However, they also
found that if the energy tax reduction for natural gas does not apply in the future and
the same energy tax as diesel applies to LNG, an amortization is not possible within the
assumed lifetime of the truck (nine years). Anderhofstadt et al. [170] performed a Delphi
study to analyze the purchasing decision for heavy-duty trucks based on natural gas in
Germany. Their survey showed that current availability was the most important motivator,
followed by the competitive total cost of ownership. They also pointed out that the total
cost of ownership calculation can quickly change due to changing parameters, such as
tax on natural gas. As barriers, the non-existent LNG infrastructure in Germany, high
purchasing price, and lack of model branding and variety were noted. In Germany, the
purchase of LNG trucks will be subsidized with €12,000 until the end of 2020 [189]. An
older case study from Argonne National Laboratory from 2013, in which 18 LNG trucks
equipped with the first-generation HPDI technology from Westport were tested for a period
of 15 months in the U.S., with a listed purchasing price of $204,802 USD, which meant
a $90,000 incremental cost for that time [190]. Based on the measured fuel economies,
a payback time of less than three years under these conditions was calculated. In a net
present value analysis of the U.K., Langshaw et al. [191] also showed that the economic
payback on higher vehicle purchasing costs was driven by the lower fuel price of natural
gas relative to diesel. They stated that any changes in the fuel price gap introduced a
significant source of for investors. Moreover, if LNG is taxed relative to diesel on a carbon
basis, no possibilities for financial savings are possible via a fuel switch to LNG. In their
comparison of alternative heavy-duty drivetrains in British Columbia, Motjaba Lajevardi
et al. [192] also considered trucks with spark-ignited natural gas engines and CNG storage.
Their analysis showed a 15% higher total cost of ownership on short-haul cycles and up to
8% lower on long-haul cycles compared with diesel. Moreover, the parallel hybrid CNG
configuration exhibited 4–12% lower total cost of ownership than the conventional diesel,
except for the short-distance drayage cycle.
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Finally, in order to identify the annual fuel cost without the effect of taxes, a cost
analysis was performed following the same methodology as that in the ACT Research
presented above. Here, a European case was simulated assuming line haul usage with
100,000 km per year. An overall fuel consumption of 30.3 L/100 km for diesel was assumed.
As engine technology, the newest HPDI technology was assumed to deliver the same
efficiency as a diesel engine. Using the efficiency values from [176], the CI engine was
assumed to be 8% less efficient (and the dual fuel engines 5%) than a diesel engine operating
at 43% cycle efficiency. The HPDI engine was operated with 5% diesel and the DF with
20%. Assuming the use of LNG consisting of 100% methane, 1 kg of LNG has an equivalent
energy content of 1.39 L of diesel. The diesel price was assumed to be €0.9013/L after
excluding the value added tax (VAT) of 19%. After subtracting the valid energy tax for
diesel in Germany, which corresponds to €0.4704/l, the diesel price, excluding VAT and
energy tax, amounts to €0.4309/L. The diesel exhaust fluid (DEF) price was assumed to be
€0.5/L without VAT, which reflects the price in Germany in April, 2020 based on a survey
conducted via Aral fueling stations. DEF was used in the diesel, DF, and HPDI engines,
all of which used diesel in different proportions. The DEF consumption corresponds to
5% of diesel consumption [193]. As the reference case for each motor technology, the
natural gas fuel price is defined as €1.13/kg, which was the average price of CNG fuel in
Germany in the year 2019. A subtraction of 19% VAT and the energy tax for CNG and LNG
(€0.19/kg) results in €0.76/kg and €0.55/L diesel equivalent. In addition to the reference
cases with different natural gas motors calculated at this natural gas price, three further
fuel cases for the HPDI option were also considered. These constitute the renewable routes
for the production of methane. Firstly, bio-methane produced from renewable sources
was considered. The average purchasing price of bio-methane from renewable sources
for 2018/2019 was estimated by the German Energy Agency to be €0.0706/kWh based on
data from 21 biogas plants using renewable sources [194]. Secondly, synthetic methane
production from hydrogen and carbon dioxide captured from power plants in Peters
et al. [195] was considered for two cases. The first case (PtG) is based on an optimized
process configuration to produce renewable methane using hydrogen produced from wind
via water electrolysis and results in a methane cost of €3.51/kg. The second case (biomass)
utilizes hydrogen from biomass and results in €1.73/kg. Based on this information, the
annual total fuel cost was calculated, excluding the VAT and energy tax, and is presented
in Figure 11. It must be noted here that liquefaction was not considered in these values.
For instance, Lischke et al. [188] observed that the LNG price was about 15% higher than
the natural gas price over a 14-year average in the U.S.

As expected, if the tax advantage for natural gas is not incorporated into the fuel
cost, the diesel baseline offered the lowest fuel cost in the selected case study. From the
perspective of natural gas cases (SI, DF, HPDI/NG), calculated using the average CNG
price, the HPDI offers the lowest fuel cost thanks to its high level of efficiency. However,
the total fuel cost is about €2500 higher than the reference diesel. For comparison, if the
energy tax is not excluded from the fuel prices, the HPDI option (HPDI, NG) based on the
natural gas price assumed above results in fuel cost savings of around €7000 per year in
relation to the diesel case. Among the renewable routes, the bio-methane one results in
the lowest fuel cost, which is 1.6 times higher than the diesel reference case. The biomass
route leads to an increase by a factor of 2.6 and the PtG by a factor of 5.3. This analysis
underlines the role of taxes in the switch to natural gas in heavy-duty transportation. If the
tax advantage for natural gas diminishes in the future, the motivation for fuel cost savings
also does. In addition, it is also apparent that the renewable methane routes, which offer
the highest greenhouse gas reduction potential, result in the highest fuel costs.
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Figure 11. Total fuel cost per year excluding VAT and energy taxes for different fuel and engine
combinations compared to a diesel engine. SI: spark ignition, DF: dual fuel, HPDI: high-pressure
direct injection using natural gas (CNG). The HPDI version is also calculated for bio-methane and
synthetic natural gas (SNG) based on hydrogen from wind electrolysis (PtG) and biomass.

4.3.7. SWOT Analysis

As in the previous sections, a SWOT analysis was performed for the natural gas option
based on the findings outlined in this section, and is presented in Table 4. The identified
strengths include the availability of the natural gas engines already in commercial use
today, which is possible through the adaptation of diesel engines, lower fuel costs and
short payback times based on present diesel and natural gas prices and, finally, the reduced
dependency on crude oil by using natural gas from different sources for the huge, heavy-
duty transport market. The opportunities from a switch to natural gas include the high
greenhouse gas reduction potential of using methane from renewable sources based on
biomass or power-to-gas routes, rapid transition possibility, and cleaner transport, as the
technologies are already available and the compatible range of heavy-duty trucks is up to
1600 km using two LNG tanks.

Table 4. SWOT analysis for natural gas-driven internal combustion engines.

Strengths Weaknesses

Available technology through the adaption of combustion engines to NG Conflict between cost and emission reduction potential
Lower fuel costs than diesel today Incremental costs for purchasing vehicles

Reduced dependency on crude oil for heavy-duty transport Increased emissions for certain drive cycles in practice

Opportunities Threats

High greenhouse gas reduction potential using renewable methane Risk of changes in natural gas taxation policy
Fast transition to cleaner renewable transport Methane slips in upstream processes

The use of LNG enables higher ranges Missing widespread infrastructure in Europe

The main weaknesses are the conflict between fuel costs and emission reduction
potential, as well as incremental costs for purchasing the vehicle and increased emissions in
practice. Today’s fossil-based options, which lead to cost advantages, result in limited CO2
savings potential, and the renewable options leading to a strong reduction in emissions
result in a large price gap. The incremental costs of purchasing the vehicles make the
fuel price decisive to the total cost of ownership analysis, which is of great importance
for vehicle fleets. Furthermore, the results of recent on-road measurements based on the
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most promising engine technology show identical or even higher emissions than diesel in
some of the load cycles, as discussed above. Finally, but importantly, several threats were
identified by the SWOT analysis that can play a decisive role in the broad implementation
of natural gas trucks for heavy-duty transport.

The risk of changes in natural gas taxation in terms of treating natural gas analogously
to diesel eliminates its cost advantage and presents an important risk for fleet operators.
Due to methane’s high global warming potential, methane slip, especially in upstream
processes, but also during use, can lead to long-term damage to the environment instead
of reduced emissions. Finally, if a widespread LNG fueling station infrastructure is not
established in Europe, many long-haul fleet operators will have to adopt a conservative
approach when switching to natural gas.

4.4. DME as an Alternative Fuel for Heavy-Duty Transportation

In this section, the suitability of DME as a diesel substitute for heavy-duty trucks is
discussed. After outlining the overall motivation, the combustion of and emissions from
DME in compression ignition engines is discussed. The section concludes with some cost
aspects and a SWOT analysis.

4.4.1. Motivation for DME Use in Heavy-Duty Transport

DME is an alternative fuel for compression ignition engines. It can be produced
from natural gas, coal, and biomass using first gasification and second either two-stage
synthesis from methanol or a one-stage arrangement via the Haldor Topsøe process [53].
Fleisch et al. [196] note the leading role of China in DME production and use, thanks
to conditions favoring the domestic production of such a clean fuel with a high value.
Moreover, Schemme et al. [27] recommend DME together with OME3–5 and n-alkanes as
power-to-fuel products that can replace diesel fuel for the transportation sector. This option
expands the possibilities for producing DME from renewable sources and strongly reduces
greenhouse gas emissions on a well-to-wheels basis, together with the biomass option.
Arnold et al. [197] show that DME produced via PTF PtF processes is not only a good
diesel substitute, but at the same time a key building block for producing other high-value
synthetic fuels, including gasoline and OME as a promising alternative to methanol.

4.4.2. Power Train Technology and Vehicle Availability

According to the International Energy Agency − Advanced Motor Fuels (IEA’s AMF)
fuel information, the use of DME as a transportation fuel is not commercially-viable
today. They report on ongoing demonstrations with Volvo trucks, buses operating in
China and trucks operating in Japan, and point out that no large-scale transport and
supply of DME as a transport fuel is currently available [53]. Park and Lee provide
an overview of vehicles that operated between 1998–2009 in their review and state that
commercial vehicles that use DME enable smoke-free combustion and low NOx emissions
with high thermal efficiency [47]. They conclude that most problems in the use of DME
for transportation relate to fuel properties and not combustion characteristics. In their
review of the combustion and emission characteristics of alternative fuels, Geng et al. [198]
state that DME offers a longer injection delay, lower maximum cylinder pressure, a lower
pressure increase ratio and a shorter ignition delay than diesel, which contrasts with
alcohol/diesel dual fuels.

Critical properties of DME for its use as a transport fuel include its low viscosity,
leading to leakage in pumps and injectors, and its low lubricity, which leads to the wear
and failure of equipment [47]. Park and Lee [51] list several commercial additives as well
as biodiesel and other hydrocarbon-based fuels as possible additives against leakage and
surface wear. It is reported that 50% biodiesel in DME results in 22% higher viscosity than
in diesel fuel [47]. Arcoumanis et al. [48] proposed sealing DME-filled vessels using inert
materials such as Polytetrafluorethylen (PTFE). In accordance with this, Park and Lee [47]
state that the application of Teflon and PTFE compounds in DME injection and supply
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systems is the most used approach, as they are inert to DME. Salomonsson [199] reports no
corrosion issues when using PTFE and polyimide materials. However, it is also reported
that the applied additives have a negative influence on the emissions and optimal additives
are needed to improve lubrication without penalties being exacted on engine performance
and emissions [47].

As DME is heavier than air, a good ventilation system is required [51]. Another issue
is cavitation in the fuel injection system, which is unavoidable due to the high vapor
pressures. Arcoumanis et al. [48] pointed out that when DME is pressurized to more
than 5 bar, the fuel supply pressure must be between 12 and 30 bar if cavitation is to be
avoided. The reason for this is the higher saturated vapor pressure at high temperatures
during engine operation and the dynamic flow effects that form vapor zones in the fuel line.
Together with the cavitation phenomena around the nozzle hole, high compressibility and
variation according to the temperature and chemical reactions in the fuel supply systems
are noted as issues for DME [47].

Based on the above-discussed fuel properties and the general properties of DME
outlined in the section on Fuel properties and storage, Semelsberger et al. conclude that
tanks that are twice as large and new fuel delivery systems are required for using DME in
diesel engines with no need for engine modification [49]. Building on the fuel properties,
the engine performance and emissions behavior can then be analyzed.

As was mentioned above, the combustion of DME is referred to as being compatible
with diesel engines, and yet it is clear that different injection systems are required due to
DME’s gaseous nature. The common-rail approach is often used for DME, where the fuel
is injected into the combustion chamber at a pressure of at least 12–30 bar, with the pump
possibly being placed in the tank, with the goal of achieving the same torque and power as
diesel. In addition, dual fuel engines with diesel pilot injection are also considered [53].

In order to liquefy gaseous DME, it must be pressurized to at least 5.1 bar at room
temperature. The fuel line set-up is similar to the supply system in an LPG engine, and
the electronic injection system for DME fuel consists of a primary pump, a high-pressure
injection pump and injector, and low- and high-pressure lines, along with a return line
to the fuel tank. If high-pressure injection with electronic control is applied, the injection
timing and energizing duration can be easily optimized based on the mass of injected fuel
and its injection rate [47]. Given the fuel’s properties, not only the amount of fuel (1.8 times
greater volume than diesel) [48] but also its energizing duration must be increased (by
37%) [47]. In addition, injection at lower pressures (200–300 bar) than a modern diesel
engine already enables the superior atomization and rapid vaporization of DME in the
combustion chamber due to its high vapor pressure [47,48]. Thomas et al. [52] report the
maximum combustion pressure of DME to be 17.2% lower than diesel due to its shorter
ignition delay, during which a less combustible mixture is formed due to DME’s high
cetane number. Park and Lee also highlight the necessity of a fuel cooling or temperature
control unit. As the temperature increases during engine operation, the overall temperature
level rises, the fuel is also heated and its density and compressibility increase. Thus, it
becomes more difficult to supply the required amount of fuel to stabilize engine operation
without taking proper measures [47].

In addition to the theoretical information on the operation of diesel engines with DME,
the results from laboratory and field tests deliver important findings on the analysis of
engine performance using DME. Szybist et al. [200] tested a prototype Volvo FME heavy-
duty truck. Considering the differences between the DME prototype and conventional
diesel truck, the authors of an Oak Ridge report from 2014 conclude that both engine types
achieved similar levels of efficiency. Similarly, the final report of the European BioDME
project from 2013 reports on the production and use of bio-DME from black liquor [199].
Here, a common rail DME pump and injector were used and the injector design was
adapted to the properties of DME, and the valves, sealings and tolerances optimized. In
the field tests, ten trucks from Volvo were operated, including long haul and heavy loaded
versions with payloads of up to 60 t. The local and regional haul (21 t average gross weight)
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truck cycle using DME fuel had lower to similar rates of consumption compared to its
diesel counterpart, whereas the regional haul (51 t average) had similar ones, and the local
cycle with start/stop (53 t average) had higher consumption. The total mileage of the fleet
was 1,475,000 km, with one truck achieving 300,000 km. The producers and drivers had
a very positive experience with DME in this field trial, given these notable achievements.
Based on their analysis from 1- or 4-cylinder diesel engines modified for DME use, Park
and Lee [47] conclude that DME is superior to diesel in atomization performance and that
the lower heat released during combustion leads to it having lower combustion noise. In
an earlier publication, from 2008, Ying et al. [201] report their results from testing DME in a
4-cylinder engine with only a slight drop in brake thermal efficiency.

4.4.3. Greenhouse Gas Reduction Potential

As the combustion process and therefore the engine performance are closely linked
with the emission characteristics, focus is applied to the emissions behavior of DME
operation as the next step of the analysis. Already in a 2006 review, Semelsberger et al. [49]
showed that DME produced the lowest amount of well-to-wheel emissions compared to FT
diesel, FT naphtha, biodiesel, bionaphtha, methanol, methane, and ethanol as alternative
transportation fuels. Moreover, they found that, excluding natural gas, DME features
the highest well-to-wheel efficiency of all non-petroleum-based fuels using conventional,
hybrid and fuel processor-based fuel cell technologies. Recently, Zubel et al. [49] showed
that DME from CNG (fossil origin) has a higher well-to-wheel emission (167.8 g CO2eq/km)
than diesel (144 g CO2eq/km), but that the emissions drop strongly if they are produced
from renewable sources, such as black liquor (3.6 g CO2eq/km) and PtG based on wind
(4.9 g CO2eq/km). Looking only at tank-to-wheel emissions, they revealed that DME has
a 15% benefit over gasoline, with octanol showing an 11% benefit, methanol 17% and
methane 25%. As the benchmark technology of diesel has a 7% benefit over gasoline, all
of the above-mentioned fuels show a CO2 reduction benefit considering current tank-to-
wheel-based greenhouse certification.

4.4.4. Emission Behavior

Apart from the greenhouse gas reduction potential, the emission behavior of DME
engines concerning NOx, PM, CO, and hydrocarbons has been widely discussed in the
literature. In particular, attention has been paid to NOx emissions. The surveyed literature
shows higher and lower NOx emissions than diesel, supported by IEA AMF, stating
that NOx emissions are not necessarily reduced with the use of DME [53]. The faster
ignition of DME increases the charge temperature in the cylinder, leading to greater NOx
formation. At the same time, the lower initial heat release contributes to lower NOx
emissions [47]. Similarly, the high latent heat of DME reduces NOx concentration, as
the injected fuel absorbs more heat during evaporation, resulting in a large temperature
drop in the combustion chamber. In addition, the low boiling point, resulting in quick
evaporation, leads to a temperature drop in premixed combustion, again reducing NOx
formation [51]. Furthermore, it is stated that the identical amount of fuel injected leads
to less NOx formed with DME than diesel; however, in order to achieve the comparable
heating value, more DME is injected than diesel, leading to a higher NOx concentration.
Higher NOx emissions for the same engine load and speed conditions are also explained
by the quicker ignition of DME than diesel, which results in an increased temperature in
the cylinder. It is expected that, if the mixing of air and DME takes place faster, the NOx
production rate can be reduced [52]. Park and Lee conclude that higher NOx emissions can
easily be reduced to similar or lower values than diesel using different approaches [47]. In
this regard, a widely used approach is exhaust gas recycling (EGR), which can, however,
lead to lower fuel economy and higher soot emissions in conventional diesel combustion.
In contrast, DME combustion results in low soot emissions. Its quick evaporation, further
aided by better spray atomization, results in a very fast mixture formation, reducing the
formation of soot precursors [50]. It is even considered soot-free, with the lack of C-C



Sustainability 2021, 13, 2225 36 of 57

bonds and high oxygen content [47,51]. This is a critical advantage of DME combustion, as
the typical soot/NOx trade-off does not exist for DME operation. With this, operation at
higher EGR rates is possible, reducing the NOx concentration without the risk of producing
higher soot emissions. At higher EGR rates, the peak combustion temperature and the
amount of oxygen in the fresh charge supply are reduced [52]. Although these measures
help limit NOx emissions, higher EGR rates also lead to higher CO emissions of up to 70%
for 30% EGR. As mentioned above, EGR also has a negative influence on the fuel economy.

Principally, the CO and HC emissions from DME combustion are also lower than
with diesel, due to the presence of the oxygenated components, the excellent volatility and
fast ignition quality of the fuel [47]. Due to good evaporation, atomization and mixing
characteristics, and the resulting shorter ignition delay than diesel, DME combustion results
in lower HC emissions [51]. The CO emissions are usually less than those of diesel due to the
high H/C ratio, lack of C-C bonds, good mixing behavior and fast oxidation of the produced
intermediates. As was mentioned above, certain operating conditions can still lead to
higher CO concentrations. Park and Lee suggest using oxidation catalysts and improving
the combustion and emission characteristics to resolve this issue [51]. Thomas et al. [52]
mention homogenous charge compression ignition (HCCI) for simultaneously reducing
NOx and PM emissions. Other possibilities listed by the authors include controlled fuel
injection, fuel injector configurations, injection pressures, and the use of combustion after-
treatment processes such as EGR, oxidation catalysts, and particle filters. These show
that a multi-stage EGR controlling the gas temperature has benefits and recommend
moving to higher EGRs and controlling the CO and HC emissions through the use of
oxidation catalysts based on the chemical compositions of exhaust gases and temperatures.
They report up to 40% NOx reduction being observed without visible smoke and drops
in engine efficiency on the basis of the higher EGR ratios. Arcoumanis et al. [48] state
that ultra-low emission vehicle (ULEV) limits can be reached for NOx, but oxidation
catalysts are required for HC and CO. Park and Lee [47] also conclude that multiple
injection and premixed combustion leads to a very strong reduction in NOx, without
a reduction in engine performance. However, they also note the presence of oxygen
compound emissions and state that these can be reduced to a negligible level using an
oxidation catalyst. The effect of additives and lubricants on emissions is also addressed in
the literature, highlighting the demand for better additives than the existing ones [47,52].
Further possibilities listed for after-treatment in DME engines include lean NOx traps,
urea-selective catalytic reduction (SCR), and hydrocarbon-selective catalytic reduction
(HC-SCR) [51].

Similar to engine performance, data collected from laboratory tests and fleet trials
is available for emission characteristics. In 2008, Ying et al. [202] detected 40% less NOx
at 20% EGR during testing of DME in a four-cylinder engine. At the same time, they
observed an increase in CO and HC emissions. The CO emissions could be decreased
by mean of a commercial oxidation catalytic converter, but an obvious reduction in HC
concentrations was not achieved. In a further study from 2009, they applied HCCI with
direct injection to DME in a single-cylinder engine [201]. They could thereby demonstrate
an extended operating range of the engine with a comparatively higher efficiency than
HCCI without direct injection, and lower CO and HC emissions. The NOx emissions
were higher at higher loads and were reduced by cooled EGR. However, the HC and CO
emissions increased with this strategy. Fleisch et al. [196], in a review from 2012, reported
that a DME truck in Japan with EGR, de-NOx, and oxidation catalysts demonstrated lower
NOx, CO, HC, and PM emissions than specified in the Euro VI regulations. During the
field test of various Volvo trucks for the BioDME project in 2013, the relevant emission
standard at the time, Euro V, was still fulfilled after 183,000 km of operation, which was the
highest accumulated mileage achieved by a single truck within the project time-frame [199].
During the testing of a prototype Volvo truck with DME by Oak Ridge National Laboratory
in 2014, only a three-way catalyst was used without a particulate filter or lean NOx after-
treatment [200]. Laboratory tests calibrated to meet Euro V showed that the NOx, PM, CO,
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and HC emissions were below the expected level and no PM after-treatment was necessary.
The authors concluded that further NOx reductions are feasible using NOx after-treatment,
such as urea-SCR, in order to achieve the Euro VI standard, which can also enable more
efficient combustion.

Recently, Benajes et al. [203,204] and Kim et al. [205] published regarding the numerical
optimization of DME combustion in a diesel engine. Kim et al. [205] sought optimal
operating conditions of engine operation with DME and diesel, varying the start of injection,
injection pressure, and angle, as well as the equivalence ratio, using a genetic algorithm.
Meanwhile, Benajes et al. first optimized the combustion system design of a heavy-duty
compression ignition engine operated on DME with another genetic algorithm optimization
with the help of computational fluid dynamics [204]. Here, the scope of optimization
included the piston bowl and nozzle-matching, as well as the injection schedule, to identify
the system that delivered the highest efficiency given the limitations in terms of emissions
and thermomechanical stress. The results showed that fuel and combustion systems
must be optimized simultaneously and that an absolute efficiency improvement of 6.9%
over baseline the diesel configuration can be achieved with similar emissions. Secondly,
stoichiometric combustion was investigated in order to only equip the system with a
three-way catalyst to control the NOx emissions [203]. It was noted that high-EGR rates for
controlling the NOx led to lower efficiency and higher PM emissions. Amongst alternatives,
such as the SCR or lean NOx trap, the current conversion efficiency of 90–95% is achieved
today using SCR, but in order to achieve the proposed California Air Resources Board
(CARB) targets, 99% efficiency will be required in the future, according to the authors. This
was the motivation for investigating the stoichiometric operation, coupled with a three-
way catalyst, which would be possible with DME due to its low sooting behavior. Since
replacing a conventional diesel combustion system with a stoichiometric DME combustion
system resulted in poor performance, an optimization study was performed that varied
the geometric, injection, and air management settings. The optimized set-up revealed a
slight improvement in the net indicated efficiency over diesel; however, this was with very
low NOx emissions (0.0074 g/kWh), which are promising for meeting the requirements
of future NOx legislation. Both simulation studies show the potential of DME as a diesel
substitute in heavy-duty transport, but also the need for dedicated development efforts in
order to exploit the available potential.

4.4.5. Infrastructure

The main advantage of using DME is similar physical properties to LPG. With this, the
handling of DME as a new transportation fuel is not a major issue and current experience
with LPG infrastructure can be drawn upon. In Germany, about 7100 LPG filling stations
are installed [182].

4.4.6. Economic Considerations

The final part of this analysis deals with economic considerations. The IEA AMF
anticipates similar economic characteristics for DME as for CNG and LNG in large-scale
plants. It is also expected that fuel-grade DME, with small amounts of methanol and water,
will be available at lower costs than chemical-grade DME, and that DME engines have lower
costs than diesel engines due to their less secure structure and lower injection pressure [53].
The review by Fleisch et al. [196] revealed that the production cost analysis of DME from
natural gas and coal only shows slightly higher values than the corresponding costs for
methanol from these sources. The techno-economic assessment of DME synthesis by
Michailos et al. [206] based on the power-to-fuel concept estimated five times higher costs
of the production of DME than the average terminal gate price of diesel. In their techno-
economic analysis of various hydrogen-based synthetic fuels from renewable electricity,
Schemme et al. [119] calculated the highest power-to-fuel efficiency of 60% and lowest
production cost of 1.85 €/lDE for DME, highlighting the potential of DME among the other
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potential PtF routes. They also concluded that the synthesis of DME, similar to methanol,
is less complex and more technically mature than other routes that have been evaluated.

4.4.7. SWOT Analysis

Finally, based on the detailed analysis of the state-of-art, and the perspectives on DME
as a fuel for heavy-duty transport, a SWOT analysis was performed and its results are
presented in Table 5. Among the strengths, the first is the advantage of the similar physical
properties of DME to LPG. Thereby, the handling of DME as a new transportation fuel is not
a major issue and current experience with the LPG infrastructure can be drawn upon. As the
combustion of DME in compression ignition engines has been successfully demonstrated
in field tests, the technological risk of introducing a new fuel is also reduced. The final
strength is the reduction of local emissions due to the nature of the fuel, independent
of its origin. The most important opportunity for DME is its high greenhouse reduction
potential if it is produced from the biomass or PtF routes. Furthermore, it offers a fast
transition to cleaner transport based on renewable energy. The absence of the NOx/soot
trade-off enables a wide range of opportunities to optimize the combustion performance
and emissions.

Table 5. SWOT analysis of dimethylether (DME)-driven internal combustion engines.

Strengths Weaknesses

Existing expertise and infrastructure regarding
LPG, and similar physical properties Proper additives and lubricants required

Adaption of diesel engines to DME already
demonstrated Larger and more complex tanks than for diesel

Improved local emissions with cleaner fuel Dedicated engine development is required

Opportunities Threats

High greenhouse gas reduction potential using
renewable routes

Higher production costs for the promising
power-to-fuel route

Fast transition to cleaner, renewable transport Limited capacities for renewable DME
Smoke-free operation eliminates NOX/soot

trade-off Lack of a widespread infrastructure in Europe

The weakness of DME can be seen in its viscosity and lubricity, which demand special
additives. Ideal additive mixtures must not only ensure operation with no leakage and
wear, but also no additional emissions. Despite the advantageous combustion properties
of DME, its fuel tanks are larger and more complex than those for diesel. Finally, although
DME can already be used after proper modifications are made to a diesel engine, dedicated
engine development is still required to exploit the high performance and low emissions
potential of DME. Among the identified threats, one of the most promising routes for
producing DME, the PtF one, results in high production costs that can drive the total cost
of ownership to an unacceptable level for fleet operators. The next limitation is the limited
capacity of renewable DME to serve as a diesel substitute in large quantities. As there is no
existing infrastructure for DME as a transportation fuel in Europe, setting this up could
also be challenging. If a widespread fueling station network is not guaranteed in Europe,
fleet operators might not take the risk of switching to DME.

4.5. Hydrogen-Fueled Heavy-Duty Vehicles

Current industrial activities underline that hydrogen-fueled fuel cell-electric trucks
(FCETs) are viable candidates for future road-based freight transport. Hydrogen-based
ICEs were recently announced by MAN Trucks and Buses SE as a bridging technology, with
practical trials in collaboration with selected customers planned for 2023–2024; see [207].
In the absence of detailed information, it seems to be too early to cover this option in this
review, which is considered a bridging technology on the way to fuel cell-based, long-
distance truck transport. In the following section, the status and prospects of hydrogen-
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fueled heavy-duty trucks utilizing fuel cells are presented. More specifically, the analysis
is focused on the physical and techno-economic performance of this powertrain solution.
Fuel cell drive systems emit no pollutants. Therefore, the subsection concerning emissions
is omitted for FCETs.

4.5.1. Motivation for Using Hydrogen in Heavy-Duty Transport

Aside from battery-electric alternative and catenary systems, hydrogen-fueled fuel cell-
electric trucks enable transport with zero tailpipe emissions at high efficiency. Moreover,
the fuel shift from today’s fossil- to fully renewable-based fuels can be facilitated by this
powertrain-fuel combination. On an energy system level, the large-scale storage option
required for balancing variable feed-in from renewables can be realized by hydrogen, for
example, by sequestering it in salt caverns. As an alternative option, the use of hydrogen in
ICEs is also considerable. Unfortunately, current research and development activities are
not published well and must be analyzed in future. Nevertheless, all available information
were compiled in a subsection in the Appendix A.

4.5.2. Fuel Cell Technology and Vehicle Availability

At present, substantial interest is apparent among truck manufacturers, such as
Hyundai, Toyota [208], Volvo and Daimler [209], MAN [207], Nikola, and IVECO [210].
The alternative of using hydrogen in internal combustion engines is not considered in this
study due to their reduced efficiency compared to fuel cell-electric powertrains, which
negatively effects the required storage mass, volume and costs.

The configuration of the FCET powertrain is similar to the passenger car concept,
comprising a hydrogen tank and fuel cell system (FCS) that delivers electric power to the
high-voltage DC link and a hybrid battery for delivering or receiving electric power from
the DC link. In contrast to battery-electric drives, only the tank system must be scaled to
the application-specific driving range, assuming the maximum power output of the fuel
cell system and the maximum weight of the vehicle being constant in both cases.

At present, hydrogen-fueled trucks have only limited commercial availability. Initial
projects related to their application include the truck manufacturers of Toyota and Hyundai.
The following details are presented based on information published in Forbes (2019) [211].
Jointly with Kenworth, Toyota developed semi-trucks for operation within California’s
Shore-to-Store project in Los Angeles. The 36.3 t trucks are equipped with a 70 MPa
(700 bar) fuel tank that provides hydrogen to an up-scaled fuel cell system derived from
the passenger car model, the Toyota Mirai. The hybrid battery offers a 12 kWh storage
capacity. The electric motor features a capacity of 500 kW. The refueling time is given
at 20–25 min [211]. The hydrogen infrastructure comprises two fueling stations that are
capable of truck refueling.

The Swiss-based company, Hydrogen Mobility AG, brings Hyundai Motor Company
and H2Energy together for marketing the Xcient Fuel Cell truck, based on a pay-per-use
model [212]. The truck, with a gross weight of 34 t, utilizes two 95 kW fuel cell systems
and a 34.5 kg hydrogen storage tank based on 350 bar technology [212]. Additional electric
power can be drawn from a 73.2 kW hybrid battery. The payload is claimed to be similar
to a diesel-fueled ICE truck of the same size and the tank range is given as 400 km. It is
planned to have 1600 Xcient Fuel Cell trucks on the road in Switzerland by 2025; the target
for 2020 is 50.

In FCETs, electric power is typically transmitted to the electric drive by the fuel cell
system and a hybrid battery. The hybrid battery can either store energy from regenerative
breaking or provide peak power during acceleration or grade driving. The nominal
power and energy of the fuel cell system and battery, respectively, must be optimized in
terms of cost, depending on the application-specific power requirement. In Europe, vehicle
registration requires the fulfilment of a powertrain rating that may not be lower than 5 hp/t
of gross vehicle weight (GVW). However, in practice the power rating is significantly higher,
with values as displayed in Figure 12. For instance, a heavy-duty truck (HDT) with a total
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mass of 40 t would require 225 kW of mechanical power in its wheels for climbing a 3%
grade at a velocity of 50 km/h. The frontal area, air drag, and rolling resistance factors
would be given as 8 m2, 0.5 and 0.01, respectively. This is somewhat higher compared
to the power rating based on the abovementioned factor of 5 kW/t that would result
in 200 kW. However, it would better comply with required driving capabilities in the
real-world driving context. This and subsequent estimations of powertrain component
scaling are derived from a driving resistance-based performance analysis, including air
drag and rolling resistances, as well as force requirements for grade driving.
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Figure 12. Power-to-mass ratio of current heavy-duty trucks. The data are based on a 2020 survey on
trucks from Mercedes Benz, Mitsubisho Fuso, Volvo, Scania, Hino, Kamaz, Peterbilt, Western Star,
and MAN, which results in 78 datasets on trucks with a minimum of 12 t of gross vehicle or gross
combination mass (the higher value was taken, if available).

An orientation in terms of mass and volume for an FCS for HDTs could be given
on the basis of the specific power and power density of fuel cell systems, for example,
those provided by the DOE (2017) [213]. The 2015 status is presented here as 659 W/L
and 640 W/kg, whereas the ultimate target is 650 W/kg and 850 W/L [213]. These
values apply to passenger car systems and may differ for truck applications with more
stringent requirements, for example, regarding durability and robustness. Starting with
the abovementioned 225 kW and also assuming estimates for powertrain component
efficiencies for mechanical drives and electric motors, respectively, the power rating of the
hybridized fuel cell system would be 257 kW. If the FCS alone were capable of delivering
this power estimate, its mass and volume would be 395 kg and 302 L, respectively, if the
Ultimate target were applied. Although additional mass and volume would be added to
the powertrain by the hybrid battery, power electronics, and electric motor, these figures
provide an indication that the FCS is not likely to cause greater challenges regarding the
packaging of powertrain components.

4.5.3. Greenhouse Gas Reduction Potential

The preferred sources for providing hydrogen for transport applications are its produc-
tion via natural gas reforming, electrolytic hydrogen using renewable power, or byproduct
hydrogen from industrial processes. Each of these alternatives exhibit different signatures
regarding specific greenhouse gas (GHG) emissions. As truck application-specific values
are not available, hydrogen provision for passenger cars is considered here. According to
Joint Research Centre (JRC) [214], hydrogen from natural gas results in GHG emissions
ranging from 104–135 g CO2/MJf on a well-to-tank basis. These values vary on the basis
of assumptions regarding the natural gas supply scheme for Europe and by the concrete
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supply pathway with different assumptions regarding central or onsite reforming and the
specific mode of transportation. When produced by electrolysis, the range of values is even
wider, with 7–425 g CO2/MJf. This is caused by consideration of electrolytic hydrogen
production using electricity from coal. The lowest values of 7 and 13 g CO2/MJf apply for
the use of nuclear power combined with onsite electrolysis and central wind power elec-
trolysis, respectively. The Germany-based analysis by Robinius et al. (2018) concludes with
4.3 g CO2/MJf, assuming a renewable energy-dominated energy system by 2050 [215]. The
values for hydrogen delivery for trucks are presumably somewhat lower, as the reduced
vehicle tank pressure requires less energy for hydrogen conditioning. The greenhouse
gas reduction potential will be discussed in this context alongside other options in the
next section.

4.5.4. Emission Behavior

Hydrogen-based fuel cell trucks are zero emission vehicles on a tank-to-wheel base.

4.5.5. Infrastructure

Robinius et al. provide a comparative infrastructure assessment for BEVs and FCEVs
based on different fleet sizes in Germany. The cost assessment included hydrogen pro-
duction via electrolysis, hydrogen storage and transport, and new fueling stations. The
largest vehicle fleet considered was set as 20 million passenger cars to be refueled by
7000 hydrogen refueling stations (HRS) with station capacities of up to 1000 kg/d. The
cost assessment of HRS and other infrastructure components involved scaling functions
in order to consider different component sizes. Different hydrogen provision pathways
were analyzed, with the conclusion that for large FCV shares, the combination of pipeline
transport for long distances and tube trailers for hydrogen distribution exhibited the lowest
cost of all alternatives under consideration. Hydrogen costs of 7.13 €/kg were determined
for this case. Infrastructure costs were determined within the range of €37–43 billion EUR
for 20 million FCEV [215]. Electrolytic hydrogen production was assumed to exclusively
utilize surplus electricity from the electricity grid, based on an electricity mix largely domi-
nated by renewable power generation. Kramer et al. [33] reported a high span of costs of
between €19–38 billion for infrastructure measures and €55–66 billion for local hydrogen
production. They assumed a complete shift to FCEVs and FCETs. Hydrogen cost estimates
were given within the range of 2.66–11.66 €/kg.

A study by Rose et al. (2020) [216] examines the HRS infrastructure that would be
required by 2050, as well as the interplay of such an infrastructure design and the German
power system, assuming onsite hydrogen production. Important findings in the context of
this study include the number of required HRS and the levelized cost of hydrogen (LCOH).
By making use of an infrastructure location planning model, the study determined that
140 HRS would be sufficient to refuel all 26–40 t HDTs in Germany. The LCOH ranged
from 4.83–5.36 €/kg of hydrogen.

Air Liquide planned future hydrogen fueling stations with a capacity of 2000–4000 kg
H2 per day [30,217]. Major operations were envisaged in France, Switzerland, Belgium and
Germany as part of the project H2HAUL, and in the Netherlands by HyTrucks. In France,
in the village of Fossur-Mer, a first fueling station for FCETs with a capacity of 1000 kg H2
per day will be installed. Later on, four fueling stations will be responsible for 16 FCETs.
HyTrucks planned 20 filling stations, with an overall capacity of 40,000 kg H2 per day for
semi-captive fleets of 1000 trucks until 2025.

4.5.6. Economic Considerations

Compared to fuel cell systems for passenger cars, the cost targets related to FCETs
are significantly higher due to the more challenging requirements regarding the system’s
lifetime and robustness. According to the DOE (2019), the current estimate is 190 US$/kW,
whereas the Interim and Ultimate targets are 80 and 60 US$/kg, respectively [218]. Trans-
ferred to the example introduced above with the requirement of 225 kW of mechanical
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power at the wheel, the FCS cost could be estimated at $48,913, $20,595, and $14,737 USD
for the current estimate, and the Intermediate and Ultimate FCET targets, respectively.
This is clearly in contrast to the DOE’s former power plant cost targets of $450,000 (2016
target) and $200,000 (2020 target) [213]. Power plant costs were referred to fuel cell and
battery systems and were given for fuel cell transit bus applications, which might serve
here as a suitable case for comparison. On the other hand, the 2015 status was given as
$60,000–120,000 for the same application; however, based on manufacturing cost projec-
tions for an annual production volume of 200–1000 units. $20,000 would account for the
battery system, leaving the cost estimate for the fuel cells system at around $40,000–100,000.
These values indicate that the current estimates are at the lower range of former projections.
However, with respect to industrial manufacturing in general, the impact of the production
volume on the unit cost has a significant impact on the unit cost. Apart from the fuel
cell system cost, the hydrogen tank cost may be even more important with respect to the
competitiveness of FCETs. The DOE’s current estimate for 700 bar technology is given
at $15/kWh for high-volume production. The Interim and Ultimate target are $9 and
$8/kWh, respectively. Related to the example presented here, this translates into hydrogen
tank cost of $40,225, $24,135, and $19,808/kWh. The total system cost, including the above-
mentioned $20,000 for the hybrid battery, would be $109,138, $64,730, and $54,544 for the
current estimate and the Interim and Ultimate targets, respectively.

Fuel costs strongly depend on the market size and respective fuel demand, because
a significant share of the fuel cost is made up of capital expenditures for production
and storage facilities, meaning the hydrogen logistics and the refueling station itself.
Cerniauskas et al. [219] provide a perspective on hydrogen market introduction in different
markets. Related to FCET refueling and assuming fully renewable hydrogen, the cost range
spans from over €50-ct/kWh (€16.7/kg) to €23-ct/kWh (€7.67/kg) for annual demands
of 100,000–1,000,000 tons [219]. For passenger cars with 700 bar vehicle storage pressure,
the costs are decreasing from €39.7-ct/kWh (€13.2/kg) to €21.4-ct/kWh (€7.1/kg) when
market sizes of 100,000 and 20,000,000 cars are assumed [214]. Moreover, a shift from
reformer and byproduct hydrogen to fully renewable hydrogen is assumed during the
market ramp-up process.

4.5.7. SWOT Analysis

Finally, based on the detailed analysis of the state-of-art and the perspectives of
FCET, a SWOT analysis was performed and is presented in Table 6. The strengths of the
FCET option include the high well-to-wheel efficiency and zero emissions. The fuel cell
option for HDV fully complies with the mid-term transition to renewably-based, zero
tailpipe emissions transport and may benefit from hydrogen demand in the passenger car
market and applications in industrial settings. A weakness of FCET is efficiency losses
due to hydrogen production and conditioning and the high current cost of fuel storage.
Among the threats is a delayed or constrained capacity build-up of renewable power and
electrolysis, slower-than-expected development of other markets, and correspondingly
decreased hydrogen demand, with cost development below the cost targets of fuel cells
and storage systems, and a non-uniform infrastructure build-up in Europe.
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Table 6. SWOT analysis for hydrogen fuel cells for heavy-duty transportation.

Strengths Weaknesses

High well-to-wheel efficiency
(second-best to battery-electric)

Efficiency losses from hydrogen production and processing
Moderate fuel energy density, partly compensated by higher powertrain

efficiency

Zero local emissions level More significant environmental impact based on present LCA
Total environmental performance is a function of fuel cycle performance

Compact powertrain and storage compared to battery-electric
alternatives High cost of fuel storage

Opportunities Threats

Allows for very low greenhouse gas emission levels in transport Delayed or constrained capacity build-up of renewable power and
electrolysis

Hydrogen provision may benefit from hydrogen demand in other
markets

Technology lock-in for BEVs due to the advanced state of battery
technology

Improved operating range compared to battery-electric trucks The development of other markets might not significantly increase
hydrogen demand

Available gas infrastructure could be switched to hydrogen transport Cost targets for fuel cells and storages may not be achieved
Inhomogeneous infrastructure build-up in Europe

5. Conclusions

This review analyzed various options for the future of freight transport. Firstly,
measures with high barriers for implementation were selected as the focus of this paper in
order to achieve a substantial effect for reducing emissions. Moreover, the analysis of key
figures for different truck classes revealed that over 95% of freight transport is performed
by 15% of the total vehicle inventory, namely semi-trailers and heavy-duty vehicles in the
class >12.5 t. Therefore, the focus of the analysis is on heavy-duty trucks instead of light-
duty ones. Afterwards, renewable diesel-like liquid fuels such as biofuels or electrofuels,
catenary systems, natural gas, DME, and hydrogen were reviewed as various alternative
options. The results of the literature review were evaluated in the corresponding SWOT
analyses. In order to visualize the main arguments of this review, the evaluation results
were listed in Figure 13 as pros and cons.

Using diesel-like renewable fuels in internal combustion engines can profit from
existing infrastructure, long mission range, and improved local emissions. In particular,
electrofuels offer a storage possibility for the volatile renewable electricity production and
support the building up of a renewable PTX economy. However, in order to produce these
fuels, an infrastructural investment for wind parks, electrolyzers, and fuel synthesis plants
is required. Moreover, the production costs are high.

Catenary systems are promising for achieving highly efficient, zero-emission transport
and offer the lowest carbon footprint by exclusively using renewable electricity. This option
also requires large investments in the infrastructure for building up catenary systems and
wind parks. Another challenge is electricity generation and transport in rural areas. A
limiting factor will be the lack of a widespread infrastructure in Europe, as the use of
trucks might be limited to countries like Germany where the catenary systems are installed.
Therefore, this technology can be beset by a low acceptance level. Moreover, competition
with railway transport could be critical.

Natural gas and DME trucks were analyzed in more depth herein for two reasons.
On the one hand, these fuels can also be produced from fossil routes; on the other, the
technologies are already available on a commercial scale in the case of natural gas, or can
be made available with slight modifications in the case of DME.

Natural gas trucks are already available today and this technology can offer a fast
transition to cleaner, renewable transport if methane is produced from renewable sources.
The use of LNG leads to a higher mission range. Although fuel costs are lower than those
of diesel, the cost advantage diminish switching to renewable methane and if the natural
gas taxation policy changes in the future. It must also be noted that the purchasing costs
of the vehicles are higher than their diesel counterpart. Despite the potential of reduced
greenhouse gas emissions, even when using fossil-based natural gas, increased emissions
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were observed during certain drive cycles in practice. Another critical aspect is the methane
slip in upstream processes due to methane’s high global warming potential.
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A detailed look at DME showed a similar picture to the general consideration of
renewable diesel-like liquid fuels. Thanks to its fuel properties being similar to those of
LPG, existing expertise and a modified infrastructure for LPG, it can be used for an initial
market introduction. An engine adaptation to DME has already been demonstrated and is
possible at a low incremental cost. Using DME on a renewable basis, the greenhouse gas
reduction potential is high, as it was in the case of the other electro- and biofuels. However,
it must be noted that DME requires proper additives and lubricants in order to ensure
reliable operation and to avoid additional emissions. A dedicated engine development
can exploit the full efficiency potential. Due to its storage in light pressurized form, a
larger and more complex tank than diesel is also required for DME. The higher production
costs for the promising power-to-fuel route are critical for the logistics sector, together
with the limited capacities for producing renewable DME and the lack of a widespread
infrastructure in Europe.

Finally, hydrogen offers the second best well-to-wheel efficiency, following battery-
electric drive trains, and a more compact solution for heavy-duty applications than the
battery option. These are critical advantages for the logistics sector and result in lower
fuel costs and only slight penalties in freight weight. It enables zero emission at the local
level and improved mileage compared to battery-electric trucks. Efficiency losses during
hydrogen production and processing, its moderate fuel energy density, and the high cost
of storage are some important aspects to be considered. Since the first generation fuel cell
electric trucks for heavy-duty application are only now being introduced to the market,
this new technology might require one to two technological generations to achieve true
market readiness. The capacity build-up of wind parks and electrolyzers is an important
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prerequisite for the broad implementation of this technology. Further treats to be considered
are the ambitious cost targets for fuel cells and hydrogen storage, and the inhomogeneous
infrastructure development in Europe, which may be critical to fleet operators.

Comparing the analyzed infrastructure costs for fueling stations of €20–40 bn for a
complete shift to hydrogen-based drive systems for FCEVs and FCETs, and €55–66 bn for
local hydrogen production, with the announced funding of €4.1 bn for a future infrastruc-
ture, including battery loading, a catenary system, and hydrogen fueling stations, and
€1.3 bn for e-fuel and hydrogen production offers a fairly large gap; see also Daum [220]
for the German National Organization for Hydrogen (NOW). Even the set-up of an infras-
tructure for catenary systems for FCETs was approximated at €8–10 bn. It is obvious that
the ramp-up of new drivetrain technologies and corresponding infrastructure is a great
challenge, but is of decisive importance for a successful energy transition in transportation.

6. Summary and Outlook

This review highlighted the importance of having competing solutions. The future
role of catenary systems, fuel cell drivetrains, liquid electrofuels, natural gas, and DME in
freight transport cannot be predicted. Political conditions may also change and, finally, the
market will decide the relevance of the options considered. The identification of research
gaps opens up room for further research on next-generation solutions or the optimization
of selected technologies. The effects of the different options regarding local emissions
is the theme of ongoing investigations. Future capacity models combined with scenario
development simulations are useful tools for analyzing the market share potentials of
various options. It must also be noted that sector coupling between energy production,
transportation, and industry will have a decisive impact on the preferred routes. Only a
holistic approach will therefore be able to advance relevant recommendations.
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Appendix A. Further Options for Future Heavy-Duty Transportation

Appendix A.1. Hydrogen-Fueled ICEs for Heavy-Duty Vehicles

The use of hydrogen in combustion engines is not included in the main part of this
analysis. Schwaderlapp [31] reported on the new development of a 180 kW engine from
Deutz, but hardly any information is available about these developments. Research and
development activities are ongoing and are foreseen in new research funding projects. As
a cornerstone for a future analysis, first data are presented in this appendix.
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Appendix A.1.1. Motivation for Using Hydrogen in ICEs for Heavy-Duty Transport

In addition to the fuel cell, hydrogen can also be used in combustion engines. This
approach is based on the assumption that a hydrogen combustion engine is significantly
cheaper to purchase than a fuel cell drive system. Many advantages and disadvantages are
addressed in the same way by both systems.

Appendix A.1.2. Engine Technology and Vehicle Availability

Boretti [221] subdivides hydrogen ICE engines into pre 2009 and present engine
concepts. Reviewing existing literature, Boretti [221] concludes that direct injection en-
gines were a subject of the research at that time with the BMW Hydrogen 7 [222] being
the most promising production level hydrogen car ever built. However, Boretti [221]
states that positive ignition compression ignition engines, combining spark ignition with
diesel combustion concept, were also investigated at that time, offering higher efficiencies.
Boretti [221] claimed that, with BMW ending their research (most likely caused by a boycott
of the policymakers), the car industry lost interest in hydrogen combustion vehicles. Cur-
rent and latest research activities were subdivided by Boretti [221] into positive ignition (PI)
premixed, compression ignition (CI) diffusion, CI/PI hybrid and dual-fuel LNG engines.
Boretti [221] ends his review with the statement that hydrogen operation in a CI engine
is still difficult, while dual-fuel operation with diesel is much simpler. Boretti [221] also
reports that hydrogen CI engines allow peak efficiencies of about 50%. Most promising
for single fuel operation are positive ignition engines based on the concepts from direct
ignition and jet ignition [221], which are already used in racing. Another promising option
is PI direct injection (DI) jet ignition (JI) engines, which could qualify as zero-emission
vehicles, if the NOx-emissions are handled in an exhaust after-treatment system [221].

Akal et al. [223] reviewed research activities in terms of the utilization of hydrogen in
gasoline, diesel and LPG combustion engines. They conclude that, based on the reviewed
research studies and due to the high self-ignition temperature of hydrogen, gasoline
engines, for example spark-ignition engines, are more appropriate for the combustion
of hydrogen [223]. The spark-ignition also benefits in terms of fuel consumption and
performance. Akal, Öztuna and Büyükakın [223] state that, due to the high ignition
temperature of hydrogen, it is not suitable for direct use in diesel engines. Caused by this,
many of the reviewed literature studies from Akal, Öztuna and Büyükakın [223] used
different methods to introduce hydrogen in the cylinder. Akal, Öztuna and Büyükakın [223]
concluded, that the majority of the studies observed a reduction of harmful emissions and
fuel consumption using hydrogen in the internal combustion engine. Another concept is
blending CNG with 20–30% hydrogen as hydrogen enriched compressed natural gas [224].
Wind [225] compares fuel-cell electric vehicles with H2-ICE vehicles. H2-ICE vehicles needs
less technological effort to be developed, because the drive train is very similar to those of
the conventional powered car. However, H2-ICE vehicles suffer from low tank-to-wheel
efficiencies, which are comparable to the conventional counterparts [225]. In contrast,
the drive train of a fuel-cell electric vehicle is much more complex but the tank-to-wheel
efficiency is twice as much as the one from ICE-vehicles and therefore enables larger driving
ranges [225].

Chintala and Subramanian [226] showed in their review that hydrogen is also used in
compression ignition engines in dual-fuel operation up to 25%. Using hydrogen in dual-
fuel operation will lead to no throttling losses, improved fuel economy, improved thermal
efficiency and decreasing emissions [226]. Hydrogen cannot be used in a conventional CI
engine caused by its low cetane number and the autoignition temperature emissions [226].
Boretti [221] states, that hydrogen combustion is only difficult in CI engines.

The KEYOU GmbH is developing a hydrogen combustion truck based on the hydro-
gen engine DEUTZ TCD 7.8 [227]. The DEUTZ TCD 7.8 engine is originally a diesel engine
but with an additional hydrogen ignition system.
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Appendix A.1.3. Greenhouse Gas Reduction Potential

See Section 4.5.3 on hydrogen based FCET.

Appendix A.1.4. Emission Behavior

In the vehicle concept of KEYOU GmbH and DEUTZ, an exhaust gas recirculation
system as well as a selective catalytic reduction system are used for exhaust treatment.
They state a reduction of 91% NOx, 80% PM, 94% HC and 99% for CO for a 18 t truck in
comparison with a EURO VI diesel truck [227]. These reduction stick to fit to experiments
from Heffel [228], who applied exhaust gas recirculation and a three-way catalytic converter
to reach a strong reduction of NOx from a hydrogen engine.

Higher NOx emissions were observed in a spark ignition engine using a hydrogen-
CNG blend due to higher temperatures in the flame zone and a consequent formation
of thermal NOx, especially under high loads [229]. Mathai, Malhotra, Subramanian and
Das [229] also reported a decreasing brake-specific fuel consumption as well as decreasing
HC and CO emissions using a hydrogen-CNG blend in a spark ignition engine.

Dimitriou and Tsujimura [230] reviewed the utilization of hydrogen as CI engine fuel.
Based on the reviewed literature, they conclude a reduction of HC, CO and smoke up to
50% under optimum conditions. Hydrogen combustion in the CI engine leads to higher
NOx formation, caused by a higher energy content and consequently higher in-cylinder
temperatures [230]. Applying exhaust gas recirculation can reduce the NOx formation,
but leads to higher smoke, HC and CO emissions caused by lower oxygen content in the
cylinder chambers [230].

Appendix A.1.5. Infrastructure

See Section 4.5.5 on hydrogen based FCET.

Appendix A.1.6. Economic Considerations

The techno-economic boundary conditions for the operation of a truck with hydrogen
as fuel for use in an internal combustion engine depend only on the production costs of
diesel and hydrogen with the same efficiency in the engine. With an assumed production
cost of approx. 0.6 €/L diesel, these must reach 2 €/kg hydrogen in order to be comparable.
Due to the significantly better efficiency—almost twice as high—for fuel cell drives, the
threshold value is 3.5—4 €/kg H2. For both drive systems, investment in a suitable
infrastructure is required additionally. The acquisition costs for a fuel cell drive system are
estimated to be significantly higher.

Appendix A.1.7. SWOT Analysis

Finally, based on the detailed analysis of the state-of-art and the perspectives of
hydrogen-driven ICEs, a SWOT analysis was performed and is presented in Table A1.
The strengths of the ICE/H2 option include the high well-to-tank efficiency, no particle
emissions and low development cost. Weaknesses of this solution are efficiency losses
due to hydrogen production and conditioning and the high current cost of fuel storage.
Opportunities and threats of both options—hydrogen in ICE or FCET—are nearly the same.
Additionally, a visualization was also worked out in Figure A1.
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Table A1. SWOT analysis for hydrogen fueled ICEs for heavy-duty transportation.

Strengths Weaknesses

High well-to-tank efficiency Efficiency losses from hydrogen production and processing
Moderate fuel energy density

No particle matter emissions Low tank-to-wheel efficiency
Low developing effort High cost of fuel storage

Opportunities Threats

Allows for very low greenhouse gas emission levels in transport Delayed or constrained capacity build-up of renewable power and
electrolysis

Hydrogen provision may benefit from hydrogen demand in other
markets

Technology lock-in for BEVs due to the advanced state of battery
technology

Improved operating range compared to battery-electric trucks The development of other markets might not significantly increase
hydrogen demand

Available gas infrastructure could be switched to hydrogen transport Inhomogeneous infrastructure build-up in Europe
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