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Abstract: Due to the ambitious climate protection
targets of the ‘Paris Agreement’ (2050) and China (2060)
and the pursuit of energy independency, an increased
technology-independent research and development of
energy efficient and CO, neutralization methods is
needed"”. Basically, there are three main powertrain
concepts for vehicles available: battery electric drive, fuel
cell powered electrical drive, and CO, neutral sustainable
synthetic fuel powered combustion engines. A simplified
subsumption of efficiency factors along the process chain
from cradle to grave as decision factor does not reflect the
most efficient reduction of CO, emissions and reduction of
fossil energy demand over the timeline. Due to regional
limited availability of renewable energy compared to
necessary energy supply, a lot of technical and
infrastructural problems must be solved in a cost-efficient
way in order to enable this large-scale substitution of
fossil energy. In addition to the direct use of renewable
electricity, green hydrogen and derived synthetic fuels are
unique enablers to accelerate the substitution of fossil
energy significantly. Synthetic fuels can be implemented
short-term and worldwide for the whole existing vehicle
fleet (approx. 1, 2 billion vehicles) by utilization of the
installed energy logistics. The "drop-in" rate can be
successively increased (blending of gasoline, diesel, or
natural gas) until complete substitution by green
hydrogen, synthetic fuels, or direct use of electricity. This
paper is presenting both hydrogen powertrains (H,
combustion engine and fuel cell powertrain) and synthetic

fuels, and technical solutions therefor.
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Considering the global targets for limiting
environmental impacts in the transportation sector,
there are three possible paths for powertrain
developments, which, within those three synthetic
fuels in particular permit a rapid reduction in
greenhouse gas emissions with an "overnight effect".
The infrastructure and logistics are in place, as they
The

adaptation of the existing internal combustion engine

are the same that function for fossil fuels.

(ICE) technology is not necessary since most
vehicles are capable of using synthetic fuels. At the
same time, besides passenger cars, synthetic fuels
and hydrogen offer a great potential for all parts of the
transportation sector and beyond such as aviation,
marine, and agriculture.

While the share of battery electric vehicles will
increase in the future, it will take time for a significant
replacement of the vehicle fleet and accordingly the
environmental benefits of these vehicles to arrive.
But on a global scale, synthetic fuels offer an
environmental optimization of approximately 1.2
billion vehicles”. Considering the further increase of
global CO, emissions as shown in Fig. 1, it is
important to use all possible solutions that can mean a
fast and strong decrease in the future, to give other
technologies like electromobility more time to build

up and establish themselves.

Others
35000

Fishing
30 000

Agriculture
25000

Commercial and

public services

2
0000 Residential

15000 Transport

10 000 = ndustry

GG-emissions (Mt CO,)

®mOther energy

5000 industries

® Electricity and heat
producers

0
1990 1995 2000 2005 2010 2015 2018

Fig.1 Worldwide CO, emissions sorted by sector”

Besides the important drop-in  property of
synthetic fuels, a certain share is possible via blending
with other fuels - within the applicable fuel
regulations. Which in turn increases the potential for

mitigating the environmental impact of the global

vehicle fleet. This development is beneficial for a co-
evolution of powertrain and fuel technologies with the
goal of creating a dedicated synthetic fuel engine,
with a higher efficiency and a low-level emission
behavior.
This paper 1s intended to provide a rough
overview of the properties, potentials, and
Thus,
production paths are presented and synergies to other
which
After

important properties of synthetic fuels and the

technologies for synthetic fuels. basic

sectors 1s mentioned, show a similar

dependence on fuels. describing  some
applications of drop-in capable and non-drop-in
capable synthetic fuels, different potentials and
technologies are discussed. On the one hand, the
state of research and the expected development of
dedicated hydrogen and methanol ICE are explained.
On the other hand, the preceding development of fuel
cells and biogas ICEs are also discussed. Finally,

special synthetic fuels are briefly addressed.

1 Energy carriers of the future

A brief and small introduction to synthetic fuels
is provided. In addition to the basic production
methods, a few important properties and their
potential for the existing fleet are also discussed.

1.1 Production pathways

The basis for synthetic fuels is hydrogen. Green
production via solar and wind power enables three
further  conversion technologies:  power-to-gas,
power-to-chem and power-to-liquid (see in Fig. 2).

Two main pathways are viable for these
While  the

pathway makes easy transport and reconversion of

conversion  technologies. ammonia
hydrogen possible, the methanol pathway covers
more of the conversion technologies, which in turn
satisfies the needs of multiple industries and sectors.
For drop-in capable synthetic fuels, the Fischer-
Tropsch process is essential, as it allows the
production of fuels such as gasoline, diesel, and
kerosene without a relevant difference from their
fossil counterparts. In the long term, dedicated

synthetic fuel engines will allow this process to be
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skipped by using methanol and hydrogen directly.
Given this perspective, the methanol pathway is
important for the transportation sector in both the
short and long term, not only because it saturates the
need for drop-in capable and other synthetic fuels, but
also because it makes synergies with other industries
possible by overlapping power-to-chem and power-to-
liquid technologies. For other sectors, such as the
chemical industry, an increase in the share of
synthetic fuels is as important as that for the transport
Methanol,

particular are essential base chemicals for a huge

sector. ammonia, and hydrogen in

number of products. These three chemicals are
currently equally dependent on fossil fuels. This co-
results in cross-sector

dependency long-lasting

synergies. Dedicated synthetic fuel engines can
maximize these synergies. As an example, methanol
can be used as a base chemical and as a fuel for ICE,
which in turn reduces the number of conversions for
drop-in capable fuels and increases overall efficiency,
and furthermore, decreases overall costs. This can
further simplify the portfolio of synthetic fuels and

increase the capability for mass production.
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Fig.2 Production Pathways of synthetic fuels™
1.2 Relevant properties for internal combustion

engines

Like fossil fuels, synthetic fuels also have a
variety of properties. Herein, only a few important
ones are briefly addressed. For instance, the energy
density always plays an important role in the context
of the ICEs.

In terms of weight, this is particularly high for
hydrogen, while in terms of volume, diesel, gasoline

and, following closely behind, methanol, dimethyl

ether (DME), and ammonia have a major advantage
as shown in Fig. 3. However as seen in Fig. 4, an
important point is also the ignition readiness, where

ammonia requires a higher energy input of more than

10 times.
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Fig.4 Ignition energy for synthetic fuels

The following Tab. 1 shows other relevant
properties. As local zero-emission becomes more of a
priority, this issue can be addressed with hydrogen
and ammonia in addition to electric mobility, as these
fuels have no carbon atoms.
1.3 Fields of application

Fossil fuels are used in all areas of the
transportation sector. The task of synthetic fuels and
hydrogen is to cover all these applications both in the
short and long term. For this, synthetic gasoline,
diesel, and kerosene are indispensable, at least in the
short term. In the future, the application fields could
only be supported by methanol and hydrogen. With
one exception for small vehicles, this application is
perfectly tailored to battery electric vehicles by
satisfying most, if not all, user needs.

At the same time, it must be noted that certain

applications in the future can only be met by synthetic
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Tab.1 Properties of different synthetic fuels
Propert Hydrogen Ammonia Methanol DME Gasoline Diesel
perty (H,) (NH,) (CH,OH) (C,H,0) (C,H,.) (CLH,,)
ny/ne zero Carbon zero Carbon 4.00/1.00 3.00/1.00 2.12/1.00 1.90/1. 00
Boiling point/°C —253 —33 65 —24 70-215 170-360
Density (liquid)/(kg/m?) 71 (@ —253°C) 682 (@ —33°C) 792 740 (@ 24°C) 730-780 820-860
Density/ (kg/m?) 0.08 0.77 — 2.11 — —
Ignition point/°C 585 630 460 240 220-450 230
Ignition limits in air/ 4.0-76.0; 15.4-33.6; 6.7-36.0; 2.8-24.4; 1.0-7.6; 0.6-5.5;
(Vol%; 1) 0.4-7.3 0.6-1.4 0.3-1.8 0.3-2.3 0.3-1.9 0.2-1.9
Stoichio-metric air requirement/
(kg/kgs kg/MJ) 34.3; 0. 286 6.1;0.324 6.5; 0. 326 9.1; 0.330 14.7; 0. 359 14.5; 0. 339
Mixture heat value (PF1)/ 3.19 3.11 3.95 3.68 3.66 3.83
(MJem ™)
Mixture heat value (DI) / 4.54 3.96 3.95 3.93 3.66 3.83
(MJm )
RON 130 130 106-119 — 87-102 —
CN — — — =>55 — 48-54

fuels, especially with regard to heavy loads, long
ranges and generally high energy needs, such as
A general

shipping, aviation and agriculture.

overview of applications is seen in Fig. 5.

Energy source

Fig.5 Fields of application for different synthetic fuels

1.4 CO, impact by accelerated and increased
synthetic fuel ratio (EU)

The European passenger car fleet development
will serve as an example. Various OEM data were
used as a basis for this scenario. l.ooking at the CO,
emissions of the entire fleet, even with a larger share
of electric vehicles, an increase in greenhouse gas
emissions can be expected by 2035. This is also
based on the fact that liquid fuel vehicles will still
account for the largest share of vehicles in 2035 and
that electricity production in Europe will not yet be
based solely on renewable energies. At the same
time, it is important to mention that tank-to-wheel
(TtW) CO, emissions will decrease by about 10% in

2035 compared to 2020, due to the increase in the
share of electric vehicles.

The right-hand side of Fig. 6 shows the impact
of synthetic fuels for the same car population ramp-
up. An increase in synthetic fuels of up to 30% by
2025 and up to 50% by 2030 was assumed. While
this change has no impact on the production of the
vehicle, fuels or electricity, there is a significant
elimination of CO, emissions in the operation of the
vehicles. In order to meet global and local climate
targets, synthetic fuels will be able to make a major
contribution. Further information on this scenario can
be obtained from reference [9] and [ 10].

£7 e Cytie SHG Emissions Veicle Fieet - ABsolute fiaures - AW ser Life Cyclo GHG Emissions Vehicle Flest - Absoluta figuras - AW

“| Share of close to CO, neutral fusls
1 all ICE vahicles incl. HEV, PHEY

% - 30% until 2025

. *| Share of close to CO, neutral fuels
fo HEV, PHE'

% - 50% until 2030
50% umtil 2050

Fig.6 Development of European greenhouse gas
emissions of the existing passenger car fleet
under different ramp-up scenarios of synthetic
fuels™

2 Innovation of powertrain technology

For the existing fleet, drop-in capable fuels are
essential, as almost no effort is required to be able to

use them in existing vehicles. In the long term,
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taking into account the possible use of synergy effects
between different sectors, dedicated synthetic fuel
engines will be needed. Herein, some of the
technologies that are already available and the
research that is taking place within TAV and TU
Berlin are addressed.
2.1 Hydrogen internal combustion engines
Since hydrogen serves as the basis for almost all
synthetic fuels, it only makes sense to start by
looking at technologies that work with hydrogen.
Similar to gasoline engines, the hydrogen combustion
engine works either via port fuel injection or via direct
injection. The same advantages that direct injection
brings to the gasoline engine also apply to hydrogen.
Here, efficiencies of over 40% have been achieved on
current test engines, which is also due to the
possibility of very lean operation. However, by
CO,-free
operation is also possible with hydrogen in the TtW

eliminating the C atoms in the fuel,
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logic. In the future, further potential can be

exploited, and efficiency further increased by
changing other parameters, such as increasing the
compression ratio.  Efficiencies over 50% are
expected, as shown in Fig. 7.

A remaining task is to solve NO, emissions
during transient operation, which is also a result of a
lean combustion air ratio. Solutions here would be
the intelligent integration of  hybridization,
phlegmatization or electrification of the air path. In
addition to soot, however, NO, emissions are not as
relevant as with a diesel engine since basic conditions
- such as the necessary temperature - for the
generation of both emissions can be completely
avoided and emissions can be reduced to a minimum
Fig.  8).

aftertreatment systems simplify to fewer components.

(see Accordingly, any  exhaust
At the same time, emissions are many times smaller

within current certification cycles, as seen in Fig. 9.
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Additional research, for example, is the (MEA)), as well as developing intelligent operating
improvement of injectors for operation with  strategies. The development of the efficiency is

hydrogen. As such, in Fig. 10 different profiles are
used to adapt the injection depth and distribution to
Additional
these technologies can be obtained from references
(8], [9], [13], and [14].

hydrogen combustion. information on

Fig.10 Injection profiles for different injectors

and hydrogen in nitrogen"”

2.2 Hydrogen PEM fuel cell

The second way to use hydrogen in vehicles is to
implement a fuel cell. Although there are only a few
units of this technology, various vehicles are available
on the market. An important advantage over the
internal combustion engine is the slightly higher
efficiency and the complete absence of emissions.
Tasks such as exhaust gas aftertreatment are
completely eliminated. Among the challenges are
improving the durability and reducing the cost of the
system. However, the latter will be further reduced
in the future with an increase in production capacities.
With the expansion of the hydrogen infrastructure,
the usability of both the fuel cell vehicle and the
hydrogen combustion engine will also increase.

Ongoing research is improving stack design

expected to be well over 55% in the future (see Fig.
11). More information on these topics can be found
on references [ 18] and [ 19].
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Fig.11 Development of fuel cell system efficiency

2.3 Methanol internal combustion engine

A basic element of several industries and sectors 1s
methanol. The use of methanol in combustion engines
has already been successfully demonstrated in several
vehicles and prototypes. A green production of hydrogen
as a base allows also with this fuel a balance towards
zero emissions in the well-to-wheel (WtW) logic.

Excellent properties for combustion, such as
very high knock resistance, makes it possible for the
combustion engine to operate very efficiently even
without complex technologies, which in turn can lead
to a possible simplification of the overall system and,
accordingly, to cost savings. At the same time, as
can be seen in Tab. 2, CO, emissions per gFuel are a
factor greater than two lower than diesel or gasoline.
However, the smaller volumetric and gravimetric
energy density in relation to diesel and gasoline leads
to the need for a larger tank in order to be able to

maintain identical ranges and, accordingly, also to a

(such as  the  membrane-electrode-assembly  significantly higher mass flow.
Tab.2 Properties of methanol compared to other fuels
Property Diesel (C,H,,) Gasoline (C;H,;) Methane (CH,) Methanol (CH,OH)
gCO,/gFuel 3,175 3,043 2,75 1,375
gCO,/MJ 75,601 73,039 55 69,095
gH,0/gFuel 1,206 1,206 2,25 1,125
gH,O/MJ 28,718 28,960 45 56,532
MHV/(MJ/kg) 2,689 2,769 2,733 2,659
RON 30 91 --- 102 130 109 --- 115

Evap. Enth. /(kJ/kg) Ca. 350 Ca. 350 - 1110

Flame speed/(m/s) 0,5 0,3 0,4 0,5
Ad. Flame temp. /°C 2650 2300 2250 2200
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Other challenges are corrosion and the high
evaporation enthalpy. A blending rate of methanol
with other fuels is possible in principle but must be
matched to the materials used in the injection system.
Modern materials can counteract this completely.
The high evaporation enthalpy, in turn, leads to
difficulties, especially in cold starts. However,
technologies such as prechamber ignition can also
solve these problems. The implementation of such
technologies in the future can result in significant
efficiency gains. As such methanol is a great fuel for
ICE’ s, it will make a peak efficiency of up to
approximately 50% possible in brake thermal

efficiency (BTE )in the future, as seen in Fig. 12.
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Fig.12 Development of methanol ICE efficiency

2.4 Dedicated (Bio— ) methane internal combustion
engine
Methane is a common fuel in the field of internal
Named manufacturers have
The

advantages are also present in current vehicles, as

combustion engines.
many vehicle variants in their portfolio.
current models are considered to be very fuel-
efficient. With biomethane, it is also possible to
design this technology with low CO, emissions. The
fundamental advantage is the independence from
renewable energies and accordingly the further
exploitation of other methods to reduce global CO,
emissions.

With today’s methods, dedicated biomethane

vehicles are among the more efficient methods of

mobility, as seen in Fig. 13. As such, biomethane is
a very suitable fuel for long-distance applications due

to both its high efficiency and low emissions.

Energy Conversion Transport Driving (TtW) Total
&Filling
100% Renew Eiectrciy m
100 % 95 %
85
Etectrolysis
. 3 27-33 %
64-77% 85 %
50 %
o 19-26 %

i Optionat
i 10%H;
60%CHs |

i >0 % CH,

(Biogas) >95 % 95 9

35-40 %
Fig.13 System efficiency of dedicated biomethane
vehicle compared to other technologies
Challenges here, however, are the use of
additional resources to produce the fuel, as well as
the issue of land use. However, with new methods
g >
gasification) , advanced biofuels can be produced even

for production (e. catalytic hydrothermal
now by using e. g. waste as a source.

The technological level of the engines is
currently already at a very high level. Topics such as
cold start and further efficiency improvements through
engine design measures are being investigated. Here,
too, prechamber ignition is a solution for the former.
Other solutions include the implementation of an
electric turbocharger, as well as a better heat
management. Further information on these topics can
be found from reference [ 15].

2.5 DME internal combustion engine

As a fuel that can be produced in the methanol
route, DME can replace many applications that are
currently diesel-based. The high oxygen content and
other combustion characteristics allow furthermore
virtually soot-free operation.

Compared to diesel, the energy density of DME
is lower, but still within an acceptable range. The

cetane number is nearly equivalent, as seen in Tab. 3.

Tab.3 Properties of DME compared to diesel

. e _— Density (15°C)/ Oxygen content/  Lower heating value/
Property Boiling point/°C Cetane number (kg/m?) (% m/m) (MJ/kg)
ENS590 Diesel 180-350 51-54 830 <1 43.0
DME —25 55-60 670 35 28.4
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Since it is a green production, DME can achieve
a CO2 reduction of up to 95% compared to current
diesel fuel (see Fig. 14). Current challenges in this
drive concept are played by the injection system,
since higher mass flows are needed and the lubricity
of the DME is very small. However, the injection
system can be adapted to address these issues. Other
solutions in this system reflect the simplified exhaust
gas aftertreatment. In addition to being soot-free,
NOx emissions are also significantly minimized.
Additional information on these technologies can be
obtained from references [20] and [21].

Well-to-wheel
(E-DME)

Soot NO, Cco,

Fig. 14 Emission reduction of DME in comparison

with diesel fuel in %

2.6 GANE fuel

GANE fuel is a patented mixture of DME,
methanol, water, and other additives. With this fuel,
it is possible to combine the advantages mentioned in
previous sections. An outstanding characteristic is the
very low emission of soot and NO,, as seen in
Fig. 15. The same challenges that pose to methanol
and DME also pose here. In order to be able to use
the GANE fuel optimally, the fuel system must be
adapted accordingly. Further information on the fuel

can be found in reference [22].

+NRTC +NRTC
mETC RETC
®WHTC *WHTC
*RMG NRSC RMC NRSC
+ESC +ESC
XWHSC WHSC

PM / (g/kWh)

GANE Fuel

(%ae)

NOx / (g/kWh)

Fig.15 Potential of GANE fuel compared to diesel

3 Summary and outlook

Battery electric vehicles are an important tool to
reduce TtW CO, emissions within the mobility
sector. However, without the required share of
locally available renewable energy, there is a risk of
missing the CO, targets. Simultaneously, there will
still be high investments to ensure the infrastructure
as well as the distribution of electricity.

An easier way will be to convert the produced
electricity on site to liquid or gaseous fuels, as it is
the case e. g., in the pilot projects Liquid Sunshine
[16] and Haru Oni [17]. The existing worldwide
infrastructure and logistics are already in place for this
and can be used in their entirety without any
adjustments. In this paper, different topics on
synthetic fuels were highlighted :

(1) Different production methods exist and differ
fundamentally under the ammonia and methanol
pathways. The advantage of the methanol pathway is
the large coverage of many conversion technologies
and the resulting synergy between the transport and
other sectors.

(2) Different synthetic fuels are required for
different applications, depending on their suitable
properties. Some areas of application in the future
will only be completely CO.-emission-free with
synthetic fuels, such as aviation.

(3) The introduction of synthetic fuels can bring
about a significant reduction in CO, emissions with an
overnight effect.

(4) A wide variety of technologies and fuels,
dedicated

synthetic fuel ICEs, and fuel cells are already under

from blending, drop-in capable fuels,

research and will make it possible for a further
significant leap in efficiency of ICEs with values
around 50%.

Different scenarios for the introduction and use
of synthetic fuels are possible as an admixture to fossil
The

integration of CO,-neutral fuels into the market can

fuels or even as an independent substitute.

support faster compliance with CO,targets in the long
term and generate a further time buffer for the ramp-

up of battery-electric vehicles. Of the 1.2 billion
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vehicles worldwide, the majority are capable of
running on drop-in capable synthetic fuels without
adaptation.

the

simultaneous development of battery-electric vehicles

However, technology openness, 1. e.,

and the ramp-up of CO,-free fuels, is an essential part
of meeting the global targets by 2045, 2050, or 2060.
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