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ABSTRACT

Hydrogen is a promising fuel to fulfil climate goals and future legislation requirements due to its
carbon-free property. Especially hydrogen fueled buses and heavy-duty vehicles (HDVs) strongly
move into the foreground. In contrast to the hydrogen-based fuel cell technology, which is already in
commercial use, vehicles with hydrogen internal combustion engines (H2-ICE) are also a currently
pursued field of research, representing a potentially holistic carbon-free drive train. Real applications
of H2-ICE vehicles are currently not known but can be expected, since their suitability is put to test in
a few insolated projects at this time. This paper provides a literature survey to reflect the current state
of H2-ICEs focused on city buses. An extended view to HDVs and fuel cell technology allows to
recognize trends in hydrogen transport sector, to identify further research potential and to derive useful
conclusion. In addition, within this paper we apply green MAGIC as a holistic approach and discuss
Well-to-Tank green hydrogen supply in relation to a H2-ICE city bus. Building on that, we introduce
the upcoming Hydrogen-bus project, where tests of H2-ICE buses in real driving mode are foreseen to
investigate Tank-to-Wheel.
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1. INTRODUCTION
1.1 Literature survey and background of this paper

This section reveals the requirement of decarbonization, seen as a key driver of hydrogen technology.
In this context we would like to discuss two aspects.

The first aspect relates to the relevance of road freight transport towards carbon-free technologies.
Driven by a global increasing demand for all fuels, global energy-related carbon dioxide (CO2)
emissions rose 1.7 % in 2018 to a historic high of 33.1 Gt CO2 (IEA, 2019). The transport sector as one
of the largest contributor accounts around 22 % of the global energy-related CO2-emissions (2015).
Within this sector, road freight transport is responsible for approximately 40 % and will continue to
increase (OECD/IEA, 2017). In the EU, on road CO2-emissions are predicted with 45 % to come from
HDVs in 2030 (Delago and Muncrief, 2016). It should be mentioned that CO2 is seen as the major
greenhouse gas (GHG) and receives most attention (Kluschke et al., 2019). In consequence of increasing
emission rates, the climate change scenario, which has been described as the biggest challenge of the
21st century, calls for action. In short: A rapid and significant reduction of GHG-emissions is elementary
required, in order to contain existing risks and keep impacts on natural and human systems as low as
possible (Pachauri and Mayer, 2015). Especially since the stock of heavy-duty vehicles (HDV) is almost
100 % based on diesel fuel at present, road freight activities play a major role regarding CO2-emissions
within transport sector. In Addition, the technical possible CO2 reduction potential of current diesel
technologies lies less than 15 % (Kluschke et al., 2019). Summarized there is an urgent need to push
carbon-low or carbon-zero drive trains for mobility applications (Lozanovski et al., 2018).

The second important aspect we would like to address are the political measures towards
decarbonization. Policy responses of many countries worldwide can already be identified by setting
both transnational and individual targets. The UN Conference of Parties (COP21) Paris agreement in
2015 provided the regulatory frame for a global movement away from fossil fuels towards low-carbon
technologies, where 195 UNFCCC participation member states agreed to achieve long-term GHG
emission reductions (United Nations, 2015). As a result, various Public Private Partnerships were
founded to bring forward mobile hydrogen applications. With respect to the implementation of
hydrogen fueled busses in Europe, exemplary projects are CHIC (2010-2016) and JIVE (ongoing)
(Hydrogen Europe, 2020). In addition, a recently announced ‘H2Bus’ consortium should be mentioned
aiming to deploy 1.000 FC electric buses within the EU in total and 600 vehicles due by 2023 (H2Bus,
2020). Another response of COP21 seen as a key driver in the realisation of sustainable mobile
applications are increasingly strict upcoming cross-country policies. For example, the amended Clean
Vehicle Directive (CVD) 2009/33/EG in the EU, which promotes sustainable road transport vehicles,
by setting fixed procurement rates for clean and emission-free vehicles (European Union, 2009). Last
but not least according to the literature reviewed the majority agree, that without further political
measures the development of H2 will be hampered and emissions will continue to rise (Ambel, 2017).

1.2 Hydrogen combustion technology versus counterparts

Hydrogen (H2) as a fuel is not new, but the development for use in a commercial transport system is
accelerating up to date. Hence, in the following section we clarify the status quo of H2-ICE
technology for buses in the foreground as well as HDVs and the much better known and much more
frequently used fuel cell technology (FC) representing the hydrogen-based counterpart.

More and more vehicle manufacturers see high potential in H2 fuel for mobile applications, reflected in
an increasing foundation of joint ventures and cooperations between OEMs and other associated
companies. For instance, the Volvo Group formed a joint venture with Daimler Truck AG to develop
and commercialize FC systems for HDVs and other applications (Eliasson and Martens, 2020). Another
example represents the Korean car manufacturer Hyundai, who recently brought in cooperation with H2
Energy the first fuel cell electric series truck on Swiss market into operation: The Hyundai Xcient FC
model (Hyundai, 2020). On the other hand, the EU-funded project ‘H2Haul’ aims to develop and deploy
long-haul heavy duty FC trucks at four European countries (H2Haul, 2020). Summed up, several H2
projects and applications exist, which differ in their level of maturity from pilots to commercial use. It
should be mentioned that all currently used H2 vehicles are based on fuel cells, showing that this is the
dominant technology in the hydrogen mobility sector.
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On the contrary, by now, a small number of manufacturers attempt to use hydrogen in internal
combustion engines, called H2-ICE. This means to use hydrogen similar to conventional fuels like
gasoline or diesel in combustion engines, with the main difference, that due to it’s carbon-free content
the hydrogen combustion process emits no CO2 emissions. NOx pollutants are the only exhaust gases
that can occur, but according to Korn and Volpert (2019) their concentration goes towards zero. Further
substantial arguments in favor of the H2-ICE technology are the use of existing manufacturing
structures, a high tolerance to hydrogen purities and a much more better cost situation compared to fuel
cells (Eichlseder et al., 2020). Real H2-ICE applications in daily operation are not known, neither from

HDVs nor from city buses. Studies or research results of H2-ICE — especially in terms of real data - are

thus limited but efforts are on the upswing, represented by only few insolated but noteworthy projects:

e MAN, a HDV-OEM hast just published their electric and hydrogen roadmap announcing that they
are testing both fuel cells and internal combustion engines (VW AG, 2020)

e MAN Truck & Bus, University Nuremberg-Erlangen (FAU) and University of Technology
Nuremberg (THN) have concluded a R&D cooperation agreement for hydrogen fuel cells and
combustion engines in trucks and buses (FAU, 2020)

e  Within the Hydrogen-bus project, an upcoming project that will be introduced here, the intention
is to test H2-ICE buses in real driving mode

As already stated, with H2-1CE and FC there are two types of hydrogen-based drive trains which should

not be confused, therefore, their operating principles will be introduced briefly. Both technologies have

in common to run on hydrogen as well as their package in terms of on-board storage and supply is

largely the same. The fundamental difference in between is the principle applied, as shown in Figure 1.

| H2-ICE |

Throttle valve

H,+20,=H,0 Warme

Figure 1. Comparison of H2-ICE (Koch et al., 2020) and H2-FC (Adolf et al., 2017)

H2-1CE vehicles are based on a conventional ICE as known from diesel or gasoline vehicles, means
four stroke cycle including 1% intake, 2" compression, 3" power and 4" exhaust. The result generated
by the hydrogen combustion process is mechanical work (Klell et al., 2018). Which engine concept the
most suitable for combustion to hydrogen constitutes, is currently being researched in various ways. At
the University of Technology Graz, a 2.0 series gasoline engine was modified for operation with
hydrogen and is tested with both external (PFI) as well as internal mixture formation with direct
injection (DI) (Eichlseder et al., 2020). Klepatz et al. (2019) compared efficiencies of H2- DI and H2-
MPI engines with a reference diesel engine and reveals risks and advantages of the investigation. The
authors pointed out that the injection has a huge significance of H2-ICE performances. A similar result
emerges from Yip et al. (2019) who compared different H2 injection and ignition methods and
concluded that H2-DI achieves high engine efficiencies combined with low emissions. Finally, Korn
and Volpert (2019) introduced a hybrid model by combination of two simple and well-known systems,
a H2-ICE and a 48 V electric motor. With this new hybrid drive train, they eliminated the
disadvantages of each technology and created a propulsion system that seems to be suitable for heavy-
duty urban vehicles. Besides the use of pure hydrogen in ICEs, hydrogen blended fuels were also
proven for reducing CO2-emissions. For instance, El Hannach et al. (2019) analysed a diesel-H2 mix,
while Gupta et al. (2020) assessed a CNG-H2 blend. These applications are more seen as short-term or
temporary solution supporting up to a consistent hydrogen economy, as the advantage of CO2-free
combustion is no longer given due to mixing. A fuel cell on the contrary is a device that converts
chemical bounded energy of the fuel (H2) with the use of oxygen gas (02) directly into electrical
energy. The generated electricity is essentially provided to power vehicle electric motors, to charge the
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energy storage system and to support auxiliary loads. The only products beside electricity are water
and heat. For road transport applications including HDVsand buses, the FC type PEMFC (Proton
exchange membrane) is the consensus choice and the most common one (Reich and Reppich, 2018).
While comparing efficiency between H2-ICE and FCtechnology we can assert significant benefit in
favor of the latter. According to Wietschel et al. (2016) currently used FC achieve efficiency between
45 % and 59 %. These efficiency benefits of FC have been confirmed by Reuter et al. (2017) in
context of buses, resulting in obvious lower H2 fuel consumptions. Figure 2 presents an overview with
respect to WtT, TtW and WtW efficiencies of H2- ICE, FC and diesel technology. The real impact of
the reduced H2-ICE efficiency on H2 fuel consumption would have to be investigated in practical
driving conditions, as for H2-ICE buses or HDVs meaningful data aren’t existent at this time. On the
other hand, the widespread market penetration of fuel cell technology is being inhibited particularly
because of their above-average costs, mostly assessed as TCOs (Gnann et al., 2017) whereas H2-ICEs
achieve advantages (Eichlseder et al., 2020).

N-WTT (Fuel) X N-TTW (Vehicle) = 1-WTW (Mobility)

H2 + ICE > > 43-58%! > 40%? B 1723%
NG based

H2 + FCEV S > 43-58%! S > 4559% TS > 19.34%
NG based

Diesel ICE 84%' > > 19-22%! 16-18%
Crude oil based

Figure 2. Efficiency cham of H2-ICE, FC and diesel ICE technologies (European Union,
2014) (Koch et al., 2020) (Wietschel et al., 2016)

Besides hydrogen fuel, intensive research has also been done on several other ‘carbon-reduced’ or
‘carbon-free’ forms of propulsion, summarized as alternative fuels and powertrains (AFP). As this
paper is less a benchmark, we just mention most important AFP which can be subdivided according
to Kluschke et al. (2019) as follows:

e alternative fuels include six different types of fuel (LPG, LNG, CNG, eMET, eSYN, BIO)

e  powertrain contains four electrified powertrains (CAT, BEV, HYB + FC)

1.3 Contribution of this work

In this paper we would like to address the quality and quantity of H2-ICE technology applied in city buses
by means of a holistic method. In addition, we are going to implement the impacts of green hydrogen. For
this reason, we chose green MAGIC approach by Salehi (2020) as the overall framework. An extended
view to trucks and fuel cells allows us to recognize trends in H2 transport sector, to identify further research
potential and to derive advantageous conclusion for Hydrogen-bus project.

1.4 Application of green MAGIC approach

Applied green MAGIC as seen in Figure 3 represents an adopted approach of the Munich Agile MBSE
Concept (MAGIC) of Salehi and Wang (2019). Green MAGIC integrate the holistic Well-to-Wheel
chain where we identify six fundamental steps comprising 1) Source of Hydrogen, 2) Energy Production,
3) Conversion, 4) Storage & Transport, 5) Fueling & Application and 6) Further Usage.

The reason for the application of Munich Agile Concept is the holistic consideration of the so called
Well-To-Wheel (WTW) and Tank-To-Wheel (TTW) in an Closed Loop cycle Approach. Furthermore,
the by means of the green MAGIC Approaches it is possible to use this kind of sustainability aspects
in a systematic and formalized way to define the requirements, functions, architecture and the
validation phase of such end-to-end assessment of sustainability. Furthermore, the research question
was if it is possible to adopt approaches from Munich Agile Concept to go through the entire process
of WTW and TTW consideration. The following paper wanted also to carry out result if Systems
Engineering Approaches could help to get a better understanding of such sustainability aspect like
WTW and TTW which are implemented in other domains.
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Figure 3. Green MAGIC approach (Salehi, 2020)

Common methodologies applied to this kind of analyse are usually known as Well-to-Wheel (WtW)
approaches, but many of them lack the infinity idea. Especially when dealing with hydrogen, which is
more an energy carrier than only a fuel, precisely these implemented feedback loops are declared
necessary. Within green MAGIC the two WtW pillars are identified as:
o  Well-to-Tank (WtT), represented by green MAGIC step 1 to 4, comprising all the processes from
primary sources transfered to the ready-to-use fuel
e  Tank-to-Wheel (TtW), represented by green MAGIC step 5 + 6, essentially related to vehicle
operation (Guandalini and Campanari, 2018)
In addition to WtW using for ecological analysis, Life Cycle Assessment (LCA) or ‘cradle-to-grave’ are
also frequently chosen methods. Lifecycle assessment or LCA (also known as life-cycle analysis) is a
methodology for assessing environmental impacts associated with all the stages of the life-cycle of a commercial
product, process, or service. For instance, in the case of a manufactured product, environmental impacts are
assessed from raw material extraction and processing (cradle), through the product's manufacture, distribution and
use, to the recycling or final disposal of the materials composing it (grave). In general, there are controversial
discussions about the clear definition of WtW and LCA, which are particularly about the limits of
consideration, called ‘system boundaries’.

2. GREEN MAGIC APPLIED ON A H2-ICE CITY BUS

This section introduces green MAGIC step 1 to 4 from Well to Tank. We go into each step, describe the
most important issues and point out which influences arise on a H2-ICE city bus. The pending Tank-to-
Wheel investigation, represented by green MAGIC step 5 and 6, will be object of the upcoming
Hydrogen-bus project, where we intend to involve real, practical data. It should be mentioned that the
combination of individual steps below is complex and lead to a variety of possible pathways. We
concentrate exclusively on our focus. The same applies to all the papers reviewed, considering certain
paths, which differ in their quantity and depth and have been selected based on their respective objects of
investigation.

2.1 Step 1: Source of Hydrogen

Since H2 does not occur naturally in its pure form, it must be produced using energy. Various processes
are applied for this purpose, using different primary energy carriers and hydrogen compounds, which can
be evaluated by eighter efficiency or CO2 emissions. The first options covering about 95 % of
worldwide’s H2 production are large-scaling conventional procedures based on fossil hydrocarbons.
Thereof, steam methane reforming (SMR) represents the most common and most economical one. Other
noteworthy conventional methods are auto-thermal reforming, partial oxidation and coal gasification.
They all have in common to achieve high efficiency (70-80 %), but on the other hand they are
increasingly critical due to large amounts of CO2 associated. A second option represents electrolysis of
water by means of electricity, which currently covers about 5 % of worldwide’s H2 production. In terms
of CO2 emissions, the source of electricity is the elementary factor. Since water electrolysis based on
renewable energies is considered as the potentially only commercial method to produce ‘green’
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hydrogen, we will discuss this path further in green MAGIC step 2 and 3. Both conventional processes
and electrolysis are specially developed for the H2 production and make up a share of together 60 % of
H2 usage. The other 40 % of used H2 emerges as a by-product of industrial processes, mostly from
chlorine-alkali electrolysis, representing the third H2 source. In terms of CO2 pollution, the decisive
factor of by-product H2 is how the emissions generated are distributed proportionally among the end
products, which may cause the values to differ. As a fourth option we define carbon-reduced strategies
based on fossil sources, known as CCS: ‘carbon capture and sequestration’ (Klell et al., 2018).
According to Topler and Lehmann (2017) there are possible CO2 separation rates between 50 up to 90
%, while costs behave analogously. As fifth option we mention direct thermal cracking of fossil
hydrocarbons which can produce H2 without CO2, but due to high temperatures needed the energy input
is large and the H2 yield relatively low. Most recently there are options like biomass gasification,
biological procedures using algae and photochemical procedures, for instance, which are still in
conception stage and thus no longer considered. Beside all H2 sources discussed above, there is also to
clarify, weather if H2 is produced on-site at refueling station or off-site in central plants (Klell et al.,
2018). By using the latter, transport is needed which will be further discussed in green MAGIC step 4.

2.2 Step 2: Energy Production

As just mentioned, water electrolysis represents the only opportunity for generating commercial ‘green’
hydrogen. At this juncture the source of electricity is fundamental, which determines the CO2 content.
Based on green MAGIC we consider two options of energy supply, comprising 1) constant electricity
from grid mix and 2) electricity from fluctuating renewable energy sources, e.g. wind, solar and
hydropower energy. In case of electrolysis using grid mix electricity, CO2 emissions depend on the share
of renewable energies within the mix. Even if renewable shares increase annually (EUROSTAT, 2020),
large emissions remain which categorizes grid H2 as ‘grey’. Considering water electrolysis using
exclusively renewable excess energy, the procedure as well as the generated ‘green’ H2 are evaluated by
zero-emission, which is evaluated as the current only option to produce carbon-free H2 in usable
guantities (Topler and Lehmann, 2017). Apart from the elementary difference in terms of CO2
emissions, ‘green’ H2 is about 1,5 — 4 €/kg more expensive than ‘grey’ H2 (EMCEL, 2019). This
relatively poor economic performance is seen as a large challenge and will affect the Hydrogen-bus
project as well (Klell et al., 2018).

2.3 Step 3: Conversion

As green MACIC step 1 defined the source of H2 (e.g. electrolysis) and step 2 the energy origin (e.g.
renewable electricity), step 3 deals with the conversion. Choosing the pathway ‘water electrolysis with
renewable excess energy’ to generate green H2, these conversion processes are often summarized as
Power-to-Gas (PtG), Power-to-Hydrogen or according to the type of renewable electricity supply, e.g. as
Wind-to-Hydrogen (w2h). Within the electrolysis, there are numerous types which differ mainly between
the electrolyte used. Noteworthy processes are alkaline (AEL), polymer electrolyte membrane (PEMEL)
and high-temperature electrolysis (HTEL). It should be noted that AEL is already for a long time in
commercial use and represents the most common form worldwide. In addition, PEMEL is regarded as a
hope which offers cost saving potentials due to its simple construction and its higher achievable current
densities. As none of them emit emissions, efficiency can be the parameter for evaluation whereof all
three mentioned variants can achieve 80 % efficiency and more (Klell et al., 2018). With respect to
Hydrogen-bus project and a commercial H2 supply, Figure 4 summarizes key statements of just
discussed green MAGIC steps 1 to 3. Beside observing highest CO2-emissions of grey H2, an important
point to recognize is that only electrolysis (AEL) and steam reforming are usually on-site feasible
(Reuter et al., 2017). The lowest H2-price can be expected from SMR while water electrolysis based on
renewable energy delivers the best ecological performance by far (Topler and Lehmann, 2017).

On-site fit
@ : S T
g Grey H2 < Electrolysis of water ‘gnd mix electricity yes i i
Steam methane reforming yes
i| Blue H2 — Reforming + CCS no
o

Green H2 —> Electrolysis of water + renewable energy yes only CO2-free option

Figure 4. Options for commercial H2 supply; based on (IRENA, 2019); (Klell et al., 2018)
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2.4 Step 4: H2 Storage & Distribution

Within green MAGIC step 4 - concerning H2 storage & distribution - the chemical properties of H2 are
a decisive factor, so there is need to mention important ones. In comparison to other fuels (e.g. gasoline),
H2 has a higher mass-specific (W/kg), but at the same time a significant smaller volume specific energy
density (W/I). Its boiling point is -253 °C and above, considering ambient conditions, H2 is gaseous.
Therefore, one is anxious to increase volumetric energy density to achieve storage & distribution
benefits by either compressing or liquefying the gas, as summarized in Table 1 (Klell et al., 2018).

Table 1. Density and energy content of hydrogen (Klell et al., 2018)

Conditions Density [in 1m°] Energy content [in 1m’] Energy required
H2: 1 bar, 25°C 0,081 kg H. 10,7 MJ (2,7 KWh) -

CGH2: 350 bar, 25°C 23,3 kg H2 2.630 MJ (731 kWh) ~15%

LH2: 1 bar, -253°C 70,8 kg H> 8.495 MJ (2361 kwh) ~ 20-30 %

From H2 generation to intermediate storage and distribution to the end user, several gas pressure
levels between 50 bar up to 1.000 bar are used (Adolf et al., 2017). Storage & distribution in a
suitable way is thus complex for which reason we discuss the most important options, starting with
storage followed by the distribution part afterwards. The first options are subsurface storage in salt
cavern and pore storage based on artificially created cavities in the underground, allowing to store
H2 large scale in the long-term (Wencker and Kukuk, 2020). The second option representing the
most common one is particularly focused on gaseous compressed hydrogen (CGH2) in pressure
tanks with 350 or 700 bar, which can be used for both stationary as well as mobile storage. In terms
of vehicle range, pressure levels play a decisive role. The higher the pressure, the more H2 is
available in the vehicle tank with the same volume. For H2 bus on-board storage, 350 bar is the
currently established pressure level (Huss and Corneille, 2012). The third and almost sophisticated
storage option at present are cryogenic liquid hydrogen (LH2) storage in vacuum-insulated
containers, storing LH2 below its boiling point of -253 °C (Wencker and Kukuk, 2020). LH2
storage is also used on-board and stationary, with significantly fewer applications compared to
CGH2. Both compression and especially liquefying processes result in a storage benefit on one side,
with efficiency losses on the other. The energy required is about 15 % for compressing and 20-30 %
for liquefying of H2 heating value (see Table 1). Summed up, LH2 brings a significant higher
energy density compared to CGH2, but also requires a higher amount of energy. For H2 buses, a
continuous field of tension between maximum range and simultaneously minimum weight, tank
volume and costs exist (Klell et al., 2018). Since conversion leads to losses, alternative storage
methods are a highly relevant field of research that is actively promoted at this time. To be
mentioned are methods like Liquid Organic Hydrogen Carriers (LOHCSs) as well as kinds of hybrid
storage which do not play a further role due to their low stage of development (Adolf et al., 2017).
After H2 storage, the following part concerns H2 distribution. As mentioned in step 1, in case of on-
site production, we don’t need to consider transport anymore. Otherwise when assuming off-site
production in central plants, transport is required which causes additional WtW energy losses and
CO2 emissions. Advantages in favor of centralized production on the other hand are for instance a
general higher plant efficiency and a much wider choice of methods compared to on-site ones
(Reuter et al., 2017). H2 is transported either by truck (CGH2 or LH2) or in pipelines (CGH2). The
alternative used depends basically on the parameters H2 amount and transport distance. Pipelines
are not suitable for urban H2 supply and thus no longer considered. While comparing CGH2 with
LH2 delivery, the latter can transport about three to four times more of H2 due to increased densities
(see Table 1). On the other side, the significant higher amount of energy required for liquefaction
leads to higher production costs. Even if CGH2 truck delivery is basically the more economical
option up to a certain distance and LH2 delivery beyond this threshold, its primary aim is to choose
the best transport option for each individual purpose. Same goes for Hydrogen-bus project. Even if
H2 supply is currently largely based on CGH2 truck delivery, there is no general solution. Based on
mentioned parameters H2 amount and delivery distance, the most optimal solution must always be
weighed for each individual case. Both H2 distribution as well as storage is a challenge, whereas the
advantages must always be carefully put in relation to the disadvantages, in order to reach the best
option (Reuter et al., 2017).
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3. MAIN FINDINGS AND BENEFIT

For a complete understanding of environmental impacts and energy balances associated with hydrogen
fueled buses during its entire life cycle, a holistic approach from Well to Wheel is greatly required. For
our case, we chose green MAGIC approach serving as an overall framework to allow the desired holistic
view. Within green MACIC we conclude that Well-to-Tank refers to step 1 to 4 while Tank-to-Wheel
is represented by step 5 + 6. In this paper we investigated step 1 to 4 with respect to green H2 supply
for a H2-city-bus. We conclude that there are numerous options which can be combined in various ways
and the choice of options contains a continuous field of tension between profitability, efficiency and
ecology, whereas in most cases the most economic alternative dominates. Water electrolysis using
exclusively renewable excess energy is evaluated as the currently only option to produce ‘green’ H2 in
usable quantity, whereby its not yet economical competitive to ‘grey’ H2 from conventional procedures.
Summed up, even though each step from Well-to-Tank has a state-of-the-art option, there is no general
solution. The most suitable WtT-path must always be weighed for each individual case by defining
individual defined premises. Step 5 Fueling & Application and step 6 Further Usage representing Tank-
to-Wheel perspective will be the object of investigation within Hydrogen-bus project, where we intent
to involve real data in a H2-1CE bus. Within this literature review the focus was set on H2-ICE buses in
the foreground with an extended view to HDVs on one hand and to the FC-technology on the other,
representing the H2-based counterpart. Regarding H2-ICE buses and HDVs, studies are rare and
applications in daily operation are non-existent. The last and noteworthy H2-ICE bus application in real
driving operation can be found in Berlin between 2006 and 2014 within demonstration project CHIC
(Fuel Cells and Hydrogen Joint Undertaking, 2018).With respect to HDVs based on FC, we identify
the Hyundai Xcient FC as the first and currently only vehicle in daily operation and research is carried
out in parallel. With a view to FC-based buses the development is already much more advanced
representing by several past as well as ongoing projects. For example, the most recently announced
‘H2Bus’ consortium aiming to deploy 600 FC electric buseswithin the EU due by 2023 and 1.000
vehicles in total. In addition, the literature review has shown, that WtW investigations of H2-based
buses and HDVs as well as benchmarks with other AFP have already been performed in many ways,
which are also almost entirely focused on FC technology. In context of Hydrogen-bus project, one can
profit from existing FC applications and studies in so far, since the WtT view - represented by green
MAGIC step 1 to 4 - can be transferred equally to H2-ICE vehicles. A further advantage is to generate
synergy effects from FC application, e.g. more commitment by affectedstakeholders to support market
deployment. There is also agreement that without further political measures the development of H2
economy will be hampered and emissions will continue to rise.

The general focus on FC technology is comprehensible, since they have some important advantages
compared to H2-ICEs, particularly a significant higher efficiency and thus lower hydrogen
consumptions. However, some substantial arguments in favor of the H2-1CE technology exist as well,
including a CO2-free combustion procedure, the use of existing manufacturing structures and a high
tolerance to H2 purities. In particular, the use of existing manufacturing facilities and processes from
conventional ICE, which has been optimized over the past century, allows mass-production. This results
in reduced costs whereby exactly costs are currently seen as the key barrier to market penetration of FC-
technology. Summarized by the main characteristics of H2-ICEs, closely connected to the basic
properties of H2, motivation of further research is well-founded.

4. CONCLUSION

This paper intends to take a deeper look into the hydrogen combustion engine technology (H2-ICE) for
buses and HDVs and reveals the state of H2-ICE development based on current literature. It was shown
that due to the present domination of diesel vehicles in road transport sector a transformation is greatly
required, whereas hydrogen fuel represents a promising option due to its carbon-free content. Beside the
H2-ICE technology in the foreground we extended our view to fuel cells as its hydrogen-based
counterpart. Based on a significant larger number of published studies as well as observed application
we conclude, that fuel cells are seen as the obvious preferable H2 technology for mobile purposes.
Nevertheless, the H2-ICE technology provides also some advantages justifying further research.
Potential is seen by a small amount of manufacturer who are testing H2-ICE applications most recently
within a few isolated pilot tests. It is worth mentioning that companies working on the H2-ICE
technology include both a Start-Up as well as a large OEM of commercial vehicle sector.
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In general, the fundamental necessity of carbon-free propulsion systems is out of question. Within
hydrogen fueled buses and HDVs, applications are doubtless largely based on fuel cells. Research on
H2-ICE technology is but likewise currently reigniting and gains relevance. Since H2-ICE vehicles are
fed by ‘green’ hydrogen, they represent a holistic Well-to-Wheel carbon-free propulsion system, helping
to decarbonize road transport sector and to achieve climate targets as the overall goal. Therefore, it is to
be expected that H2-ICE vehicles will be increasingly tested. Whether the H2-ICE technology
accelerates only the development of hydrogen mobility and serves as a preliminary bridging technology,
whether it will soon disappear from the market or even establish itself in the long-term will be shown in
the near future in tests by e.g. MAN as well as in the upcoming Hydrogen-bus project, where tests on
H2-1CE based buses in real operation are foreseen.
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