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The Power of Technological Innovation
Driving Sustainable Mobility

Jorg Franke, Peter Wasserscheid, Thorsten lhne,
Peter Lamp, Jirgen Guldner, and Oliver Zipse

8.1 Introduction

The rapid decarbonization needed to meet the 1.5 °C target will require dis-
ruptive technological change. In general, there are strong interactions between
technological innovation and increased sustainability. So, technological prog-
ress can be a key to increased sustainability. In parallel, a stronger focus on
sustainability goals requires technological innovation. In this context, techno-
logical progress presents both opportunities and risks for many market par-
ticipants. Emerging technologies are always associated with uncertainties
from various sources, which means that their potential, likelihood of occur-
rence, and the timing are often unclear for a long time (Kapoor & Klueter,
2021). As a result, all relevant stakeholders in business, society, and politics
are faced with major challenges.

This is especially true for the mobility transition that is currently taking
place in almost all relevant markets in the context of climate change and
environmental protection. On the Road to Net Zero, this chapter on 7he
Power of Technological Innovation addresses the management of uncertainty
associated with emerging technologies in the mobility sector. At the heart
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of this technological transformation is the drive system and its interaction
with the associated energy ecosystem. This chapter thus complements the
previous chapters on Creating Sustainable Products (Chap. 5), Transforming
Value Chains for Sustainability (Chap. 6), and Sustainability in
Manufacturing (Chap. 7) by broadening the perspective to include exter-
nal factors such as infrastructure and energy systems. These aspects and
technology are inextricably linked and can only be evaluated together in
terms of carbon emissions and ecological footprint. In parallel, the eco-
nomic balance must also be considered holistically, as this aspect is critical
to the success of the transformation. Forecasts vary widely, ranging from
scenarios in which fossil fuels continue to play a significant role globally,
to scenarios dominated by e-mobility (Zapf et al., 2021).

The purpose of this chapter is to discuss these corresponding factors in more
detail. First, Sect. 8.2 presents the advantages and disadvantages of alternative
drive systems. This is followed by an explanation of the motivation for the cur-
rent technological transformation. Section 8.3 presents the expert conversation
by Prof. Oliver Zipse, Chairman of the Board of Management of Bayerische
Motoren Werke (BMW) AG, Dr. Peter Lamp, General Manager Battery Cell
Technology at BMW, and Prof. Dr.-Ing. J6rg Franke, Institute for Factory
Automation and Production Systems at FAU Erlangen-Niirnberg, on the future
of drive technology from a business perspective. In Sect. 8.4, Prof. Oliver Zipse,
Dr. Jirgen Guldner, General Program Manager Hydrogen Technology at
BMW, and Prof. Dr. Peter Wasserscheid, Director of the Helmholtz Institute
Erlangen-Niirnberg for Renewable Energy and Chair of Chemical Engineering
I (Reaction Engineering) at FAU Erlangen-Niirnberg, engage in an expert con-
versation on the future opportunities of hydrogen as an alternative energy car-
rier for the automotive industry. Finally, Sect. 8.5 identifies future directions for
research and practice to advance the market viability of alternative drivetrains.
The focus is set on the energy ecosystem as an enabler for future drive technolo-
gies. The chapter concludes in Sect. 8.6 with a brief summary and a link to the

concluding chapter (Chap. 9), 7he Road to Net Zero and Beyond.

8.2 An Overview on Alternative Drive Systems

The European automotive industry is undergoing dynamic change (see
Fig. 8.1). In the face of the climate catastrophe, emission limits are becoming
increasingly stringent, fuel prices are rising, and individual mobility is being
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Fig. 8.1 Overview of the competitive environment in the automotive industry

hampered by regulations, competing mobility concepts, and conflicting cus-
tomer interests. While Western private passenger car markets tend to shrink,
new competitors are emerging, especially from China (Kaul et al., 2019).
Most importantly, new technologies are arising that are shaking up the auto-
motive market, which has been fairly stable for decades. Autonomous driving
promises completely new business models for passenger and freight mobility,
software will increasingly dominate over mechanical functions, and, finally,
the internal combustion engine (ICE) will eventually be replaced by electric
drive systems.

The ICE was the foundation for the triumphant advance of individual
mobility in the twentieth century: robust and reliable gasoline and diesel
engines powered, at their peak, almost 100 million annually newly produced
passenger cars and trucks, as well as tens of millions of motorcycles worldwide
(European Environment Agency, 2019; Umweltbundesamt, 2022; Wang,
2021). The enormously high energy density of fossil fuels allowed enormous
ranges of up to 1000 km without stopping for refueling, while the persistently
unrivaled low energy cost of oil and its seemingly unlimited availability pro-
vided the general public with continent-wide freedom of movement.

Over time, ICE-based drivetrains have evolved into highly complex engi-
neering marvels, improving their energy efficiency and significantly reducing
their impact on air pollution and climate change. However, ICE-based road
transport is still responsible for about approximately 20% of carbon dioxide
(CO,) emissions, contributes to air pollution especially in large cities, burns
the precious natural resource of fossil fuels, and perpetuates dependence on
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Fig. 8.2 Push and pull factors underpinning the success of electromobility (own illus-
tration based on International Energy Agency (2022, 2023) and Reitz et al. (2020))

politically unstable or unreliable countries (see Fig. 8.2) (International Energy
Agency, 2022, 2023; Reitz et al., 2020).

In this context, political regulations, such as the tightening of European
emission limits (Euro 7) and the goal of climate neutrality by 2050 (European
Green Deal), are increasingly weighing on the market environment. As ICEs
have approached the asymptotic branch of their S-curve, where further
improvements require disproportionate effort, and have little impact, many
automotive manufacturers (OEMs) have already announced to stop the devel-
opment of new ICEs.

The electric motor is a comparable old propulsion technology. It is com-
pletely emission-free, has an unsurpassed efficiency (-95%j the ICE is barely
above 30% efficiency), and therefore causes only about a tenth of the losses of
internal combustion engines. It can use renewable energies directly and with-
out great effort, and it does not waste valuable fossil resources. The unrivaled
characteristics of electric motors offer a much wider speed range with consis-
tently high torque, thereby eliminating the need for complex shifting trans-
missions (with up to ten gears) and providing a highly dynamic driving
experience. The control dynamics of electric drives, which are an order of
magnitude faster, allow the vehicle to be steered longitudinally and laterally
over wide ranges without braking, and kinetic energy can also be recuperated
in the process (e.g., the BMW iX xDrive50 has a 208 kW maximum recu-
peration power) (Schwarzer, 2019). In addition, the power density of electric
motors is significantly higher, their running smoothness is unparalleled due to
the rotating drive, and their wear is negligible due to the contactless power
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transmission (Parizet et al., 2016; Specht, 2020). Based on the technical, eco-
logical, and economic advantages summarized in Fig. 8.2, it is highly likely
that at least the majority of land vehicles will be powered by electric drives at
some point in the future.

Electric motors are compatible with a wide range of different drive configu-
rations: As a result, electromobility takes many forms, from battery electric
vehicles to hybrid concepts and fuel cell applications. Battery electric vehicles
(BEV) are increasingly gaining market share. BEVs incorporate a high-voltage
battery, enabling electrification of auxiliary units, brake energy recuperation,
and plug-in recharging at a wall outlet or charging stations. The major remain-
ing weakness of BEVs is their comparatively short range (currently about 400
to 700 km), as electrochemical batteries allow only about 5% of the gravimet-
ric energy density of gasoline storage systems (0.5 versus 11.4 kWh/kg)
(Sartbaeva et al., 2008; van Basshuysen & Schifer, 2017). From a technical
perspective, this disadvantage is exacerbated by the still considerable charging
times (around 30 min), since even an electrical charging power of 250 kW
corresponds to only about 1% of the power transfer during refueling. With
the current state of technology (SoT), these immense differences can only be
partially compensated for by the significantly higher efficiency of electric
vehicles, which is a factor of three to four for a typical driving profile (e.g., for
a WLTP! cycle: the BMW i4 eDrive40 Gran Coupé [250 kW]: 16.8 kWh
versus BMW M440d xDrive Coupé [250 kW]: 5.7 Ipia/100 km, 55.9
kWh/100 km).

Battery technology is currently undergoing continuous development to
address the range issue. Lithium-ion batteries are currently the automotive
standard due to their robustness, high cycle stability, and a high energy den-
sity. Significant increases in energy density are currently being achieved, while
costs are falling. While the price per kilowatt hour averaged 600 euros/kWh
in 2010, it is expected to be approximately 83 euros/kWh in 2025. In addi-
tion to specific energy density and costs, other aspects such as shorter charg-
ing times, longer lifetimes, improved temperature performance, and higher
reliability are also in focus. Environmental compatibility and the supply of
critical raw materials are also important aspects. Battery reuse and recycling
are already being implemented, and the corresponding capacities are currently
being greatly expanded (Blois, 2022). In parallel, alternative battery technolo-
gies are being researched such as solid-state batteries, which allow significantly

"Worldwide Harmonized Light Vehicles Test Procedure (WLTP): Standardized test cycle determined on
test rigs under defined laboratory conditions and based on empirically determined real driving data from
Asia, Europe, and the United States. The WLTP cycle has been valid in the European Union (EU) since
September 2017 (Verband der Automobilindustrie e.V. 2018).
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higher specific energy densities. BMW is also involved in the all-solid-state-
battery (ASSB) technology.

Because of the range issue, hybrids are still relevant today. Hybrid vehi-
cles have at least two different energy converters and two different energy
storage systems, so they include both an ICE and an electric motor, as well
as a fuel tank and a battery. Hybrid powertrains can be classified according
to the degree of hybridization and the energy flow. Development has
started on micro-hybrid electric vehicles (MCHEVs), which enable a
start—stop strategy, and mild-hybrid electric vehicles (MHEVs), in which
an electric machine supports the ICE for load-point shifting. From an
environmental and climate protection perspective, these measures are no
longer sufficient. To eliminate local emissions and provide at least tempo-
rary zero-emission driving, the degree of hybridization must allow for full
electric driving. Full-hybrid electric vehicles (FHEVs) allow all-electric
driving over shorter distances, while providing good efliciencies through
load-point shifting and recuperation. However, the electric range and per-
formance are limited. Plug-in hybrid electric vehicles (PHEVs) compen-
sate for the disadvantages by allowing the traction battery to be recharged
externally. Figure 8.3 provides an overview of the functionalities of differ-
ent hybridization strategies.

Regardless of the degree of hybridization, the architectures differ. The serial
hybrid uses the ICE as a generator and is driven only by electric motors. This
means that the ICE is constantly operating at an optimal operating point.
Range extenders are a special form of serial hybrids in which a normally

Degree of electrification

Non Micro Mild Full Plug-in Electric
hybrid hybrid hybrid hybrid hybrid vehicle

BMW 745d 5>

Hybridization degree
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Fig. 8.3 Functionalities of different hybridization strategies (own illustration based
on Doppelbauer (2020) and Tschoke et al. (2019))
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switched off ICE charges the battery of otherwise all-electric vehicles when
needed. The parallel hybrid has a switchable mechanical connection between
the ICE and the drive axle, so that either drive can be used for propulsion.
These can be dimensioned smaller, accordingly. Mixed forms of serial and
parallel hybrids are also available. These power-split hybrids use the power of
the ICE for both propulsion and battery charging, resulting in high efficiency
over the entire load profile. Although hybrids, in general, have the potential
to reduce both fuel consumption and emissions, their medium-term future
on the European market seems questionable. The main drawbacks are high
system complexity, higher purchase and operating costs, increased vehicle
weight, and limited installation space. At the same time, they do not permit
completely emission-free operation.

Electric traction drives in automotive engineering exhibit a variety of
designs and mounting positions. Regarding the installation position, com-
pletely new configurations are possible, such as wheel hub motors. All-
wheel-drive systems and torque vectoring are comparatively easy to
implement using multiple motors. Functional integration can also be inten-
sified. The spectrum ranges from a partial integration of motor and trans-
mission to fully integrated systems including electric motor, gearbox, and
power electronics. The functional unit can even be supplemented with axle
components to form a ready-to-install e-axis. This variance in available sys-
tems is visualized in Fig. 8.4.

Just as with internal combustion engines, different types of electric motors
are relevant for automotive applications. Current commercial use focuses on
induction motors, permanently excited synchronous motors, and externally
excited synchronous motors. Induction motors have a simple design and are
easy-to-manufacture. In automotive applications, squirrel-cage rotors are rel-
evant, in which the stator field induces a magnetic field in integrated alumi-
num or copper bars in the rotor. As a result, the rotor follows the rotating

Partial integration Fully integrated e-axis

Rl '?
s
Schaeffler AG \\5"

Wheel hub motor Full integration

Fig. 8.4 Overview of various forms of function integration of electric motors (illustra-
tion based on Schaeffler Technologies AG (2014, 2023) and ZF Friedrichshafen AG
(2017; 2023))
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magnetic field in the stator with a delay. Disadvantages of this motor type are
lower efficiency and the reduced volumetric and gravimetric power density.

Permanently excited synchronous motors, also called permanent magnet
synchronous motors, offer the best efficiency and gravimetric torque density,
as well as favorable reliability and packaging characteristics. The main reason
for these characteristics is the absence of excitation windings in the rotor and
the associated losses. However, the use of rare earth permanent magnets has
significant drawbacks in terms of cost, environmental footprint, and supply
chain risks. In this context, the establishment of recycling processes for rare
earth permanent magnets is an important task for the future. The permanent
excited synchronous motor has been used in the BMW i3, for example.

Externally excited synchronous motors are based on a similar operating
principle, but they use copper windings at the rotor instead of magnets for
excitation. This results in slightly lower efhiciency and higher packaging
requirements, but the flexible adaptation of the rotor magnetic field allows
good operating behavior. According to the current state of the art, the power
supply to the rotor is often realized via slip rings, which are subject to wear. As
a result, slip rings can have negative effects on lifetime and efficiency. In its
current fifth-generation drives, BMW uses an optimized system based on slip
rings in which harmful dust contamination is retained by improved sealing.
An alternative is offered by inductive transmitters, which are currently gaining
interest in the market (Fig. 8.5).

In addition to the types mentioned, the switched reluctance machine and
the axial flux motor also show potential for use as traction motors. The
switched reluctance machine is currently the subject of increased research
activity as an alternative to the permanently excited synchronous motor. It
offers high efficiency without the use of rare earth elements, but the control of
the motor is more complex. Axial flow machines are also of research interest
because they offer high power density in combination with a small packaging
impact. Although permanent magnets are used, their quantity is reduced.
Apart from these new motor types, there are trends toward higher operating
voltages (800—1000 V), higher motor speeds, and optimized cooling con-
cepts. Another challenge is the electrification of the medium- and heavy-duty
segments.

As an alternative to diesel, gasoline, or batteries, hydrogen (H,) has a calo-
rific value of 33 kWh/kg and can be used as an energy storage medium. The
hydrogen can then be used by fuel cells or even internal combustion engines
without producing CO, emissions. While hydrogen combustion is expected
to play a greater role in heavy-duty and off-highway applications, fuel cell
electric vehicles (FCEVs) could be a complementary technology for
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Fig. 8.5 Series drivetrains based on different types of electric motors (illustration
based on AUDI AG (2019), Dr. Ing. h.c. F. Porsche AG (2021), and BMW AG (2020))

zero-emission long-distance individual mobility. These vehicles include con-
ventional electric drives in addition to the fuel cell stacks and storage systems.
Range is less of an issue, since hydrogen can be fueled in 3—4 min. Hence,
hydrogen vehicles combine “the best of both worlds”: They offer all the advan-
tages of electric driving, such as instantaneous acceleration and a smooth,
silent, and emission-free ride, combined with the convenience of the fast refu-
eling associated with combustion engine vehicles. Together with its partner
Toyota, BMW has many years of experience in the development of FCEVs
and has recently launched its second generation of fuel cell systems in the
BMW iX5 Hydrogen pilot fleet (see Fig. 8.6).

A perceived drawback is the efficiency of the hydrogen energy chain because
of the conversion steps involved (see Fig. 8.7). First, hydrogen is generated
from electricity by electrolysis, made transportable either in compressed form
(e.g., for transport in retrofitted natural gas pipelines), or cooled down until
liquefaction, or in form of a liquid organic hydrogen carrier (LOHC), and
finally converted back to electricity by means of a fuel cell in the vehicle.

However, in addition to pure efficiency, overall system aspects must be con-
sidered. The comparison in Fig. 8.7 only takes into account the use phase.
When considering the whole life cycle, starting with the mining of raw mate-
rials, the production of components and systems, the assembly of vehicles,
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Fig. 8.6 Powertrain of the BMW iX5 Hydrogen with fuel cell stack, electric motor, and
two high-pressure hydrogen tanks (BMW AG 2022)
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Fig. 8.7 The efficiency of different powertrain options (BEV Battery Electric Vehicle,
SoT State of Technology, FCEV Fuel Cell Electric Vehicle) (own illustration based on
European Federation for Transport and Environment (2017))
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and finally the recycling after the usage, the difference between BEVs and
FCEVs is much smaller. In the case of energy generated entirely from renew-
able sources, conversion losses have no significant effect on the ecological
balance.

Also, from an economic and overall energy system point of view, the loca-
tion and timing of the production of renewable energy must be considered.
Self-sufhciency regarding emission-free energy will not be possible in many
developed countries, so that they will continue to be dependent on energy
imports. Here, hydrogen as a regeneratively produced, chemical energy carrier
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can make a significant contribution to decarbonization. For example, ideal
regions for the production of solar or wind energy are often far away from
main industrial areas, requiring hydrogen as an energy carrier for the trans-
port of energy, as electric powerlines have their limitations, especially for long
distances. Since the yield of energy production in these regions can be much
higher, the conversion losses are mostly compensated by the lower yield of
local production of renewable energy in industrial areas (e.g., in Central
Europe). In addition, the production of renewable energy depends on the
weather conditions, which leads to times of energy surplus when the energy
demand is low. In these surplus situations, instead of turning off the produc-
tion of solar or wind power, the production of hydrogen results in a higher
overall system efficiency and also provides additional revenue for the opera-
tors of the solar and wind parks.

For the existing fleet of combustion vehicles, synthetic fuels based on
renewable electricity can be considered another solution. These so-called
e-fuels are produced by reacting hydrogen from electrolysis with carbon
dioxide taken from the atmosphere or emission sources. Combustion of
e-fuels in conventional ICEs cannot match the superior technical proper-
ties of electric drives, and at the same time, they lose a large amount of
energy. Therefore, the cost of providing them is extremely high (see
Fig. 8.7). While aviation relies on e-fuels to reduce its carbon footprint,
these fuels are not currently expected to be relevant for road vehicles in the
long term. Exceptions include niche applications, such as racing or vintage
cars. For example, Formula 1 will use e-fuels in its hybrid cars beginning in
2026 (Barretto, 2022).

The difficult-to-understand technical characteristics and potentials, the
complex factors influencing the performance data, the costs, and, in particu-
lar, the environmental compatibility are very difficult to compare objectively
among drivetrain choices, even by proven experts (Weigelt, 2022). As a result,
despite the clear predominance of electric drivetrains, traditional customers
still seem to feel daunted when faced with the necessary change in attitude,
and they continue to cling to familiar ICE cars, as reflected in the number of
registrations and the fact that governments have to set targets for the number
of electric vehicle registrations (Association des Constructeurs Européens
d’Automobiles, 2022; Bundesministerium fiir Umwelt, Naturschutz, nuk-
leare Sicherheit und Verbraucherschutz [BMUV] 2021; Bundesministerium
fir Wirtschaft und Klimaschutz [BMWK] 2023). Therefore, one of the major
challenges is to increase customer acceptance by demonstrating technological

reliability.
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Mobility must always be considered holistically. In addition to the vehicle
and its drivetrain, this includes the infrastructure and the established energy
ecosystem, which vary greatly from country to country. These aspects also
have a major impact on the overall efficiency and the ecological footprint of
the various drive concepts. In the case of electromobility, for example, these
are technological disruptions in cell chemistry, the charging infrastructure,
and the closing of material cycles for battery raw materials. For hydrogen and
synthetic fuels, these include the production and eco-efficient transportation
of green hydrogen or synthetic fuels. Unfortunately, this situation challenges
incumbent car manufacturers to manage the uncertainties surrounding
emerging technologies, while new entrants seize the opportunity to focus on
new technologies.

After this brief introduction and comparison of alternative drivetrains, the
following two dialogues between experts from research and practice will
address the current challenges and opportunities for the future of the drive-
train and the potential of hydrogen in the automotive context.

8.3 Expert Conversation on the Future of Mobility

What is the History of Electric Vehicles at BMW and Where Do You
Stand Today?

Franke: It is a real honor and a great pleasure for me to talk with you about
the future of mobility. The future of mobility, especially automotive mobil-
ity, for me is summed up in the four letters C, A, S, E, which stand for
connected, autonomous, shared—I personally would redefine it as sustain-
able—and, of course, electric driving. This was the mantra when BMW
decided, 10 years ago, to design and produce a fully electric car, the BMW
i3. I drive an i3 as well.

Zipse: Do you? I hope you enjoy driving it.

Franke: It is still an excellent car, even though it is about 10 years old. It
is fully purpose-designed for electric driving, although it started with a
small range extender to overcome the range anxiety. This range extender
has disappeared, and now BMW has changed its strategy a bit. As far as
I can see from the outside, BMW’s strategy now is to offer all drivetrain
alternatives in every model series. However, fully purpose-designed
electric cars would potentially outperform BMW models in terms of
better integration, cable harness, compartment design, maybe even
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efficiency and costs. How will BMW overcome these potential
disadvantages?

Zipse: Thank you very much for that really strategic question. What you call
CASE, we call ACES, but it means the same thing: autonomous, con-
nected, electric, and shared. In terms of electric cars, which is what we are
talking about here, we have not changed our strategy. We have evolved it
into the future. We built the first electric car in 2008: an all-electric Mini.
It was not for public use, but there was an electric Mini in existence. There
was also an electric 2-Series, you know. We experimented with that, and
then, we finally made the decision, “Let’s build an electric car.” At the time,
we called it the Megacity Vehicle. It later evolved into the i3. We also said,
more or less, this can be an experimental field for car body design, as we
had to reduce the weight to increase the range of the car. The i3 became a
carbon car because of the lightweight constraints. It is still the only high-
volume carbon car in the world to this very day. There is no other manu-
facturer that has built a car like this.

Franke: What has happened since then?

Zipse: Back then, we were working with the third generation of our battery
technology. Now we are in our fifth generation. Back then, we knew—and
in the automotive industry you have to look years ahead—that electromo-
bility was coming. Up until then, there was no mandatory use of electric
mobility. There was not enough infrastructure, and there was no customer
commitment to buy these cars. But because we saw that this was going to
happen because of the carbon regulation that was coming, first in the
United States and then in Europe, and then also in China, we made a bold
move, a very early move. We changed our strategy at that time, not after-
ward; that is the misconception. We took the change that was coming very
seriously. Then, we waited a year and a half, until about 2014, to see how
the i3 was doing. We saw competitors coming up and making plans. So, we
said, “OK, let’s get serious now!” Then, after the i3 experience, we took a
very consequent step of electrifying our main architectures. These are not
conversion products, but are built on flexible architectures. This took 4 to
5 years, while the outside world had the impression that we had stopped
doing electrification, which is not true at all. We prepared for the point in
time when electromobility really would take off. That time is now: The iX3
was our first fully electric car after the i3; the iX is the second car. There was
a test in Auto Motor Sport the other day, and they tested six fully electric
vehicles—purpose-designed vehicles. Other than the iX3, there were vehi-
cles from our German friends, Japanese manufacturers, and so on. They
were all there. The iX3, which is built on a flexible architecture, not on a
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purpose-built architecture, came out on top by a wide margin. First prize!
It is the best system overall, and people are buying it.

Franke: So what are the benefits of working with flexible architectures?

Zipse: People do not buy ACES or CASE; they buy cars. People always buy a
system, and there is this misconception that you can say, “Well, I built the
best battery, and people buy the car because it has the best battery.” Even
the first i3 with a range extender did not have enough range. So, customers
always buy complete cars. There is a misconception that you can only build
electric cars on singular, dedicated architectures. That is a mistake. We are
now at the point where between now and 2030, electric mobility is going
to take off on a large scale, and in a company like ours, you build up
entirely new architectures every 10 years, including on the digital side.
Now, we have made the decision that, in 2025, the volume for battery-only
vehicles in the market will be high enough to develop a dedicated architec-
ture and also to renew not only the electric drivetrain, but also the digital
architecture. This is the point where we replace our current architecture
with a new architecture. It is not that dedicated electric architectures are
better than others. The logic is a different one. And we are ramping up mas-
sively. By the end of 2023, we will have launched 12 battery-only vehicles.
The next 7 Series will come with four drivetrains. It is the same principle
with the iX3, which has won all the tests. We love the next 7 Series. It will
be a hit; we are preparing to ramp up quickly, and the volume is there. That
was the reason for this decision. It was a transformation of our strategy, not
a change of direction.

Franke: Not only the technical tests prove your concept, but also the financial
success tells us that your strategy is right. How many cars per year do you
need to sell to dedicate a single-purpose-design platform?

Zipse: Usually, we build 6-8 cars on one architecture, for a production volume
of about 1 million cars. But, of course, the customer does not see that this
is one architecture. You know, the cars built on one platform come in com-
pletely different shapes. Nobody would assume that the 4-Series convert-
ible and an X5 are based on the same architecture. But they are.

What Is the Strategy for the Electric Drivetrain?

Franke: Let us take a closer look at the electric drivetrain. As a production
engineer, I am impressed by how BMW designs and builds not only com-
bustion engines, but also electric motors. But as a production engineer who
focuses on the production of electric motors, I also know that the drive-
train is made up of not only electric motors, but also batteries and power
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electronics, and of course, it is integrated in a charging network. How will
BMW differentiate itself in the future in the other modules of the drivetrain?

Lamp: It is exactly as you say. It is not the single component, but the full
drivetrain that makes the difference. That is where we have our experience.
As Mr. Zipse mentioned, in the fifth generation, we tried to optimize the
whole system between the electric motor, the charging unit, and the battery
pack. As you said, the e-motor, in particular, is not only one of the most
efficient e-motors, but we have more than doubled the power density of the
e-motor between the i3 and what we now see here in the iX. More impor-
tantly, in the iX, we are focusing on electrically excited synchronous motors
that are free of rare earth metals. This is essential for sustainability. We are
very pleased with that. We have gone one step further, by fully integrating
the motor, the gearbox, and the power electronics in one housing, which
reduces the cost and makes it more compact for integration into different
platforms, such as a multi-purpose or a special-purpose platform.

Franke: How do you reconcile this integration with the diversity of your
products?

Lamp: The key is that the set of components is built to be scalable across the
different models. We can go from about 90 kilowatts up to almost 400
kilowatts with the same concept of the e-motor. The same goes for the
other components. The battery is the mostssignificant in terms of cost—=80%
of the drivetrain costs is related to the battery. Here, we have the same
thing: a very simple building block. We design or define the cells in such a
way that we can build very standardized modules that are then assembled
into different battery packs.

Franke: Even the battery cells?

Lamp: We specify the cells ourselves. So, we have never built—or, let us say,
bought—cells off the shelf. Even when we built the i3, which was one of
the first large automotive battery cells, Samsung was producing at that
time, and we had the opportunity to build up our competence to be on an
equal footing with the cell manufacturers. So we worked together to find
the best solution for our standardized building block for a battery. We have
different module sizes, but the basic way we build it this is the same. We
can make different numbers of cells with the same equipment.

Franke: In my professional career in business and industry, I have learned that
it is all about core competencies. It is not only the design or the definition
of the product, the module, and the parts, but also the production and even
the production technology and the tools. The other competitors produce
and design their battery cells; they use silicon carbide power electronics, for
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example. What modules will BMW produce in the future to claim this as a
core competence and differentiate itself from its competitors?

Zipse: You should try to build up a core competence if you are likely to have a
monopoly or an oligopoly in the market: Then, customers are very depen-
dent on you, as they cannot choose. Or it would be an option if it differen-
tiates you from your competitors, or if your development speed can be
significantly faster than in the outside industry. If you can answer yes to
these questions, you can build batteries from scratch yourself. But this is
not the case. The battery is a rapidly evolving technology.

Franke: Can you elaborate on what these different aspects mean for the
battery?

Zipse: First of all, there is no monopoly out there, not even an oligopoly out
there. There are a lot of competitors: Europeans, Koreans, Japanese, and
Chinese. There is a big worldwide industrial network that is emerging. So,
right now, we have four major battery suppliers. We are not dependent on
anyone, and we do not have the need to build the batteries ourselves,
because with four suppliers, our demand is in good hands. You must have
the right contracts, of course. That is a negotiation skill.

The second thing is the speed of development. You increase your devel-
opment speed when you have more than one supplier. In 2019, we built
our own research and development (R&D) center here, where we devel-
oped our own competencies. There are more than 2000 parameters in the
cell. The right combination determines the performance of the cell. Now
comes the interesting part. What happens with a lithium-ion cell? First,
you try to optimize the cathode by increasing its performance. You increase
the nickel (Ni) content, you increase the manganese content, and you
increase all the ingredients of the cathode. But what happens if you increase
the energy density on the cathode? You have to change the anode as well.
You go away from graphite to silicon—graphite or something like that.
Once you have that, the third step is the performance of your electrolyte,
and then, the fourth step, which we may do in this decade, is to go from a
liquid electrolyte to a solid electrolyte.

Franke: And that rapid pace of development requires flexibility on the sup-
plier side.

Zipse: Exactly. This is a rapid development path from the cathode to the anode
and then to electrolyte. It may happen that you need other suppliers along
the way. Nevertheless, we are very careful not to invest a lot of time in one
technology. In 2021, you might have had the latest state-of-the-art technol-
ogy and have been well advised to use it, but in 2026, you might need a
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different technology. There is a big difference between a fluid electrolyte
and a solid electrolyte.

Why are we investing? Because there are many competitors out there,
and they are extremely competent. We can build up partnerships, as for our
business model. It is much better to use the market than to invest in devel-
oping specific technologies ourselves. We invest wherever we have an inte-
gration task, where all the technologies come together in the car. We refer
to this as HEAT, which stands for the German acronym “Hochintegrierte
Elektrische AntriebsTechnik” (meaning Highly Integrated Electric
Drivetrain), a combination of the electric drivetrain and the clutch
end zone.

Franke: 1 see the arguments with the battery in a similar way to the semicon-
ductor market 30 years ago. In Europe, we thought that we had to build
our own semiconductor production capacity. Now, nobody is talking about
that. We even have an oligopoly here with a few processor manufacturers
worldwide. Taiwan Semiconductor Manufacturing Company (TSMC)
makes 80% of the processors. But we are okay with that. So why did you
decide to design the electric motor yourself, but not the power electronics?
Why don’t you get into the production of power electronics, given how
important it is for efficiency and dynamics and that it is integrated into the
electric motor?

Zipse: Let us take a look at our internal combustion engines. We produce only
5% of the work content of combustion engines ourselves, even though we
are called the Bayerische Motoren Werke: 95% is produced by suppliers.
We do not make pistons, we do not build turbochargers, nothing. There is
a thriving market out there. We are the system integrators, and we believe
that we still build the best engines in the world, even with very little value-
added in-house content.

The assumption that in-house production gives you a higher compe-
tence is simply wrong. Our experience is very different. You build up your
own competence when you operate in a monopoly situation. Take press
shops, for example. Building those up is very difficult, a super high invest-
ment: One costs 100 million euros. There are not many market players out
there who build press shops. It is not high-tech, but you have a very clear
oligopoly situation—and you are completely dependent on press shops. It
is a simple technology, and it makes sense to invest in ourselves.

That is the situation we have. Of course, in our purchasing department,
we always look at the market situation. If we cannot increase our speed and
we do not have a shortage of supplies out there, we rather tend to buy.
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Franke: And when will you bring your first silicon carbide power electronics
to market? This can save 20% of the energy, as competitors have already
successfully demonstrated.

Zipse: Launches always depend on the introduction of a new architecture. We
live in a 7-year cycle, so some OEM will always be earlier than another. We
will integrate them into our next architecture. It is a normal process that a
competitor may start earlier because their architecture will be new. I am not

afraid of that.
What Does the Future of Mobility Look Like?

Franke: 1 see. Let us move on to the next topic. We are going to start a new
course called “Future of Mobility.” You call it ACES. The competition is
extremely strong in autonomous driving technologies: sophisticated sen-
sors like stereo cameras, radar, lidar, and ultrasonic sensors. In our depart-
ment, we buy powerful control hardware from Nvidia or Mobileye, using
graphical or neural processing units on artificial intelligence (AI)-based
software trained on millions of miles driven and giant data infrastructure.
The major competitors, like Google, Waymo, and Apple—or even Tesla in
the United States or Huawei in China—control several of these key tech-
nologies: sensors, Al, data infrastructure, and so on. How will BMW main-
tain its technological leadership in this area over the long term?

Zipse: | would add connectivity to that list. We want to be the technology
leader, not only in electric drivetrains, but also in assisted driving. That will
come in stages. But, in addition to technology, there are two important
factors that we have to bring into this equation. It is not only the availabil-
ity of technology, it is not only competence, and it is not only the techno-
logical capability. For these, we are already there: We have Level 5 cars
driving out there in our test centers. But two other factors are critical. First,
what do the legislators do? Do they allow you to sell a car with autonomous
driving capabilities? And what are the specific requirements in Germany for
them? For example: You can have Level 3, but only up to 60 km/h. Second,
you have to ask yourself—and that is the final part of the equation—Is this
a business case? Because between Level 2 and Level 3, there is a price tag of
more than 10.000 euros, which is a lot of money even for premium cus-
tomers. You have to check all three boxes: technological competence, legis-
lation, and a valid business model.

Franke: So you are not afraid of Google or Apple?
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Zipse: The companies you mentioned are not building cars. They build tech-
nology. Inside the automotive sector, they are not making any money. So
the question is: When do you, as a car producer, make specific investments
without looking at the contribution margin? It is quite simple: When we
bring a car to the market, the cost has to be lower than the price needed to
make a positive contribution margin. None of these companies think about
contribution margins. What will happen, at least for the next 10 years? We
will be at the forefront of assisted driving that goes to a Level 2+ with driver
supervision in Germany—which is hands-free, by the way.

People think that only Level 3 is hands-free, but this is not true. You, as
the driver, are monitored to see if you are still looking forward, and if you
are not, the car will ask you to take over control. Level 3 is completely
hands-free, but that is highly restricted around the world. To offer Level 3,
you need radar, lidar, and optical sensors like a camera—we are absolutely
sure of that. You cannot do Level 3 with cameras alone. But a lidar sensor
in a car is very expensive.

Franke: Well, the new Apple iPhone 12 has already has a lidar. Very
cheap. I know.

Zipse: This is a matter of progress. We are watching very closely what happens
here and at what point of time we see a business model. We are fully aware
that there is another race going on, but that is actually happening in a dif-
ferent part of our industry. That race is Level 5. That is an entirely different
thing, but it will start in the transportation industry, not in the normal
passenger car industry. We will see Level 5 trucks very quickly, possibly in
China and the United States. However, those will only drive on highways.
They will never enter a city, never enter a normal traffic jam, and never have
to turn corners; there are no drivers in there; they just go from point A to
point B, like a train. You will see that fairly quickly. In the rest of the indus-
try, you will see people movers, driving at low speed, and so on. Robo-taxis
may move people through cities, but this again will be a question of a busi-
ness case—will the investment in the technology work on a large scale?

Franke: So what does this mean for BMW?

Zipse: 'The question is: Are you going to participate? We do not build vans
today, but it is an important market segment. We are looking very closely
at the point at which vans could contribute to our business model. But
again, this is not so much a question of technological competence, because
in this area, everybody needs partners. Nobody can do it alone. Do you
have a business model where you can convince customers to pay a specific
price for a specific competence in the car? You will see BMWs with Level 3
on the streets as soon as we are allowed to do so.
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What Is the Role of Connectivity?

Franke: 1 have to touch on at least one last question. We talked about electro-
mobility and autonomous driving, but I think connectivity toward the cus-
tomer and toward infrastructure is also very important. Modern cars are
already connected to the Internet through mobile communications tech-
nology, telephone, web conferencing, updated maps with up-to-the-min-
ute congestion information, music, video, entertainment services, and
Netflix—you name it. Everything is available in the car.

Equally important is the constant connection of electric cars to the smart
energy grid. Dynamic inductive power transfer technology, which means
recharging the car while driving it and promises infinite range. Connectivity
supports autonomous and convoy driving, stabilizes the electricity grid,
and offers new services for individual mobility, such as tolls without pay
stations, navigation, fast Internet communication, and so on and so forth.
This technology is never discussed. We all talk about batteries and hydro-
gen, but no one talks about inductive power transfer while the car is mov-
ing. How can BMW take advantage of this promising technology?

Zipse: The second letter in the acronym ACES stands for Connected. We talk
about that. This car behind us (points to an iX model) is one of the first
series vehicle with full 5G capability. Let us go back to autonomous driv-
ing: Real 5G is necessary to put the intelligence of autonomous driving
outside the car, which is ultimately much cheaper. If you put all the Al all
the components and sensors inside the car, the car becomes too expensive.
This is what the Chinese are doing: They invest much more in infrastruc-
ture and connectivity than Europe or the United States. The first question
they ask is: What is the latency time of the car? Because that determines
whether you can do autonomous driving with the infrastructure around
you. It is your latency time: A few milliseconds are critical. There are differ-
ent approaches, but it all comes down to connectivity.

Franke: You just mentioned the connectivity of information. I am talking
about connectivity of energy. Why do you not charge your car while you
are driving down the highway at 200 km/h? Why do you not use an induc-
tive power transfer (IPT) technology? The technology is there. We have test
tracks all around the world. Even 10 years ago, I rode in a bus with 60
kilowatts of power at a speed of 60 km/h. We can easily upscale that to 200
kilowatts and 200 km/h. It is a question of decision, perhaps a political
decision, but also a decision by a major car manufacturer who could say to
the state or the city of Dubai: We will sell you a million electric cars, and
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we will prepare the infrastructure with IPT, inductive power transfer. Could
this be a new business model for BMW?

Zipse: Good question. Of course, this is a chicken-and-egg problem.

Franke: 1f you look at it as a project business, which is completely new for
BMW, then it is not a chicken-and-egg problem. It would be a project. You
install the technology in Dubai all over the city, and you only sell BMWs
that are compatible with this project.

Zipse: We would not do anything that we could not scale. We are a global
player. We have 140 markets. The only way to be efficient in this industry
is to scale.

Franke: Well, you can do it in Dubai, you can do it in London, you can do it
in Shanghai, and then you scale it up elsewhere.

Zipse: If we saw the scaling, we would do it. But right now, it is not only about
scaling; it is something else. On the A5 highway between Darmstadt and
Frankfurt, there is a 10 km stretch for truck catenary charging. I drive there
sometimes, and we keep a close eye on it, because it is an excellent solution
for trucks.

Franke: But not for passenger cars?

Zipse: Even for trucks, it is not being scaled up in Europe or in Germany. That
would be something where we would say, we will put it on the R&D side;
we will see what happens. But we would not make a solitary, heavy invest-
ment just from BMW to scale that up. Because we do not see that. What
could happen before that, especially in China, is that there are completely
green cities that are built from scratch. They could be based on a fully inte-
grated solution. In those scenarios, we would offer ourselves as a technol-
ogy partner. But there are not many cities of a certain size that are built
from scratch.

Franke: Thank you very much, Mr. Zipse and Mr. Lamp, for sharing your
insights with me. It has been a pleasure for me to discuss these new tech-
nologies and strategies at BMW. Thank you very much for this discussion.

8.4 Expert Conversation on H, as Fuel of the
Future
What Is the Importance of the Hydrogen Strategy?

Wasserscheid: 1 am really excited to be here and to discuss with you the topic
of hydrogen as a future fuel. It seems to me that hydrogen is a very dynamic
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field at the moment. A lot of scientists, companies, and even politicians
have recognized that this fully defossilized energy system that we want to
have in 2045 can only work if we have storable energy carriers. The time
has come: People are developing hydrogen strategies everywhere. There is a
Bavarian hydrogen strategy, there is a German hydrogen strategy, there is a
European hydrogen strategy, and my first question is: What about a BMW
hydrogen strategy?

Zipse: | have been with the company for 30 years, and now, we only have less
than three decades until 2050 to become carbon-neutral. That is not very
long. It sounds very long, but it is not very long. By then, at the latest, we
need to be at least carbon-neutral, better yet, zero emissions. We still think
that one of the main paths toward this is—as we discussed before—electro-
mobility. That is the main route. The charging infrastructure is being built.
There is a strong consumer demand for electric cars. It will become main-
stream—rvery quickly, we see that coming. The only question is: What if, at
some point, you have to be completely emission-free? Electromobility may
only be the right answer in certain circumstances. If you do not have access
to charging infrastructure, if you do not have access to renewable energy,
you need some form of energy storage.

Wasserscheid: So do you agree that energy storage is a relevant topic?

Zipse: We believe that, for automotive market segments, hydrogen is the best
answer. I am not just talking about passenger cars, but especially about
buses and trucks, marine, aviation, and so on. So, the applications for
hydrogen will be much broader than what we see in electric mobility today.
With a view to 2050, we see that for BMW—and we can only speak for
BMW with a global market share of 3.4%—hydrogen will be an essential
ingredient in that mix of propulsion systems, especially because, already
today, unlike Germany, we have quite progressive hydrogen-focused coun-
tries, such as South Korea (Hyundai) or Japan (Toyota), which have been
pushing this technology for almost a decade in serial production. BMW is
a global player, and we see this as an important part of our premium brand
strategy.

Wasserscheid: In Germany, 1 am often asked this question: Where will the
green hydrogen come from? People say we need 2.5 times more electricity
to produce it, but I see it a little differently. My point is that, today,
Germany is an energy-importer—and all analyses also show that this will
also be the case for future energy systems. Today, 80% of our energy comes
from other countries, and it will be similar in the future. The way we will
import energy is mainly through hydrogen: hydrogen derivatives, chemi-
cally bound hydrogen, ammonia, LOHC, and whatever you want. The
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point is: If you have hydrogen as a transport vector to Germany, the effi-
ciency discussion is completely different, because it makes no sense to con-
vert the hydrogen into electricity to charge the battery in your car. It is
better to use this hydrogen immediately and directly in mobility, of course
first in sectors where batteries have problems (e.g., trucks).

Would you say that we have enough electricity in Germany? Because this
is not about Germany, is it? Climate change is global. There are places
where it is much easier and more economical to generate renewable energy
than here in Germany.

Zipse: Right. We have a global perspective on hydrogen. This is important
because only about 8% of our worldwide revenue is generated in Germany.
So, we have to look beyond the German hydrogen discourse. And if you
take a global perspective, you see many use cases where access to electromo-
bility is lacking. From our point of view, the only emission-free possibility
for private passenger cars, apart from battery electric vehicles (BEVs), is
fuel cell electric vehicles (FCEVs) that run on hydrogen. There will be
plenty of cases where people will not have access to charging infrastructure/
electricity. So, hydrogen is a perfect complement to our overall strategy. It
obviously does not mean that we are undecided. On the contrary, we are
determined because we are not in a shrinking scenario. We do not see
hydrogen as a shrinking scenario. Because we produce almost 3 million cars
per year, we can afford to have three or four different drivetrains, especially
because our whole mindset is about architectures and not around plat-
forms. That is the perfect strategy for us. That is the way forward.

What Will a Hydrogen Car Look Like and What Is Its Advantage?

Wasserscheid: It is a disruptive technological change to move from fossil to
renewable technologies. If you are going to build your first BMW hydro-
gen car, what kind of car and what kind of customer are you targeting?

Guldner: We just have completed the development of our second generation
of fuel cell technology and integrated it into the X5, one of our bestselling
models. A small pilot fleet of BMW iX5 hydrogen vehicles is currently used
worldwide for testing and demonstration purposes—very successfully.
Then, we will move on to the next development steps, and customer cars
will be ready when the markets are ready for them. Different countries
move at a different speeds, and we will see when the right point of time
comes, probably before the end of this decade.
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Wasserscheid: 1 drive a hydrogen car myself, as a private car, a Hyundai NEXO,
and I am really waiting for the BMW. Do not forget me! I am your first
customer!

Guldner: We will call you, and you can come for a test-drive soon (laughs).

Wasserscheid: Perfect! And the experience is that this is a nice way of driving,
especially for long distances, because even though the network of fueling
stations is still quite thin, it is basically enough if you drive long distances.
You pass a filling station every 50 km. That is more than enough.

Let us go into the future, into the year 2045, when Germany is supposed
to have zero emissions, according to the new climate laws.

What will be the ratio between battery electric and hydrogen electric
then? Because my feeling is that batteries are moving fast today because you
already have the scale and the mass production effect. In the hydrogen
business, the situation is still different. To give an example, if you want to
get a cheap fuel cell today, then the best thing is to buy a NEXO or a Mirai,
take the fuel cell out, and throw the rest away. The reason is that fuel cell
production has yet to be scaled up. What is your outlook for 2045? Let us
just assume that, by then, technology development is in the mass market
for all technologies, and it is really an established market for both
technologies.

Zipse: The question is, which parameter, which vector do you believe in? Do
you think that the people are afraid of too long charging times in electro-
mobility—even in the very best case, it will be longer than at a gas station.
People might not want to stand in the dark and wait 10 min. They want to
refuel quickly and then go. We do not know that. I think the main driver
for hydrogen will come from settings in which you have to drive emission-
free and you do not have a charging station. That is the main driver. It is
not range or anything like that. It is not even the cost. For example, if we
say that we want €5 per kilogram of hydrogen, and that would be the point
at which it becomes competitive. It is also when countries, through legisla-
tion, no longer allow greenhouse gas emissions from cars—and there will
be many in 2040. Not all, but a lot. What happens if you cannot charge all
these electric cars?—The issue is not the availability of battery electric cars,
but the availability of charging stations.

Wasserscheid: What kind of example do you have in mind?

Zipse: What will you do in rural areas? In densely populated areas, like most
of Germany, you can provide enough charging interfaces. When you build
new houses, you build in charging facilities. You can do that in cities or in
the countryside. But in a very scenic, unspoiled environment, where nature
is dominant, you cannot tear up all the roads and build a massive amount
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of charging infrastructure. You will get a massive political problem. What
do you do there? But remember, by 2040, we want to drive emission-free.
So, either you stop driving cars to those places, which is one option. Or you
have a hydrogen car.

Wasserscheid: But the same goes for the city of Munich, right? If you spend
half an hour every evening looking for a parking space, it will certainly be
more difficult in the future to find a parking space with a charging station.
That could be a similar scenario.

Zipse: A similar scenario, yes. I think that is the most dominant parameter:
You will not have enough access to charging points. I am not talking about
the problem that the build-up of overall charging infrastructure is not mov-
ing fast enough. That is also a challenge. But even in societies where the
charging infrastructure is developing rapidly, there are simply places where
it is too expensive to install charging systems—places you simply cannot or
will not access. It would be like trying to bring public charging to the last
house in the Black Forest. You are not going to do it.

Guldner: There is also an economic parameter: There are studies that show
that a dual infrastructure—both hydrogen fueling stations and electric
charging—is cheaper than just putting everything into electricity, because
building the electric charging infrastructure has a nonlinear cost vector,
because the more you put out there, the more charging stations, the more
expensive it gets. But the hydrogen fueling stations always cost the same.
From a practical standpoint, the hydrogen fueling stations already exist—
they can be easily integrated into existing gas stations. You do not have to
discuss who owns the land, who operates it, and so on. All those things are
already in place. It makes it a lot easier to get it out there.

Zipse: That is a good point. It is easier to roll out hydrogen gas stations
nationwide.

Guldner: And the synergy is with the commercial vehicles, especially trucks,
where we have to roll out a hydrogen fueling station network anyway. It is
the same hydrogen.

What Is the Technology Strategy Behind Hydrogen?

Wasserscheid: Let me dive a little deeper into the technology strategy. Hydrogen
is a brand-new technology; it is disruptive. What is the value chain? And
who will be involved with what kind of service and with what kind of prod-
uct? | guess that this is also a strategic decision for BMW. When and where
do we form alliances with other OEMs for fuel cells—I know about your
collaboration with Toyota—or do we source in from classical suppliers like



240 J. Franke et al.

Bosch, Schaeffler, and so on, who fortunately are also quite active in the
hydrogen business? I think it is very encouraging that German companies
are recognizing that this kind of business fits very well with what they
know, maybe different from making batteries. What is the strategic deci-
sion for BMW to have a Unique selling proposition in the hydrogen race,
but also to have its own product portfolio within this powertrain of
the future?

Zipse: We already touched on this point before with the batteries. I think that
in-house competence in all areas is overrated. System integration compe-
tence is the most important thing you need to have. Then, you have to have
a very strong ability to cooperate. If you have strong partners out there—
and we do have partners who have been cooperating with us for many
years—then you do not need to have all competencies in-house unless you
have an extremely unique technology, which is not the case here. I am sure
that with all these hydrogen drivers, there will be a thriving supplier mar-
ket. There will not be just one fuel cell supplier. The important thing to
remember is that the integration possibilities—because we already have an
electric drivetrain—are quite simple. At the end of the day, a hydrogen car
is more or less an electric car. Our car architectures are designed so that
BEVs and FCEVs have a high degree of synergy. This is crucial for our
electric strategy.

We have a long-standing relationship with Toyota that we are very happy
with. Once we decide on a series model, we have to look at who is the best
supplier or the best partner. Regarding a make-or-buy decision, it is not
always true that the in-house made decision is the optimal choice. It can be
right, but most of the time it is not, because you lose a lot of flexibility.

Wasserscheid: This discussion goes even deeper if you think about the whole
hydrogen value chain, with green hydrogen production, hydrogen logistics,
tuel cells as one way of hydrogen utilization, and the aspect of industrializa-
tion and scaling. People sometimes ask me, “Oh, hydrogen has been around
for 100 years! Why is it not there yet?” The main problem is this relatively
complex value chain: You have to find suppliers and partners—and that is
not easy at the beginning. For example, there are different technologies for
on-board storage: compressed, cryo-compressed, liquid, and all of that. It
is important that the first movers—Toyota and Hyundai are excellent
examples—are able and willing to cover parts of that value chain them-
selves. Otherwise, the technology will not begin to move.

Zipse: Do you see that change happening yet?

Wasserscheid: 1 am convinced that we will now build this value chain. We see
this in the Bavarian Hydrogen Centre. There are companies that do elec-
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trolysis, like Siemens Energy; companies that do different kinds of hydro-
gen logistics, like Hydrogenious LOHC Technologies; and companies that
do fuel cells or fuel cell components, like Bosch and Schaeffler. When all
these elements come together, the chain will work. What about your will-
ingness as BMW to contribute your part to building these value chains? Is
it just to say, “I have to buy this, this, and that, and then I will prepare a
car’? Or is it, “I believe in this technology, so I want to be this kind of
enabler like Hyundai or Toyota”? We've seen the Toyota cars at the
Olympics—they really have a mission on hydrogen. Is the same true
for BMW?

Guldner: Of course. We have already mentioned the value chain, and we work
closely with Toyota. We also work with a number of suppliers on the com-
ponents, and then we do the system integration. Look at the fuel cell sys-
tem itself: We do the integration ourselves because that is our core
competence. Also, with the tank system, the storage system, we buy the
tank vessels and so on, but we do the system integration. We are working
hard to integrate that into our electric vehicle architectures in the future.
That is where our particular competence comes in: Taking the components,
putting them together into systems, and then having a powertrain that is
really BMW-like, that has the BMW driving dynamics—as you might
experience when you come back and visit us again for that test-drive
(laughs).

Wasserscheid: 1 would love to do that. And I understand that you need partners
to do that kind of system integration. Where else do you need partners?

Guldner: We rely on other players to build the infrastructure. H, mobility has
done a great job in Germany, building up the first 100 fueling stations. Of
course, we need a Europe-wide network, and we see that coming with the
European initiatives. Hopefully, in the next 5 to 10 years, there will be gas
stations that will sell green hydrogen at a reasonable price for both passen-
ger cars and commercial vehicles because, at the end of the day, it is the
same molecule, unlike diesel, where diesel for trucks is different from diesel
for passenger cars. This is very exciting to see, and I am sure that there is no
need for us to invest in a hydrogen fueling infrastructure, because it is
already happening,.

What Is the Impact of Hydrogen Technology on Climate Goals?
Wasserscheid: When we talk about defossilization, green products, and a low

carbon footprint, we also have to consider the production process for cars.
In Spartanburg, I think you were the first company to show that hydrogen
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mobility can be very helpful in reducing the carbon footprint of your pro-
duction by using hydrogen-powered forklifts. To what level can you extend
that experience? And to what level do you think that competitors and other
companies that move goods from Point A to Point B would adopt this kind
of technology?

Zipse: Building a highly sophisticated, innovative, and high-performance
vehicle is something no company can do alone. That is why we have strong
cooperation partners. We are in a constant synergy with regulators, with
policymakers, with other industry players, with suppliers, and with exter-
nal engineering companies. It is always a concerted effort. It is essential that
we make it clear that this is part of our strategy for the future and that we
are not going in and out with different suppliers every year. Now is the time
when our environment is making a big effort, and the recent Important
Project of Common European Interest (IPCEI) is just one example of
many. We have never had a billion IPCElIs. This is the first time that Europe
is doing this. The United States, China, and Korea are doing the same thing
at the same time. So, this is a unique opportunity. I am not saying that this
is something that will be rolled out quickly across all segments of the car
industry, like electromobility. It will find its place in the upper premium
segment, where the first buyers are. We have been working on this for more
than 20 years. We know that this is a difficult topic. When you only have
two choices—700 bars or -250°C—it is a different question (laughter).

Wasserscheid: This is why people are trying to come up with other technical
solutions.

Zipse: We know that. But we still think that in our 25 years of R&D with
hydrogen, there has never been a better opportunity than now.

Wasserscheid: Absolutely. That is why I said in my initial statement that these
are dynamic times: Politicians are convinced—and I think they are right—
that this is a significant path forward. It is a strong element of a future
defossilized energy system.

Zipse: BMW is strongly committed to hydrogen. Of course, there is the argu-
ment that “you are not focused enough,” that “you should only focus on
one technology to be productive and efficient.” We don’t think that is the
right way. The synergy is not in the drivetrains; it is in the architectures.
The choice of the drivetrain is driven by customer needs. The biggest risk
of focusing on just one or two technologies is that you end up in a shrink-
ing scenario because customers behave differently around the world. And
we strongly believe that if you want to grow in this industry, you have to do
that through market mechanisms and technology openness. If there are not
enough customers for a certain technology after a period of time, you stop.
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But, to give some examples, we see that diesel is not dead—far from it. In
Europe alone, one in five customers still buys a diesel car. It is a thriving
market. The petrol engine is still there, also the hybrid: We are the world’s
largest producer of hybrids among all OEMs. This is a flourishing segment
for us, despite all the public discussion. Pure electric cars have also grown
steadily in recent years. So all four drivetrains are very profitable. The ques-
tion is: Will hydrogen be the fifth drivetrain, or will it be another technol-
ogy? It does not matter—as long as you have thought about the possibility
and put it into architectures. That is what we have done and what we are
doing. So far, that strategy has been absolutely right, because in terms of
the overarching strategy, we know that if a company of this size does not
grow, it will run into problems. So we have to grow, and the lever is tech-
nology openness.

What Are the Limiting Resources of the Hydrogen Business?

Wasserscheid: At the end the day, the customer decides. I think what many
people forget is that a car that goes 700 km and takes at least 20 min to
charge is a different product than a car that takes just a few minutes to
refuel. There will be customers who appreciate that difference and who are
willing to pay a premium for it. But let us assume for a moment that the
hydrogen business grows, especially in the heavy-duty sector. What do you
think about resource constraints? Do you see—also in comparison with
other technologies—resource-related limitations?

Guldner: Well. There are two things to this. One is—as we discussed earlier—
the efficiency question. We want to look at the entire value chain from the
point of view of resources or raw materials: from the manufacture of the
vehicle and the production of all the components and assembly, to the use
phase, and finally to recycling. The main material used in fuel cells is plati-
num, and platinum already has a very high recycling rate. In the next few
years, there will be a lot of catalysts coming back from all the other vehicles.
So the recycling business for platinum is already working very well. That
helps in the long run in terms of reducing the amount of raw materials. The
battery is a different story. We are putting a lot of effort into making the
way we use our raw materials more sustainable. But the battery recycling
business requires more effort, and it is just starting to ramp up.

Zipse: All resources are limited. Always. And the car industry is one of the
most resource-intensive industries. The two questions are: First, when
resources become scarce, do they become more expensive? And second,



244 J. Franke et al.

when does scarcity become an economic argument for survival? That is why
we have defined the principle of “secondary material first” as one of the
main pillars, at least for the next 10 years. Because humanity is extracting
about 100 trillion tons of ores and resources from the planet. Then you ask
people, “How long will that continue?” One thing is for sure. Most
resources are finite. You can still use them, but they will become more
expensive. Palladium, rhodium,... even steel are getting more expensive.
So, it makes economic sense to put secondary materials first, at least as a
cornerstone of your strategy. I think that is a wise decision.

Wasserscheid.: Yes, it helps that platinum is so valuable and people have already
developed processes to refine and recycle it. Plus, the quantities that are
used in fuel cells and hydrogen release units are small.

That brings me to my last question: There is one resource that may also
be limited. And that is brains. Right? (All laugh and nod.) For all that we
have discussed, you need people. People with a different mindset. If you
are trained as a person with gasoline in your blood, you are quite likely to
fail in this electric world. Or maybe not? So the question is: How do you
manage the talent pipeline or attract experts in technologies like batter-
ies, hydrogen, and all these electrified mobility technologies? And how
does that change the way a company like BMW is going to operate in
the future?

Zipse: You hit the nail on the head, because of course brains are a limited
resource. But much more important than the limited brain is the mindset.
We find a strong source of power in trying to get the right mindset. We did
not find such a big difference between the different drivetrains. An electric
car is not that different from an internal combustion car. All of the elec-
trics—apart from the battery—are very “mechanical.” We move people
who work in the internal combustion engine plant to the Dingolfing plant.
It is almost the same skill set. And it is not that different. What stays the
same is the continuous progress in every technology. Take digitalization,
which in principle is not new to us, but every year something new comes
along. Putting the right digital solutions into a car and making a profitable
business model out of it, that is the most important question. At the end of
the day, your product has to be unique, profitable, and attractive. That is
not just a question of qualification or whether we have enough digitaliza-
tion. It is a question of mindset. This is what we are trying to get the whole
company to do, that everyone is part of a larger system that pays into a
business model. If you have that mindset, you will get enough brains that
want to contribute.
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Wasserscheid: 1 think one important way to achieve this is close cooperation
and interaction between universities and BMW, as in our very exciting
discussion today. Many thanks for that!

8.5 Beyond Technical Functionality: The Energy
Ecosystem around Eco-Efficient Drivetrain
Solutions

As shown in the previous sections, different technologies compete in the area
of individual mobility for different target groups and markets. While some
technologies compete directly with each other, others complement each other
for different applications and sectors. In this context, technology openness is
a key to achieving climate neutrality. In Europe, e-mobility is expected to
dominate the mass consumer market in the future. In other areas, such as
heavy-duty transportation, it is not yet clear which drive solution will prevail
in the long term. All solutions require massive research efforts in various fields
to advance the respective technological maturity level.

The associated technological change requires close cooperation between
industry (OEMs and suppliers), research, and politics (international and
national). At the same time, consumer acceptance must be promoted. The
application potential and user acceptance of alternative drivetrains depend to
a large extent on the infrastructure and the energy ecosystem. Future practice
and research avenues must therefore focus on these two aspects.

In the field of energy ecosystems, three potential future paths for eco-efficient
mobile and stationary energy storage are discussed below. Due to the close inter-
action of new drive technologies with the associated infrastructure, disruptive
energy distribution systems in the automotive context are also presented.

8.5.1 Eco-Efficient Storage of Electric Energy on Board
an Automobile

The present status and success of battery electric vehicles is closely linked to a
specific battery technology—the Li-ion technology. The reason is the out-
standing energy and power density of the Li-ion technology compared with
other material combinations (see Fig. 8.8).

Several inventions have been necessary to make Li-ion cells work. In 2019,
the pioneering work of John B. Goodenough, M. Stanley Whittingham, and
Akira Yoshino conducted in the second half of the last century has been
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Fig. 8.8 Ragone diagram showing specific energy and power densities of different bat-
tery technologies (Note: Status as of 2013 on cell level—today Li-ion expand further to
the right; “Ragone plot of various battery technologies with specification at cell level for
automotive applications without lithium-sulphur and metal-air batteries.” originally
published in Budde-Meiwes et al. (2013). Proceedings of the Institution of Mechanical
Engineers, Part D: Journal of Automobile Engineering, 227(5), 761-776. https://doi.
org/10.1177/0954407013485567; all rights reserved.) (Budde-Meiwes et al., 2013)

honored by the Nobel prize. And it was the need for higher battery capacity
for the new consumer electronic devices, like the camcorder, which motivated
Sony in the late 1980s to industrialize the Li-ion technology.

The working principle and the subsequent steps to build a Li-ion cell from
the incoming materials (powders, solvents, conducting foils, separator, elec-
trolyte, and cell housing) to the final cell is shown in Fig. 8.9. The key materi-
als are the active anode and cathode materials being able to store Li-ions in its
inner structure. While graphite is the predominant material for the anode for
all applications, the choice of the cathode material (typically a lithium metal
oxide) strongly depends on the application and the requirements.

For example, the key performance indicators (KPIs) for automotive appli-
cations differ substantially from those of the consumer electronics leading to
different solutions. While the lithium—cobalt oxide (LCO) cathode material
is used in consumer electronics, LCO is not suitable for automotive
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Fig. 8.9 Overview of the working principle of a Li-ion battery cell, the typical set of
materials and the typical realization from materials to electrodes and finally to cells
(pouch, cylindrical, or prismatic hard case)

applications due to cost and safety reasons. The predominant cathode mate-
rial in battery cells for electric vehicles today is the lithium—nickel-manga-
nese—cobalt oxide (NMC) chemistry (a layered oxide structure).

Ten years ago, the material composition was the so-called NMC111 (i.e.,
equal amounts of nickel, cobalt, and manganese [33% of each]). In the future
development, the nickel content was continuously increased to 80% in today’s
so-called NMC811 material (80% Ni, 10% manganese, and 10% cobalt).
The benefit is a substantial increase of the specific capacity of the material
from about 150 mAh/g (NMC111) to about 210 mAh/g (NMC811). The
drawback is that those high-performance materials are thermally less stable,
leading to challenges for lifetime and/or safety.

As shown in Fig. 8.9, the active layers of a cell (multiple electrode and sepa-
rator layers arranged in a stack or jelly roll) can be integrated in different
mechanical cell housings. Those are pouch cells, cylindrical cells, and pris-
matic hard case cells. Each of those has individual weaknesses and strengths,
and those are all used in automotive applications.

Pouch cells: The housing consists of a thin composite foil (polymer with
an alumina layer in between). The sealing is done by a lamination process.
The advantage is its lightweight and high degree of freedom in realizing dif-
ferent form factors (only cell thickness is limited). The disadvantage is the
possible diffusion through the laminate seal and the low mechanical
robustness.

Cylindrical cell: The housing is mainly steel but could also be alumina.
The integration of a cylindrically wound jelly roll gives the best volumetric
energy density. Sealing is done by crimping (risk of diffusion but lower than
for a pouch) or laser seal. The advantages are the mechanical robustness and
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constant shape even when pressure builds up inside the cell. The disadvantage
is the limitation of the cell size (production process, thermal manage-
ment, etc.).

Prismatic hard case cell: The housing is a prismatic alumina can. Sealing
is done by laser welding. The advantages are the mechanical robustness and
long lifetime, and it can be easily used in highly automated production pro-
cess to manufacture modules and packs.

The battery cell (i.e., the chemistry used) and the mechanical cell concept
is responsible for the electric vehicle’s core properties of range, driving per-
formance, and charging time. BMW has focused on the prismatic hard case
cell as the building block for its battery architecture. The reasons are the
mechanical rigidness, the longevity, and the suitability for high-volume and
high-quality production of modules and battery packs. BMW has optimized
this type of battery over five generations, and it now successfully powers our
present fleet of battery electric vehicles (see Fig. 8.10).

In the sixth generation of BMW eDrive technology utilized in the NEUE
KLASSE, significant advancements have been made in the cell format and
chemistry. The introduction of the new BMW round cell, purpose-built for
the electric architecture of NEUE KLASSE models, allows for a remarkable
increase in the range of the highest range model, up to 30% (according to
WLTP) (BMW Group, 2022; see Fig. 8.11).

Deviating from the fifth-generation prismatic cells, the sixth-generation
BMW round cells differ in an increased nickel content on the cathode side.
This allows the cobalt content to be reduced. In addition, a notable increase
in the silicon content on the anode side contributes to a significant increase in
the volumetric energy density of the cell of more than 20% (BMW
Group, 2022).

BMW iX BMW i4 Battery pack

Cell module Prismatic Cell

Fig. 8.10 BMW:'’s Gen5 battery cell, module, and pack architecture
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Fig. 8.11 BMW!'s Gen6 battery cell and pack architecture and the resulting improve-
ments of some relevant KPIs (the reference is the present Gen5 battery pack
architecture)

In the NEUE KLASSE, the battery system is critical because, depending
on the model, it offers flexible integration into the installation space to save
space through a “pack to open body” approach that eliminates the cell module
level (BMW Group, 2022; see Fig. 8.11).

Moreover, the NEUE KLASSE’s battery, drivetrain, and charging technology
will operate at a higher voltage of 800 V. This enhancement optimizes energy
supply from direct current high-power charging stations, enabling a much higher
charging capacity of up to 500 A. As a result, it will take up to 30% less time to
charge the battery from 10% to 80% (BMW Group, 2022; sce Fig. 8.11).

The BMW Group places strong emphasis on reducing the carbon footprint
and resource consumption throughout the production process, starting from
the supply chain. To achieve this, cell manufacturers will use lithium, nickel,
and cobalt, incorporating proportions of secondary material, that is, raw
materials that already exist in the material loop and are not newly mined. In
addition, the BMW Group is committed to using only green electricity from
renewable sources for battery cell production. Both of these advances are
expected to reduce the carbon footprint associated with producing battery
cells by up to 60% compared with the current generation (BMW Group, 2022).

Emphasizing the importance of a circular economy in e-mobility, the
BMW Group aims to reuse raw materials. Circular loops significantly dimin-
ish the demand for new raw materials, reduce the risk of environmental and
social standard violations in the supply chain, and lead to substantially lower
CO, emissions. The BMW Group’s active involvement in all stages of a circu-
lar battery economy (see Fig. 8.12) underscores their commitment to this
approach. Ultimately, the long-term objective is to adopt fully recyclable bat-
tery cells (BMW Group, 2022).

For the new generation of BMW battery cells, the raw materials cobalt and
lithium will be sourced from certified mines, ensuring transparency over
extraction methods and promoting responsible mining practices. The
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Fig. 8.12 BMW:'s circular battery value chain

sourcing is carried out either directly through the BMW Group or via the
battery cell manufacturer (BMW Group, 2022).

For numerous years, the BMW Group has actively participated in initia-
tives aimed at establishing standards for responsible raw material extraction
and advocating compliance with environmental and social norms through
mine certification. This approach not only exemplifies the company’s com-
mitment to sustainable business practices but also reduces its dependence on
certain resources and suppliers from a technological, geographical, and geo-
political perspective.

For an OEM, the continuous further development of battery systems is
mandatory. In the past, the main driver for battery cell development was to
increase energy density and hence range of the battery electric vehicle. With
the NEUE KLASSE, driving ranges of up to 900 km, depending on the spe-
cific vehicle, will be reached. In principle, ranges above 1000 km are techni-
cally possible but are, in most cases, neither economical nor ecologically
reasonable. It is more important to develop and deliver a product optimized
along all relevant KPIs and the needs of the customer. Hence, future battery
cell development will diversify and be directed to different areas of the car
portfolio (see Fig. 8.13). This will be: a) still the optimization of energy den-
sity (“range-optimized”), but equally important, b) the best fit between energy
density and cost (“cost-optimized”), and c) the low cost sector for entry mod-
els (“low-cost”).
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Fig. 8.13 Future diversified development directions for battery cell technology

Since 2008, the BMW Group has been progressively cultivating its exper-
tise in battery cell technology. This expertise has been consolidated at the
BMW Group’s Battery Cell Competence Centre (BCCC) in Munich since
2019. Encompassing the entire value chain, from R&D to battery cell design
and manufacturability, the BCCC serves as a hub for translating cutting-edge
battery cell innovations into practical applications swiftly and effectively. To
this end, the BMW Group collaborates with a diverse network of approxi-
mately 300 partners, including established companies, start-ups, and research
institutions. The insights acquired through these collaborations undergo vali-
dation at the Cell Manufacturing Competence Centre (CMCC) located near
Munich in Parsdorf (BMW Group, 2022).

This competence and continuous effort are needed to ensure that the best
possible and most eco-efficient battery technology is offered to the customer.

8.5.2 Eco-Efficient Hydrogen Storage and On-Demand
Electrification

Energy from renewable sources enables a climate-friendly supply of electricity,
heat, and alternative fuels. However, due to the volatile nature of renewable
energy sources, technologies are urgently needed to make renewable energy
storable, transportable, and globally tradable to link privileged production
sites with centers of consumption. One solution is energy storage in the form
of hydrogen, which can be produced by electrolysis of water with renewable
energy. If the energy stored this way is needed again, the hydrogen can be used
to generate electric energy in a fuel cell, with water vapor as the only addi-
tional product. In this way, a CO,-free energy system can be established.
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In the future of defossilized and fully emission-free energy systems, hydro-
gen technologies will play a very important role. They will provide solutions
for applications where battery technologies cannot be used for reasons of cost
and practicality. This applies, in particular, to the following areas:

1. Applications where hydrogen is not needed as an energy carrier, but as a
“green” reduction equivalent (e.g., the steel industry) or as a reactant for
chemical reactions (e.g., for the valorization of CO,, biomass, or poly-
mer waste).

2. Applications where the amounts of energy stored and transported are
exceptionally high and where the number of loading cycles per year is small
(typically <20). Examples include the seasonal storage of large amounts of
electrical power and the global logistics of low-cost, green energy from
global high-yield solar and wind locations for use in industrialized regions
with high consumption.

3. Applications in the field of zero-emission, heavy-duty, and long-range
vehicles (e.g., for the propulsion of sea ships and river barges, trains, trucks,
coaches, and commercial vehicles in the agricultural, forestry, and mining
sectors), but also for long-range passenger cars.

One challenge, however, is that elemental hydrogen (H,) has only a very
low energy density at ambient conditions. For storage and transport, hydro-
gen is therefore stored as a gas under high pressures of up to 700 bar or lique-
fied at temperatures below minus 250 °C (Preuster et al., 2017). Concerning
the transportation of hydrogen, leveraging established fossil fuel infrastruc-
ture—specifically, natural gas pipelines—offers noticeable advantages.
Utilizing existing infrastructure proves to be more cost-effective and resource-
efficient (U.S. Department of Energy, 2023). However, while blending hydro-
gen into natural gas to transport a gas mixture is comparatively feasible for
modest of proportions of hydrogen, converting the gas grid to distribute only
hydrogen presents more complex technical, legal, and policy-based challenges
(Jayanti, 2022). Furthermore, on an international scale, hydrogen transporta-
tion approaches that rely on molecular hydrogen demand the construction of
new, considerably expensive infrastructure. Given this context, researchers are
exploring alternative methods for hydrogen transportation that extend beyond
merely repurposing existing pipelines. Current research and development
work at FAU is therefore aimed at establishing innovative hydrogen storage
and logistics approaches that are highly compatible with the existing infra-
structure for the currently utilized fuels. This infrastructure compatibility
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offers the chance for a much faster introduction of hydrogen-based clean
energy technologies on a system-relevant and global scale.

To realize this compatibility with existing energy infrastructures, the ele-
mental gaseous hydrogen is bound to a carrier molecule in a heat-producing
hydrogenation reaction. This creates a hydrogen-rich form of the storage sys-
tem, the loaded storage compound, which can be easily stored and trans-
ported in a liquid or liquefied form. On demand, elemental hydrogen can be
released from the charged storage compound in a reverse, heat-consuming
dehydrogenation reaction. In this process, the discharged storage material is
formed again and can be used for another hydrogen storage cycle. Reaction
accelerators, the so-called catalysts, play a decisive role in the described storage
and release reactions. They accelerate the rates of reaction and ensure that the
desired hydrogenation and dehydrogenation reactions take place with the
highest possible selectivity.

A technically very promising example of this approach is the so-called lig-
uid organic hydrogen carrier (LOHC) technology, in which molecular hydro-
gen is reversibly bound to an aromatic liquid compound (Preuster et al.,
2017). Research contributions of the FAU in the last decade have shown that
the aromatic compound benzyltoluene is particularly suitable as hydrogen-
lean storage compound (Jorschick et al., 2017; Ride et al., 2022).
Benzyltoluene is a readily available industrial product and has been applied
since the 1960s as heat transfer oil. Many properties of the compound are
known and very well suitable for its application in hydrogen storage, such as
its high thermal stability and the high intrinsic safety of the compound. Based
on this LOHC system, FAU researchers have developed a hydrogen storage
and transport technology that has been commercialized in the meantime by
the FAU spin-off Hydrogenious LOHC Technologies GmbH (www.hydroge-
nious.net). Since its foundation in 2013, Hydrogenious has developed into a
global technology leader for hydrogen storage using LOHC technologies and
today has 200 employees.

Interesting alternatives in the field of chemical hydrogen storage include the
reversible chemical binding of hydrogen to the gases CO, or N,, which also
leads to liquid (methanol and diesel) (Artz et al., 2018) or liquefiable (ammonia
and dimethyl ether) (Schiith et al., 2012) hydrogen-rich storage compounds.
These compounds can be split on demand to produce hydrogen or used directly
as chemicals or as climate-neutral combustion fuels (see Fig. 8.14).

An important difference between these CO,/N, concepts and the LOHC
technology is that LOHC-released hydrogen is of sufficient quality for re-
electrification in a fuel cell after condensation of the liquid carrier. By con-
trast, splitting ammonia, methanol, or dimethyl ether for hydrogen production
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leads to gas mixtures of hydrogen and nitrogen or carbon dioxide, respec-
tively. These mixtures have to be separated to obtain pure hydrogen for fuel
cell operation. While the LOHC carrier compounds are transported in the
hydrogen-rich state from the energy-rich location to the energy consumer and
in the hydrogen-lean state back for recharging, the equivalent storage cycle is
typically closed for CO,- or N,-based hydrogen storage technologies via the
atmosphere. At the energy-rich location, CO, or N, is extracted from the
atmosphere, and the same compounds are released to the atmosphere after
hydrogen splitting and separation at the energy consumption site.

Opverall, the technologies for chemical energy storage, and for the LOHC
technology in particular, offer clear advantages over batteries and physical
storage of elemental hydrogen if the stationary energy storage of large amounts
of energy, global energy transport, and emission-free heavy-duty mobility are
the focus. Chemical hydrogen storage can be realized at ambient temperature
and ambient or low pressure to provide very high energy densities. Since the
loaded storage material can be easily handled like today’s fuel, the existing
infrastructure for liquid energy carriers (tankers, tank wagons, and tank
farms), which is accepted by the population and has proven itself over many
decades, can be further used. There is no need to build expensive new supply
infrastructure, nor does the hydrogen require complex cooling or compres-
sion. Most interestingly, these chemical hydrogen storage technologies are
exportable and can also be used in countries whose gas and electricity distri-
bution infrastructure has so far been poorly developed (Hank et al., 2020).
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8.5.3 Eco-Efficient Electricity Distribution via an Electrified
Road Infrastructure

The glaring disadvantage of the limited storage capacity and charging capacity
of batteries cannot be overcome in the short term. Another major challenge at
present is the expansion of the charging infrastructure. According to statistics
from the German Federal Network Agency, there were 63,806 normal charg-
ing points and 12,755 fast charging points in Germany as of December 01,
2022 (Bundesnetzagentur, 2023). The German government plans to increase
this number to 1 million publicly accessible charging points by 2030
(Bundesministerium fiir Digitales und Verkehr [BMDV], 2022). The
European Union plans to install one charging station every 60 km along
major traffic routes (European Parliament, 2022). The deployment of bidirec-
tional charging and smart grids will create further synergies.

Other technologies can complement this strategy. For example, instead of
storing energy in massive batteries and carrying them in the car, electric energy
can be transferred directly from electrified roads to parked and even moving
electric cars. Inductive power transfer (IPT) automatically starts the charging
process when the vehicle is parked over a charging coil. By installing this tech-
nology on long-distance roads, the energy needed to drive can be provided
continuously, the concentrated grid load caused by ultra-fast charging is
reduced, and the size of the batteries can be significantly reduced. As a result,
electric cars can become lighter and less expensive, and even heavy trucks can
be driven electrically, efficiently, and with zero emissions for an unlimited
driving range without additional recharging. Conversely, by eliminating the
need to recharge at rest stops, the investment requirement for the immensely
expensive fast-charging columns is decreased, the space required for charging
cars is reduced, and travelers no longer waste time recharging their batteries
on long-distance trips.

Again, after BMW introduced the i3 as the first purpose-designed electric
car in Germany, with the plug-in-hybrid 530e, BMW was the first car com-
pany to bring wireless power transfer to the market in series production.

The primary coils (see Fig. 8.15), consisting of concentrically wound cop-
per strands, are installed under the road surface in parking lots or on roads at
intervals of about 1 m. A magnetic field pulsed at 85 kHz excites an electric
voltage in the secondary coils, which are mounted on the underbody of the
vehicles. More than 20 kW of power can be transmitted per coil, which is
sufficient even at high speeds and under normal conditions for propulsion
and simultaneous battery charging. Higher power requirements, such as for
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trucks and buses, can be met by installing multiple secondary coils. With a
precisely tuned oscillating circuit and excellent primary and secondary coil
qualities, energy transfer efficiencies of over 90% can be achieved, even sur-
passing the efficiency of previous high-performance conductive energy trans-
fers, since the additional electrochemical energy conversions in and out of the
battery can be eliminated.

Since the magnetic fields of the primary coils are basically harmless to liv-
ing beings and are only activated when a secondary coil system is coupled, the
road traffic infrastructure can be electrified without hesitation. However, it
will be necessary to educate the public in order to dispel any reservations they
may have. The automatic identification of vehicles in the energy system, com-
parable to the registration of a cell phone in the mobile network, makes the
payment process more convenient. The permanent connection of electric
vehicles to the smart grid while parking and driving enables the use of vehicle
batteries for an effective stabilization of the energy grid (vehicle-to-grid). Even
if only half of all German cars were to be converted to electric drives, about
one terawatt-hour (T'Wh) of storage capacity would be available (Loisel et al.,
2014). (This is equivalent to about 25 times the capacity of all of Germany’s
hydroelectric storage power plants.) The introduction of this technology will,
of course, require significant investment to retrofit existing infrastructure and
expand the electrified road network. The additional infrastructure costs for
electrified roads are estimated to be about €1 million per road kilometer
(KTH and QiE, 2019).

Compared with other technologies, large-scale inductive charging is still a
relatively nascent field. It brings to the fore fascinating research questions
pertaining to its potential applications and development. Given the need for
technology openness to accommodate various use scenarios, exploring these
research avenues can help assess both the technological viability and economic
feasibility of this charging method and whether it could complement other
charging technologies in the future.

8.6 Conclusion

The mobility sector is currently in a state of uncertainty. Many market players
are facing challenges due to technological change, increasing regulation,
changing customer behavior, and the emergence of new competitors.
Established technologies that have dominated for many years are losing
importance and are being replaced by alternative technologies. The most
obvious change in the powertrain is the ongoing replacement of the internal
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combustion engine and the substitution of fossil fuels. This major technologi-
cal change is necessary to enable a completely emission-free future in the con-
text of climate change, but is also motivated by environmental and health
protection. Accordingly, there are strong interactions with the megatrends of
decarbonization and sustainability.

The evolution is sequential. Bridging technologies such as hybridization
facilitate the transition, while other technologies compete directly with each
other as long-term solutions. At the same time, complements are possible for
different applications and sectors, such as battery electric mobility and hydro-
gen as the fuel of the future. It can be assumed that battery electric vehicles
will form the backbone of emission-free individual transportation in the
future. Regeneratively produced hydrogen, which can be used in fuel cells and
internal combustion engines, can provide a complementary solution. Potential
applications include long-distance, heavy-duty, or off-highway transporta-
tion. In any case, there is a close interaction between the drive technology and
the associated energy ecosystem. Renewably generated electricity and hydro-
gen must be available in sufficient quantities and at attractive economic con-
ditions. In addition, distribution and convenience for the end user must be
ensured. This requires a charging and refueling infrastructure that is as capable
as the current one for fossil fuels. The European Union’s targets of charging
points every 60 km and hydrogen refueling stations at least every 200 km
along major transport routes and in every city are a step in the right direction.
The technology of inductive charging while driving might be another attrac-
tive option. In any case, massive investment in infrastructure is essential.

Other automotive megatrends include connectivity, autonomous driving,
and mobility as a service (Gall & Sieper, 2021). These developments, which
can be summarized under the term ACES, are mostly not directly related to
the drive technology used, but benefit from the increasing electrification and
digitization of vehicles. As a result, there is the potential to increase safety and
comfort while reducing the environmental footprint. At the same time, the
technological advances are having a major impact on the OEMs’ and suppli-
ers businesses. Companies that are unable to respond to these developments
and uncertainties will face major problems. However, this challenge can also
be seen as an opportunity. New markets, products, and business areas are
emerging. At the same time, the general public benefits significantly from
sustainability, zero emissions, and increased safety.

So how can technologies for future contribute to sustainability?—We
would like to highlight five takeaways from this chapter that invite further
discussion:
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1. The car of the future will be ACES—autonomous, connected, electric, and
shared. Each of these characteristics has the potential to promote sustain-
ability if well integrated.

2. As each technology has specific advantages and limitations, the transition
to zero-emission mobility will not be based on one technology, but on a
mix of technologies that can drive decarbonization across different use
cases and contexts. Guided by clear decarbonization targets, technology
openness can accelerate learning, experimentation, and flexibility.

3. Hydrogen solutions can be a solution to address the shortcomings of a
pure electric vehicle. By reaping its advantages in terms of international
energy flows, energy storage, range, and charging infrastructure, it can be
an important complement to electromobility.

4. Zero-emission drivetrain technologies require an enabling energy ecosys-
tem that includes not only sufficient renewable energy generation, but also
the necessary charging infrastructure. In addition to electric charging sta-
tions, innovations in this charging ecosystem can include LOHC-based
hydrogen transport and hydrogen delivery at existing gas stations as well as
innovative forms of inductive on-road power transfer with the potential to
drastically reshape current electric mobility.

5. Implementing technologies for the future requires not only engineering
knowledge, but also the right mindset and the ability to partner with other
stakeholders. In addition, market-based diffusion of green technologies
requires successful business models. From a business model perspective,
the system integration of technologies into viable solutions is more impor-
tant than technologies alone. The implementation of such system integra-
tions benefits from partnerships with others.

Technologies for the future are needed to disrupt the fossil-fuel-based status
quo and to develop the products and value chains for zero-emission mobility.
This chapter has thus concluded our discussion of the different individual steps
on the Road to Net Zero. At the same time, it has shown that technology is
related to strategy, products, value chains, and much more. Emphasizing this
interplay between the different contributions of this book, the following and
final chapter (Chap. 9) 7he Road 1o Net Zero and Beyond weaves together impor-
tant threads of our previous discussions and concludes this book with a look into
the future of collaborations that can drive the sustainability transformation.
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