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Abstract

Abstract

Technological innovations are often seen as having the potential to change entire industries for the long
term. However, the diffusion of these innovations is often an extremely complex problem, described as
a “chicken and egg” causality dilemma. Such innovations often do not emerge individually but are
dependent on directly and indirectly connected actors and their contributions. The innovation challenges
within these actors are not evenly distributed, which leads to the fact that some contributions are inferior
and thus limiting the diffusion of such innovations. Such contributions are called bottlenecks. This work
aims to identify and analyze the change of these bottlenecks in battery electric and fuel cell electric
vehicles over the period from 2000 to 2020.

In the context of this research project, the concept of "innovation ecosystems" was chosen as the
framework for the study, which attempts to explain the interdependencies of the individual actors and
their contributions around an innovation with analogies to biological ecosystems. By using this approach,
the relevant contributions and their limiting effect on the value proposition to the customer of battery
electric and fuel cell vehicles could be detected.

An approach based on secondary data, which were selected with the help of predefined criteria, was
chosen as the research design. This secondary data was analyzed and evaluated using the qualitative
content analysis method, according to Mayring. In order to increase the quality of the results of the
analysis, these results were validated with primary data from three expert interviews.

The research findings show that the bottlenecks of battery electric and fuel cell electric vehicles have
changed only to a limited extent during the study period. But the reason why contributions to the value
proposition represent a bottleneck has changed in many areas. In addition, new contributions to the
value proposition have gained attention in recent years, especially with regard to battery electric
vehicles. The innovation ecosystem approach allows bottlenecks to be identified not only on the
component level but also on the level of complementary products and services. In both technologies,
components and complementary products and services represented bottlenecks throughout the entire
study period.

Based on the findings of this study, further research should focus on how the different actors have dealt
with the bottlenecks of the two technologies, respectively what measures they have taken to minimize
the limiting effect of these bottlenecks on the value proposition to the customer.
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Introduction

1 Introduction

In the 21st century, humanity is facing new challenges, which also significantly impact the automotive
industry. The increasing environmental pollution caused by the industrial sector, among other things,
and the associated global warming should finally demonstrate to us the necessity to act more
sustainably. It is very worrying when we consider that the average temperature has increased by 0.6°C
since the beginning of the 20th century, caused by the combustion of fossil raw materials (Martin et al.,
2015, p.4). To illustrate the progress of global warming, Figure 1 provides an overview of the increase
in the last century.

) f\%n

Degree celsius
o o
8] -
—
e

i TP, i
PRV Y 111
_O,J‘VWN\J M VA1 L\

N u v V\I\r‘l
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Year

Figure 1: Deviation of global air temperature from the average 1961 to 1990 (Umwelt Bundesamt, 2020)

To initiate countermeasures, the first agreement on climate protection, the “Kyoto Protocol”, at the
international level was signed in 1997 (Haensgen, 2002, p. 16). This protocol determined that the
signatory countries must reduce their greenhouse gas emissions by approx. 5% in the period from 2008
to 2012 compared to the value of 1990 (Haensgen, 2002, p.18ff).

However, the issue regarding this “Kyoto Protocol” was that only a few industrialized countries were
obligated to reduce their emissions. To overcome these difficulties, the “Paris Climate Agreement”
followed in 2015. This agreement involved 190 countries defining national climate protection targets to
limit global warming to below 2°C or, more preferable, below 1.5°C compared to the pre-industrial level.
(BMU, 2017)

Since almost a quarter of the global anthropogenic CO2 emissions (Figure 2) are caused by the transport
sector, especially from individual road transport, reducing greenhouse gas emissions in this sector is a
precondition to meet the climate targets (Miller and Facanha, 2014).

In the automotive sector, the United States of Amerika (USA), with its California Air Resources Board
(CARB) legislation, was a pioneer in reducing exhaust emissions. In 2003, a mandatory Zero-Emission-
Vehicle (ZEV) quota was introduced, with the objective to reduce greenhouse gas emissions. ZEVs refer
to vehicles that do not have any local emissions, like battery electric vehicles or fuel cell electric vehicles.
(Fischer et al., 2020, p. 402)

The first mandatory CO:2 limits in the EU were introduced in 2012, where 65 % of the new annual sold
passenger cars were required not to exceed the COz fleet emissions of 130 g/km. This quota was raised
to 100% in 2015. In 2020, respectively 2021, this CO: fleet emission limit was lowered to 95 g/km.
(Fischer et al., 2020, p. 428)

This means that a change in the mindset of the automotive industry is a prerequisite for achieving the
corresponding CO:2 goals and consequently the goals of the “Paris Climate Agreement”. While the
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combustion engine has been undisputed for a very long time through its rapid improvement, the demand
for green innovations is now becoming even greater (Dhand and Pullen, 2015a, p. 487). The basic
concept behind green innovations is that the product has the potential for a reduced environmental
impact over its entire life cycle compared to an existing alternative, and thus, is more ecologically
sustainable (Schiederig et al., 2012, p. 181ff).

In the automotive industry, such green innovations are usually called alternative powertrains. These
powertrains can either have an internal combustion engine (ICE) that operates with non-fossil fuels, or
the powertrains are electrified (Verband der Automobilindustrie, 2009a, p. 4). The two most discussed
powertrain topologies in this context are the battery electric vehicles (BEV) and fuel cell electric vehicles
(FCEV), whose functional concepts have been in existence for many years.

THE TRANSPORT SECTOR
A major contributor to global anthropogenic CO, emissions
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Figure 2: Global anthropogenic COz emissions of different branches (Miller and Facanha, 2014)

The functional principle of the battery electric vehicle dates back to the 19th century, with the first electric
car appearing in France in 1881. Approximately at this time, the mobile application of the internal
combustion engines was also introduced (Kampker et al., 2013, p. 3f). In comparison to that, the
principle of fuel cell application in the automotive sector is relatively young.

New registrations of BEVs and FCEVs in Europe
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Figure 3: BEV and FCEV registration trend over the last ten years in the EU (European Alternative Fuels
Observatory, 2020)
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General Motors presented the first fuel cell vehicle in 1966, which operated with an alkaline fuel cell and
had an onboard hydrogen and oxygen storage device (Verband der Automobilindustrie, 2009b, p. 5).
From that time on, especially Daimler in Europa and some Asian players conducted intensive research
in fuel cell technology to get this concept ready for serial production (Mercedes-Benz Museum GmbH,
2019).

As it can be seen, especially battery electric vehicles have a very long history, and yet internal
combustion engine vehicles are still the dominant propulsion concept in individual personal
transportation. Figure 3 underlines this claim by showing the development of the combined market share
of BEVs and FCEVs over the last years, which is still a fraction compared to internal combustion engine
vehicles.

1.1 Motivation

In order to find possible reasons why certain technologies have prevailed, whereas others like BEVs
and FCEVs still have only a fraction of market share, it is important to understand the powertrain
topologies and their components (Fischer and Neunteufel, 2018, p.313).

However, only the knowledge about the functional principle and the limitations of vehicle components is
not enough as the limiting factor does not necessarily have to be a component. Innovations such as
battery electric vehicles or fuel cell electric vehicles do not emerge individually, but there is a
dependency upon an ecosystem of directly or indirectly connected actors and their complementary
contributions. This concept is called innovation ecosystem, where the innovation is always at the center
of interest. (Jacobides et al., 2018, p. 2256f; Adner and Kapoor, 2010, p. 309)

The problem is that some contributions in the ecosystem, which can either be a component or a
complementary service or product, can be inferior due to poor quality, poor performance, low availability,
or high cost, and thus limiting the evolution and growth of the entire ecosystem. These components or
complements are consequently declared as a bottleneck. (Hannah and Eisenhardt, 2018, p. 3164;
Kapoor, 2018, p. 6)

In many cases, green innovations are not driven by the market or its technology but promoted by
governmental institutions despite the existence of technological bottlenecks (Geels et al., 2017, p. 464ff).
Suppose an innovation, such as a battery electric vehicle, is subsidized by governmental institutions
and has significant bottlenecks from a technological standpoint, which are not resolved. In that case,
the attractiveness of the innovation for the customer drops significantly when the subsidies are removed.
For this reason, it is of enormous importance for the individual actors to identify and solve these
bottlenecks (Hannah and Eisenhardt, 2018, p. 3164).

1.2 Objective and Organization of Research

The main objective of this thesis is to identify the bottlenecks in the innovation ecosystems of battery
electric and fuel cell electric vehicles. For this reason, it is necessary to get familiar with the term
ecosystem in the field of business strategy and understand how bottlenecks can occur in such a setup.
The already existing literature on bottleneck identification in such an innovation ecosystem is scarce.
However, some pioneers such as Adner and Kapoor (2010) have already addressed this topic. From
this literature, a method should be selected, using secondary longitudinal data from different sources to
identify the bottlenecks. Obviously, it is a prerequisite for identifying such bottlenecks to understand the
major parts and the functional principle of BEVs and FCEVs. Therefore, a literature review has to be
performed. After this, the method will be applied, and the bottlenecks will be identified. The results of
this analysis should be validated with primary data from expert interviews. The knowledge of these

bottlenecks can provide an explanatory approach to why these two powertrain topologies are still in their
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infancy and have not yet made it to mass adoption. Figure 4 provides a graphical representation of the
thesis procedure.

Literature research Analysis Validation of results

Preparation of an
interview guideline for
expert interviews

= Become familiar with Selection of a method
the topics innovation based on literature
ecosystem and
bottleneck Selection of suitable
material for analysis

Conducting the expert
interviews

Identification of

already existing Application of method -
methods for bottleneck to selected material Validation of the
identification in qualitative content

innovation ecosystems Identification of the ani_]h_"Sis results with the
B R e opinions of the experts

Figure 4: Procedure of the thesis

Therefore, taking the research objectives and research scope into consideration, the research questions
(RQ) of this thesis are:

1. Which methods to identify technological bottlenecks in innovation ecosystems are described in
the literature?

2. How did the most important technological bottlenecks in the innovation ecosystems of BEVs
and FCEVs change from 2000 to 20207
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1.3 Structure of thesis
This thesis is organized into seven main chapters:

Introduction

Literature review

Research methodology

Results of the analysis

Validation of the results from the qualitative content analysis
Discussion

Conclusion

Limitations and future research

©No g ~wDdPR

Chapter one includes the general introduction of the topic, motivation of the study, research objectives,
research organization, and the research questions.

A literature review on innovation ecosystem and bottlenecks is provided in chapter 2. This review
comprises the review of the innovation ecosystem, the basic definition of value, Porter’s value chain,
value systems, different research streams on the ecosystem, and their characteristics. Further, a
definition of the term bottleneck is given as input for the empirical part of this thesis.

Additionally, the current state of research of the bottleneck identification in an innovation ecosystem is
described, in which five different methods are presented, and the first research question is answered.

Chapter 3 deals with the methodology of the empirical part of this thesis. Therefore, the quality content
analysis and all activities, like data collection, deductive and inductive category creation, the iteration
steps, and the intercoder-reliability check, are described in detail. Furthermore, the creation of the
network of complementarity and the validation of the result with expert interviews are shown.

The empirical findings of the qualitative content analysis performed on secondary data are presented in
Chapter 4. First, the results of the battery electric vehicles and then those of the fuel cell electric vehicles
are presented.

In chapter 5, the results of the qualitative content analysis are compared and validated with the expert
interviews conducted. Chapter 6 is dedicated to discuss the obtained results.

In chapter 7, the thesis is summarized, and the research questions are answered in the form of a
conclusion. The final chapter of the thesis focuses on the study's limitations and gives recommendations
for future research projects.
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2 Literature review

The research in the field of value systems and bottlenecks is of great relevance for this thesis, and
therefore the literature review on these topics is a prerequisite. This chapter deals on the one hand with
the term value in general, and on the other hand, it presents different types of value systems. Particular
attention is paid to the ecosystem-based value system, as this concept includes the research stream of
the innovation ecosystem and is crucial for this thesis. Finally, the term bottleneck will be defined, and
an insight on how they can emerge will be granted.

2.1 Value and value chain

The term value is often used in different contexts, and the interpretations vary a lot (Marinova et al.,
2017, p. 1). In common usage, value refers to the benefit or merit associated to a product or service.
Another frequently used definition of value refers to the monetary worth of a special service, product, or
social benefit offered on the market. (Ahen, 2015, p. 80; Marinova et al., 2017, p. 1f)

However, since the term value is often used in combination with different processes, finding a general
definition in the literature is difficult. Therefore, specific interpretations from different academic
disciplines have evolved. As a result, value has acquired a universal meaning. But not only that, if we
consider the definition from above, value as a benefit suggests that there is always a beneficiary which
can be, for example, a person or a group. Thus, the term becomes relative as it has a specific
dependency on the assets or the behavior of these beneficiaries. For this reason, value is, on the one
hand, actor-depend, and on the other hand, value is related to the process or situation, the context in
which the term is used. (Marinova et al., 2017, p. 2)

At the business level, value is generally conveyed through organizational objectives aimed to create or
capture value (Chambers and Patrocinio, 2011, p. 4). Value creation refers to a process of resource
utilization that adds value to a product or service, i.e., an actor's attempt to increase the value of its
offering. However, only offering a product that adds value to the customer is not enough. The price and
cost structure of the product must also allow that a (financial) return can be achieved from the value
creation. (Chesbrough et al., 2018, p. 933; Verdin and Tackx, 2015, p. 2)

The research on the process of value creation in a business environment has a long history. Joseph
Schumpeter (1934) identified the combination of technologies with existing organizational resources,
which lead to new products and production techniques, to be the basis for value creation in a company
(Schumpeter, 2003, p. 64ff)L. This view was also shared by Edith Penrose (1959), who developed a
“resources approach” with the consideration of the resources-base of a firm and noted that the value
creation is the result of an efficient resources management process in the creation of products and
services (Penrose, 1959, p. 217ff). However, the most famous method which deals with the creation of
value was published by Michael Porter in 1985. With the definition of a value chain, a new way of thinking
about how various primary and secondary activities can contribute to the value creation on the company
level was implemented. The concept of this framework can be seen in Figure 5.

1 The publication of the book "The theory of economic development" dates back to the year 1934. The source cited from 2003
describes an encyclopedia of Joseph Schumpeter's works.
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Figure 5: The generic value chain from Michael Porter (Porter, 1998)

The value chain approach divides the company into different activities that contribute to value creation
and connect them to a chain. Michael Porter's basic idea behind this concept was to outline that a
competitive advantage cannot be detected on a company level but is instead attributable to individual
activities. (Porter, 1985, p. 33ff; Miller, 2015, p. 162)

The value activities are all physically and technologically distinct activities performed by the firm and are
responsible for making a product valuable to its customers. The generic division of the activities is
categorized into two groups, primary and support activities. The first group deals with the physical
production of the products or services and the market’s supply, whereas the secondary ones serve as
support for the primary activities. (Porter, 1985, p. 39ff; Welge et al., 2007, p. 369 ff)

How a company performs these activities is an indicator of their strategy, the approach how they
implement their strategy, and the underlying economics of the activities themselves. In addition to the
activities, the value chain also includes the margin and thus displays the created value. Margin is the
difference between the total value and the costs to perform these activities and can be measured in
various ways. (Porter, 1985, p. 38)

The primary purpose of the value chain is the analysis of each involved activity in order to figure out a
competitive advantage. This should be performed on the business unit level (activities in a specific
industry). A broader application, for example, on the firm level (firm with multiple business units) or
industrial sector, can lead to opacity, and thus important sources of competitive advantage can get lost.
For this reason, the value chain of a business unit or a firm is integrated into a larger number of activities,
which Michael Porter defines as the value system. (Porter, 1985, p. 34ff)

2.2 Value system

Especially nowadays, due to the increased globalization of the markets, new challenges for companies
occur. Consequently, it becomes more and more important to focus not only on a specific business unit
of a company because a separate analysis is limited to a linear and unidirectional value creation process.
The analysis of the whole value system with the included upstream suppliers and downstream channels
and buyers allows to take a more complex look at the matter. (Wirtz, 2020, p. 79).

11
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The structure of Michael Porter's value system network can be seen in Figure 6, where on the upper
part of the figure, the value system of a single-industry firm and on the lower part, the framework for a
diversified firm is illustrated.

Single - Industry Firm
I Supplier Firm I Channel Buyer
Value Chains Value Chains Value Chains Value Chains
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Figure 6: The value system (Porter, 1985, p. 35)

In this approach, the supplier represents the upstream value, which is purchased by the firm and acts
as input for its products and, thus, influences its performance. On the downstream value side, many
products pass through the value chain of channels that perform activities affecting both the buyer and
the company activities. The end product of the firm can be, for example, a component of the buyer’s
product. To obtain a sustainable competitive advantage, the firm needs to understand the whole value
system and not only their own activities. (Porter, 1985, p. 34)

The extension of the value chain to the level of value systems is of particular importance when talking
about jointly created value, as value systems make it possible to capture this jointly created value. In
this context, it is also essential to consider complementary products, i.e., products that were created in
independent value chains and increase the value of the other product. (Wirtz, 2020, p. 80)

The complex relationships of these different value chains in the scope of the value system have a
significant impact on the value creation process of a company and will be discussed more in detail later
in this chapter. Additionally, the meaning and importance of complementary products or services and
their influence on other products will also be outlined later.

In order to give a clear overview of the complexity of value systems and to show how they can be
structured, the following three approaches will be discussed in this thesis:

e Hierarchy-based value system

e Market-based value system
e Ecosystem-based value system

12
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2.2.1 Hierarchy-based value system

A "Hierarchy - based value system" is defined as a classical buyer-supplier relationship, where the
concept of a system integrator is included as well. The term system integrator refers to integrating
external components, capabilities, or knowledge into a firm’s product or service to make them more
complex and obtain a competitive advantage on the market. (Jacobides et al., 2018, p. 2260; Hobday
et al., 2005, p. 1109)

The final customer and the producer negotiate openly on the market, with the decision to buy a product
being based on the customer's requirement specifications. This is called a transactional approach and
leads to an arm's length relationship, which is characterized by a short-term orientation and a low level
of trust. (He et al., 2011, p. 58; Morsy, 2017, p. 34)

In this hierarchical type of value system, the buyer has no possibility to configure his own product from
different components, and therefore, he has to buy a combined offering. (Jacobides et al., 2018, p. 2260)

Taking a look at the supplier tier, which provides the components, e.g., to the system integrator, there
can, on the one hand, be a cooperation behavior between various companies to make the components
compatible to create value. On the other hand, there can be competition between multiple companies
to capture value. While cooperation is mostly the key driver in the development phase of a product,
competition often emerges when a product has reached a certain level of maturity in order to increase
the market share. (Hannah and Eisenhardt, 2018, p. 3164ff)

Arms length
transactions

Focal firm product

[

® g

Cooperative ties Competitive ties

Figure 7: Systematics of a Hierarchy — based value system (Jacobides et al., 2018, p. 2261)

Figure 7 shows an example of what such a “Hierarchy-based value system” could look like including
the three levels of operation (supplier, focal firm, final customer) and the different types of relationships
in the supplier tier.

2.2.2 Market-based value system

The second type of value system is the “Market — based” one. The big difference to the above described
"Hierarchy - based value system" is the absence of a system integrator, which leads to the consequence
that the final customer buys separate products from various independent sellers and consumes them
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either separately or jointly (Hannah and Eisenhardt, 2018, p. 2261; Powell, 1990, p. 300). This means
that the competition between various companies occurs on the sales level in this approach, as shown
in Figure 8. Markets offer a high degree of flexibility, and no one needs to rely on someone else (Powell,
1990, p. 302). Companies with similar products or at least with products that serve the same purpose
are in a competitive relationship with each other. They try to get a competitive advantage on the market,
leading in most cases to an increase in their market share. (Crescenzi, 2010, p. 6; Jacobides et al.,
2018, p. 2261)
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Figure 8: Systematics of a Market — based value system (Jacobides et al., 2018, p. 2261)

Another possibility that can occur on the market between diverse sellers of products, besides
competitive behavior, is the emergence of generic complementarities. This term refers to different
products that can be used together but do not have to be coordinated with each other. An example could
be the preparation of a cup of tea. The following components are required to prepare a cup of tea - a
teacup, boiling water, and a teabag. These ingredients will be combined by the consumer but can be
bought separately on the market. Furthermore, these ingredients can also be mixed separately with
other ingredients to create a different value proposition (not a cup of tea). This means that the producers
of the individual components do not have to coordinate their structures with each other to create value.
These generic complementarities are only one possibility of complementarities. The other ones will be
discussed later in chapter 2.3.3.1 (Jacobides et al., 2018, p. 2262; Teece, 1986, p. 290)

2.2.3 Ecosystem-based value system

The last value system which will be outlined is the “Ecosystem-based” one. As shown in Figure 9, this
system includes additional complementors whose products have a non-generic complementarity to the
focal firm's product as well as to other complementary products. That means these complementors sell
their products directly to the final customer. Consequently, the customer can choose from different
components or services within the ecosystem and combine them with the focal firm's product. In
principle, the ecosystem-based value system represents a combination of elements from the market-
based value system and the hierarchy-based value system. (Jacobides et al., 2018, p. 2261)

For example, in the operating system of Windows, the customer decides which programs he buys and
from which provider. Instead of purchasing a single combined offer like in the "Hierarchy-based value
system", the customer can configure his product and extend it with various functions. However, since
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the operating system and the programs are developed by different companies and have to be compatible
to be jointly used, a non-generic (specific) complementarity occurs. This non-generic complementarity
means that the individual actors have to coordinate their products with each other. This means they are
interdependent. In contrast to the above-mentioned generic complementarities, which do not need
specific coordination, these ones are specific to the product and require the creation of specific
relationships and alignment structures to create value. (Jacobides et al., 2018, p. 2261ff; Teece, 1986,
p. 289)

The operating system Android can be used as an example for such a non-generic complementarity.
Various applications will not function without the operating system Android, whereas Android needs
those apps to increase the value of the operating system. (Jacobides et al., 2018, p. 2263)

Compared to the other approaches, the “Ecosystem-based value system” requires the coordination of

various interdependent complementors. This leads to relatively complex processes and structures and
offers a new set of risks. (Adner, 2006, p. 101; Jacobides et al., 2018, p. 2261; Adner, 2017, p. 41f)
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Figure 9: Systematics of an Ecosystem-based value system (Jacobides et al., 2018, p. 2261)

Due to the increasing importance of the ecosystems in the research of companies and products, the
basics and the most crucial research concepts of the ecosystem-thinking approach will be described in
detail in the following chapter (Bogers et al., 2019, p. 2). Furthermore, a deep understanding of this term
is a prerequisite for identifying bottlenecks in such a setup and thus essential to meet the objectives of
this thesis.
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2.3 Definition and research on ecosystems

The use of the term ecosystem within the field of economics has grown enormously in recent years.

A closer look at the Social Science Citation Index2? (SSCI) underlines this claim, as 924 business or
management articles that mention the topic ecosystem are listed in the time horizon from 1992-2018
and almost 90% of them are from the last decade (Bogers et al., 2019, p. 3).

In the field of business strategy, this term was first introduced by James F. Moore in 1993. In his
publication “Predators and Prey: A New Ecology of Competition,” he argued that a “company should not
be seen as a member of a single industry, but as part of a business ecosystem that crosses a variety of
industries. In this ecosystem, the innovation is the focus of interest and various companies develop
capabilities around this innovation. The companies work cooperatively and competitively to support new
products and satisfy customer needs in order to be successful on the market ” (Moore, 1993, p. 76).

Since then, various scholars have done their research on different aspects of the ecosystem, and thus
deviating definitions and interpretations occurred. Early studies focused primarily on analyzing how
ecosystems operate. In contrast to earlier research, more recent attempts provide a more precise
definition of ecosystems, focusing on the conditions under which ecosystems may emerge and
identifying the difference to other business constellations. The object of analysis in the field of research
is, in most cases, the focal offer that is provided by the ecosystem. (Shipilov and Gawer, 2020, p. 100ff)

A simple but very expressive description would be that an ecosystem “includes a set of interdependent
actors which contribute to the value proposition of the focal offer” (Kapoor, 2018, p. 2). This focal offer
can either be a product or a service and acts as a link between supplier and consumer. Furthermore,
these actors can be part of different industries and serve either as a component supplier or
complementor. (Kapoor, 2018, p. 2)

But as already mentioned, this is only one example. An overview of different definitions of the term
ecosystem is shown in Table 1.

Table 1: Overview of different definitions of the term ecosystem
Author Definition of ecosystem

“Companies coevolve capabilities around a new innovation: they work
Moore, 1993, (p. 76) | cooperatively and competitively to support new products, satisfy customer
needs, and eventually incorporate the next round of innovations.”

“...] are characterized by a large number of loosely interconnected
participants who depend on each other for their mutual effectiveness and
survival.”

1...] the collaborative arrangement through which firms combine their
individual offerings into a coherent, customer-facing solution.”

lansiti and Levien,
2004, (p. 8)

Adner, 2006, (p. 98)

Teece, 2007, “[...] community of organizations, institutions, and individuals that impact
(p- 1325) the enterprise and the enterprise” customer and suppliers.”
Boudreau and Hagiu, | “I...] a collection of (many) firms engaged in joint production, whose choices
2008, (p. 168) and actions are interdependent.”

q...] are characterized by a large number of loosely interconnected
participants dependent on each other for their mutual performance. Each
participant is specialized in a specific activity and it is the collective efforts
of many participants that constitute value, while efforts individually have no
value outside the collective effort.”

Clarysse et al., 2014,
(p.8)

2 Social Sciences Citation Index™ is a citation index which includes 3400 journals across 58 social science disciplines
(Clarivate, (2021).
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1...] the alignment structure of the multilateral set of partners that need to

Adner, 2017, (p. 42 . . » e
ner (p- 42) interact in order for a focal value proposition to materialize.”

Hannah and “Although ecosystems are not networks, both share a similar tension
Eisenhardt, 2018, between competition and cooperation [...] firms in ecosystems balance
(p. 3165) cooperation to create value and competition to capture value.”
Jacobides et al., “An ecosystem is a set of actors with varying degrees of multilateral, non-
2018, (p. 2264) generic complementarities that are not fully hierarchically controlled.”

“An ecosystem encompasses a set of actors that contribute to the focal
offer’s user value proposition.”

The various types of definitions have arisen by focusing on different research topics. Basically, the
research on ecosystems in the field of strategic management can be distinguished into three main
streams: (Jacobides et al., 2018, p. 2256f)

Kapoor, 2018, (p. 2)

e Business ecosystem
e Platform ecosystem
e Innovation ecosystem

2.3.1 Business ecosystem

The first stream focuses on the firm and the environment in which it operates and defines the ecosystem
as a large, loosely coupled network of various parties that influences the company, its customers and
suppliers. This network includes complementary partners, suppliers, regulatory authorities, standards-
setting bodies and educational research institutions. (Shipilov and Gawer, 2020, p. 100; Teece, 2007,
p; Heikkila and Kuivaniemi, 2012, p. 19)

This means it refers to a community of interacting actors who influence each other through their
activities. Basically, the company is always in the focus of analysis. Some scholars also refer to the
community's shared fate which means that the individual performance of the actors is tied to the overall
performance of the ecosystem (lansiti and Levien, 2004).

Government agencies and other
Business quasi-governmental regulatory organizations
ecosystem Stakeholders, including investors and owners, trade
associations, labor units

Extended Standard bodies
enterprise

Core business

Direct CORE Distribution
Suppliers  CONTRIBUTIONS  channels

Direct Customers”
customers customer

Suppliers”
supplier

Suppliers of complementary
producsts and semvices

Competing organizations having shared productand
service attributes, business processes, and
organizational attangements

Figure 10: Business ecosystem according to Moore (1996)
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Figure 10 shows James F. Moore’s (1996) concept of the business ecosystem. In the center of this
model is the core business layer of a company, which forms the heart of a business. This business is
usually performed by a single company that additionally coordinates the distribution channel and the
supplier. The next layer, described as the extended enterprise, extends the view to the corporate supply
chain of customers and second-tier suppliers, as well as to the standard-setting bodies. The last layer,
described as the business ecosystem, includes stakeholders such as investors or research institutions
and governmental agencies and other parties, which are not directly involved in business operations but
have an influence on the company's overall performance. (Heikkila and Kuivaniemi, 2012, p. 20; Moore,
1996)

Due to the variety of actors included in the concept of business ecosystems, it is pretty difficult to precise
the scope of research, leading to difficulties in analyzing the interactions between the actors (Shipilov
and Gawer, 2020, p. 100).

2.3.2 Platform ecosystem

Research on “platform-based” ecosystems primarily focuses on an organization of actors around a
technology platform (Jacobides et al., 2018, p. 2257). A technology platform refers to a set of elements
used by firms in common and includes components, tools, rules, and technical standards to support
interoperability (Boudreau, 2010, p. 1851). The main objective of this concept is not the value proposition
for the end-user but rather for the platform itself, which is usually a core technology that offers the
connection possibility of various complementary products or services. These products or services of
peripheral companies are connected to each other via technical interfaces or open-source technology.
(Shipilov and Gawer, 2020, p. 101)

The big benefit of such a platform is based on the fact that products can be designed and developed
independently from other components and thus, complementary innovations can be created.
Furthermore, the platform enables complementors directly or indirectly access to their central customer
group. (Ceccagnoli et al., 2012, p. 263ff; Shipilov and Gawer, 2020, p. 101)

Platforms are defined by the architecture of the technical interfaces, in which modularity plays a key
role, by the ecosystem of complementary product suppliers and by a platform leader who ensures
stability and growth of the platform. Modularity refers to a technological characteristic where different
companies design and produce various technical components and combine them via technical
interfaces to a final product. The definition of these technical interfaces is intended to minimize the
coordination effort between the individual companies. The so-called “platform leader” or “hub”, who
defines system-level goals, members' roles, standards and interfaces, is responsible for this
coordination. (Shipilov and Gawer, 2020, p. 101; Jacobides et al., 2018, p. 2258)

Creators of the platform’s offering . heoffer
(e.g.apps on Android) uyeror users of the offering

F 3 F 3

Value [ data exchange and
feedback

Interfaces forthe platform
(mobile devices are Providers
providers on Android)

= Platform
Controller of platform IP and

arbiter who may participate
Owner / Leader and inwhat ways

(Google owns Android)

Figure 11: The players in a platform ecosystem (van Astyne et al., 2016)
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An example of a platform can be the Android operating system, which serves as a central point of contact
for app developers and mobile device producers. The more complementors connect to the platform, the
more value the platform creates for end-users as well as for ecosystem members. The owner/leader of
this platform is Google, which is driving growth through innovation and continuous development, thereby
attracting more and more complementors to its ecosystem. The complementors see an excellent
opportunity for success in the operating system of Android. (Gawer and Cusumano, 2014, p. 420 ff; van
Astyne et al., 2016)

Figure 11 gives an overview of what such a platform ecosystem could look like and shows the main
actors in the example of Android. Additionally, it includes the inflow as well as the outflow of information
and data.

2.3.3 Innovation ecosystem

The research on the innovation ecosystem is a crucial part of this thesis and for this reason, this topic
will be described in more detail. Additionally, important terms, limitations and activities will be pointed
out.

The innovation ecosystem concept came widely known through Ron Adner's (2006) article "Match your
Innovation Strategy to Your Innovation Ecosystem" in the Harvard Business Review 2. In this publication,
he defines an innovation ecosystem as ‘the collaborative arrangements through which firms combine
their individual offerings into a coherent, customer-facing solution” (Adner, 2006, p. 2). The origin of this
concept is based on Moore's (1993) business ecosystem. Compared to that, the research on the
innovation ecosystem offers a more detailed view on the ecosystem. This is because the ecosystem is
related to an innovation, a focal value proposition, which is viewed from the customer perspective and
does not only deal with the interdependence of the actors across the ecosystem. (Shipilov and Gawer,
2020, p. 100; Granstrand and Holgersson, 2020, p. 2)

Since then, the interest in innovation ecosystems has grown rapidly, which has led to the emergence of
a wide variety of definitions. An extract of them can be seen in Table 2.

Table 2: Overview of different definitions of the innovation ecosystem concept
Author Definition of innovation ecosystem

“The collaborative arrangements through which firms combine their
individual offerings into a coherent, customer-facing solution.”

“A 21st Century Innovation Ecosystem is a multi-level, multi-modal, multi-
nodal and multi-agent system of systems. The constituent systems consist
of innovation meta-networks (networks of innovation networks and
knowledge clusters) and knowledge meta-clusters (clusters of innovation
networks and knowledge clusters) as building blocks and organized in a
self-referential or chaotic fractal (Gleick, 1987) knowledge and innovation

Adner, 2006, (p. 2)

Carayannis and architecture (Carayannis, 2001), which in turn constitute agglomerations of
Campbell, 2009, human, social, intellectual and financial capital stocks and flows as well as
(p. 206) cultural and technological artifacts and modalities, continually co-evolving,

co-specializing, and co-opting. These innovation networks and knowledge
clusters also form, re-form and dissolve within diverse institutional, political,
technological and socio-economic domains including Government,
University, Industry, Non-governmental Organizations and involving
Information and Communication Technologies, Biotechnologies, Advanced
Materials, Nanotechnologies and Next Generation Energy Technologies.”

3 Harvard business review is a management magazine, which is published every two months from the “Harvard Business
Publishing” (https://hbr.org/)
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“We use the term “innovation ecosystems” to refer to the inter-
organizational, political, economic, environmental, and technological
systems of innovation through which a milieu conducive to business growth
is catalyzed, sustained and supported. A vital innovation ecosystem is
characterized by a continual realignment of synergistic relationships that
promote harmonious growth of the system in agile responsiveness to
changing internal and external forces.”
“Hence we define an innovation ecosystem as: a network of interconnected
Autio and Thomas, | organizations, organized around a focal firm or a platform, and

2014, (p. 3) incorporating both production and use side participants, and focusing on the
development of new value through innovation.”
“Innovation ecosystems are dynamic, purposive communities with complex,
interlocking relationships built on collaboration, trust, and co-creation of
value and specializing in exploitation of a shared set of complementary
technologies or competencies.”
“The ecosystem is defined by the alignment structure of the multilateral set
Adner, 2017, (p. 42) | of partners that need to interact in order for a focal value proposition to
materialize.”
“We therefore define an innovation ecosystem as a network of
interdependent actors who combine specialized yet complementary
resources and/or capabilities in seeking to (a) co-create and deliver an
overarching value proposition to end users, and (b) appropriate the gains
received in the process.”
“We proposed a conceptual framework, in which we characterized the
innovation ecosystem construct with respect to the following features: an
innovation ecosystem is set for the co-creation or the jointly creation of
value. It is composed of interconnected and interdependent networked
actors, which includes the focal firm, customers, suppliers, complementary
innovators and other agents as regulators. This definition implies that
members face cooperation and competition in the innovation ecosystem;
and an innovation ecosystem has a lifecycle, which follows a co-evolution
process.”
“An innovation ecosystem is the evolving set of actors, activities, and
artifacts, and the institutions and relations, including complementary and
substitute relations, that are important for the innovative performance of an
actor or a population of actors.”

Rubens et al., 2011,
(p. 1737)

Gobble, 2014, (p. 55)

Walrave et al., 2018,
(p. 104)

Gomes et al., 2018,
(p- 32)

Granstrand and
Holgersson, 2020,

(p- 3)

For this thesis, an innovation ecosystem should be seen as a set of actors contributing to the central
value proposition. The basic requirement for considering the actors as a member of the ecosystem is a
non-generic complementarity of their contributions to the central value proposition (Jacobides et al.,
2018, p. 2264; Kapoor, 2018, p. 2). This central value proposition refers to a focal innovation supported
by a set of upstream components and downstream complements, where improvements in either
increase the attractiveness of the focal innovation (Adner and Kapoor, 2010, p. 309). The crucial factor
is that the success of an individual innovation depends on the success of other innovations in the
external company environment (Adner and Kapoor, 2010, p. 306).

Figure 12 gives an overview, what an innovation ecosystem could look like. Basically, a distinction
between two different positions in the ecosystem should be made. On the one hand, the output from the
suppliers, the so-called components, serves as input for the focal actor. On the other hand, the output
of the focal firm serves as input for the customer. In order to consume this product, other products may
be required that need to be bundled by the customer. This product group is called complements. The
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difference between components and complements appears in the location of the activity flow where they
are bundled. (Adner and Kapoor, 2010, p. 309)

Focal firm

Components Complements

Figure 12: Generic schema of an innovation ecosystem (Adner and Kapoor, 2010, p. 309)

To get a better understanding, consider the example of a BEV, where the “Original Equipment
Manufacturer” (OEM), as the focal firm, faces significant challenges in the design, development and
modular structure of the vehicle. In addition to their internal challenges, they also rely on component
suppliers who produce batteries, e-motors, etc. These suppliers sometimes also face significant
challenges in the development of new innovations. The OEM has to integrate them in its vehicle body
to deliver the customer a complete vehicle. However, to be able to use the vehicle at all, innovations
from other actors in the OEM's environment are required as well. For example, a sufficient fast-charging
infrastructure must be in place to achieve short charging times. Only the combination of a well-designed
vehicle with an acceptable electrical driving range and the availability of charging stations ensures that
the BEV value proposition materializes. (Adner and Kapoor, 2010, p. 306; Kapoor, 2018, p. 2f)

This example reflects the statement mentioned above that market acceptance can only be achieved by
a focal innovation if the upstream suppliers realize innovations in the components of the focal product
and the complementors do the same. In order to create value in an innovation ecosystem, it is not
enough to solve only the internal innovation challenges. All the actors in the complete ecosystem have
to solve their challenges as well. This means evaluating the performance in an innovation ecosystem
can only be conducted by considering both the focal innovation challenges and the challenges of the
external actors. (Adner and Kapoor, 2010, p. 306f)

Furthermore, it must be considered how the various interdependent actors interact with each other and
handle the trade-off between cooperation and competition, which can occur simultaneously and
differently at multiple ecosystem levels. (Hannah and Eisenhardt, 2018, p. 3614)

As it can be seen, the research in an innovation ecosystem can be quite complex due to the
interdependencies of various actors. Therefore, it is essential to take a closer look at these actors and
their characteristics.

2.3.3.1 Actorsin an innovation ecosystem

Actors in an innovation ecosystem can be described as those who perform a set of activities to create
and produce different offers. The two different actor groups in such a system, suppliers and
complementors, differ fundamentally in the nature of their interdependence on the focal firm, which is
caused by the complementarities. (Kapoor, 2018, p. 6f)

Types of complementarity

Complements are pervasive in the economic system, especially in technology development (Teece,
2018, p. 1373). In economics, the concept of complementarity is based on a definition that dates back
to Francis Y. Edgeworth (1925), who stated that the value of a variable increases with another variable
(Teece, 2018, p. 1373). However, the underlying principle of complementarity is a complex topic. This
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is represented by David J. Teece’s (1986, p. 1373) statement, “the literature on complements is both
confused and complex” 4.

In general, we distinguish between generic and non-generic complementarities, where the former has
already been outlined in chapter 2.2.2.

Unlike generic complementarities, non-generic ones require coordination between actors, leading to the
need for a specific “alignment structure” (Jacobides et al., 2018, p. 2262; Adner, 2017, p. 42).

In order to define how non-generic complementarities can influence the innovation ecosystem, these
complementarities were subdivided into unique and supermodular complementarities, according to
Jacobides, et al. (2018, p. 2261) 5.

Unique complementarities are based on the simple adoption that product A needs product B to perform
the desired function (Hart and Moore, 1990, p. 1135) ¢ and create value. More generally, unique
complementarities can be described that the presence of product B maximizes the value of product A.
As a result, a joint consumption of the two products brings a greater utility than a separate one and thus
the value of the two complements will be increased. An example of a unique complementarity could be
the OS platform/app ecosystem, where the app does not function without the OS platform. (Jacobides
et al., 2018, p. 2261f)

Supermodular complementarities have a long history, starting with Francis Y. Edgeworth 7, who studied
how changes in the demand of one product affect the demand of another one. This was followed up by
an analysis of Edgeworth’s study from Samuelson (1974). In 1994, Milgrom and Roberts, developed an
analytical definition. They noted, "a group of activities are (Edgeworth) complements if doing more of
any subset of them increases the returns to doing more of any subset of the remaining activities."
(Milgrom and Roberts, 1994, p. 6)

This means that supermodular complementarity exists when more from one product makes the other
product more valuable (Jacobides et al.,, 2018, p. 2262). If we look back to the OS platform/app
ecosystem example, it can be seen that the presence of apps makes the platform more valuable and
vice versa the breadth installation of the OS increases the value of the app (Jacobides et al., 2018, p.
2263).

These non-generic complementarities require a certain degree of coordination within the ecosystem but
without the need for hierarchical control. This is because the introduction of standards or basic
requirements allows actors to make their own decisions and yet create a complex, interdependent
product or service. (Jacobides et al., 2018, p. 2263)

Types of interdependence

In the field of management, the interdependence between actors has been chiefly considered from three
different perspectives: technological, economic, and cognitive (Thomas and Autio, 2019, p. 11).

The first one, technological interdependence, refers to the co-specialization of the individual actors in
the innovation ecosystem (Jacobides et al., 2018, p. 2264; Autio et al., 2017, p. 34). The requirement
for actors to provide inputs to the ecosystem that are compatible with each other and thus support an
output at the system level creates a co-evolved dependency between those actors (Jacobides et al.,
2018, p. 2265; Thomas and Autio, 2019, p. 11).

4 Teece made this statement according to Samuelson, (1974, p. 1255) notation —“The time is ripe for a fresh, modern look at the
concept of complementarity ... the last word has not yet been said on this ancient preoccupation of literary and mathematical
economists. The simplest things are often the most complicated to understand fully.”

5 Jacobides et al., (2018, p. 2261) reason for this subdivision — “we focus on two types of complementarities that can be
expressed unambiguously in mathematical terms and characterize relationships between actors within ecosystems.”

6 Hart and Moore, (1990, p. 1135) definition of unique complementarity - “Two assets an, and a, are (strictly) complementary if
they are unproductive unless they are used together.”

7 A more detailed analysis was conducted by Samuelson, (1974)
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The second type, economic interdependence, refers to the value received by each participant in an
ecosystem, depending on the simultaneous availability of compatible offerings from other actors. These
interdependencies can also arise from technological ones. (Thomas and Autio, 2019, p. 12)

The last one, the cognitive interdependence, refers to the corporate culture of the actors in the
ecosystem, i.e., the values, beliefs and rules according to which the individual actors carry out their
activities and make decisions. Collective identity in the ecosystem promotes commonality of
perspectives and helps actors to better respond to environmental change. (Thomas and Autio, 2019, p.
12f)

Especially in the distinction of suppliers and complementors regarding their type of interdependence, a
closer look at the technological interdependencies can be helpful. A supply-side sequential
interdependence characterizes the relationship between a firm and its supplier since the components
which were produced by the supplier were implemented in the focal offer where the firm has the decision
right regarding which components it integrates into the product (Kapoor, 2018, p. 7; Bishop and
Mahajan, 2005, p. 462). On the other hand, the interdependence between the focal firm and its
complementors is characterized by a demand-side pooled interdependence, since the downstream
actor (user) has the right to decide which complements he combines with the focal offer (Kapoor, 2018,
p. 7; Bishop and Mahajan, 2005, p. 461).

Supply-side sequential interdependence

» Focal firm

Demand-side pooled interdependence

Focal firm

Figure 13: Supplier vs. complementor interdependence in an innovation ecosystem (Kapoor, 2018, p. 8)

This fundamental difference in the interdependence between the actors in an innovation ecosystem,
illustrated in Figure 13, leads to different approaches, functions and processes.

Regarding the suppliers, the primary goal of a company is to generate a dyadic governance structure,
which builds on both formal (contracts, KPIs, etc.) and relational mechanisms (trust, commitment, etc.)
to coordinate the collaboration as effective as possible (Kapoor, 2018, p. 7).

In contrast, the goal of a company with its complementors is to create an “alignment structure” (Adner,
2017, p. 42f) consisting of multilateral partners which have to interact to ensure joint-value creation
(Kapoor and Lee, 2013, p. 275; Kapoor, 2018, p. 7). The alignment structure consists of formal and
relational mechanisms and refers to the mutual agreement of the differently defined positions and activity
flows of individual companies within the ecosystem and takes standards for interoperability into account
(Kapoor, 2018, p. 8).
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In this context, the term multilateral partners refers to a set of partners whose relationships require
critical interactions. In other words, the relationships between the partners cannot be decomposed into
two-partner interactions. An example would be if the contract between companies A and B does not
materialize because the contract between companies A and C did not materialize. (Adner, 2017, p. 42)

Actor activities in an innovation ecosystem

The activities performed by the individual actors in the ecosystem are various tasks that are necessary
to create the components and complements and therefore contribute to the focal offer’s user value
proposition of the ecosystem. These activities constitute a significant stream of research in the concept
of the innovation ecosystem. It is often crucial to improve these activities to make a product more
valuable and thus accelerate the growth of an ecosystem. (Kapoor, 2018, p. 6f; Adner and Kapoor,
2016)

Such an activity can also be a reason for a growth limitation of the entire ecosystem by negatively
influencing a component or complementary product or service. For this reason, these activities could be
responsible for a component/complement to be inferior.

2.4 Ecosystem lifecycle

An innovation ecosystem is characterized by the fact that it evolves through different phases in the
process of its evolution. This means that a structured community emerges from a random collection of
actors. According to Moore (1993), the evolution of an innovation ecosystem consists of four phases:
birth, expansion, leadership, and self-renewal. (Moore, 1993, p. 76)

These four evolutionary phases are defined by different characteristics shown in Figure 14.

Self-Renewal

Work with
innovators to
bring new ideas
in the ecosystem

Leadership

* Provide vision to

Expansion continue improve

the offer +  Maintain high

: * Integrate new .
Birth acto?sin + Maintain strong entry barriers

_ ecosystem _bargairjling power
+ Definevalue in relation to
proposition . other players

Bring offerto

i large market
+ Tieuplead

customers and
key suppliers

Figure 14: Stages of the ecosystem lifecycle (Moore, 1993, p. 77)

In the first stage, the focus is on defining the value proposition to the customer around an innovation,
i.e., the customer's requirements have to be understood by all actors in the ecosystem. Understanding
these customer requirements is the prerequisite for the actors within the ecosystem to collaborate on
shared objectives. In this phase, an ecosystem leader must evolve, who takes the responsibility to
initiate continuous improvement that draws the ecosystem towards a grander future. In this process,
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the ecosystem leader ensures that the key organizations cooperate and, consequently, that value can
be delivered to the customer. In this phase, it is of enormous importance to tie these key organizations
and the lead customers to the ecosystem and protect the innovative ideas from competing
ecosystems. (Moore, 1993, p. 76ff)

In the second phase of the ecosystem life cycle, it is crucial to have a business concept valued by a
broad customer group that extends the ecosystem to new application areas. In these new application
areas, there may be a battle with other ecosystems. Therefore, the integration of established companies,
which have enormous power, especially in the areas of marketing and sales and mass production and
distribution, can result in a competitive advantage. Thereby stimulating the market demand is essential,
but this needs to be done with a view on the own capacities, which should not be exceeded by the
demand. Another important aspect of this stage is to prepare for the future leadership stage. This implies
developing and maintaining relationships with customers and suppliers to limit ecosystem followers in
their aim to become a leader in stage 3. (Moore, 1993, p. 79f, Dedehayir and Seppanen, 2015, p. 147)

The leadership stage is characterized by the fact that the ecosystem has reached a certain value,
making it worth fighting for it. At the same time, the ecosystem has reached a certain stability of its sub-
systems and processes. Together with a strong vision for the future from the ecosystem leader, these
basic conditions lead the supplier and customer to work collaboratively to improve the offering
continuously. In this phase, issues such as standardization, interfaces, and the modularity of the
organization are addressed. An important task of this phase is the continuous improvement of
performance and the innovation of new products and services to have a strong bargaining power and
prevent key customers and key suppliers from switching to other ecosystems. (Moore, 1993, p. 80f)

The fourth phase of the ecosystem lifecycle emerges when an upcoming new ecosystem threatens a
mature ecosystem or when changes in environmental conditions, such as customer behavior or
legislative changes, allow new ecosystems to emerge. The way how an ecosystem deal with these
changes in the conditions is a significant challenge. The continuous improvement of products and
services within the ecosystem and thus the driving of innovation is crucial for the long-term success of
an ecosystem. This goes hand in hand with the fact that the ecosystem must repeatedly renew itself
over time. However, if this challenge of self-renewal is not accepted, the ecosystem will die. (Moore,
1993, p. 81ff)

2.5 Bottlenecks

The term bottleneck is frequently used in everyday life and therefore, it comes to a wide variety of
different definitions, e.g., “a narrow place that hinders a flow of traffic” (Baldwin, 2015, p. 6). The origin
of the bottleneck concept in science can be traced back to the field of “Linear Optimization” and denotes
the part of a company's or industry's system that is in short supply (Jacobides et al., 2006, p. 27).

In recent years, many scholars have already dealt with the term bottleneck and argued that bottlenecks
are an essential factor in understanding the direction of technological change in complex systems
(Baldwin, 2015, p. 6).

Carliss Y. Baldwin (2015, p. 7) defines bottleneck as ‘“the critical part of a technical system for which no
or only a poor alternative exists.” According to her, the following characteristics are a prerequisite to be
classified as a bottleneck. The component must be an important part of the entire system, required for
the system functionality, and no suitable alternative should be available. In order to detect this
bottleneck, the whole system has to be analyzed to evaluate the optimal system performance and
identify reasons for their limitation. (Baldwin, 2015, p. 7)

Hannah and Eisenhardt (2018, p. 3172) describe a bottleneck according to the physical properties or
availability of individual components by defining them "as the component that most constrains the growth
or performance of the ecosystem due to poor quality, poor performance, or short supply."
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In addition to the performance and the availability of components, Rahul Kapoor (2018, p. 6) also defines
the costs as a crucial factor and describes bottleneck as the" component offers in the ecosystem whose
performance, cost, or scarcity constrains the focal offer’s value proposition, thereby limiting its demand
or growth. " Koch-@rvad et al. (2019, p. 604) refer in their definition to bottleneck challenges, which "are
components that constrain the overall performance and alignment of the ecosystem and can be caused
by one or more partners and can be distributed unevenly across the ecosystem." This definition is based
on Adner and Kapoor (2010, p. 310), who attribute the existence of bottlenecks to the unevenly
distributed challenges within the ecosystem.

As these examples highlight, many scholars have dealt with the topic of bottlenecks in ecosystems in
recent years. An excerpt of definitions, which are relevant for this thesis can be seen in Table 3.

Table 3: Overview of different definitions of the term bottleneck

Author Definition of bottleneck
“However, if the innovation is not tightly protected and once “out” is easy to
Teece, 1986, imitate, then securing control of complementary capacities is likely to be the
(p. 295) key success factor, particularly if those capacities are in fixed supply - so-

called “bottlenecks’.”

Jacobides et al.,
2006, (p. 28f)

“Rather, the dependencies arise from “bottlenecks’: de facto exclusion of
possible producers limits entry into particular segments of the industry
architecture, whereas mobility (both in terms of switching costs and
potential entry) is high in others.” ;” [...] "bottlenecks” can only be seen in a
relative, as opposed to an absolute sense. That is, a "bottleneck” in a sector
is the sector which has the least mobility; and as soon as the situation
changes, whether because of an exogenous factor or endogenous change,
another part of the segment will become the "bottleneck’.”; “Bottlenecks [...]
then, not only drive the direction of innovative activity [...] but also
determine how an innovative combination creates and distributes value.”

Adner and Kapoor,
2010, (p. 310)

“The existence of bottlenecks in an ecosystem is evidence that challenges
are distributed unevenly across ecosystem roles. While challenges in any
location within the ecosystem will constrain the focal firm’s ability to create
value with its product, challenges located in different positions constrain its
value creation and value capture in qualitatively different ways. Specifically,
whereas upstream component challenges limit value creation by
constraining the focal firm’s ability to produce its product, downstream
complement challenges limit value creation by constraining the customer’s
ability to derive full benefit from consuming the focal firm’s product.”

Makinen and
Dedehayir, 2012,

(p.7)

“Bottlenecks curb the development of the ecosystem as a whole, and their
removal therefore emerges as most pertinent in promoting ecosystem
evolution.”

Baldwin, 2015, (p. 7)

“l define a bottleneck as a critical part of a technical system that has no —
or very poor — alternatives at the present time. There may be one or many
bottlenecks in a given system, but each has the dual properties that (1) it is
necessary to the functioning of the whole; and (2) there is no good way
around it. Thus, to know that something is a bottleneck, the observer must
see it in relation to a larger system, know what constitutes good system-
level performance, and understand how the bottleneck constricts that
performance.”

Hannah and
Eisenhardt, 2018,
(p. 3172)

“We define a bottleneck as the component that most constrains the growth
or performance of the ecosystem due to poor quality, poor performance, or
short supply (Adner, 2012; Ethiraj, 2007).”
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“Firms that occupy bottlenecks (i.e., produce the bottleneck component)
thus have the chance to reduce the constraint on ecosystem growth, and
bottlenecks may contain none, one, or even many firms.”
“Any system composed of multiple components is subject to bottlenecks
that constrain the performance of the system. In an ecosystem, bottlenecks
are component offers in the ecosystem whose performance, cost, or
scarcity constrains the focal offer’s value proposition, thereby limiting its
demand or growth.”
“[...] an ecosystem can have multiple bottlenecks that can lie upstream or
downstream within the architecture of input-output flows, and that
bottlenecks can change over time.”
“Bottleneck challenges are components that constrain the overall
Koch-@rvad et al., performance and alignment of the ecosystem. These challenges can be
2019, (p. 604) caused by one or more partners and can be distributed unevenly across the
ecosystem (Adner and Kapoor, 2010; Hannah and Eisenhardt, 2018).”
“There is increasing evidence from the emerging literature on business
ecosystems of how incentive misalignment or technical challenges
experienced by “complementors” — firms specializing in products and
services that are complementary to a hub firm’s core technology/ business
— can constrain the production and supply of the required complements.”

Kapoor, 2018, (p. 6)

Masucci et al., 2020,
(p-2)

Another important point that must be considered is that the position of the bottleneck influences value
creation and value capture in different ways. If the bottleneck occurs within the upstream suppliers, this
limits the value creation of the focal firm as products cannot be produced at all or at least in sufficient
quality or quantity. However, if the bottleneck occurs within the downstream complementors, this will
affect the customer's ability to take full benefit out of the focal firm’s product. (Adner and Kapoor, 2010,
p. 310)

For this thesis, the identification of bottlenecks in the innovation ecosystem of BEVs and FCEVs, it is
essential to establish a uniform definition of the term bottleneck.

The prerequisite for a component and a complementary product or service to be declared as bottleneck
is that it is a main contribution to the focal offer's value proposition, thereby necessary for its functioning,
and no suitable substitution for this component or complement exists on the market. (Baldwin, 2015, p.
7; Kapoor, 2018, p. 6)

In order for potential bottlenecks to materialize, they have to constrain the evolution of the innovation
ecosystem by posing limits on the ecosystem's central value proposition. This constrained evolution can
be characterized by missing actor alignment, low system performance, small ecosystem size, low
generated value, low demand, etc. (Masucci et al., 2020; Koch-@rvad et al., 2019; Makinen and
Dedehayir, 2012; Kapoor, 2018). The reasons for the constrained evolution of the ecosystem are
attributable to the contributions of the central offer’s value proposition. For the scope of this study, these
contributions (components or complements) must either have inferior technical performance, low quality,
low availability, or high cost in relation to other contributions to the same value proposition to be declared
as a bottleneck. (Hannah and Eisenhardt, 2018, p. 3172; Kapoor, 2018, p. 6).

High costs and low availability are self-explanatory and clearly defined. The definition of performance
and quality is often confusing, and the difference is not explicitly defined in the literature. Especially the
term quality is used in many different contexts (Jakoby, 2019, p. 4), but for the purpose of this thesis, it
is essential to make a clear distinction between those two terms.

For this reason, the term performance is defined according to Osteras et al. (2006, p. 179) as “desired
performance”. This refers to the theoretical performance of a product at the beginning of the lifecycle
and reflects the customer's expectations of the product. In contrast to that, quality is defined according
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to Osteras et al. (2006, p. 179) “actual performance”, which means the change of the theoretical
performance over the lifetime of a product.

However, based on Jacobides et al. (2006, p. 29) definition, bottlenecks can only be observed relative
to the whole system and not absolute, but this does not mean that there can only be one bottleneck in
a system at a time (Kapoor, 2018, p. 6).

This definition of the term bottleneck should be the basis for investigating the innovation ecosystem of
battery electric vehicles and fuel cell electric vehicles to identify components or complements that can
be declared as a bottleneck. Some scholars have already applied methods to identify bottlenecks in an
ecosystem and from these methods, one should be selected. For this reason, the next chapter deals
with those already applied methods.

2.6 Current state of research for the bottleneck detection in ecosystems

The ecosystem perspective in the field of business strategy is a relatively new approach to assess
various interdependencies between actors (Moore, 1996; lansiti and Levien, 2004) and to analyze the
evolution of a value proposition (Ritala et al., 2020). Consequently, the already existing literature on
bottleneck identification in such an innovation ecosystem is pretty scarce. However, some pioneers such
as Adner & Kapoor (2010) or Hannah and Eisenhardt (2018) have already addressed this topic. These
existing methods in the field of bottleneck detection will be shown and discussed in this chapter. This
theoretical background for the identification of bottlenecks also leads to the answer of the first research
question:

¢ RQ1: Which methods to identify technological bottlenecks in innovation ecosystems are
described in the literature?

2.6.1 Bottleneck identification via a quantitative evaluation

In their study “Value creation in innovation ecosystems: How the structure of technological
interdependence affects firm performance in new technology generations,” Adner and Kapoor (2010)
addressed the topic of innovation challenges in an innovation ecosystem and how their distribution within
the ecosystem influences the firm performance. Therefore, they developed hypotheses and tested them
in the context of the semiconductor lithography equipment industry. The methodology of this study was
based on primary and secondary data. They conducted more than 30 semi-structured interviews with
experts from different positions in the ecosystem, like toolmakers, suppliers, etc. These interviews were
taken as input for creating a keyword list, which should serve as a guide for the article search from
secondary data. This keyword search was performed in various industry trade journals for the
predetermined investigation period and analyzed by counting the number of mentioned innovation
challenges for a specific technology generation in the articles. The next step focused on the assignment
of the challenges to the corresponding key components and key complements and, consequently, the
bottleneck determination. (Adner and Kapoor, 2010, p. 317ff)
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Figure 15: Graphical representation of Adner and Kapoor’s study in the field of “value creation in the innovation
ecosystem”(Adner and Kapoor, 2010)

28



Literature review

This study performed by Adner and Kapoor is based on a quantitative content analysis. A graphical
representation of this construct for identifying bottlenecks is shown in Figure 15.

2.6.2 Bottleneck identification via a qualitative evaluation

The following exemplary approach, which is shown, originates from Ethiraj’s (2007) article “Allocation of
inventive Effort in Complex Product Systems,” in which hypotheses regarding the allocation of inventive
effort were developed and tested in the field of personal computer technology. For this purpose, the five
most important and crucial hardware (HW) components were defined based on a literature research.
One task of the empirical study dealt with detecting limiting components in the environment of personal
computers (PC). For this purpose, Ethiraj examined and analyzed product reviews in PC magazines,
intending to detect limiting factors in the predefined time period. From this analysis, he was able to
deduct information about the limitation of the system performance and detect the constraints' precise
nature, which made it possible to assign them to a component (an example can be seen in Figure 16).
(Ethiraj, 2007, p. 570ff)

hardware. The core of the problem seems to be inthe 20-megabyte hard disk ...
Because component markets. However, the results do not change even ifthey
are included. 5 The study is confined to the 1BM PC and does not include Apple
computers. The value chains forthe two are largely distinct and there are few

Over the |astfew months the glittering image of the PC AT has acquired a certain
patina—some would saytarnish—because of problems with the data storage Performance Df SyStem asa Whole
is affected by the component

firms that operate in both value chains, making comparisons less justifiable. of
their delicate architecture, Winchester-type hard drives have certain inherent
limitations. A number of factors, including power failure, shock, and even simple

vibration, can produce a head crash that results in partizl or totzl loss of all

Identification of the precise

stored data. More often a crashwilloccur when the drive head makes contact

with & dust particle or some other contaminanton the disk surface. Even ifthe I::> nature Of the constra | nt (head
hardware is not damaged, it's still goingto put anend to 10 megabytes or more

of files. |PC Magazine, June 25, 1985: 126) crash in hard diSk)

Figure 16: Example of the bottleneck identification in Ethiraj’s study (Ethiraj, 2007, p. 572)

This means that if a problem with a component was identified in these reviews, this component was
declared as a bottleneck. The result was the detection of primary bottlenecks for every year of the
investigated time period. By applying this method to several magazines, Ethiraj eliminated a possible
bias or a magazine-based view and made the results more objective. As validation of the results, he
presented the reviews to three graduate students in the field of computer science, who unanimously
agreed to the results obtained. (Ethiraj, 2007, p. 571ff)

The method used to detect bottlenecks represents a qualitative content analysis and delivers high

qualitative results. The procedure and the individual steps of the bottleneck identification in this study
can be seen in Figure 17.
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Figure 17: Graphical representation of Ethiraj’s study in the field of “Allocation of inventive Effort in Complex Product
Systems” (Ethiraj, 2007)
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2.6.3 Bottleneck identification via a qualitative and quantitative evaluation

The article “How firms navigate cooperation and competition in nascent ecosystems” by Hannah and
Eisenhardt (2018) deals with the difficulties in managing cooperation and competition in an ecosystem.
For this purpose, they conducted a theory-building, multiple case study (five ventures) in the U.S.
residential solar industry ecosystem, which included the hardware components like panels or racking
and business areas like sales finance or installation. The data for the analysis was gathered from a
variety of sources. In the first step, semi-structured interviews with focal firm executives were performed.
This was followed by interviews with industry experts and complementors, and finally, follow-up
interviews were conducted. In addition to the interview data, Hannah and Eisenhardt used archival data
from press articles, company press releases, technology blogs, conference presentations, and analyst
reports. At the beginning of the analysis, the data were synthesized into a comprehensive case history
for each venture, which tracks the main activities of the firms over time. Based on the interviews and the
support by archival data, the bottlenecks for a selected point in time (year) were determined and the
shifting of these bottlenecks was analyzed. After this case analysis, a cross-case analysis was
performed to detect emerging patterns across cases. (Hannah and Eisenhardt, 2018, p. 3617ff)

In principle, the approach to identifying bottlenecks, which is included in Hannah and Eisenhardt's
empirical study, has the potential to be more objective than other approaches due to the rich data on
which it is based. The procedure and the individual steps of the bottleneck identification in this study
can be seen in Figure 18.
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Figure 18:Graphical representation of Hannah and Eisenhardt’s study “How firms navigate cooperation and
competition in nascent ecosystems” (Hannah and Eisenhardt, 2018)

2.6.4 Bottleneck identification with performance comparison

The approach which Daim et al. (2014) chose in their study “/dentifying and forecasting the reverse
salient in video game consoles” was based on a performance comparison of different technologies. The
objective of this study was to determine the historical performance gap between video game hardware
subsystems and their personal computing counterparts. For this purpose, a list of thirty different video
consoles (e.g., PlayStation 3, Xbox 360, etc.), including different console generations, top sellers as well
as the biggest flops, from various vendors for a predefined period of time were selected, and the most
relevant performance indicators (Central Processing Unit and graphics hardware), which characterize
the technology progress in the video game consoles industry, were determined. These performance
indicators for the different consoles types were gathered from secondary data such as “Wikipedia”, the
manufacturer websites, or databases. Since the 30 different video consoles were not continuously on
the market during the observation period, the next step in this study was determining the most important
consoles for any given year. Thereby the technical specifications of all these consoles were averaged
to get a representative value for the comparison with the PC counterparts. After this, the same procedure
was carried out for the corresponding PC counterparts (200 different CPUs and 184 models of graphic
hardware) to produce a simple and objective comparison. As a result of this comparison, the individual
performance gaps of the different specifications were determined. However, to perform a comparative
analysis between the specifications, it was necessary to normalize the specifications. For this purpose,
Daim et al. (2014) used the ratio of the performance utilized to the performance available, which led to
the determination of the underlying trends. (Daim et al., 2014, p. 181)
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This simple comparison method can provide an enormous added value, but a prerequisite is the
formulation of comparable parameters, which characterizes the progress in the observed technology.
The procedure and the individual steps of the bottleneck identification in this study can be seen in Figure
19.
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Figure 19: Graphical representation of Daim’s, et al. study “Identifying and forecasting the reverse salient in video
game consoles” (Daim et al., 2014)

2.6.5 Bottleneck identification from the system structure

Shipilov and Gawer (2020) described in their article "Integrating Research on Inter-Organizational
Networks and Ecosystems," another interesting approach for the identification of bottlenecks. In this
paper, they defined component centrality as the crucial factor in a network of complementarities for
determining to which extent a component can become a bottleneck. This approach stems from the field
of graph theory, which suggests that there are different centralities of interest, where the degree
centrality is the basis. (Shipilov and Gawer, 2020, p. 110ff)

The degree centrality in graph theory refers to the number of links incident on a node (Sharma and
Surolia, 2013, p. 558). Transferred to the network of complementarity, this means that the value of the
degree centrality of a component increases with an increasing number of actor connections. In order to
get a better overview of this basic pattern of complementarities, an example of a nine-component
ecosystem is illustrated in Figure 20. (Shipilov and Gawer, 2020, p. 108ff)

D
A - - 1 - - - - -
B - - 1 - - - - -
C - - 1 - - - - -
D 1 1 1 1 - - - -
E - - - 1 1 - - -
F - - - - 1 1 1 1
G - - - - - - -
H - - - - - - -
1 - - - - - - -

Figure 20: lllustration of a basic pattern of complementarities in a nine-component-system (Shipilov and Gawer,
2020, p. 111)

In this example, component D (degree centrality of 4) is more likely to become a bottleneck than the
components A, B, or C (degree centrality of 1) since component D has a direct interdependency with
three other components. (Shipilov and Gawer, 2020, p. 110ff).

This means that a component is more likely to be a bottleneck if several other components depend on
this component. In other words, if a focal component in the ecosystem has a poor performance or is
taken out of the ecosystem, other components within the ecosystem will suffer much more from that
than from a poor-performance component located at the periphery of an ecosystem's complementarity
network. In their study, Shipilov and Gawer deduce eigenvector centrality (a measure of the influence a
component has on the network) as the crucial parameter for identifying bottlenecks since the
component's interdependency is related to the influence of an individual component on the entire
ecosystem’s success. (Shipilov and Gawer, 2020, p. 110ff)
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This approach of representing the complementarity of components/complements as a network can be
done, for example, by conducting expert interviews to identify different components/complements within
a system, followed up by the evaluation of the complementarity strength of them by the experts. This
can provide a significant added value by helping to understand the interdependency of the components
and complements. (Shipilov and Gawer, 2020, p. 112)

2.6.6 Summary of presented methods for the bottleneck identification

The five methods described for the bottleneck identification in an innovation ecosystem have already
been applied in various technical industries (PC, semiconductor lithography, etc.). Some of these
methods seem to fit better to the specific application area of this thesis than others.

The first described method, identifying bottlenecks via quantitative evaluation, is very well suited for
longitudinal studies and is well applicable for secondary data analyses. However, in this method, the
gualitative aspects of the bottlenecks cannot be evaluated, which would lead to only a limited quality of
the results.

The second described method, identifying bottlenecks via a qualitative evaluation of secondary data, is
well suited for longitudinal studies and results in qualitative findings, but the quality is strongly dependent
on the selected data sources. The selection process of the data sources represents, especially in this
method, a big challenge because the content should contain details for representative results. In
addition, this method requires the analysis of several different data sources to avoid bias.

The third method presented, the identification of bottlenecks via a quantitative and qualitative evaluation,
is likely to achieve a very high result quality. This is because both primary and secondary data are used
for the analysis. The performance of the key elements is measured quantitatively (e.g., numbers derived
from state-level databases) and qualitatively (e.g., qualitative assessment from media). The
disadvantage of this approach is that the bottlenecks were primarily identified from interviews. For this
reason, a large number of interviewees would be needed to cover the complete spectrum of the
innovation (BEV and FCEV) on the one hand and to avoid bias on the other hand.

The fourth method, identifying bottlenecks via a performance comparison, can deliver an added value
if it is possible to find comparison parameters. However, for this study, identifying bottlenecks in BEVs
and FCEVs' innovation ecosystem, it is not a reasonable option since the objective is not to compare
these two technologies but to look at them separately to find the individual technological bottlenecks.
The last described method, the identification of bottlenecks from the system structure, can provide highly
objective results. However, creating the system structure can be challenging since a large amount of
data is needed to obtain meaningful results. In addition, this method is only suitable to a limited extent
for longitudinal studies. Especially when data is gathered from interviews by experts, they would have
to recall how the interdependencies have changed over time. Moreover, this method does not reflect all
aspects of bottlenecks (performance, quality, availability).

For these reasons, no single method is completely suitable for identifying bottlenecks in the innovation
ecosystem of BEVs and FCEVs. However, the qualitative evaluation of bottlenecks described in chapter
2.6.2 and the concept for identifying bottlenecks from the system structure described in chapter 2.6.5
form the basis of the methodology used in this thesis. Nevertheless, several steps were partially adapted
to the research topic and modified accordingly. The used methodology, with all its included steps, is now
described in the next chapter.
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3 Research methodology

In this chapter, the methodological choices of this research are described to answer the second research
guestion:

¢ RQ2: How did the most important technological bottlenecks in the innovation ecosystems of
BEVs and FCEVs change from 2000 to 20207

For this purpose, the research design and research process choices are explained, and a detailed
description of the individual research steps is provided. It is important to emphasize that the ecosystems
of battery electric vehicles and fuel cell electric vehicles were analyzed separately, but synergies
between those two topologies and their associated components/complements were considered if they
were available.

The research design and the corresponding research process are divided into three main parts:
gualitative content analysis, the network of complementarity, and research validation. This procedure is
illustrated in Figure 21.
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Figure 21: General procedural model of this thesis

The first part of the research design, the qualitative content analysis, is based on Mayring's (2015)
concept. In this qualitative content analysis, data sources were selected and the articles of these data
sources were analyzed. For this purpose, a category system was created based on the technological
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structure of BEVs and FCEVs, which was inductively refined during the analysis. In addition, a keyword
catalog was created to identify text passages that reflect a bottleneck by using a keyword search. As a
consequence, not the entire analysis material had to be read in full text.

Furthermore, a category system for the four dimensions of bottlenecks (high costs, low quality, low
performance, low availability) was defined to obtain more detailed results. In the final step of the
gualitative content analysis, the supervisors of this work performed an intercoder reliability check. The
individual steps of the analysis are explained in more detail in chapter 3.1.

Based on the results of this qualitative content analysis and Shipilov and Gawer’s (2020) concept, which
describes that components/complements within an ecosystem can be represented as a network, a
matrix of (co-) occurrence was created for articles that contained more than one bottleneck category
(e.g., battery and charging station infrastructure). From these (co-) occurrence matrices, a network of
complementarity was derived, reflecting which component/complement is more likely a bottleneck. This
step is explained in more detail in chapter 3.2

The last step of this empirical part of the thesis, which is described in detail in chapter 3.3, was to validate
the results from the secondary data analysis with expert interviews. For this purpose, an interview
guideline was created to proceed in a correspondingly structured manner during the interview.

3.1 Qualitative content analysis

A content analysis makes it possible to quantify and analyze the meanings and relationships of themes
and concepts within texts (Gheyle and Jacobs, 2017, p. 2).

A fundamental distinction in the content analysis is made between the quantitative and the qualitative
approach. The first one focuses on the generation of hypotheses, sampling of data, a transparent priori
coding scheme, and the finding of numerical concepts through mathematical operations of fragmented
single variables to identify relationships between these variables (Gheyle and Jacobs, 2017, p. 3;
Mayring, 2015, p. 17).

In contrast to that, the basic idea behind the qualitative content analysis is to retain the advantages of
the quantitative content analysis (systematic approach, etc.) and transfer and further develop them into
gualitative-interpretative analysis steps. In this process, the analysis tries to capture the full complexity
of the analysis material and focuses on interpreting and understanding the material (Mayring, 2015, p.
17, 2014, p. 39). This method can handle large amounts of material, where a rule-guided systematic
procedure is always defined in advance. (Mayring and Fenzl, 2014, p. 543; Mayring, 2014, p. 39)

The central instrument of a qualitative content analysis is the category system. The categories of this
category system are formed either deductively or inductively. In the inductive category formation, the
categories are formed during the material analysis. In contrast, in the deductive approach, the categories
are defined before the material is worked through, mostly based on a literature research, and the text
passages are then assigned to these categories accordingly. Usually, the frequency of occurrence of
the categories is determined and statistically analyzed afterwards. The categories represent a short
description of the objects of analysis and are closely oriented to the analysis material. During the material
analysis, only text passages are considered, which refer to one of these categories. (Mayring and Fenzl,
2014, p. 544; Mayring, 2015, p. 85)

The basic process model of a qualitative content analysis is shown in Figure 22. In this process model,
as already described above, a distinction is made between inductive and deductive category formation.

The first step of the analysis includes the concretization of the research question to find a link to the

theory. This involves building on the experiences of others to achieve progress in the field of know-how
(Mayring, 2015, p. 60).
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In the next step, the material, which has to be analyzed, must be defined and formally characterized,
i.e. the form in which the material is available must be described. For content analyses, a written text is
always required. These texts do not have to be written by the author himself but can also have their
origin, for example, from an interview with an expert. (Mayring, 2015, p. 55)

Step1
<
Step2
<
Step 3
<
Step 4
12 <
Step5 -
1
~ L
Step6
- ~
Step7
S 2
Step 8
<’
Step9
<
Step10
~Z
Step 11

Figure 22: A process model of inductive category formation and deductive category application (Mayring and Fenzl,
2014, p. 550; Mayring and Brunner, 2006; Mayring, 2014)

In the third step, the direction of the analysis must be defined. In principle, the purpose behind the
analysis of a language material can have different reasons. For example, a text may be analyzed to get
some information about the author, or the object of interest may be the subject treated in the text. This
direction of the analysis must be determined in advance. (Mayring, 2015, p. 59)

This step is followed up by the definition of the content analytical unit since a central element of content-
analytical procedures is not to interpret the text as a whole but to divide it into segments (Mayring, 2014,
p. 51).

In the fifth step, a distinction is made between inductive and deductive category formulation. In the
inductive category formation, the theme of categories and the level of abstraction have to be determined
in advance. This means that theory-based selection criteria are determined to define the selection
process in category formation and the abstraction level of the categories. After this, the material is
worked through line by line, and as soon as a text passage fits a selection criterion, a category is formed
based on the abstraction level. The next time a passage fits a selection criterion, either a new category
is created, or this text passage is assigned to an existing one. (Mayring, 2015, p. 87, 2014, p. 81)

In the deductive category formation, a category system is defined based on literature in advance. A
coding guideline is created to determine when a text passage is assigned to a category. Basically, each
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category is defined by three characteristics - the category definition, the anchor example, and the coding
rules, as can be seen in an example in Table 4. (Mayring and Fenzl, 2014, p. 551)

Table 4: Example of a category in the qualitative content analysis including the definition, an anchor example, and
the coding rules (Mayring, 2015, p. 111)

Category

Category definition

Anchor example

Coding rules

High self-confidence

A high subjective
conviction for having
successfully coped
with the situational
demands, which
means:

- To be clear about
the demands and
their coping
possibility

- To have a positive,
hopeful feeling in
handling the
situation

- To be sure to have
coped with the
demands on one’s
own efforts.

“Of course, there had
been some little
problems, but we
solved them all, either
by myself or by the
student, depending on
who made the
mistake. Everyone can
make mistakes.”

“Sure, there had been
problems, but in the
end, we had a fine
relationship. We got it
all together.”

All three aspects of the
definition have to point
to “high” self-
confidence, no aspect
only “medium” self-
confidence.

Otherwise, it belongs
to a other category.

According to this predefined coding guideline, the material is worked through, and the categories are
tested regarding their applicability.

Step number 8 includes a revision and a reformulation of the category system. This step has to be
performed in the deductive and inductive category formation and is followed up by the final material run-
through (Mayring, 2014, p. 95).

Finally, the inter-coder reliability check is performed to obtain reliable results, and the frequency of
category-mention is evaluated quantitatively (Mayring and Fenzl, 2014, p. 554).

After the theoretical and procedural description of the qualitative content analysis, according to Mayring

(2015), the individual steps of the conducted qualitative content analysis, which can be seen in Figure
21, will now be discussed in more detail.

3.1.1 Definition of data sources

The first step in the procedure was the selection of the material for the analysis. For this purpose, the
journals for the qualitative content analysis were selected based on predefined selection criteria. An
overview of these criteria is shown in Table 5.

Table 5: Criteria for selection of data sources

Selection criteria
Availability from 2000 to 2020
Peer-reviewed international trade journal
Journal with focus on the automotive industry, including their trends and issues
At least two different journals from different geographical locations
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The first criterion is based on the longitudinal study, making it necessary to cover the whole time period.
The consequence is that as soon as a journal missed one year of this study period, this journal was
excluded as this would distort the study.

In order to obtain high qualitative results, the second criterion is based on the fact that the articles had
to be peer-reviewed to consider only scientific publications.

The third criterion is based on the fact that journals should be identified, reflecting the limitation of the
value proposition to the customer. This means that the journals should not come from fundamental
research, like fundamental chemical or physical research for batteries or fuel cells but should be based
on application-specific issues (automotive sector).

Furthermore, it was important to select at least two different journals from different geographical
locations to avoid bias or influence from country-specific car manufacturers.

In order to find suitable data sources, an intensive research on "Scopus" 8, “Springer Professional” ® and
"Google" with 20 examined journals and magazines was performed, but unfortunately, the majority of
this material did not fulfill the predefined time frame of availability over the period from 2000 to 2020.
Furthermore, especially in the US market, a large number of consumer magazines are on the market,
which fulfills the availability requirements, but the articles in the magazines do not meet the peer-
reviewed criterion. An overview of all in the selection process investigated magazines and journals is
shown in Appendix A.

Finally, two journals were found that met the selection criteria:

¢ Automobiltechnische Zeitschrift (ATZ)
¢ International Journal of Automotive Technology (IJOAT)

Automobiltechnische Zeitschrift (ATZ):

The ATZ is a German technological journal, which focuses on the automotive industry, especially on
passenger and commercial vehicles. It provides information from the research and development of every
possible aspect in automotive engineering. The articles in the journal are written by scientists and
authors from the automotive industry. This journal was available in German as an e-paper from 1998 to
2020 on the "Springer Professional” platform. The English version of this journal, called “ATZworldwide,”
has been available since 2001. (Reichenbach, 2021)

Since the “ATZ” fulfills all predefined selection criteria for the data sources, it was detected as a suitable
source and was further used for the following qualitative content analysis.

International Journal of Automotive Technology (IJOAT):

The “International Journal of Automotive Technology” is a Korean journal that aims to publish and
disseminate research results from all areas of automotive technology, including BEVs and FCEVs. The
articles in the journal are written by researchers from different fields of expertise that contribute to the
automotive industry. Additionally, these articles are peer-reviewed. The journal was first published in
2000 by the Korean Society of Automotive Engineers (KSAE) and is issued every other month, which
means six times a year. (Bae, 2021)

Thus, the "International Journal of Automotive Technology" fulfilled the selection criteria and was
deliberately chosen as the second journal for the qualitative content analysis to cover the Asian market
in this thesis.

8 “Scopus is the world largest abstract and citation database of peer-reviewed research literature with over 22000 titles from
more than 5000 international publisher.” (Elsevier B.V., 2021).
9 "Springer Professional” is an online library founded by Springer Fachmedien Wiesbaden GmbH. On this platform are all
books, which are published by Springer accessible and in addition, 532 journals from different areas of sciences are listed.
(Springer Fachmedien Wiesbaden GmbH, 2021).
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3.1.2 Definition of content-analytical unit

After the data source selection process had been finished, the direction of the analysis and the content-
analytical unit had to be determined. The research questions clearly defined the direction of the analysis.
That is why the analysis focuses on the content of articles. The analysis of the material was done article
by article, i.e., an issue of a journal included up to 25 articles that are analyzed individually. The content-
analytical unit had to contain at least the component or the complementary product or service and the
associated reason for the limitation. Furthermore, a double coding of a text passage, i.e., two
components/complements, was also possible. In the analysis, the two journals were examined one after
the other. This means, first of all, the ATZ starting with the year 2020 up to the year 2000 was analyzed
and afterwards the 1JOAT. The results were evaluated on a year-specific basis.

3.1.3 Theory-based definition of the category system and the keyword catalog

The qualitative content analysis was performed by using a combination of deductive and inductive
category formation. Therefore, the next step in the procedure involved developing a deductive category
system for battery electric vehicles and fuel cell electric vehicles based on a literature research. This
category system should be based on the technological structure of the two powertrain topologies, i.e.,
include on the one hand the components (e.g., battery) and on the other hand complementary products
and services (e.g., charging station). In addition to the categories, a keyword catalog should be created
as well, in which keywords are assigned to a category. This keyword catalog is required to detect text
passages, which represent a bottleneck even if the article is not read in full text.

To get a basic understanding of the two powertrain technologies and their associated components and
complements, a keyword search with the terms "electric vehicle," "battery electric vehicle," "fuel cell,"
and "fuel cell electric vehicle" was performed on the "Springer Professional” platform.

In the first step, this keyword search on the "Springer Professional” platform was only applied to books
and book chapters. This means that no online articles or articles in journals were considered. The reason
for including only books and book chapters in the first step of the keyword search is that these
books/book chapters usually deal with the complete powertrain of a technology. Consequently, it was
possible to get a holistic overview of the functional principle and the individual components and
complementary products of BEVs and FCEVSs.

In contrast, articles in journals usually focus on specific components/complements and their challenges.
Such a detailed view on individual components/complements would not have been helpful in the first
step because this high level of detail would not foster a basic understanding of the powertrain
technologies.

In total, book chapters from twelve different books were read in full text in this step. These book chapters
focused on the basics of the powertrains of BEVs and FCEVs. In these twelve chapters, the two
powertrain topologies' key components and complementary products and services were presented. In
most cases, these book chapters were divided into subchapters, where the header of these subchapters
already included the name of a component or complement. Subsequently, a category for each
component or complement that was described in detail was formed.

In the next step, to refine the category system, the bibliography of the twelve books was reviewed to
find relevant literature. The relevant literature referred to sources that specifically contained the word
“challenges” in their title or referred to an already defined category. After that, this relevant literature was
read in full text. If a component/complement was described in detail in these sources, which was not yet
in the category system, a new category was created for this component/complement.

In the last step, the keyword search with the keywords "electric vehicle," "battery electric vehicle," "fuel
cell," and "fuel cell electric vehicle" in the "Springer Professional” platform was applied to journals. This
step was necessary to extend the category system and the keyword catalog. For this purpose, a number
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of 19 papers were read in full text, which were selected based on their header. The header had to
contain either an already defined category or the word “challenges.” If a component or a complement
was described in the papers, for which no category was formed yet, the category was created
accordingly. The exact procedure for creating the keyword catalog is described in subchapter 3.1.3.4.
However, articles from the selected journals (ATZ and IJoAT) for the qualitative content analysis were
not considered.

3.1.3.1 Deductively created categories for BEVs

The category system for the ecosystem of battery electric vehicles that was developed in this step of
the analysis can be seen in Table 6. Since it is crucial for the further course of the analysis, to understand
the function of the individual components listed in this category system, these components are briefly
described in Appendix B. The complementary products and services will not be discussed, as the
category name already reflects their function.

Table 6: Deductively created categories for the innovation ecosystem of battery electric vehicles

Type of contribution Category
Battery
E-Motor
Transmission
Component

Power electronics
Thermal management
Vehicle body and chassis
Charging station infrastructure
Electrical energy
Disposal, transportation, and recycling
Workshop and dealership

Complement

3.1.3.2 Deductively created categories for FCEVs

The category system for the ecosystem of fuel cell electric vehicles that was developed in this step of
the analysis can be seen in Table 7.

Table 7: Deductively created categories for the innovation ecosystem of fuel cell electric vehicles
Type of contribution Category

Battery
Hydrogen tank and supply
Fuel cell
Oxygen supply
Component E-Motor
Transmission
Power electronics
Thermal management
Vehicle body and chassis
Hydrogen station infrastructure
Availability and transport of hydrogen
Disposal and recycling
Workshop and dealership

Complement
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Since it is crucial for the further course of the analysis, to understand the function of the individual
components listed in this category system, these components are briefly described in Appendix C. The
complementary products and services will not be discussed, as the category name already reflects their
function.

3.1.3.3 Coding guideline for BEVs and FCEVs

After the categories were deductively formed, the next step included the creation of a coding guideline
for the qualitative content analysis. This coding guideline is based on Mayring's (2015, p. 111) concept.
This concept indicates that for each category, the corresponding inclusion criteria, which defines what
is considered in a category, an anchor example, which serves as a text passage template for the
associated category in the qualitative content analysis and, the exclusion criteria, which are intended to
create delamination in the case of ambiguous assignment or overlaps between two categories, were
defined.

This coding guideline is shown for battery electric vehicles in Appendix D and for fuel cell electric
vehicles in Appendix E.

3.1.3.4 Deductively created keyword catalog for BEVs and FCEVs

In this section of the analysis, as already mentioned, a keyword catalog was deductively created beside
the category formation. This keyword search should reduce the time effort necessary for the analysis
because the full-text reading of all articles of the ATZ and the IJOAT was not required anymore.

In order to create this catalog, the already detected material for the category formation was used (see
chapter 3.1.3). In addition to that, a keyword search on the "Springer Professional" platform with the
keywords "Challenges EV" and "Challenges Fuel Cell" was performed. Ten additional papers were read
(in addition to the twelve book chapters and 19 articles already described), and keywords were derived
from this material.

In the first step, a keyword was added to the catalog whenever the papers/book chapters reported on
challenging parts of the components and complementary products and services (e.g., electrolyte, anode,
etc.). Challenging parts refers to parts of the components/complements that cause a limitation of the
whole component or the complementary product/service.

However, since this was not sufficient to ensure the completeness of the keyword catalog, the next step
was to add the reasons for the limitation of the components to the keyword catalog. These reasons refer
to the physical properties of the individual components and complements (e.g., energy density, cold
start ability, etc.).

Since keywords based on the physical properties and the subparts of the components/complements
only led to limited results, especially for the complementary products, the category name or associated
designations of the individual categories were added to the catalog in the last step (e.g., smart grid,
workshop, etc.).

Nevertheless, the creation of the keyword catalog turned out to be extremely difficult, as different terms
are frequently used as a synonym (e.g., electric grid, power grid, etc.), and the spelling of some
keywords (e.qg., bipolar plate, bi-polar plate, etc.) differentiate very often.

This was another important reason why this keyword catalog was extended and improved inductively
during the analysis, which is outlined in chapter 3.1.5. The deductively created keyword catalogs for
BEVs and FCEVs are shown in Appendix F and Appendix G.

After creating the deductive category system with the corresponding coding guideline and the deductive
keyword catalog had been finished, the articles from the selected material, i.e., the
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"Automobiltechnische Zeitschrift" and the "International Journal of Automotive Technology", were
analyzed.

3.1.4 Pre-filtering of the journal articles

Since the “ATZ” and the “IJOAT” are general automotive journals, which cover a wide variety of topics
across the automotive industry and are not specialized in battery electric vehicles and fuel cell electric
vehicles, it was essential to perform an article pre-filtering process to exclude irrelevant content from the
analysis and therefore save time and effort.

In the case of the “ATZ,” the English version of the journal was used for the analysis, i.e.,
“ATZworldwide,” which includes the same articles as the German-language “Automobiltechnische
Zeitschrift”. However, since the “ATZworldwide” was published for the first time in 2001, the German
version was used for the first year (2000) of the analyzed period. The “IJOAT” is consistently available
in English language but includes only a limited number of published articles in the first years of the period
under review, as shown in Appendix H.

This resulted in a combined total number of articles in the time period from 2000 to 2020 of 4343 (see
Appendix H for the distribution across the years), which served as input for the pre-filtering process.

The pre-filtering process of the journal articles was performed by applying a keyword search in the
“MAXQDA"10 software. For this purpose, all 4343 articles were uploaded into the program and a lexical
search was performed with the keywords "BEV", "FCEV", "Electric vehicle", "Electric car", "Fuel cell"
and "Hydrogen". In order to ensure that no articles covering relevant topics (e.g., hybrid vehicles where
possible synergies to BEV and FCEV exists) were excluded, the header of each individual article was
read and analyzed as well. In this process, 41 articles were additionally found, which were not detected
by the keyword search.

In contrast to that, other papers were omitted because the abbreviation "BEV" was repeatedly found in
words such as "bevel" or "beverage”, or keywords were only found in the bibliography of an article. A
detailed list of the pre-reviews of the two journals is shown in Figure 23.

Volume 102 2000 5 0 0 5 volume 01 2000 3 0 0 3
Wolume 103 2001 4 0 1] 4 volume 02 2001 6 0 1 7
Volume 104 2002 6 2 2 6 volume 03 2002 0 0 0 0
Volume 105 2003 8 3 0 5 Volume 04 2003 8 0 1 9
Volume 106 2004 8 3 0 5 Volume 05 2004 3 1 1 5
Volume 107 2005 12 3 1] 9 Volume 06 2005 11 2 0 9
Volume 108 2006 11 1 2 12 Volume 07 2006 21 3 0 13
Volume 109 2007 3 1 4 6 Volume 08 2007 25 2 0 23
Volume 110 2008 8 3 1 6 Volume 09 2008 16 1] 0 16
Volume 111 2009 21 2 0 19 volume 10 2009 21 o 0 21
Volume 112 2010 17 1 2 18 Volume 11 2010 21 1 1 21
Volume 113 2011 36 2 3 37 volume 12 2011 22 4 0 18
Volume 114 2012 45 2 1 4 Volume 13 2012 36 2 0 34
Volume 115 2013 41 2 3 42 Volume 14 2013 32 0 0 32
Volume 116 2014 30 0 a 34 Volume 15 2014 33 0 0 23
Volume 117 2015 23 2 1 22 Volume 16 2015 37 1 0 36
Volume 118 2016 57 1 1 57 Volume 17 2016 40 2 1 39
Volume 119 2017 87 ) 1 88 Volume 18 2017 41 1] 0 41
Volume 120 2018 84 2 7 89 Volume 19 2018 33 1 0 32
Volume 121 2019 90 2 2 90 Volume 20 2019 50 1 0 49
Volume 122 2020 101 2 2 101 volume 21 2020 56 4 0 52
Total 697 34 36 699 Total 517 24 5 498
|

ATZ + JoAT = 1197

Figure 23: Number of articles used for the qualitative content analysis based on the pre-filtering process

10 “mMAXQDA" is a software-package for qualitative data analysis and mixed methods research from the company “VERBI” and
belongs to the “computer assisted qualitative data analysis software”. (Radiker and Kuckartz, 2019, p. 2).
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In total, 1197 articles were detected as relevant in this step of the analysis and thus served as input for
the qualitative content analysis, which was conducted with the support of ‘MAXQDA” software and is
described in more detail in the following subsections.

3.1.5 Analysis of the pre-filtered articles with the full-text reading of 25 % of
them

The next step of the qualitative content analysis included the full-text reading of 280 “ATZ” articles from
2018 to 2020, representing approximately 25 % of the entire material. In this full-text reading, text
passages, which matched the definition of bottlenecks, were coded according to the deductively created
category system. When text passages matched the definition of bottlenecks and referred to a component
or complementary product or service but could not yet be assigned to a category, new categories were
formed inductively. Furthermore, the type of bottleneck (high costs, low performance, low quality, low
availability) was coded for every text passage to detect why a component/complement had a limiting
effect on the overall system. This means that each text passage was coded with a component or a
complementary product or service on the one hand and with the type of bottleneck on the other hand.
Figure 24 shows a coding example from the beginning of the article's full-text reading to give a better
overview.

Original text excerpt: Type of
bottleneck;

“For Germany to come even close fo the
interim goal, the German National Platform
Future of Mobility (NPN) has predicted that

there will need to be more than fen million
electric and one million fuel-cell vehicles on Hig h
the country’s roads. In addition, the number

of public charging points will have fo costs
increase from the current figure of around

20,000 to 300,000. Implementing these

proposals within the next ten years will be

almost impossible and therefore additional

measures will be needed.” (Liebl 2020, p. 7)

V

Chargin
Component or g g
station
Complement: .
infrastructure

Figure 24: Coding example of a text passage at the beginning of the full-text reading
3.1.5.1 Component/Complement category system improvement

Since the reasons why a component or a complementary product or service represents a bottleneck can
very often be traced back to a subcomponent, the categories were subdivided into subcategories.
Consequently, this level of detail would get lost if only a higher-level assignment to a main
component/main complement would be performed. Furthermore, this would significantly reduce the
quality of the analysis results.

Thus, for instance, the deductively created category "Power Electronics" for battery electric vehicles was
inductively subdivided into the subcategories "HV protection system" and "Onboard charger". An
illustration of the inductive extended category system for BEVs and FCEVs can be seen in Table 8. A
further improvement of this category system was accomplished in the iteration steps described in
chapter 3.1.6, and the final coding guideline is also presented in this chapter.
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Table 8: Inductively extended categories for the innovation ecosystem of BEVs and FCEVs

Battery electric vehicle

Fuel cell electric vehicle

Category Subcategory Category Subcategory
Components
Membrane
Battery Electrode Fuel cell
anode Assembl catalyst
Battery cell y y
Battery Fuel cell (MEA)
Battery .
cathode Bipolar plates
Battery production Fuel cell production
E-Motor - Oxygen supply Air filter

Transmission

Hydrogen system

Hydrogen tank

Power electronics

HV protection system

Battery

Onboard charger

E-Motor

Thermal
management

Heating, Ventilation , and
Air Conditioning (HVAC)

Transmission

Thermal management of
battery

Power electronics

HV protection system

Thermal management of
power electronics

Thermal
management

Thermal management of
powertrain

Heating, Ventilation and
Air Conditioning (HVAC)

Vehicle body and
chassis

Vehicle body and
chassis

Complementary products and services

Electric charging

Charging station

Hydrogen
refueling
infrastructure

infrastructure Availability and
Digital integration transport of -
hydrogen
Electric grid - D|sposa.l and -
recycling
Disposal and Workshop and
recycling ) dealership )
Workshop and
dealership ) ) )

Subcategories were only created for components and complementary products and services if these
subcomponents (e.g., battery anode) were directly identified as bottlenecks in a text passage. By looking
at the complementary products and services, it is noticeable that only a few subcategories were formed.
This is because the splitting of, e.g., dealer and workshop, did not bring any added value because of
the very low number of mentionings of these complementary services in the analyzed articles.

Nevertheless, some text passages were still directly assigned to one of the main categories (e.g., e-
motor). Especially text passages that identified the battery as a bottleneck could frequently only be
assigned to the main category battery and not to one of its subcategories. In these passages, batteries
and their limitations were only discussed generally, and no subcomponent was explicitly mentioned.
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3.1.5.2 Creation of category system for bottleneck types

In the course of the full-text reading of the articles, an additional category system was formed for the
four types of bottlenecks. In other words, the high costs, low quality, low performance, and low
availability were divided into subcategories. This procedure was done to increase the objectivity of the
assignment and, more importantly, to increase the level of detail in the analysis results. Thus, the
limitation of a component/complement at a specific point in time can be identified in more detail. For
example, it makes a big difference if the battery has a limited lifetime or causes a safety risk. Without
the subdivision of the four bottleneck types, the text passage would be assigned to the low-quality
dimension in both cases.

Nevertheless, the direct assignment to a main category was still possible if no detailed information was
available in the text passages. A list of these sub-dimensions (15t order codes) can be seen in Table 9.

Table 9:Bottleneck types with their associated 15 order codes
Type of bottleneck 1st order code

Costs of raw material
Costs of electricity
Safety risk
Limited lifetime expectation
Lack of infrastructure
Low availability Lack of capacity (production)
Lack of capabilities
Limited range
Low reliability
Long charging time
High weight
Performance fluctuations
Missing interoperability
High complexity
Bad dynamic behavior

High costs

Low quality

Low performance

3.1.5.3 Trigger of a bottleneck and assignment example

In order to increase the accuracy of the assignment, an additional attempt was made to document
influencing factors, i.e., the trigger for a bottleneck to occur (e.g., legal obstacles, shortage, etc.).
However, this could only be partially realized due to the lack of information in the text passages.

The assignment of a text passage to one of the subcategories, to the type of bottleneck and the trigger
for the bottleneck, will now be discussed using an example.

As shown in Figure 25, the first step was to assign a text passage to a subcomponent, respectively, the
battery cathode. After this, the subcomponent can be unambiguously assigned to a component on a
higher level according to the category system (in this case, the battery cell and, subsequently, the
battery). The second coding step is based on the four bottleneck dimensions and their corresponding
subdivisions. Since the costs of raw materials are mentioned in this text passage as very high, the
assignment to the 1st order code “costs of raw material” is possible. This 1st order code, in turn, is,
according to the category system part of the main bottleneck dimension, “high costs”. In addition, the
text passage describes the trigger for the high costs of raw material as well. In this case, the high costs
for the raw material are caused by a high dependency on the raw material supplier.

The result of the analysis of the text passage is: Due to the high raw material costs of the battery cathode,
which are caused by a high dependency on the raw material supplier, the component battery is declared

as a bottleneck!
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Original text excerpt: 15! order code: Typeof
EE— bottleneck:

“The Center Aufomotive Research (CAR) at
the University of Duisburg-Essen has
identified that the production process
represents only 5 % of the cost of a lithium-

ion batfery [3]. The cathode and the materials .
needed to manufacture it make up the Costs OT: raw High costs
majority of the costat 70 %, while the anode material

and other materials contribute 25 %. For
battery manufacturers these are fransitory
items that involve a high level of dependency
on the suppliers of raw materials.”

(Bacichaus 2020, p. 10) ; Trigger:

High dependency on

Subcomponent rawmaterial supplier

1% order: Battery cathode
w Battery cell Due to the high raw material costs of
2" order: the battery cathode, which are caused
@ by a high dependency on the raw
material supplier, the component
Component: Battery batteryis declaredas a bottleneck!

Figure 25: Coding example of a text passage after the precision of the categories and the bottleneck types
3.1.5.4 Keyword catalog improvement

Another task in this step of the analysis involved the revision and improvement of the keyword catalog,
which was applied to the other 75% of the analysis material in the following step. This is described in
detail in chapter 3.1.6. The goal of this task was to adapt the deductively created keyword catalog, which
is shown in Appendix F for BEVs and Appendix G for FCEVSs, in such a way that the keyword search
identifies every text passage, which represents a bottleneck.

For this purpose, the keywords were formulated in a more general way. This means that, i.e., the
keywords “charging speed”, “charging time,” and “charging plug” from the deductively created keyword
catalog were adapted to the keyword “charging” to reduce the number of keywords and to counteract
the problem of different names or spellings of various terms. This approach led to a more general naming
of the keywords in the catalog but resulted in significantly more effort in the keyword search, represented
in chapter 3.1.6. The minimum requirement for the keyword catalog was to have at least one keyword
for each main category, which could also be the category name itself. An overview of all keywords of
the keyword catalog is illustrated in Appendix I.

This catalog was further extended during the application (highlighted keywords in Appendix ), but this
extension will be discussed in more detail later. The next step in the procedure was applying these
keywords to the rest of the analysis material, which is the content of the following subchapter.

3.1.6 Application of the keyword catalog to the analysis material

The purpose of using the keyword search in the course of the qualitative content analysis was to reduce
the time effort which a full-text reading of all articles would entail. The keyword search was conducted
with the support of the “MAXQDA” software. In the first step, the predefined keyword catalog was applied
to all pre-filtered ATZ articles from 2000 to 2017 (see chapter 3.1.4). The search was done in
chronological order, starting in 2017. The general naming of the keywords in the catalog led to a
tremendous effort to scan the keyword hits to identify text passages that declare a bottleneck.
The basic plan was to read the entire paragraph containing the keyword and to search for potential
bottlenecks. However, due to the general naming of the keywords, almost all paragraphs of the articles
contained a keyword. Thus, nearly all articles, with a few exceptions, were read in full text, as this meant
comparatively less effort than clicking through the individual keyword occurrences. Those articles, in
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which only a single keyword was identified, were read according to the original concept, i.e., reading the
paragraph in which the keyword was detected. Additionally, the neighboring paragraphs were read to
determine whether this could be a relevant text passage or not. If the neighboring paragraphs contained
a bottleneck text passage, the article was read in full text. If a text passage that declares a bottleneck
was identified in the neighboring paragraphs or the paper and no keyword was included, the catalog
was extended by the corresponding keyword.

After completing the analysis of all pre-filtered articles of the journal "Automobiltechnische Zeitschrift"
from 2000 to 2017, the first iteration step followed.

3.1.6.1 Keyword catalog improvement with iteration steps

The purpose of the iteration was to apply the new keywords found during the application of the keyword
catalog to the previously analyzed material. This should ensure that no text passages, which declare a
bottleneck, were overlooked. However, since the keyword catalog was already designed in such general
terms that it hit almost all relevant text passages, the keyword catalog was only extended with a few
keywords before the first iteration step.

After completing this iteration step, in which additional text passages that declare a bottleneck had been
detected, the extended keyword catalog was applied to the articles of the "International Journal of
Automotive Technology".

In the second and last iteration step, i.e., after completing the first material run, the final keyword catalog
(see Appendix I) was applied to the entire material to ensure no text passage that declares a bottleneck
was overlooked. However, the last iteration step did not result in any new bottleneck occurrences, which
can be traced back to the small number of new keywords.

3.1.6.2 Component/Complement category system improvement with iteration steps

In addition to the keyword catalog, the category system for the components/complements was also
extended and improved based on new occurrences in the iteration steps. In this process, new
subcategories were formed for the innovation ecosystem of BEVs as well as for the innovation
ecosystem of FCEVs.

This resulted in the final category system for battery electric vehicles, shown in Appendix J, including

the category definition, the anchor examples, and the coding rules. For fuel cell electric vehicles, this
category system is illustrated in Appendix K.

3.1.6.3 Bottleneck category system improvement with iteration steps
In the process of applying the keyword catalog to the analysis material and the associated iteration
steps, new subgroups were also formed for the four bottleneck dimensions, which are highlighted in

Table 10.

Table 10: Final 15t order codes for the four bottleneck dimensions

Type of bottleneck 1st order code
Costs of raw material
High costs Costs of production
Costs of electricity
Low quality — _Saf_ety risk -
Limited lifetime expectation
Low availability Lack of infrastructure
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Lack of capacity
Lack of capabilities
Lack of raw material
Limited range
Low reliability
Long charging time
High weight
Performance fluctuations
Missing interoperability
Low efficiency
High complexity
Bad dynamic behavior
Limited capacity

Low performance

3.1.6.4 Summary of the application of the keyword catalog

Basically, the deductive first step, performed in chapter 3.1.3, and the subsequent full-text reading of
25% of the entire material and the associated improvement of the category system, the keyword catalog,
and the precision of the bottleneck types, performed in chapter 3.1.5, created a solid foundation for the
analysis. This means that the category system, the keyword catalog, and the subdivision of the
bottleneck types only had to be improved minimally in this analysis section, including the iteration steps.
Thus, no text passages, which represent a bottleneck, should have been overlooked due to paying high
attention to the analysis procedure.

However, as it is common practice in qualitative research to obtain reliable coding results, the two
supervisors of this thesis conducted an intercoder reliability check whose theoretical basis and
procedure will be discussed in more detail in the next chapter (Mayring, 2015, p. 124).

3.1.7 Intercoder-reliability check

In order to provide a scientific added value, a qualitative content analysis must be tested based on
quality criteria. In social science research, the focus is primarily on two parameters, which is, on the one
hand, the reliability and, on the other hand, the validity of the results obtained. In this context, reliability
is regarded as the basic prerequisite for validity. These two classical quality criteria can be determined
with many different methods, but their transferability to the qualitative content analysis is often seen very
critically since different methods do not reflect the applicability in the content-analytical approach. For
example, the parallel test as reliability check, which includes applying the research question on a sample
using different instruments, is problematic because the equivalence of different instruments in analyzing
language material is given very rarely. (Mayring, 2015, p. 123f, 2014, p. 107f)

In this section of the analysis, reliability is in the focus of interest. The validity of the results will be
discussed in chapter 3.3. Concerning reliability, the intercoder reliability check is the commonly used
procedure in qualitative content analyses. Several people carry out the entire analysis and compare the
results to reach an inter-coder agreement. (Mayring, 2015, p. 123f, 2014, p. 107f)

The intercoder reliability check in this thesis was performed on selected sections of the analysis material.
This concerned those text passages in which a clear assignment to a category or to a bottleneck type
was very difficult or even not possible. For this purpose, the two supervisors of this work were asked to
code these ambiguous text passages according to the in chapter 3.1.6 developed category system and
the subdivision of the bottleneck types. These text passages were subsequently coded independently
by both supervisors and then compared with the coding results from the previously performed qualitative
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content analysis. If there were differences in the coding of text passages between the results of the
gualitative content analysis and the supervisors' coding, these text passages and their different
interpretations were put into a document and discussed to achieve a mutual agreement.

After the intercoder-reliability check was finished, all text passages which had not been covered by this
check were rechecked and, if necessary, aligned with the interpretations agreed in the check to ensure
consistent coding. However, this was only the case for a minimal number of text passages since the
critical ones were included in the intercoder-reliability check.

All text passages of the analysis material, which represented a bottleneck in the ecosystem of BEVs or
FCEVs, are shown, with their corresponding codings according to the category system and to the
subdivision of the four dimensions of bottlenecks, in Appendix L for the BEV and Appendix M for the
FCEV.

The intercoder-reliability check completed the qualitative content analysis. The validation of the results
is discussed in chapter 3.3. In the course of the study, it became apparent that many double codings
(two categories) of text passages and multiple codings in one analysis article (e.g., ATZ article) occurred.
Therefore, it was possible to create a network of complementarity, which will be described in the next
step.

3.2 Network of complementarity

To determine which limiting components and complementary products and services influence each other
and thereby jointly limit the value proposition to the customer, a network of complementarity was formed
for the ecosystem of BEVs and FCEVs in the course of this thesis. This approach is, as already
mentioned, based on Shipilov and Gawer's (2020) assertion that the complementarity of components
and complementary products/services can be represented as a network. For this purpose, a matrix of
(co-) occurrence was formed for each of the 1197 pre-filtered analysis articles if the article contained
more than one bottleneck category (e.g., battery and charging station infrastructure). First, these
matrices of (co-) occurrences reflect which components or complements were mentioned in the same
context. Secondly, they outline the limitations of the components and complements, making it easier to
find logical correlations between the mentioned bottleneck categories. An overview of all these matrices
of (co-) occurrences for battery electric vehicles is shown in Appendix N. Appendix O provides an
overview of these matrices for fuel cell electric vehicles.

As aresult of the large number of articles that jointly identified components/complements as a bottleneck
and, consequently, the large number of matrices of (co-) occurrences, it was possible to form a
complementarity matrix in which one can see which bottleneck components and complements have a
complementarity on each other.

This made it possible to calculate the degree centrality of the individual components/complements to
determine which component/complement plays a central role in the ecosystem and thus represents the
key bottleneck. Furthermore, the frequency of joint mentions could be used to determine the causality
of the complementarity.

The results and the graphical representation of the networks are presented in chapter 4.2 for BEV and
in chapter 4.4 for FCEV.

3.3 Validation of the results

The second quality criterion, validity, described in chapter 3.1.7, was achieved for this thesis with the
help of expert interviews. Expert interviews are qualitative interviews in which people are interviewed as
specialists for specific topics (Hopf and Schmidt, 1993, p. 15). This means that the expert interview
stands for a particular method used for a specific purpose. Thus, experts are not the object to be studied,
but they witness the relevant processes for the analysis. (Glaser and Laudel, 2010, p. 12)
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As part of the qualitative research, these expert interviews are primarily conducted as non-structured
interviews, where neither questions nor answers are standardized, or as semi-structured interviews,
where certain guidelines are implemented in a non-structured interview. In contrast to that, quantitative
research uses mostly structured interviews, in which both the questions and the answer options are the
same for all interviews. This means that closed questions are asked in a fixed order. (Glaser and Laudel,
2010, p. 41)

For the validation of this thesis, semi-structured expert interviews were chosen. The next step included
the draft of an interview guide, which will be explained in detail in the following subchapter.

3.3.1 Preparation of an interview guide for expert validation interviews

The interview guide includes the most important questions that must be answered in each interview.
However, neither the formulation of the questions nor the order in which the questions are asked is
binding. This is intended to ensure that the interview proceeds as naturally as possible, i.e., that the
interviewees themselves come up with specific topics. In order to answer a question completely, follow-
up questions are usually necessary. However, these are not noted in the guide. (Glaser and Laudel,
2010, p. 42)

The creation of the interview guide for this study included a subdivision of the time horizon from 2000 to
2020 into three time segments to validate the results of the qualitative content analysis as precisely as
possible. A detailed subdivision into even more time segments, e.g., splitting up the time period in single
years, did not seem to make sense, since remembering back to a single year would probably not be
possible and would lead to difficulties in answering the questions by the experts and thus distort the
results. It was attempted to define the time segments, which were not always clearly separable from
each other, identical for both ecosystems, BEV and FCEV, to create a unified picture. Furthermore, the
key questions were formulated uniformly for each of the three time segments, for BEVs and FCEVs, to
obtain objective results over the entire study period.

The final guide which was used for the interviews can be found in Appendix P. The application of the
guide while conducting the interviews is described in the following chapter.

3.3.2 Validation of the qualitative content analysis results with the expert
interviews

After creating the interview guide, the next step was to select the experts for the interviews.

Since it was crucial for the scope of this work that the validation experts have scientifically based
expertise in the field of both BEVs and FCEVSs, it was obvious to select people who are generally
involved in the research and development of alternative powertrains. Therefore, the validation of the
results of both powertrain topologies can be performed with the same people. The number of validation
interviews was already fixed to a number of three before the start of the thesis, and all of the interviews
were performed via Cisco Webex!!. In the preliminary phase of the interviews, a presentation that
included a summary of the work was sent to the interview partners to give them an overview of the study.
The interviews with the three selected interviewees lasted on average 1 % hour.

At the beginning of each interview, a presentation was shown to introduce the objective of this thesis
and provide information on the purpose of the interviews. In addition, it was mentioned that when
answering the questions, the interviewees should refer as precisely as possible to the time section
currently under discussion. A visual support continuously assisted the entire interview period in the form

11 Cisco Webex is a video and web conferencing application from the company Cisco Systems, Inc.
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of a presentation, which was intended to ensure that the interviewee constantly referred to the correct
time period.

With the agreement of the interviewees, it was possible to make an audio recording of the interviews to
be able to transcribe them afterward. All interviews were anonymized while being transcribed, as this is
common practice when conducting expert interviews (Glaser and Laudel, 2010, p. 42)

The interviews were analyzed by applying a qualitative approach, i.e., the text passages reflecting a
bottleneck in the transcripts were coded using the category system and the subdivisions of the
bottleneck types, which was created in chapter 3.1.6 and analyzed accordingly. The validation interviews
and their comparison with the results of the qualitative content analysis are presented in the next
chapters.

These eleven steps, which are discussed in this chapter, illustrated the approach throughout the
empirical part of this thesis. A high volume of data was acquired and analyzed by combining the
gualitative secondary data analysis with validation through primary data, which led to the presented,
discussed, and interpreted results in the next chapters.
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4 Results of the analysis

In this chapter, the main findings of the qualitative content analysis are presented. The main objective
of this research is to identify the change of bottlenecks in the innovation ecosystem of BEVs and FCEVs
over the period from 2000 to 2020. For this reason, in the first section, the obtained results for BEVs are
presented. After that, the constructed network of complementarity based on these results is shown. In
the second section of this chapter, the results for the innovation ecosystem of FCEVs are presented.
The network of complementarities constructed for the ecosystem of FCEVs concludes this chapter.

4.1 Results of the qualitative content analysis for the ecosystem of the
BEV

At the beginning of the study period (2000 to 2020), around the 2000s, relatively few articles in the
selected journals focused on the powertrain topology of battery electric vehicles. Consequently, only a
small number of bottlenecks were detected in the early 2000s, which can also be seen in Figure 26.
However, during the analysis, it became apparent that in this period (early 2000s), the electrification of
the powertrain, in the form of hybrid electric vehicles, began. At this time, the main issues of battery
electric vehicles concerned the battery and its low performance, which was attributable to the low
capacity, the high weight, and long charging times (see Figure 29).

The fact that electrified powertrains picked up steam over the study period can be seen in Figure 26,
which illustrates that the number of detected BEV bottlenecks in the journal articles strongly increased
over the study period.

Total number of identified BEV bottlenecks from 2000 to 2020
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Figure 26: Total number of identified BEV bottlenecks in the ATZ and IJoAT in the period from 2000 to 2020

However, this figure makes the impression that the technology has more bottlenecks in 2020 than at the
beginning of the millennium. Since the number of analyzed articles (pre-filtered articles) has also
increased significantly, Figure 27 shows the identified BEV bottlenecks relative to the total number of
articles published in the two journals dealing with BEVs and FCEVs. This chart also confirms the
statement from above, that especially at the beginning of the study period, the battery was the decisive
limiting factor.

In particular, the year 2000 shows a disproportionate number of bottlenecks in relation to the articles
dealing with BEVs and FCEVs. This can be explained by the limited number of published articles in the
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two journals. Furthermore, in this year, the 1J0AT was founded and published their issues for the first
time, in which they presented different powertrain topologies with their potentials and challenges. The
majority of the eight detected BEV bottlenecks in the year 2000 can be traced back to one of this IJOAT
article.

Share of identified BEV bottlenecks relative to the pre-filtered articles (BEV and FCEV
related articles)
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Figure 27: Share of identified BEV bottlenecks relative to pre-filtered ATZ and IJOAT articles in the time period from
2000 to 2020

In the following years (2000 to 2007), it was noticeable that more and more attention was paid to the
topic of hybrid electric vehicles, which were seen in various ATZ and IJOAT articles as an intermediate
step towards the complete electrification of the powertrain. In these HEV articles, no bottlenecks were
detected that could be transferred to the BEVs since the synergies between those two powertrain
concepts exist for components like the power electronics or the e-motor, but not for the most limiting
element at this time, the battery. The battery of an HEV is not comparable with the battery of a BEV
because the requirements regarding energy and power density are completely different (Stephens et
al., 2017, p. 5-1).

The data indicated that even in this period (2000 to 2007), in which comparatively few articles addressed
the BEV topic, complementary products and services in the form of the electric charging infrastructure
and dealer and workshops were already a bottleneck.

From 2008 onwards, it became apparent that more and more articles in both journals referred directly
to BEVs and no longer only focused on hybrid electric vehicles, which is also reflected by the number of
detected bottlenecks (Figure 26 and Figure 27).

Starting at this time, more and more manufacturers also paid attention to other issues besides the battery
technology. This included topics such as thermal management, for comfort, efficiency, and safety
reasons, or the recycling process of the batteries to reduce costs.

From 2016 onwards, in addition to the battery and the thermal management, some complementary
products and services also turned out to be bottlenecks. Especially in the ATZ, the charging
infrastructure was due to the lack of availability and fast charging capability, often seen as a bottleneck
for the ecosystem’s growth. In recent years, due to the multiplication of battery electric vehicles operated
by end customers, the electric power grid or rather the required expansion in rural areas was also seen
as a bottleneck.
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After this overview of the analysis’ results, the detailed results (subcomponents, type of bottlenecks) for
the individual components and complementary products and services in the category system are shown
in the following subsections.

4.1.1 Battery

The detected text passages, representing a battery bottleneck in most cases, referred directly to this
main component, which made the assignment to a subcomponent only partially possible. Nevertheless,
some text passages were found from 2010 onwards, see Figure 28, which directly refer to the battery
cell, the battery management system, or the battery production.
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Figure 28: Share of the identified battery subcomponent bottlenecks in the innovation ecosystem of BEVs relative
to the total number of identified bottlenecks

As already mentioned above, the battery was the key bottleneck for the value proposition to the customer
over the analysis’s entire period. At the beginning of the 2000s, issues concerning the low range, high
weight, and long charging times of the batteries resulted in this bottleneck. These issues were triggered
by the fact that the batteries used had only a low energy density and were not fast-charging capable at
that time.

As a result of progress in battery technology, the gravimetric energy density (trade-off between battery
weight and achievable driving range) increased significantly but was mainly in the mid-2000s, still
significantly too low to achieve an acceptable driving range. Thus, the performance remained a reason
why the battery was identified as a bottleneck. Furthermore, battery quality issues also became more
and more limiting for the BEVs value proposition to the customer. In fact, from 2006 onwards, the limited
lifetime of batteries, caused by damage from deep discharging and aging effects, was a significant issue
for battery electric vehicles.

With the introduction of the lithium-ion technology, the battery cost issue received more and more
attention and was identified as one of the main limiting factors at the beginning of the 2010s. The high
battery costs can be traced back to the required raw materials (Lithium, Cobalt) and the high production
costs (battery production in Figure 28) resulting from missing scaling effects. Figure 29 underlines this
claim, with battery costs being a crucial limitation, especially from 2009 to 2015.

At that time, the quality of the battery in terms of durability was still a major issue. Additionally, new
problems regarding the battery’s safety emerged. The safety issues can be attributed to the flammability
of the electrolyte in lithium-ion batteries, which can lead to a thermal runaway of the battery cells.
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The performance of the batteries continued to limit the BEVs' value proposition to customers at this time
(from 2009 onwards). This performance issue was caused by the low energy densities of the batteries,
which resulted in a tradeoff between weight and achievable driving range, and thus also affected the
capacity of the batteries. Another issue limiting the battery's performance, which became increasingly
important from 2008 onward, was the dynamic behavior of the battery, which was limited by a low power
density.

The analysis showed that the BEVs gained momentum (from 2008 onwards). But especially in the early
2010s, there were many unresolved issues, many limitations still had to be identified, and the costs were
far from what would have been acceptable for most end customers. However, as an increasing number
of articles in the two journals addressed the topic of BEVs, and consequently, more bottlenecks were
detected, the battery was still the key bottleneck (see Figure 28: 50% of all bottleneck text passages in
2013 refer to the battery), but other components and complements were also mentioned increasingly as
having limiting effects for the ecosystem’s growth.

In 2013, due to the improvement of various technological parameters (energy density, etc.), other issues,
such as the long charging times, came back into focus, as other technical hurdles that previously
overshadowed everything else were solved. However, in the last two years of the analysis period (2019
and 2020), it became apparent that the long charging times were no longer a battery-related issue.

left: four dimensions of bottlenecks

BEV right: 1st order codes of bottlenecks
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Figure 29: Distribution of the identified battery bottlenecks concerning the four bottleneck dimensions in the
innovation ecosystem of BEVs

Furthermore, the battery still has enormous limitations concerning another subcategory of performance,
the achievable driving range, which is still insufficient for a broad group of end customers. In recent
years, the availability of batteries has also become a rising issue, as some battery production companies
have reached their production capacity limits, and the raw material procurement process has become
challenging. These difficulties in the procurement of raw materials directly impact the battery costs,
which further remains a limiting factor until 2020, as well as the quality in terms of lifetime expectation
and safety risks.

Additionally, the complexity and difficulty for an efficient implementation of the battery management
system has been addressed repeatedly in the last five years, which can be seen in Figure 28. In this
context, the efficient management of the energy quantity to achieve long electric driving ranges
represents a major difficulty and limits the value proposition to the customer until today.

This means the analysis demonstrated, as already mentioned, that the battery was consistently the most
significant bottleneck of the BEV's value proposition over the entire study period, but the individual
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causes for this limitation have changed over the last 20 years. These causes were triggered by various
influencing factors, which are summarized in Figure 30. At the beginning of the study period, this battery
bottleneck was caused primarily by the performance and, to some extent, by the quality (lifetime) of the
battery. The change to the lithium-ion battery technology has improved the performance significantly.
However, it has resulted in new challenges, bringing the quality issue to the foreground, and these
guality issues are remaining until today. The performance of the batteries still has a detrimental effect
today, but its extent has lowered compared to the beginning of the 2010s. However, the battery costs
are still a major issue today, having a huge negative impact on customer acceptance.
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Figure 30: Trigger for identified battery bottlenecks in the innovation ecosystem of battery electric vehicles
4.1.2 Electric charging infrastructure

From the beginning of the study period until today, the electric charging infrastructure represented one
of the key bottlenecks in the ecosystem of battery electric vehicles, besides the battery and the thermal
management (from the late 2000s), which can be seen in Figure 27. In the early 2000s, the limitations
were mainly related to the long charging times required (charging station performance), which was also
influenced by the battery’s non-fast charging capability, and the lack of public charging stations.
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Figure 31: Share of the identified electric charging infrastructure bottlenecks in the innovation ecosystem of BEVs
relative to the total number of identified bottlenecks
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The fact that this complementary product was the only limiting component/complement in the ecosystem
of battery electric vehicles in 2003 (see Figure 31) must be seen in relative terms because of the small
number of articles dealing with BEVs and FCEVs in this year.

An interesting aspect is that the electric charging infrastructure began to have a continuous limiting effect
on the ecosystem's growth from 2009 onwards.

Especially in the early 2010s (2011 and 2012), it became apparent that the variety of different charging
plugs and their compatibility with the charging stations (missing interoperability) was a major problem.
However, this standardization issue was not detected anymore in the further course of the analysis.

Another noticeable fact is that the missing public electric charging infrastructure has been mentioned
repeatedly as one of the main issues, and since the year 2011, this availability issue is consistently seen
as a crucial limiting factor. The analysis revealed that the main reason for the lack of charging
infrastructure is the high expansion cost. Due to these high costs, it is often not very lucrative for the
stakeholders to build new public charging stations, and thus they hesitate to expand the charging
infrastructure further.

In addition to this availability problem, the charging stations' performance (long charging time) was
becoming more limiting from 2015 onwards, as the charging process still takes a long time. The reason
why the charging station performance became more and more limiting can be attributable to the
development of the fast charging capability of lithium-ion batteries. This means that fast charging is no
longer limited only by the battery but also by the charging station's power.
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Figure 32: Distribution of the identified electric charging infrastructure bottlenecks concerning the four bottleneck
dimensions in the innovation ecosystem of BEVs

In the last years of the analysis period (from 2017 onwards), the digital integration of the electric charging
infrastructure became an additional issue (see Figure 31). This digital integration concerns the billing
process and the compatibility of charging stations with various apps supporting the charging process. In
this context, the communication interruption during the charging process or even the possibility to start
the charging process represents a major issue since different providers use different apps for their
charging stations. This lack of an overarching charging network usually causes a major obstacle for the
end customer.

This means the analysis demonstrated, as already mentioned, that the electric charging infrastructure
was consistently one of the key bottlenecks of the BEV's value proposition over the entire study period,
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but the individual causes for this limitation have partly changed over the last 20 years. These causes
were triggered by various influencing factors, which are summarized in Figure 33. The issue regarding
the standardization of the charging plugs was solved during the study period, but new challenges
regarding the billing process or the communication between the vehicle and the charging station arose.
Other reasons why the electric charging infrastructure is still a bottleneck today are the lack of electric
charging infrastructure, which was consistently seen as a limitation, and the low performance of the
charging stations, which has been frequently mentioned as a limiting factor, especially since 2015.

B Low performance [ Low quality [ High costs [ Low availability

Standardization
issues

Missing
communication
netwaork

Lack of
attractiveness
for stakeholder

Communication
network issues

High
expansion
costs

Limited
charging
station power

High costs of
electricity

Figure 33: Trigger for identified electric charging infrastructure bottleneck in the innovation ecosystem of battery
electric vehicles

4.1.3 Thermal management

Starting in 2009 the thermal management with its subcomponents was one of the key bottlenecks within
the ecosystem because of its low performance. This can be seen in Figure 34.
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Figure 34: Share of the identified thermal management bottlenecks in the innovation ecosystem of BEVs relative to
the total number of identified bottlenecks
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The subcomponent thermal management of the battery was very often mentioned as a bottleneck, which
can also be seen in Figure 34. From 2009 onwards, it became visible in the analysis that the heating
and cooling procedure of the battery has a decisive influence on the performance, in terms of efficiency
and charging speed, and additionally on the safety aspects (thermal runaway) of the battery. For these
reasons, the thermal management of the batteries turned out to be very complex and represents a
bottleneck until today.

In the early 2010s, when batteries had a very low energy density, HVAC was also a key bottleneck. This
can be traced back to the fact that the required energy for air conditioning and heating the passenger
compartment in a BEV had to be provided by the battery. Consequently, this energy is no longer
available for propulsion, and the overall driving range of the BEV is getting reduced. However, in the
last years of the analysis period (2018 to 2020), the extent of the limitation decreased significantly.
Nevertheless, thermal management is still one of the key bottlenecks besides the battery and the electric
charging infrastructure since the thermal management, as already mentioned, influences the entire
vehicle's performance.

4.1.4 Electric grid

The electric grid played no role in limiting the value proposition to the customer until 2016. However, in
the last years of the analysis period, this complementary product/service was increasingly identified as
a bottleneck. This can also be seen in Figure 35, which shows that although the share is small compared
to other detected bottlenecks, the electric grid represents in those years one of the key bottlenecks in
the innovation ecosystem of BEVs, along with the battery, electric charging infrastructure and thermal
management.
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Figure 35: Share of the identified electric grid bottlenecks in the innovation ecosystem of BEVs relative to the total
number of identified bottlenecks

An interesting finding of the analysis was that the amount of energy required for a complete transition to
e-mobility would not be a problem, but the simultaneous charging of many vehicles would bring the
electrical power grid to its limits, especially in rural areas. The resulting peak loads can cause
interruptions of the charging process and thus represent an obstacle to the widespread use of BEVs.
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415 E-Motor and Power electronics

In terms of limiting effects to the BEV’s value proposition, relatively little importance was attributed to
the e-motor and power electronics in articles of the two journals. However, it was noticeable that until
2013, the e-motor and power electronics had not been identified as a bottleneck in any of the two
journals' articles, which can also be seen in Figure 36.
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Figure 36: Share of the identified e-motor/power electronics bottlenecks in the innovation ecosystem of BEVs
relative to the total number of identified bottlenecks

In general, all the text passages that described the e-motor as a bottleneck concerned the permanently
excited machine. Thus, the limitations in 2013 were mainly related to the high cost of the raw materials,
particularly neodymium, needed for permanent magnets of the electric machines. In addition to the cost
issue of electric machines, the performance, or more precisely the efficiency of these machines, was
also partly identified as the reason why the e-motor was a bottleneck. The insufficient quality in terms of
the lifetime of the e-motors was only described as a limiting factor in one article.

The component power electronics was not identified as a bottleneck in any of the two journals until 2018.
Even after that, this component was only seen in a very few text passages as limiting for the value
proposition to the customer.

The analysis has shown that due to the minimal number of text passages, which declare the e-motor
and the power electronics as a bottleneck, the two components have only a small limiting effect on the
BEV’s value proposition to the customer. Nevertheless, in 2013, the e-motor had a comparatively high
share relative to all detected bottlenecks in the innovation ecosystem of BEVs.

4.1.6 Dealer/workshop and disposal/recycling

The workshops responsible for repairing electric vehicles and the dealers hardly played a role in the
articles of the two journals, as shown in Figure 37. This complementary service was already considered
to be a bottleneck in 2006 but was only identified as a bottleneck once afterward. The triggers for these
bottlenecks concerned missing qualification in repairing and selling vehicles with electric powertrains
(BEVs, HEVs, FCEVs).

59



Results of the analysis

The complementary service of disposal and recycling has also been addressed very rarely. While the
“disposal and recycling” was already detected as a bottleneck in 2008, as shown in Figure 37, it was not
identified as a bottleneck until 2018. By 2018, this topic came back into the focus of battery
manufacturers. The expensive raw materials required for battery production make the recycling process
viable to keep the raw materials in the loop and reduce battery costs.
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Figure 37: Share of the identified dealer/workshop and disposal/recycling bottlenecks in the innovation ecosystem
of BEVs relative to the total number of identified bottlenecks

For this purpose, the topic of "Design for Recycling" was addressed in the articles, which should involve
cooperation between battery manufacturers and recycling companies to perform the recycling process
as efficiently as possible and thus reduce the costs. This lack of coordination between these two actors
in the ecosystem (battery manufacturers and recycling companies) or rather the lack of recycling
companies integrated into the ecosystem was therefore seen as an issue.

4.1.7 Summary of findings

The bottlenecks in the innovation ecosystem of battery electric vehicles have partly changed in recent
years, or more precisely, new ones have emerged due to the increased number of vehicles on the roads.
Figure 38 shows the change of these identified bottlenecks over the last 20 years, divided into three
sections.

In the first period from 2000 to 2006, the value proposition's limitations were mainly related to the
batteries and their low energy density and non-existent fast-charging capability. Furthermore, the high
costs of batteries were often seen as a significant obstacle. In addition to the battery, the electric
charging infrastructure was already seen as a limitation due to the lack of public charging stations.

In the second section, from 2007 to 2013, the battery continued to be the main bottleneck. The main
reason for this was still the low achievable range and the high weight due to low energy densities. The
cost problem also had a major influence on the fact that the battery was identified as a bottleneck. At
this time, battery quality problems were also identified as a limiting factor for the first time. These quality
issues can be attributed to the limited lifetime due to the aging effect, and safety risks.

The electrical charging infrastructure continued to be the second key bottleneck in this period, but its
low availability was no longer the only limiting factor. Furthermore, the lack of standardization of charging
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plugs was a main issue at this time, which made the charging process on public charging stations
challenging.

The third bottleneck detected during this period was the thermal management, which represented a
major challenge due to the temperature sensitivity of the individual BEV components. In addition, the
energy needed to operate the thermal management subcomponents has to be provided by the battery,
leading to a tradeoff between comfort and driving range.
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Figure 38: Summary of analysis results for the innovation ecosystem of battery electric vehicles

In the third time section from 2014 to 2020, the battery was still detected as the key bottleneck, although
the reasons for this were basically the same as before. However, in addition, the long charging times,
especially at the beginning of this section (2014 to 2017), were identified as a limiting factor in this
period.

Thermal management and electric charging infrastructure were also still seen as limiting the value
proposition to the customer. However, in the case of the electric charging infrastructure, the low
performance of the charging stations and the missing standardization of the communication network
became increasingly limiting in this section.

Finally, the electric grid had increasingly turned into a bottleneck due to the problems in handling peak
loads.

4.2 Network of complementarity for BEV

As already described in chapter 3.2, the network of complementarity was constructed from matrices of
(co-) occurrences. Interestingly, the three in the qualitative content analysis most frequently mentioned
bottleneck categories (battery, thermal management, electric charging infrastructure) play the central
role in this network. This fact is illustrated in Figure 40.
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Figure 39: Complementarity matrix for the innovation ecosystem of battery electric vehicles

The battery shows a degree centrality (humber of different components/complements with which a
component or complementary product/service was jointly identified as a bottleneck in an article) of 5.
For this reason, the battery is the most central part of the network of complementarity.

However, the complementarity strength, which was determined by the number of joint mentions of two
components/complementary products or services (see numbers in parentheses of the matrix in Figure
39), is different for the individual components and complementary products/services. The battery and
the thermal management were most frequently jointly declared in an article as a bottleneck. The electric
charging infrastructure and the battery also showed a very strong complementarity (19 joint bottleneck
mentions). The complementary strength of the battery with the e-motor, the disposal/recycling, and the
dealer/workshop has turned out to be low in this network due to only a small number of joint mentions.

Dealer and E-Motor Disposal and
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Infrastructure
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Management Electronics

Figure 40: Network of complementarity for the innovation ecosystem of battery electric vehicles
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The electric charging infrastructure represents the second central role in the network of
complementarity, with a degree centrality of 4. In addition to the frequently joint mentioning of battery
and electric charging infrastructure, which was already described above, thermal management was
declared as a bottleneck in the same context as the charging infrastructure a few times. The
complementarity between the electric grid and the charging infrastructure has also turned out to be
strong, with a total number of five joint mentions. The last aspect, the complementarity between power
electronics and charging infrastructure, was detected as not very strong. These two
components/complements were only once jointly seen as a bottleneck.

This network of complementarity shows that the battery and the electric charging infrastructure impact
many other components and complementary products/services and therefore play a central role in the
innovation ecosystem of battery electric vehicles and are more likely to represent a bottleneck than
peripheral parts of the ecosystem. Thus, the battery and the electric charging infrastructure represent
the most critical bottlenecks in the ecosystem of battery electric vehicles

4.3 Results of the qualitative content analysis for the ecosystem of the
FCEV

In the analysis of the ecosystem of fuel cell electric vehicles, it was noticeable that significantly fewer
articles focused on this technology compared to battery electric vehicles, which is underlined with Figure
41. For this reason, identifying a trend, which should show how bottlenecks change over the period from
2000 to 2020, was sometimes very difficult since only a small number of bottlenecks were detected in a
large number of years during the study period. Although especially in the early 2000s, a
disproportionately high number of bottlenecks were detected in the two journals. In the year 2000, this
was caused by an article in the newly founded IJOAT, which discussed in one of his first published
articles the fuel cell electric vehicle with all its advantages and challenges. In that year, two-thirds of all
detected bottlenecks for the FCEVs were attributable to this article.

Total number of identified FCEV bottlenecks from 2000 to 2020

M Fuelce Power electronics E-Motar
Thermal Management B Oxygen supply B Hydrogen system
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Figure 41: Total number of identified FCEV bottlenecks in the ATZ and IJoAT in the period from 2000 to 2020

Nevertheless, it became apparent that during this time up to 2007, a large number of articles focused
on FCEVs and their issues, which reflects an opposite picture to the ecosystem of battery electric
vehicles. However, the analysis demonstrated that at that time, many questions of this powertrain
topology were still unresolved, which also resulted in the identification of a wide variety of different
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components/complements bottlenecks. This fact is also illustrated in Figure 41. Many questions
regarding onboard storage of hydrogen, fuel cell technology, and hydrogen supply infrastructure were
still unclear at that time. In fact, it was not even defined which type of fuel cell (PEMFC, DMFC, SOFC)
would be used, and the required auxiliary units (Air filter, humidifier, etc.) had not been discussed at that
time. Consequently, until 2007, it became apparent that the components “fuel cell” and “hydrogen
system”, as well as the complementary product “hydrogen refueling infrastructure”, were the most
discussed topics in the ecosystem of fuel cell electric vehicles. Thus, they represented the key
bottlenecks, as illustrated in Figure 41 and Figure 42.

Starting in 2008, the picture of fuel cell electric vehicles was in contrast to that of BEVs. From this point
on, the fuel cell electric vehicle was only discussed in very little detail compared to the absolute number
of pre-filtered articles concerning BEVs and FCEVs. This resulted in a very small number of text
passages that represented a bottleneck for FCEVs. Figure 41 underlines this fact by illustrating that
even the absolute number of detected bottlenecks has decreased since 2008. Although significantly
more articles were analyzed in the later years of the study period than in the early 2000s, fewer of them
addressed the topic of fuel cell vehicles. However, the identified bottlenecks from 2008 up to 2020
concerned once more, mainly the fuel cell, the hydrogen refueling infrastructure, and the hydrogen
system.

Even though only a few bottlenecks were detected in the last years of the analysis period, the results
show that issues such as the thermal management of the vehicles, the peripheral components of the
fuel cell (e.g., oxygen supply), or the complementary service of disposal and recycling are slowly gaining
importance (see the 2019 and 2020 in Figure 41) beside the three already mentioned
components/complements.
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and FCEV related articles)
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Figure 42: Share of identified FCEV bottlenecks relative to pre-filtered ATZ and IJOAT articles in the period from
2000 to 2020

After this overview of the analysis’ results, the detailed results (subcomponents, type of bottlenecks) for
the individual components and complementary products and services in the category system are shown
in the following subsections.
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4.3.1 Fuel cell

The majority of the identified text passages representing a bottleneck could only be assigned to the main
component, the fuel cell, as the assignment to a subcomponent (MEA, bipolar plates, fuel cell
management, or fuel cell production) was not possible due to missing information in the articles.
Nevertheless, some text passages could be assigned to a subcomponent, as illustrated in Figure 43.

At the beginning of the 2000s, as already mentioned in the previous chapter, it was not even clear to
the OEMs which type of fuel cell would finally be used in the automotive sector. For this reason, different
articles in the year 2000 referred to different fuel cell types, namely the PEMFC, the SOFC, and the
DMFC. However, the consensus for all three technologies was that the costs of fuel cells, mainly
because of the expensive raw materials, were far too high. In addition to the high costs, the performance
in terms of efficiency and dynamic behavior of the fuel cell was seen as a limiting factor for the customer's
value proposition as well.

An interesting fact is that many articles concerning fuel cell electric vehicles were published in 2006 and
2007. This is reflected in a disproportionately high number of detected bottlenecks in those years. The
analysis showed that automotive OEMs had laid the foundation for fuel cell electric vehicles to become
ready for serial production from this time onwards. Therefore huge progress has been made in fuel cell
technology. However, in the time around the year 2007, the already discussed bottleneck dimensions,
high costs, and low performance due to cold start-, dynamic-, and efficiency problems were some of the
major limiting factors identified in fuel cell electric vehicles. In addition, the quality problem concerning
the calendrical and operating lifetime caused by the temperature sensitivity of fuel cells was detected
as a limitation for the value proposition at this time.
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Figure 43: Share of the identified fuel cell subcomponent bottlenecks in the innovation ecosystem of FCEVs relative
to the total number of identified bottlenecks

The peripheral components (air filter, compressor, etc.) necessary for the fuel cell operation were hardly
considered as a bottleneck at that time. Respectively the analysis showed that the basic issues of the
fuel cell stack itself had to be solved first.

In the year 2008, the quality of the fuel cell was the only limitation in the ecosystem of FCEVs, as

illustrated in Figure 43. But this must be relativized since only one text passage representing a bottleneck
was detected in that year.
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Figure 44: Distribution of the identified fuel cell bottlenecks concerning the four bottleneck dimensions in the
innovation ecosystem of FCEVs

From 2010 to 2015, although fuel cells continued to be the key bottleneck in the FCEV ecosystem in
percentage terms, as illustrated in Figure 43, the number of bottleneck mentions was limited to a small
number, as can be seen in Figure 41.

In the detected text passages, which describe the fuel cell as a bottleneck, the reasons for the limiting
effect were the issues already mentioned around the year 2007. In addition, it was also noticeable during
this period that the bad dynamic behavior of the fuel cell, meaning that the fuel cell has slow response
times, was seen as a limitation too.
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Figure 45: Trigger for identified fuel cell bottlenecks in the innovation ecosystem of fuel cell electric vehicles

The fact that enormous progress has been made in the development of the fuel cell since 2010 became
apparent in the analysis from 2015 onwards since only one text passage described the lifetime of the
fuel cell as an issue in the period from 2015 to 2020 anymore.
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The fuel cell's costs and performance in terms of efficiency were still identified as limiting in the analysis
for the year 2020, even though the platinum required for the fuel cell catalyst was reduced and the power
density has been improved. However, especially the results obtained from 2010 onwards must be taken
into the perspective of a very small number of detected bottlenecks.

Nevertheless, the analysis showed that the component fuel cell had a limiting effect on FCEVs'
ecosystem consistently over the whole study period, but the individual causes for this limitation have
changed over the last 20 years. These causes were triggered by various influencing factors, which are
summarized in Figure 45. The quality of the fuel cell, more precisely the lifetime, has improved so
significantly in recent years that this bottleneck dimension is no longer a limiting factor. In contrast to
that, the fuel cell costs are still too high due to a missing scaling effect (small production figures) and
the high price of platinum. Furthermore, the performance of the fuel cell remains a limiting factor related
to efficiency problems.

4.3.2 Hydrogen refueling infrastructure

The third key bottleneck in the ecosystem of fuel cell electric vehicles, besides the fuel cell technology
and the hydrogen system, is the hydrogen refueling infrastructure, where its availability was a limitation
throughout the entire study period. It was interesting to observe that the hydrogen refueling infrastructure
was already seen as a bottleneck at the beginning of the 2000s, even though it was not even clear how
hydrogen could be stored most efficiently. Nevertheless, the infrastructure was repeatedly mentioned in
the articles, especially up to 2006, as a key limiting factor for the expansion of fuel cell electric vehicles.
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number of identified bottlenecks

+100 [%

B Hydrogen refueling infrastructure: Lack of infrastructure (low availability)

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Year

[= [ P un 1]
=] =] =] [=] =]

=]

Number of identified component bottlenecks
Total number of identified bottlenecks

Figure 46: Share of the identified hydrogen refueling infrastructure bottlenecks in the innovation ecosystem of
FCEVs relative to the total number of identified bottlenecks

As the number of articles dealing with fuel cell vehicles decreased from 2009 onwards, this
complementary product was correspondingly less frequently detected as a bottleneck. Nevertheless,
from 2009 onwards, the availability of public hydrogen filling stations was the biggest bottleneck in the
innovation ecosystem of fuel cell electric vehicles, in addition to the fuel cell and the hydrogen system.
The reasons for the lack of infrastructure can be traced back to the high costs of building a large-scale
hydrogen filling station network.

The analysis showed that, despite the very small number of text passages representing a bottleneck,
this complement was a limitation over the entire study period and remains until today a critical constraint
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in the ecosystem of FCEVs, which significantly limits the widespread adoption of fuel cell electric
vehicles

4.3.3 Hydrogen system

The detected text passages, which declare the component “hydrogen system” as a bottleneck, can in
most cases be assigned to the subcomponent “hydrogen tank”. From the beginning of the study period,
hydrogen storage was a key issue, as illustrated in Figure 47. The analysis showed that in the early
2000s, the automotive manufacturers were not sure in which form hydrogen could be stored most
efficiently for mobile applications.

In addition, the onboard hydrogen supply process was also an issue detected in the analysis in the year
2000. This bottleneck is caused by the low efficiency resulting from the hydrogen stored in a chemically
bonded form, because in this case, a reformer would be required. In other words, the analysis showed
that the storage of hydrogen was the big unknown in the 2000s, which was also directly related to the
used fuel cell type.

Unfortunately, due to the small number of detected bottlenecks in the later years (2010 onwards), it was
very difficult to derive a trend indicating to what extent the component “hydrogen system” has improved
over the study period. However, what could be concluded from the analysis is that due to the complexity
in storing hydrogen (small molecular size, explosion risk) and the associated high weight of the hydrogen
storage system, this component still represents a bottleneck today.
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the total number of identified bottlenecks

W Hydrogen system general: High complexity (low performance) ® Hydrogen tank: High complexity {low performance)

= Hydrogen tank: High costs On-board Hydrogen supply: Low efficiency (low perfromance)

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2018 2020

Year

Figure 47: Share of the identified hydrogen system subcomponent bottlenecks in the innovation ecosystem of
FCEVs relative to the total number of identified bottlenecks

The analysis showed that, despite the very small number of text passages representing a bottleneck,
this component was a bottleneck over the entire study period. Besides the fuel cell and the hydrogen
refueling infrastructure, it was the most frequently mentioned bottleneck in the ecosystem of FCEVs.

4.3.4 Thermal management

The thermal management in fuel cell electric vehicles is a component whose limiting effect is difficult to
determine over the entire study period based on the analysis results. While it was already discussed in
the year 2000 that, due to the temperature sensitivity of the fuel cell, oversized and heavy radiators are
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required for temperature control and thus have a limiting effect on the overall system, the topic of thermal
management was only very rarely seen as a bottleneck in the further course of time (see Figure 48).
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Figure 48: Share of the identified thermal management subcomponent bottlenecks in the innovation ecosystem of
FCEVs relative to the total number of identified bottlenecks

Overall, thermal management in the FCEV ecosystem was identified only six times as a bottleneck
during the entire analysis period, and for this reason, it is considered to be of secondary importance.
Nevertheless, it was interesting to observe that thermal management has become increasingly important
in the last two years, with the performance and the high complexity of tempering the fuel cell being the
limiting factor.

4.3.5 E-Motor and Power electronics

In terms of limiting effects to the FCEV's value proposition, relatively little importance was attributed to
the e-motor and power electronics in articles of the two journals.

FCEV
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number of identified bottlenecks
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Figure 49: Share of the identified e-motor/power electronics bottlenecks in the innovation ecosystem of FCEVs
relative to the total number of identified bottlenecks
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For these two components, the synergy effects between BEV and FCEV were used, and thus the
bottleneck text passages were the same as in the analysis of the ecosystem of the BEV. This means
the results were already discussed in chapter 4.1.5. An exception was the bottleneck regarding the
onboard charger identified in the BEV ecosystem. This bottleneck could not be included in the analysis
results of the ecosystem of FCEVs because this component is needed for the external charging of the
HV battery (Hohmann et al., 2017, p. 39), and therefore, it is not part of the FCEV.

Nevertheless, as shown in Figure 49, the identified text passages representing a bottleneck of these
two components have a much larger share on the total number of detected bottlenecks than in the
ecosystem of BEVs. This indicates once more the very low number of identified bottlenecks in the
ecosystem of FCEVs.

Moreover, all the limitations concerning these two components were detected in articles that dealt with
battery electric vehicles, which led to the high share in 2013, since only six text passages were detected
in total that represents a bottleneck in the ecosystem of FCEVs.

Due to these reasons, the e-motor and the power electronics have only a very small limiting effect on
the FCEV'’s value proposition to the customer.

4.3.6 Oxygen supply

The component oxygen supply was rarely considered as a bottleneck in the analysis material, as shown
in Figure 50. Although the compressor, which is responsible for compressing the air for the fuel cell
stack, was already seen as a bottleneck in the year 2000 due to its high weight, it was not mentioned in
any of the subsequent articles.
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Figure 50: Share of the identified oxygen supply subcomponent bottlenecks in the innovation ecosystem of FCEVs
relative to the total number of identified bottlenecks

One thing which was noticeable in the analysis is that the air filtration as a peripheral component of the
fuel cell was only seen as a bottleneck from the year 2018 onwards, i.e., after the quality issues of the
fuel cell had been solved. In this context, it was mentioned that due to the sensitivity of the fuel cell
concerning dirty air, air filtration is a very complex issue. But again, these results must be put into
perspective since only two text passages, in the articles of the ATZ and the 1JoAT, identified air filtration
as a limiting factor, which makes it difficult to assess these results. Nevertheless, compared to other
components/complements, issues concerning oxygen supply turned out to be of secondary importance.
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4.3.7 Availability/transport of hydrogen, dealer/workshop, and disposal/
recycling

The workshops responsible for repairing the fuel cell electric vehicles and the dealers hardly played a
role in the articles of the two journals, as shown in Figure 51. For this complementary service, the
synergies with the BEV were used again, which means that the same text passages were considered
as a bottleneck as in the ecosystem of battery electric vehicles. This synergy effect is based on the fact
that the detected dealer and workshop bottlenecks all generally referred to electrified vehicles and thus
did not have to be explicitly assigned to BEVs or FCEVs. Therefore, these limitations have already been
discussed in chapter 4.1.6.

The complementary service of disposal and recycling has also been addressed very rarely in the
analysis. Nevertheless, it was interesting to observe that disposal/recycling has become increasingly
important in the last year (2020), focusing on the recycling process to keep the raw materials of the fuel
cell in the loop.

The complementary service/product of availability/transport of hydrogen was only identified in the
context of the whole “hydrogen supply infrastructure” as a bottleneck in the analysis, i.e., from hydrogen
production to the refuel stations. In this case, the availability of hydrogen supply infrastructure was the
cause of the bottleneck. This was especially the case in the early 2000s when stakeholders were not
even aware of how hydrogen can be stored most effectively. One fact important to mention is that it was
not considered in the analysis if the produced hydrogen is “green”.
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Figure 51: Share of the identified availability/transport of hydrogen, dealer/workshop, and disposal/recycling
bottlenecks in the innovation ecosystem of FCEVSs relative to the total number of identified bottlenecks

4.3.8 Summary of findings

The bottlenecks in the innovation ecosystem of fuel cell electric vehicles have not changed over the
entire study period. However, what has partly changed is the underlying issue of why a
component/complement is a bottleneck. Figure 52 shows these identified bottlenecks over the last 20
years, divided into three sections.

In the first period from 2000 to 2006, the limitation of the value proposition to the customer was mainly
related to the fuel cell and its performance. The low efficiency of the used fuel cells and the bad dynamic
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behavior due to low power densities were the main limitations. Furthermore, the high costs of the fuel
cells were often seen as a major obstacle.

The second bottleneck identified in this period concerned the hydrogen system and its performance. At
this time, it was not entirely clear how hydrogen could be stored most efficiently, as this storage is highly
complex due to the small molecular size of hydrogen.

In addition to the fuel cell and the hydrogen system, the hydrogen refueling infrastructure was already
seen as a bottleneck due to the lack of hydrogen refueling stations.
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Figure 52: Summary of analysis results for the innovation ecosystem of fuel cell electric vehicles

In the second section, from 2007 to 2013, the fuel cell continued to be the key bottleneck. The main
reason for this was still the low efficiency of the used fuel cells, especially in harsh environments, and
the bad dynamic behavior caused by low power densities, resulting in slow response times. The cost
issue also had a major influence on the fact that the fuel cell was declared as a bottleneck. At this time,
quality problems of the fuel cell were identified as limiting for the first time. These problems can be
attributed to the limited lifetime of the fuel cell. This lifetime is getting shortened if the fuel cell is not
sufficiently temperature-controlled or the fuel cell is operated in harsh environments.

The hydrogen system and the hydrogen refueling infrastructure were also again identified as bottlenecks
in this period, for the same reasons as described in the first section.

In the third time section from 2014 to 2020, the fuel cell was still detected as the key bottleneck. This
can be attributed to the low performance due to low efficiencies of fuel cells and the high costs of raw
materials due to supplier dependencies. The quality problem of the fuel cell, on the other hand, was no
longer seen as a limiting factor during this section.

The hydrogen system was once again identified as a bottleneck in this period, with the complexity of
storage continuing to be the reason for this. In addition, the high costs of hydrogen tanks were also a
reason for the hydrogen system to be declared as a bottleneck. These high costs can also be traced
back to the complexity of storing hydrogen.

The third bottleneck identified in this period, as in the previous two sections, is the hydrogen refueling
infrastructure due to its lack of availability.

Finally, the e-motor was detected as a bottleneck due to efficiency issues.
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4.4 Network of complementarity for FCEV

As already described in chapter 3.2, the network of complementarity was constructed from matrices of
(co-) occurrences. An interesting fact is, similar to the BEV ecosystem that the three in the qualitative
content analysis most frequently mentioned bottleneck categories (fuel cell, hydrogen system, and
hydrogen refueling infrastructure) play the central role in this network. This can be seen in Figure 54.
But it is important to mention that one article respectively its matrix of (co-) occurrence was not
considered in this framework since all components and complementary products/services, which can be
seen in the complementarity matrix in Figure 53, were described as a bottleneck in this article. For this
reason, the inclusion of this article would distort the results.

In the network of complementarity, the fuel cell represents the most central element with a degree
centrality of 5. However, the complementarity strength, which was determined by the number of joint
mentions of two components/complementary products or services (see numbers in parentheses of the
matrix in Figure 53), is different for the individual components and complementary products and
services. The fuel cell combined with the hydrogen refueling infrastructure was most frequently declared
as a bottleneck in an article with a total number of joint mentioning of ten. Furthermore, the fuel cell was
frequently seen as a bottleneck together with the hydrogen system.

The complementary strength of the fuel cell with the oxygen supply, the disposal/recycling, and the
thermal management has turned out to be low in this network due to only a small number of joint
mentions.
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Figure 53: Complementarity matrix for the innovation ecosystem of fuel cell electric vehicles

The hydrogen refueling infrastructure represents the second central role in the network of
complementarity, with a degree centrality of 3. In addition to the frequent joint mention of fuel cell and
hydrogen refueling infrastructure, the hydrogen system was also declared several times as a bottleneck
in combination with the refueling station infrastructure.

The last aspect, the complementarity between hydrogen refueling infrastructure and availability and
transport of hydrogen, was detected as not very strong. These two components/complements were only
two times jointly seen as a bottleneck.

The third central role in the complementarity network is played by the hydrogen system, which also
shows a degree centrality of 3. The complementarity strengths to the other components/complements
have already been explained in the paragraphs above.

73



Results of the analysis

Oxveen Supol Disposal and Thermal
el — Recycling WELEECT T

Fuel Cell

Hydrogen

Hydrogen
Refueling
Infrastructure

Availability and
Transport of
Hydrogen

Figure 54: Network of complementarity for the innovation ecosystem of fuel cell electric vehicles

This network of complementarity shows that the fuel cell, the hydrogen system, and the hydrogen
refueling infrastructure have an impact on many other components and complementary products and
services and therefore play a central role in the innovation ecosystem of fuel cell electric vehicles and
are more likely to represent a bottleneck than peripheral parts of the ecosystem. Thus, the fuel cell, the
hydrogen system, and the hydrogen refueling infrastructure represent the most critical bottlenecks in
the ecosystem of fuel cell electric vehicles.
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5 Validation of the results from the qualitative
content analysis

In this chapter, the results from the validation interviews with the three experts are presented. For this
purpose, as already discussed in chapters 4.1.7 and 4.3.8, the analysis period from 2000 to 2020 is
divided into three time sections, i.e., 2000 to 2006, 2007 to 2013, and 2014 to 2020. Within these
sections, the results of the qualitative content analysis are compared with the results from the qualitative
evaluation of the expert interviews, and the validated results are presented at the end. The first section
of this chapter deals with results validation for the battery electric vehicles, and the second one with the
validation of the results for the fuel cell vehicles.

5.1 Validation of the results for the ecosystem of the battery electric
vehicle

The analysis results basically matched the results of the validation interviews, which can be seen in
Appendix Q. Nevertheless, there were some differences between the analysis results and the expert
interviews, which will now be presented.

5.1.1 Time period from 2000 to 2006

Especially at the beginning of the study period, the analysis indicates that the battery was the key
bottleneck due to its low energy density and non-fast charging capability. The interviewees confirmed
this result. The high battery costs, which were also detected from the analysis as limiting in this period,
were not seen as a hindrance by all experts. While all experts agreed that the costs of batteries were
extremely high at that time, one expert considered this to be of secondary importance. Regarding the
quality aspect of batteries, the interviewees contradicted each other. The problem was that the experts
were sometimes talking about different battery technologies (NiMH and Li-ion), which also indicated that
some experts were talking about the beginning of the first section (2000) and the others were talking
about the end of this section (2006). While everyone agreed that the battery lifetime, in hindsight, was
not good at that time, some of the experts did not see this as a limiting factor for the BEV. They
emphasized that it was not even possible to assess the lifetime of the batteries at that time due to a lack
of practical experience. Due to that fact and because only one article was detected in the qualitative
content analysis during this period that identified the lifetime of the batteries as a constraint, the quality
of the battery is not rated as a limitation in this period.

The second issue detected in the analysis and confirmed by two experts as limiting was the not existing
public electric charging infrastructure. In addition to the lack of availability of this public charging
infrastructure, two experts also mentioned that the lack of fast charging capability due to low charging
power also had a limiting effect. However, at the same time, one of them remarked that the battery was
not able to handle higher charging currents at all, thus putting his statement into perspective. The third
expert outlined that public electric charging infrastructure was not required at that time due to the small
number of vehicles on the roads.

Since the analysis results and two experts identified the electric charging infrastructure as a bottleneck
due to the lack of public charging stations, it is considered as the second bottleneck in this period. The
insufficient charging power of the charging stations could not be derived from the analysis material as a
limitation in this period, and, as already mentioned above, one of the experts put his statement regarding
this topic into perspective.
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The two components that were identified as a bottleneck in only a few articles within the entire analysis,
namely the e-motor and the power electronics, were evaluated as bottlenecks by two experts at this
time, but for different reasons. One expert noted that the efficiency of the e-motor and the power density
of the power electronics had been improved tremendously since that time, and the other expert noted
that there had been issues with the rare earths of the permanently excited motor. Nevertheless, both
agreed that these issues were not too limiting compared to the problems with the battery. For this reason,
these two components are not seen to be limiting for the value proposition to the customer in this period.

Another issue identified as a challenge by one expert was the vehicle architecture or the integration of
the components into the overall vehicle. This could not be included in the results because this issue
cannot be assigned to one single component or complementary product or service.

5.1.2 Time period from 2007 to 2013

In the next period discussed in the interviews, the battery remained the key bottleneck according to the
gualitative content analysis due to performance, quality, and cost issues, as already discussed in
chapter 4.1.7. The experts agreed with these limitations in the interviews, especially with the
performance issue addressed by each of the three interviewees. However, one expert only mentioned
the improvements in the performance, the reduction of costs, and the quality improvement, which
indirectly indicated a limitation but could not be coded accordingly by the qualitative evaluation. The
performance issue raised by the experts was again mainly related to the limited energy density. Another
point that the experts confirmed was the fact that the batteries had quality issues related to safety and
lifetime. This resulted in a limitation during this period as well. Additionally, to the performance and the
quality of the batteries, the costs remained high. For these reasons, the component battery was detected
as the key bottleneck in this period due to its low performance, low quality, and high cost.

The electric charging infrastructure, which was already a bottleneck in the previous section, continued
to be a limitation, as discussed in chapter 4.1.7. The expert interviews also confirmed this result. The
limitation reason was still the low availability of public charging stations. In addition, the standardization
of charging plugs, which also emerged as a limiting factor in the analysis, was also mentioned by two
experts. The third expert mentioned the low charging power as a limitation, but this fact could neither be
deduced from the analysis nor from the other expert interviews. For these reasons, the electric charging
infrastructure has been considered as the second key bottleneck due to the low availability of public
charging stations and the non-standardization of charging plugs.

The thermal management, which was identified as the third key bottleneck in the analysis, could not be
validated by the expert interviews. However, this is because thermal management is sometimes not
defined as an external component, and therefore it is often associated as part of the battery. But the
thermal management includes much more than just the temperature control of the battery. Other
components such as the e-motor and the power electronics have to be heated and cooled as well, and
the entire HVAC is also part of this component. Therefore, the consideration of thermal management as
a separate component is essential. The experts repeatedly mentioned battery management, more
precisely the efficient management of the energy, in the interviews and the fact that the battery must be
tempered, but this could not be directly assigned to the topic of thermal management during the
qualitative evaluation. However, since this topic was indirectly addressed by all the experts (in the
context of safety, lifetime, and battery management), thermal management is nevertheless seen as a
limiting factor of the BEV ecosystem from 2007 to 2013.
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5.1.3 Time period from 2014 to 2020

In the last time section of the analysis, the validation interviews confirmed the results. Despite significant
improvements, the battery still represents the key bottleneck of battery electric vehicles for the value
proposition to the customer. All experts agreed on the fact that the performance, which was also
detected in the analysis, or more precisely the achievable driving range, and the costs of the battery,
are still broad hurdles for the widespread usage of battery electric vehicles.

The third bottleneck dimension, which was limited in the previous period, the quality of the batteries,
was also identified in the analysis of this time section as a limiting factor due to a limited lifetime and
safety risks, but the interviews could only validate this result to a limited extent. The experts definitely
saw problems in the lifetime of batteries, especially at the beginning of this time section in the year 2014,
but according to the experts, these issues have been solved today, or rather, they described the lifetime
issues as very manufacturer-specific. For this reason, the quality of the battery is no longer seen as a
limiting factor today, but in 2014 it was definitely a key issue.

The electric charging infrastructure, or rather the availability of public charging stations, is still a huge
issue today, as shown in the analysis and confirmed by the experts. However, the missing
standardization of charging plugs was not detected as a limitation either in the analysis nor by the
experts during this period. In contrast, the issue regarding the low charging power of the charging
stations identified during this period was confirmed by the experts. The new challenges of the charging
infrastructure in terms of digital integration detected in the analysis were not mentioned by any expert
and could not be validated.

The thermal management issue, which was detected in the analysis to become an increasingly important
topic, was not explicitly mentioned by the experts, but this component is again rated as a bottleneck.
The reason for considering this component as a bottleneck is that, as in the previous section, the
complexity of energy management and battery tempering was discussed by all of the experts also in
this section, but this topic could not be directly assigned to thermal management during the qualitative
evaluation.

The electric grid, which in recent years, according to the analysis, had increasingly turned into a
bottleneck due to the problems in handling peak loads, could only be validated to a limited extent, but
one expert explicitly pointed out that peak loads are a significant problem for energy suppliers. This
statement, combined with the analysis results, made it necessary to see this complementary product as
a limiting factor in 2020.

5.1.4 Summary of the validated results

The summary of the identified and validated bottlenecks in the innovation ecosystem of battery electric
vehicles in the period from 2000 to 2020, divided into the three discussed time sections, can be seen in
Figure 55. In this figure, the third section (2014-2020) was further divided because the experts
mentioned several times in the interviews that the quality of the battery is no longer a limiting factor in
2020, but it was in 2014. On the other hand, the electric grid has become a bottleneck in 2020.
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Figure 55: Validated bottlenecks for the ecosystem of BEV divided into three time periods

5.2 Validation of the results for the ecosystem of the fuel cell electric
vehicle

The analysis results basically matched the results of the validation interviews, which can be seen in
Appendix R. Nevertheless, there were some differences between the analysis results and the expert
interviews, which will now be presented.

5.2.1 Time period from 2000 to 2006

In the first section of the analysis period, it was confirmed that the fuel cell, the hydrogen tank, and the
hydrogen refueling infrastructure had a limiting effect on the FCEV ecosystem.

All experts agreed that the performance of the fuel cell stacks, more precisely the dynamic behavior and
efficiency, which was also detected as a constraint in the analysis, was a limiting factor. The high costs
of the fuel cell were also seen as a constraint for the ecosystem growth, and therefore the analysis
results were confirmed as well. In addition, one expert mentioned that there was a lifetime limitation for
the fuel cells due to problems with the materials, but this quality issue was not addressed at all by the
other two experts. This quality problem of the fuel cell was also not detected as an issue in the analysis
in this period. For this reason, the quality of the fuel cell is not seen as a limitational aspect in this period.

The hydrogen system, or more precisely the hydrogen tank, which was detected as a bottleneck in the
analysis, was validated by the expert interviews. The low performance due to the high complexity in
hydrogen storage was a crucial reason for this limitation. In addition, all experts agreed that the high
cost of the storage tanks also had a limiting effect on the ecosystem. However, this was not identified in
the analysis as a limiting reason for the hydrogen tank. This difference in the analysis results and the
interviews with the experts can be attributed to the fact that, as already mentioned several times, the
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number of articles dealing with fuel cells was unfortunately very low in the analysis. Moreover, the high
costs can also be seen as a consequence of the high complexity of hydrogen storage.

Additionally, one expert identified the quality of the storage tanks as an issue in the interview, stating
that safety risks in hydrogen storage were existing. However, since this safety issue was only addressed
by one expert during this time section and was not detected in the analysis, the hydrogen tank's quality
is not considered a limiting factor.

The low availability of the hydrogen refueling infrastructure was also one of the key limitations detected
in the analysis during this period. Two experts confirmed this result. The third one also mentioned the
refueling infrastructure but pointed out that the problems in the construction of this infrastructure were
detected in a later time section. As a result of these facts, the low availability of the hydrogen refueling
infrastructure is considered as the third bottleneck in this time section.

Furthermore, the periphery necessary for the function of the fuel cell stack (e.g., oxygen supply) was
mentioned in the interviews, but the experts agreed that the players in the ecosystem were not even
aware of what the periphery should look like at this point in time.

The two components that were detected as a bottleneck in only a few articles in the analysis, namely
the e-motor and the power electronics, were identified as a bottleneck by one expert in this time section.
Nevertheless, the expert pointed out that the issues of these two components were not too limiting
compared to the problems with the fuel cell, hydrogen tank, and the hydrogen refueling infrastructure.
For this reason, these two components are not considered to be a bottleneck in this time section.

Another topic that was identified as a significant challenge by one expert, similar to the BEVSs, is the
vehicle architecture and the integration of the components into the overall vehicle. However, this issue
was not included in the results for the same reasons as mentioned in chapter 5.1

5.2.2 Time period from 2007 to 2013

In the next period discussed in the interviews, the fuel cell remained the key bottleneck in the qualitative
content analysis due to performance, quality, and cost issues, as already discussed in chapter 4.3.8. In
the interviews, the high costs of the fuel cell were seen as a limiting factor by all the experts. The other
two bottleneck dimensions (low performance and low quality) could only be validated to a limited extent.
One expert only mentioned the improvements in the performance (efficiency) and the lifetime, which
indirectly indicated a limitation but could not be coded accordingly by the qualitative evaluation. The
performance issue of the fuel cells, which was identified as the most limiting factor in the qualitative
content analysis, was addressed by all the experts, but only one of them explicitly assessed the fuel cell
performance (dynamic behavior and efficiency) as a limitation. However, since the other two experts
also indirectly discussed the performance issue, even though this was not directly visible in the results
for the reasons mentioned above, the performance of the fuel cell is also rated as a limiting factor in this
period. The same applies to the quality issue in terms of lifetime, and therefore the component fuel cell
remained the key bottleneck in this period due to its low performance, low quality, and high costs.

The hydrogen refueling infrastructure, which already had a limiting effect in the previous section,
continued to be a bottleneck, as discussed in chapter 4.3.8 and confirmed by the expert interviews. The
reason was the still low availability of hydrogen refueling stations.

The analysis results for the hydrogen system, or more precisely for the hydrogen tank, were not the
same as those of the expert interviews. All three experts identified the hydrogen tank’s high costs as
one of the key limitations in this period, but the analysis did not reflect this. In the analysis, the poor
performance of the hydrogen tanks was detected as a constraint attributed to the high complexity in
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storing hydrogen. Although the results did not show the high costs of the hydrogen tank as a limitation,
the high complexity in hydrogen storage can be traced back to high requirements on the hydrogen tanks.
Therefore a connection to the high costs becomes apparent. For this reason, the hydrogen tank,
respectively its higher category, the hydrogen system, is rated as a bottleneck due to high costs.

The e-motor and the power electronics were again identified as a bottleneck by one expert, but in
comparison with the other challenges in the ecosystem of fuel cell electric vehicles, these limitations
were seen as secondary by the expert. For this reason, these two components were not considered as
a bottleneck in this period.

5.2.3 Time period from 2014 to 2020

The last section showed the most significant differences between the analysis results and the validation
interviews. However, this can be attributed to the fact that the topic of fuel cell electric vehicles was
hardly mentioned in the analysis articles during this period. Therefore only a small number of text
passages that represent a bottleneck were detected.

Nevertheless, the fuel cell was once again the most frequently mentioned bottleneck in the analysis.
The identified text passages referred to the high costs and the low performance (efficiency) of the fuel
cells in this time section. But, similar to the BEVSs, it was again observed that enormous developments
in the technology happened between the years 2014 and 2020. In the case of the FCEVSs, it was not
possible to split up the time section again as it was done for the BEVs because the experts always
referred to the period as a whole (made no differences between 2014 and 2020). Nevertheless, all the
experts agreed on the fact that the costs of the fuel cell remain a key issue until today.

On the other hand, all the experts pointed out that the performance of the fuel cell in 2020 is very good
and is no longer a limiting factor. This is in contrast to the analysis results. As a result of these expert
opinions and the already mentioned fact of the small number of detected bottleneck text passages, the
performance of the fuel cell is no longer seen as a limiting factor in this period.

The experts' opinions and the analysis results showed that, due to the low availability, the hydrogen
refueling infrastructure remains a bottleneck in the year 2020, which was already discussed in chapter
4.3.8.

The same can be said for the hydrogen system, respectively, the hydrogen tank, which still has
comparatively high costs. Furthermore, the performance of the hydrogen system was also detected as
a limiting factor in the analysis. This can be traced back to the high complexity in hydrogen storage and
can, as already described above, indirectly be transferred to the cost factor.

The low number of detected bottlenecks for FCEVs in this time section is illustrated by the fact that the
electric motor represents one of the main limitations in the analysis, with three bottleneck mentions.
However, this disproportionately high number is attributable to the in chapter 4.3.5 (synergy with BEVSs),
mentioned reasons, and therefore the e-motor is not rated as a bottleneck.

The same applies to the peripheral component oxygen supply, which was only seen by one expert as
limiting due to its high cost, but this expert also mentioned that in comparison, the hydrogen tank and
the fuel cell are significantly more expensive.

5.2.4 Summary of the validated results

The summary of the identified and validated bottlenecks in the innovation ecosystem for fuel cell electric
vehicles in the period from 2000 to 2020, divided into the three discussed time sections, can be seen in
Figure 56.
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Figure 56: Validated bottlenecks for the ecosystem of FCEV divided into three time periods
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6 Discussion

In this chapter of the thesis, the empirical results are discussed, interpreted, and linked to the theory
presented. Since the analysis material also showed some anomalies over the study period and
consequently influenced the results of the bottlenecks for BEVs and FCEVs, these anomalies will be
discussed first. Afterwards, the results of the two powertrain technologies are discussed separately.
Finally, the analysis results are linked to the theory.

6.1 Discussion of the analysis material

During the analysis, it was noticeable that the sum of published articles in the journals ATZ and 1J0AT,
which address the topic of battery electric vehicles and fuel cell electric vehicles, has significantly
increased over the period from 2000 to 2020. One explanation for this trend could be that the two
described journals published more articles in the later years than in the early 2000s and thus covered a
broader range of topics, such as alternative powertrains. The trend curves in Figure 57 for the total
number of published articles compared to the number of articles dealing with BEVs and FCEVs show a
very similar pattern, which confirms the claim from above.

Development of the BEV and FCEV related ATZ and IJoAT articles in comparison to the total
number of published articles

Total number of articles s BEV @nd FCEV related artickes

Figure 57: Development of the BEV and FCEV related ATZ and IJOAT articles in comparison to the total number of
published articles in the time period from 2000 to 2020

Another explanation for the increasing number of articles in the journals dealing with alternative
powertrain systems might be the legislation concerning CO2 emissions, which was introduced during
the study period and forced car manufacturers to focus on these powertrain topologies
In terms of CO2 emission legislation, a pioneer was California, which had already been working on ZEV
regulation since 1990 and announced for 1998 the first mandatory ZEV quota for car manufacturers.
However, this quota was amended and postponed several times due to various technical hurdles (e.g.,
battery maturity) and was finally introduced in 2003 in a weakened form of partial zero-emission vehicles
(PZEV). PZEVs refer to gasoline vehicles that meet the highest existing emission standards, with
additional higher requirements concerning evaporative emissions, and have a 150,000-mile warranty
on the emission system. (McConnell et al., 2019, p. 6; Fischer et al., 2020, p. 344)
However, the introduction of this U.S. legislation did not show a disproportionate increase in the number
of articles dealing with BEVs and FCEVs in the two selected journals. In contrast to that, with the EU-
legislation, whose first target (130 g/km CO:2 fleet-emissions) was announced in the late 2000s and
became mandatory in 2012 respectively in 2015, the BEV and FCEYV related articles in the two journals
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increased by a factor of four during this period (2008-2012). (Fischer et al., 2020, p. 428; Européische
Union, 2009) This fact can be seen in Figure 57.
The huge increase in the number of BEV and FCEV related articles from 2015 to 2017 can possibly be
attributed to the 2014 tightening of measures to a COz-fleet target of 95 g/km in 2020 respectively 2021,
which put even more pressure on the OEMSs to address the topic of alternative powertrains. (Fischer et
al., 2020, p. 428; Europaische Union, 2009, p, 5)

As already mentioned, this increase in the number of analyzed articles has also influenced the results.
These results for the innovation ecosystem of BEVs and FCEVs are now discussed in the following two
sub-chapters.

6.2 Discussion of the results for battery electric vehicles

The discussion of the analysis results for the battery electric vehicles is again divided into three time
sections, as already practiced in other chapters of this thesis. This subdivision makes it easier to address
individual issues in different periods and interpret the underlying reasons for the bottlenecks' changes.

6.2.1 Time period from 2000 to 2006

In this section of the analysis period, relatively few bottlenecks could be identified in the BEV ecosystem
because almost no articles in the selected journals dealt with the topic of BEVSs.

This is because the technology was still in the applied basic research process, and therefore only a few
prototypes from different car manufacturers were on the roads. The technology, in general, worked
reasonably well at that time, but the low battery maturity level still caused significant issues. (Kampker
etal., 2018, p. 12) These big issues concerning the battery indicate that the customer's value proposition
was not yet defined in this phase.

For this reason, it was interesting to observe that the electric charging infrastructure was already
detected as a bottleneck in the early 2000s, even though there were only very few BEVs on the market.
This shows that already at this time, it was clear to the participants in the ecosystem that the chicken-
and-egg principle had to be overcome. Consequently, the BEVs can only achieve a market break-
through if the complementary products are built, developed, and coordinated simultaneously with the
vehicles. The fact that the component battery and the complementary product electric charging
infrastructure were identified as bottlenecks in this period can be explained by the necessary interaction
during the charging process and the resulting specific complementarity. This means that the knowledge
of the actors' interdependence to jointly deliver an attractive product to the customer has already existed
at that time. These facts also indicate that the ecosystem around the innovation of battery electric
vehicles was just starting to emerge at that time and thus was still in the birth phase of Moore's (1993)
ecosystem lifecycle. Furthermore, the emergence of the complementary service “dealer and workshop”
as a bottleneck (2006, according to Figure 26) due to new challenges in repairing electrified vehicles
shows the impact that the innovation “BEV” had on activities that had previously remained unchanged
for decades.

6.2.2 Time period from 2007 to 2013

As already mentioned in chapter 4.1, more and more articles in the two journals have dealt with BEVSs,
especially since 2008. This can be attributed to two reasons.

Firstly, the above-mentioned CO2 emission limits in Europa were announced, which became mandatory
from 2012 onwards (Europaische Union, 2009, p. 5; Fischer et al., 2020, p. 428). They indirectly forced
car manufacturers to develop (zero-) low-emission vehicles to avoid penalties, and thus, it also became
apparent how much governmental institutions can promote such innovations.
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Secondly, significant progress regarding the battery technology was achieved at that time. In 2006, the
start-up Tesla Inc. presented the Tesla Roadster, which was produced in small series from 2008
onwards and was the first serial-produced vehicle using the innovative lithium-ion battery technology
(Kampker et al., 2018, p. 12), which achieved significantly higher energy densities than the previously
used nickel-metal hydride battery (Fischer and Neunteufel, 2018, p. 339). The difference in the energy
densities between NiMH batteries and Li-ion batteries can be seen in Figure 58. This diagram illustrates
the increase in energy densities of these two battery technologies in recent years.
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Figure 58: Gravimetric and volumetric energy density increase over the years for Li-ion and NiMH batteries (Birke,
2018, p. 22)

However, according to the analysis, the energy densities of the batteries around 2010 were still too low
to achieve driving ranges that were acceptable for the end customers. The VW E-Golf's maximum
driving range of 190km at this time underlines this claim (Pudenz, 2013), and therefore this performance
problem was still a limitation for the value proposition to the customer. Nevertheless, this technological
leap made the product BEV more attractive for the end customer and an increasing number of
manufacturers launched vehicles on the market in the following years (Kampker, et al. 2018, p. 13).

The switch to lithium-ion batteries led automotive manufacturers to focus on other issues besides the
battery too. From 2010 onwards, thermal management was increasingly detected in the analysis as a
bottleneck. This can be attributed to two factors. On the one hand, lithium-ion batteries need to be cooled
since a thermal runaway of the battery cells occurs at a battery temperature beyond 70°C (Fischer and
Neunteufel, 2018, p. 329).

On the other hand, the HVAC, which is part of the thermal management component, requires energy
from the battery for air conditioning and heating the passenger compartment. Consequently, this energy
is no longer available for propulsion, and the overall driving range of the BEV is getting reduced. (Wirth
et al., 2013, p. 46) This means that the comfort issue for the end customer also became acute during
this time and indicates that bottlenecks in the ecosystem of BEVs were partially processed sequentially.

Another interesting aspect is that the electric charging infrastructure, which was already detected as a
bottleneck in the previous section, had a consistently limiting effect on the value proposition to the
customer from 2011 onwards. This indicates a connection to the introduction of lithium-ion battery
technology and the associated increase in the attractiveness of BEVs again.

Since an increasing number of BEVs could be found on the roads at the end of this period (see Figure
59), the lack of standardization of charging plugs also became an issue. This lack of standardization
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and, consequently, the limited possibility for the end-customer to use public charging stations offered
an insight into the necessity of coordination between the actors within the ecosystem. As a result of a
lack of cooperation in developing customer-friendly charging solutions between the vehicle
manufacturers and the charging station providers, the value proposition to the customer was significantly
limited. This standardization, which was necessary due to the specific complementarity of the two
products (BEV and electric charging infrastructure), was resolved by the EU in 2013 (Doppelbauer,
2020b, p. 295).

Furthermore, the lack of availability of public charging stations became an increasing issue due to the
higher number of new BEV registrations at the end of this period. This means that the comprehensive
installation of a charging infrastructure could not keep pace with the increasing number of BEVs on the
road. This fact can be seen in Figure 61.
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Figure 59: New registered BEVs in Germany from 2006 to 2020 (Kraftfahrt-Bundesamt, 2019, 2018, 2008, 2007,
2006)

The analysis results show that the battery maturity level was the decisive factor for the market
introduction of BEVs. Once an acceptable battery maturity level was reached, manufacturers also
increasingly focused on other components and complementary products and services. As a result, the
innovation challenges within the ecosystem were redistributed. While the challenges in battery
development overshadowed everything else in the previous period, significant improvements with the
switch to lithium-ion batteries also brought challenges concerning thermal management in the spotlight.
The interdependence of these two components also became apparent, as the battery must be managed
within a small temperature range in order to work efficiently (Stephens et al., 2017, p. 2.14). The electric
charging infrastructure also became increasingly critical in terms of bottleneck, especially towards the
end of this period, as the number of new registrations of BEVs increased significantly.

The fact that the first BEVs were registered in this phase of the analysis period suggests that the value
proposition to the customer was finally defined. But the ecosystem was still in the birth phase based on
Moore's (1993) ecosystem lifecycle, as a small number of customers were already operating the first
BEVS on the roads, but the expansion to a broader customer group had not yet been completed.

6.2.3 Time period from 2014 to 2020

In the third phase of the analysis period, the number of articles dealing with BEVs increased even more
(see Figure 57). This could be the result of the announcement in 2014, for tightening the CO: limits in
the year 2020, respectively 2021. During this entire period, considerable technological improvements
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were achieved, which led to an enormous increase in the number of new vehicle registrations (see
Figure 59).

The increase in the number of new registrations shows that a broad customer group increasingly
accepted the product BEV from 2014 onwards. This means that more and more customers valued the
concept behind BEVs, which indicates that the BEV ecosystem has reached the expansion phase in the
life cycle described by Moore (1993). During this time, especially the battery was improved enormously
in terms of energy density (see Figure 58) and fast-charging capability. This also caused the intensity of
the battery bottleneck to decrease in the late 2010s. In contrast, the bottleneck intensity of the electric
charging infrastructure increased in recent years, which can be seen in Figure 60.

BEV

= Comparison of identified bottleneck intensity between battery and electric charging
= infrastructure
-l —Rattery Electric charging infrastructure
@ | 9100
Z%
= =]
s|E
=% =0
(5
s |5
BE
S|§ e0
|4 40
5| 2
g § 20
z

0

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Year

Figure 60: Comparison of identified bottleneck intensity between battery and electric charging infrastructure

Both of these facts can be attributed to several reasons.

On the one hand, starting in the mid-2010s, it was possible to charge the battery with higher charging
currents, which means that the battery has reached the fast-charging capability. This resulted in shifting
the bottleneck from the battery to the electric charging station, as these charging stations mostly did not
have sufficient power to achieve short charging times. This bottleneck shift in the ecosystem is an
interesting finding, indicating that the actors within the ecosystem have not been able to solve their
innovation challenges at the same pace. Consequently, the development of the fast-charging capability
of the batteries did not bring any significant benefit for the end customer, as the complementary product
of the charging station was now responsible for the fact that fast charging times could not be achieved.
In other words, the attractiveness of the product BEV could not be increased by achieving the battery
fast-charging capability. This demonstrates how important it is that all actors in the ecosystem solve
their innovation challenges.

As shown in Figure 61, the second reason is that the number of new BEV registrations has increased
significantly compared to the number of newly built charging stations. In particular, the still small number
of fast-charging stations is one of the main causes that the charging times of BEVs still significantly limit
the value proposition to the customer, even though they have already improved considerably.

Thermal management, especially concerning the energy required for heating and cooling the
compartment, also continued to be a key bottleneck during this period, although the intensity has
decreased significantly. This can mainly be attributed to the fact that battery capacities have increased,
and thus, more energy can be stored in the batteries that can be used for heating the compartment. This
shows that the improvement of the component battery also led to an improvement of the component
thermal management, which again reflects the interdependency between the actors and their
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contributions in the ecosystem. In addition, heat pumps instead of PTC heaters were increasingly used
for heating the compartment, as these heat pumps require less energy (Fischer et al., 2015, p. 131).

Number of charging stations and newly registered vehicles in Germany
—BEY - New registrations Germany Normal-charging stations in Germany Fast-charging stations in Germany

200000
130000
160000
140000
120000
* 100000
30000
60000
40000

20000

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Year

Figure 61: Number of public (fast-)charging stations and newly registered battery electric vehicles in Germany
(Kraftfahrt-Bundesamt, 2019; Bundesnetzagentur, 2021; Auf der Maur et al., 2020, p. 16)

At the end of the 2010s, as described in chapter 4.1.4, a new bottleneck emerged in the form of the
complementary product of the electric grid. This reflects the dynamics in the environment of ecosystems
resulting from solving specific bottlenecks, at least in parts. In other words, the increased attractiveness
of BEVs brought a complementary product into the focus of the ecosystem, which had never been seen
as limiting before. Thus, a trend towards sequential processing of bottlenecks can be identified in the
innovation ecosystem of battery electric vehicles.

All of these facts indicate that the BEV ecosystem is still in Moore's (1993) expansion phase of the
ecosystem lifecycle, which is confirmed by the numbers in Figure 59, showing a percentage increase in
new BEYV registrations of over 200% from 2019 to 2020.

However, to ensure that the BEV ecosystem can grow further, the actors involved must solve the
bottlenecks to attract an even broader customer group. While the BEV ecosystem, with the associated
actors and their contributions, has grown tremendously throughout the study period and solved many
issues, some issues that are responsible for a component/complement to be declared as a bottleneck
remained unresolved even in 2020.

The batteries, which despite enormous improvements still represent the key bottleneck, must be further
improved, especially concerning their performance and costs. The electric charging infrastructure must
be further expanded. In particular, the expansion of public fast-charging stations must be accelerated to
achieve short charging times. In addition, it will become increasingly important that the charging
infrastructure becomes digitalized in the coming years. Volkswagen demonstrates one approach for
solving the battery and electric charging infrastructure bottlenecks. They are planning a drastic cost
reduction of the batteries (Volkswagen has a battery joint venture), and they want to cooperate with
energy suppliers to improve the charging infrastructure significantly. (Schéafer, 2021)

If no countermeasures concerning the electric grid are taken in the future, the grid may become more
and more a bottleneck. Such a countermeasure could be the installation of a smart grid that integrates
consumers, generators, and those who do both to ensure a sustainable economic electricity solution
while also giving consumers the ability to optimize the operation of the system through bidirectional
electricity exchange (Vijayapriya and Kothari, 2011, p. 305).
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6.2.4 Network of complementarity

The network of complementarities revealed the most important bottlenecks in the BEV ecosystem, as
already described in chapter 4.2. In this context, this network provided interesting insights, especially
regarding the connections between the components and complementary products within this network.
The most central elements are the battery and the electric charging infrastructure, and thus, they are
the key bottlenecks, which can also be seen in Figure 62.
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Figure 62: Network of complementarity for BEVs including complementarity background

The fact that the battery and the thermal management have a strong complementarity to each other has
already been mentioned several times in the course of this chapter. The necessary interaction between
the battery and the charging infrastructure during the charging process has also been mentioned.
Interestingly, there is a complementarity between the battery and the complementary service "dealer
and workshop". This is probably a result of the fact that the batteries operate with high voltages, and
accordingly, the workers have to be trained on these high voltages. That the complement
dealer/workshop does not have any complementarity with other components can be traced back to the
low number of detected “dealer and workshop” bottlenecks.

Several facts can explain the complementarity between batteries and disposal/recycling. On the one
hand, recycling processes are becoming increasingly important to keep raw materials in the loop and
reduce the costs of expensive batteries. On the other hand, there are safety risks associated with faulty
batteries, making the disposal process challenging.

The complementarity between the electric motor and the battery can be attributed to the fact that the
battery must supply the electric motor with energy for propulsion. In other words, this interaction has a
significant impact on the efficiency of the drivetrain.

The second central element of this network, the electric charging infrastructure, shows a strong
complementarity with thermal management. As a result, it became apparent that the charging time is
strongly dependent on the temperature of the components. For this reason, thermal management also
plays an important role in the context of the electric charging infrastructure and the associated fast-
charging capability. The complementarity between the electric grid and the charging infrastructure
seems to be logical since the charging infrastructure receives the required charging power from the
electric grid.
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The last aspect, the complementarity between power electronics and charging infrastructure, is based
on the interactions during the charging process between the onboard charger and the charging station,
leading to potential issues.

The fact that components such as the e-motor and power electronics only show complementarity with
very few other components/complements in this network can be attributed to the low number of detected
power electronics and e-motor bottlenecks. In this context, a complementarity between the battery and
the power electronics would be obvious since the OBC is responsible for charging the battery, but this
could not be deduced from the analysis material.

This network of complementarity shows how important the concept of the innovation ecosystem is for
research on the product BEV since complementarities exist between diverse components and
complementary products and services. As a result, innovation progress in one component/complement
can also influence other ecosystem components. On the other hand, the analysis also showed that
solving one bottleneck can cause another. As a consequence, the value proposition is then limited by
the new unresolved bottleneck.

6.3 Discussion of the results for fuel cell electric vehicles

The discussion of the analysis results for the fuel cell electric vehicles is again divided into three time
sections, as already practiced in other chapters of this thesis. This subdivision makes it easier to address
individual issues in different periods and interpret the underlying reasons for the bottlenecks' changes.

6.3.1 Time period from 2000 to 2006

In contrast to the BEVSs, significantly more articles dealt with the FCEVs in the first section of the analysis
period. This was interesting to see since there were hardly any prototypes from the OEMs on the roads
at this time (Wind, 2019, p. 100).

Many questions concerning the onboard storage of hydrogen and the operation of fuel cells in
automotive applications were unsolved at that time. Different possibilities for onboard hydrogen storage
were existing, such as high-pressure hydrogen storage, liquid hydrogen storage, or hydrogen storage
in chemically bound form. This means that the basic idea of operating a vehicle with a fuel cell was there
at this time, but the value proposition to the customer was much less defined than for BEVs. In some
cases, not even the basic functions of the drivetrain were available in this period (Wind, 2019, p. 100).
Nevertheless, it was interesting to observe that the fuel cell, the hydrogen system, and the hydrogen
refueling infrastructure were the key bottlenecks during this time. This can be explained by the
interdependencies between the individual components/complements.

For example, the type of fuel cell depends on the form in which the hydrogen is stored. Also, vice versa,
the condition in which hydrogen must be stored depends on the type of fuel cell (Wind, 2019, p. 104).
This means it was enormously important that the two components were coordinated with each other to
generate the value proposition for the customer.

The hydrogen refueling infrastructure was also detected as a bottleneck in this period because of its
limited availability, even though there were hardly any FCEVs on the roads. This reflects the same
picture as already presented for the BEVs. In other words, in both ecosystems (BEV and FCEV), a
complementary product, in addition to components, was detected as a bottleneck from the beginning of
the analysis period. This shows how important the application of the innovation ecosystem concept is
for the bottleneck identification of these two innovations (BEV and FCEV). The actors may already have
been aware that only through a cooperative development process (supplier, OEM, and complementor)
can a product become attractive for the end customer. These facts described and the results obtained
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in the analysis indicate that at the end of this period, i.e., around 2006, the ecosystem of FCEVs has
slowly begun to form and thus entered the birth phase of Moore's (1993) ecosystem lifecycle. The
beginning fleet tests under everyday conditions of Daimler (Achleitner et al., 2016, p. 205) also indicate
this early phase in the ecosystem lifecycle.

6.3.2 Time period from 2007 to 2013

As already described in chapter 4.3, only a few articles in the two journals dealt with fuel cell electric
vehicles, especially from 2008 onward. One reason for this can be that enormous progress was made
in battery technology, particularly at the beginning of the 2010s, which resulted in an increased focus
on BEVs by car manufacturers, especially in Germany (Burkert, 2019, p. 9). Despite the small number
of articles dealing with fuel cell electric vehicles, and thus the small number of bottlenecks identified,
these bottlenecks remained the same as in the previous period. This means the fuel cell, the hydrogen
system, and the hydrogen refuel infrastructure continued to be the limiting factor throughout this period.
Nevertheless, enormous progress in technology must have happened during this period, since from the
mid-2010s onward, manufacturers such as Toyota, Hyundai, and Honda launched their first serial
produced vehicles (Klell, et al. 2018, p. 180).

In the analysis, it was noticeable that the articles in this period only referred to PEM fuel cells and high-
pressure storage tanks and not to other types of fuel cells and storage tanks anymore. This can be
attributed to the fact that since 2011 it became possible to store hydrogen in high-pressure storage
systems with pressures of up to 700 bar, which means that more energy can be stored (Wind, 2019, p.
111). In addition, OEMs like Toyota have made huge progress in fuel cell technology in terms of cold-
start capability and durability (Shinobu and Kojima, 2011). In this period, the component types
concerning hydrogen system and fuel cell were finally defined, which led to the fact that the value
proposition to the customer was defined at the end of this period. This shows how important it is that
innovation challenges in the ecosystem are not just solved for one component or one complementary
product but that several component supplier and complementors address their issues simultaneously.
Only the development of new hydrogen tanks and the improvement of the fuel cell made it possible for
the product FCEV to be ready for the market in the next period. But the analysis also showed that the
hydrogen system and fuel cell still had enormous issues in terms of performance, cost, and quality.

The availability of hydrogen refueling infrastructure was also identified in the analysis of this period as a
key bottleneck, which also hindered some manufacturers from focusing on developing FCEVs. By
looking at the number of twelve public hydrogen refueling stations in Germany in 2012, the analysis
result is confirmed (Ramsauer, 2012). Furthermore, this demonstrates how important it is to develop
complementary products parallel with an innovation since the technological progress of a product in the
ecosystem can only lead to an increase in ecosystem value if the required complementary products also
develop further.

As a result, despite the small number of analysis articles dealing with FCEVs, it became clear that
although the technology, in general, worked reasonably well at the end of this period, there were still
many component-specific issues. All the facts indicate that the ecosystem was still in the birth phase of
Moore's (1993) ecosystem lifecycle.

6.3.3 Time period from 2014 to 2020

In the last section, the trend continued that fewer and fewer articles dealt with FCEVs. This can be
explained, among other things, by the further improvements in the BEVs. As a result, it was challenging
to obtain meaningful results in this period.
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Nevertheless, the analysis showed that the bottlenecks have remained unchanged. Thus the fuel cell,
the hydrogen system, and the hydrogen refueling infrastructure still represent the most significant
limitation for the value proposition to the customer. However, the fact that the issues regarding the
quality and performance of the fuel cells have been resolved, as the analysis showed, is also indicated
by looking at the trend in the number of new registrations of fuel cell electric vehicles, which can be seen
in Figure 63.
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Figure 63: Number of newly registered fuel cell electric vehicles worldwide from 2014 to 2020 (VDI/VDE, 2019;
ZSW, 2021)

Although the number of new registrations is still very low, it has been increasing significantly in recent
years. This means that the product FCEV has been accepted by a small group of customers.
Nevertheless, the fuel cell costs and the hydrogen system costs in 2020 are still significant issues. These
high costs of the fuel cell are caused by the missing scaling effect in the production and the platinum
needed for the MEA. For the hydrogen system, these high costs are caused by the high complexity of
hydrogen storage, which requires high-pressure tanks.

Figure 64 illustrates the reason why the hydrogen refueling infrastructure remained a bottleneck in this
period. While there are still not many fuel cell electric vehicles on the road, about 550 hydrogen refueling
stations worldwide are not even come close to being sufficient for the broad series production ramp-up
of fuel cell electric vehicles. In comparison to that, there are more than 138,000 gasoline and diesel
refueling stations just in Europe in the year 2019 (WKO, 2019).

These described facts indicate that the FCEV ecosystem is still in Moore's (1993) birth phase of the
ecosystem lifecycle, which is confirmed by the numbers in Figure 63 since the fuel cell vehicles are still
not used by a broad customer group. Nevertheless, the number of new registrations is increasing
continuously, and, especially in the last year of the study period (2020), components such as thermal
management (comfort aspects) and complementary services such as disposal and recycling (cost
reduction) were detected as partially limiting. This indicates that the innovation ecosystem could soon
enter the expansion phase of the ecosystem lifecycle.

However, to ensure that this expansion phase can be reached, the actors involved must solve the
bottlenecks to attract an even broader customer group. Although the FCEV technology developed
enormously during the study period, with serial-production vehicles being sold for the first time in the
final section (2014 to 2020), many issues still remain unresolved.
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The costs of fuel cells and hydrogen tanks must be reduced enormously to make the vehicles
competitive and thus become attractive for a broader customer group. The expansion of the hydrogen
refueling network must be driven forward because this may represent the biggest bottleneck in the next
few years since this expansion will require a great deal of money and time. But this comprehensive
hydrogen refueling network is the only way to ensure that the ecosystem can continue to grow because,
without this complementary product, the FCEV has no value for the end customer.

H2 refueling stations worldwide from 2014 to 2020

= H2 refueling stations worldwide

2014 2015 2016 2017 2018 2019 2020

Year

Figure 64: Number of public hydrogen refueling stations worldwide from 2014 to 2020 (Ludwig-Bolkow-
Systemtechnik GmbH, 2020)

6.3.4 Network of complementarity

The network of complementarities revealed the most important bottlenecks in the FCEV ecosystem, as
already described in chapter 4.4. In this context, this network provided interesting insights, especially
regarding the connections between the components and complementary products within this network.
The most central elements are the fuel cell and the hydrogen refueling infrastructure and were thus the
key bottlenecks, which can also be seen in Figure 65.

The fact that the fuel cell and the hydrogen refueling infrastructure are strongly complementary to each
other can be attributed to two reasons: Firstly, just at the beginning of the study period, as already
described, it was not even clear in which form the hydrogen could be stored most efficiently, and thus
the fuel cell type and the technical concept of the hydrogen refueling infrastructure was not yet defined.
Secondly, the high complementarity strength was the fact that these two ecosystem
components/complements were mentioned most frequently as bottlenecks in the analysis and are
therefore the key bottlenecks.

The strong complementarity between fuel cell and hydrogen system can be attributed to the fact that
the hydrogen is supplied from the hydrogen tanks to the fuel cell. In addition, the hydrogen system, fuel
cell, and oxygen system are often seen together as the “fuel cell system”, which also explains the
complementarity between these three components.

It was also interesting to see that a complementarity between fuel cells and disposal/recycling was
identified. The main reason for this is probably the expensive platinum, which is tried to be kept in the
loop by recycling in order to reduce the costs. However, since this complementary service was not often
detected as a bottleneck, the complementarity strength is correspondingly low.

The second central element of this network, the hydrogen refueling infrastructure, has, in addition to
the fuel cell, also a strong complementarity with the hydrogen system. This can be explained by the
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fact that interaction of these two components/complements is required during the hydrogen refueling
process. In addition, the way the hydrogen is stored in the vehicle also influences the storage of the
hydrogen in the refueling station.

The complementarity between the hydrogen refueling infrastructure and the availability/transport of
hydrogen seems logical since the refueling stations are supplied with hydrogen from these
complementary actors.

The fact that components such as the e-motor or power electronics, which are essential for the
propulsion of the vehicles and therefore have to interact with the fuel cell, do not appear in this

network of complementarity is a result of the small number of bottlenecks detected in the FCEV
ecosystem.
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Figure 65: Network of complementarity for FCEVs including complementarity background

This network of complementarity shows how important the concept of the innovation ecosystem is for
research on the product FCEV since complementarities exist between diverse components and
complementary products and services. As a result, innovation progress in one component/complement
can also influence other ecosystem components. On the other hand, solving one bottleneck can cause
another. As a consequence, the value proposition is then limited by the new unresolved bottleneck.

6.4 Theoretical integration

One of the key findings of this work is that solving bottlenecks in an innovation ecosystem has an
enormous impact on the evolution of this innovation ecosystem. This fact confirms Makinen and
Dedehayir's (2012, p. 7) statement that removing bottlenecks promotes the ecosystem's growth.
Especially the partly solving of the battery bottleneck with the introduction of the lithium-ion battery was
an example for this finding, as the entire innovation ecosystem of BEVs has experienced enormous
growth, making the BEV product more attractive for the end customer. Although the analysis showed
that this solving of bottlenecks significantly promoted the ecosystem's growth, this does not mean that
no bottlenecks existed anymore in the innovation ecosystem. In other words, the solving of bottlenecks
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led to new bottlenecks that limited the ecosystem’s growth. Jacobides et al. (2006, p. 28f) already
recognized this shifting of bottlenecks. However, an additional fact that was interesting to observe was
that the bottlenecks were partially solved sequentially. This means that in the example of BEVs, with
reaching a higher battery maturity level and thus solving individual bottleneck causes, other
components/complements (e.g., thermal management for comfort) came into the focus of the
ecosystem. Consequently, it can be concluded that solving certain bottlenecks is the prerequisite for
other bottlenecks to occur at all.

Another important finding of this work is that a multiplicity of bottlenecks can co-occur in an innovation
ecosystem. Kapoor (2018, p. 6) already recognized this, but the analysis additionally showed that the
same influencing factor can cause these bottlenecks. In other words, the underlying causes of co-
occurring bottlenecks can be partially traced back to the same factors. The dynamics of these factors
(e.g., price fluctuations, dependencies on raw material suppliers) often represent significant issues for
the actors, which are hard to solve.

Another interesting link between theory and analysis can be drawn from the interdependency of the
individual actors in an innovation ecosystem (Adner and Kapoor, 2010, p. 310). It became apparent that
causes for limiting the value proposition to the customer (e.g., long charging time) were solved at
different paces by different component suppliers and complementors in the ecosystem. As a result,
these bottleneck causes continued to have a limiting effect on the value proposition despite solving a
bottleneck. In other words, due to this interdependency between the actors, solving a bottleneck did not
lead to an increase in the value proposition to the customer. Furthermore, the fact that in both analyzed
innovation ecosystems, components, and complementary products/services simultaneously had a
limiting effect on the value proposition to the customer over the entire study period demonstrated how
important the innovation ecosystem concept is when looking at innovations.

This was also described by Adner and Kapoor (2010, p. 310), by noting that ‘the success of an
innovation is very often dependent on the success of other innovations in the focal firm’s external
environment.”
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7 Conclusion

The objective of this master thesis is to identify the changes of the bottlenecks in the innovation
ecosystem of battery electric vehicles and fuel cell electric vehicles in the period from 2000 to 2020. For
this purpose, the first step was a literature review on the topics of innovation ecosystems and bottlenecks
in ecosystems. Based on this literature review, these two terms were defined for the scope of this work
and formed the basis for the empirical analysis. In the following step, already conducted studies
concerning the identification of bottlenecks in ecosystems were reviewed. From this literature, a method
was selected, using secondary longitudinal data from different sources to meet the thesis's objectives.

The methodology to identify the changes of the bottlenecks in the innovation ecosystem of BEVs and
FCEVs in the period from 2000 to 2020 is based on three main steps.

In the first step, a qualitative content analysis was conducted using secondary data. For this purpose,
two automotive journals formed the secondary data basis and were selected based on predefined
criteria. After this selection process, the qualitative content analysis was performed by using a combined
approach of deductive and inductive category formation to ensure the best quality of the analysis results.
In order to ensure reliability, an intercoder reliability check was performed by the two supervisors of this
work. The results of this check were compared and aligned with the analysis results.

The second main section of this thesis focused on the validation of the qualitative content analysis
results with primary data, i.e., with expert interviews. These expert interviews were conducted as semi-
structured interviews. For this purpose, an interview guideline was created in advance. The interviews
lasted an average of 1 % h, and their content was transcribed and analyzed qualitatively.

The qualitative content analysis, together with the validation interviews, resulted in the following findings
regarding the change of the bottlenecks in the innovation ecosystem of BEVs: The battery was detected
as a key bottleneck in the entire period from 2000 to 2020. While at the beginning of the 2000s, the high
costs and the low performance of the battery were primarily responsible for limiting the value proposition
to the customer, the quality issue concerning lifetime and safety risk became increasingly critical in the
early 2010s. The performance, cost, and quality issues of the battery were identified as bottleneck
causes until the late 2010s, but the quality issue was resolved by the year 2020 and does not represent
a limitation anymore.

The second identified bottleneck in the innovation ecosystem of BEVs, which poses limits on the value
proposition to the customer over the entire period, was the complementary product of the electric
charging infrastructure. In this context, the low availability of public charging stations was consistently
seen as an issue. In addition, the performance of the electric charging infrastructure had a limiting effect
from 2007 onwards. Until the mid-2010s, this was mainly caused by the standardization issue of the
charging plugs. From 2014 onwards, the performance issue was related to the charging power of the
charging stations.

Furthermore, the analysis showed that certain bottlenecks were processed sequentially, with the
battery’s maturity level being the basis for this process. As a result of this sequential processing of the
bottlenecks, at the end of the 2000s, the vehicle’s thermal management was increasingly identified as
a bottleneck. The limiting effect of the thermal management for the value proposition to the customer
was linked to the significant impact the thermal management’s low performance had on the achievable
driving range and the charging duration of the BEV. Even today, thermal management is still seen as a
bottleneck in the ecosystem of battery electric vehicles.

In recent years, i.e., from 2018 onwards, nhew complementary products moved into the focus since the
increasing number of BEVs on the roads resulted in new issues, such as performance fluctuations of
the electric grid.
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Thus, for battery electric vehicles, it can be said that new bottlenecks like the thermal management or
the electric grid materialized in the last 20 years, but the battery and the electric charging infrastructure
have consistently remained the most mentioned bottlenecks concerning the value proposition to the
ecosystem's customers over the entire period.

The qualitative content analysis, together with the validation interviews, resulted in the following findings
for the change of the bottlenecks in the innovation ecosystem of FCEVs. These results should be treated
with caution due to the small number of articles dealing with FCEVs: Fuel cells have been identified as
the key bottleneck throughout the entire analysis period. In the early 2000s, the low technical
performance and the high cost of the fuel cell stacks were mainly responsible for that. In the late 2000s,
the quality issue, more precisely the lifetime of the fuel cells, became increasingly critical and remained
a limitation for the value proposition to the customer until the mid-2010s. In the last few years of the
analysis period, it became apparent, especially from the expert interviews, that the performance and
quality issues of the fuel cell were solved. This means that only the costs had a limiting effect on the
value proposition to the customer anymore.

The second bottleneck identified in the innovation ecosystem of FCEVs, which poses limits on the value
proposition to the customer over the entire period, was the complementary product of the hydrogen
refueling infrastructure. In this context, the low availability of hydrogen refueling stations was consistently
seen as an issue over the entire period from 2000 to 2020.

The third detected bottleneck in the ecosystem of FCEVs is the component hydrogen system or, more
precisely, the hydrogen tank, which was identified in the qualitative content analysis as a limitation in
the early 2000s due to its low performance. In addition, in the interviews, the experts identified the costs
of these tanks as having an enormous impact on the overall costs of the vehicles, which also represented
a limiting factor. However, according to the interviewed experts, the performance issue was resolved in
the early 2010s, which means only the costs of the hydrogen tanks remain a limiting factor today. In
contrast to that, the analysis still represents the performance of the hydrogen tank as an issue today. In
the analysis, performance is considered in terms of the complexity in the storage of hydrogen, which
can be indirectly transferred to the requirements and, furthermore, to the costs of the tanks.

In the third main section of this thesis, a network of complementarity was formed for the innovation
ecosystem of BEVs and the innovation ecosystem of FCEVs, which is intended to show which
components/complements play a central role in the ecosystem and consequently influence several other
components and complementary products/services. Thus, these central components/complements
represent the key bottlenecks in the ecosystem.

In this approach, the battery and the electric charging infrastructure were identified as having a central
role in the ecosystem of battery electric vehicles and thus represent the key bottlenecks.

In the ecosystem of fuel cell electric vehicles, the fuel cell, the hydrogen refueling infrastructure, and the
hydrogen system were detected as the key bottlenecks.

In conclusion, the ecosystems of the two powertrain topologies have evolved tremendously over the
past 20 years, and bottlenecks have shifted mainly in the ecosystem of BEVs. This means the analysis
has shown that bottlenecks are partially processed sequentially. Nevertheless, the key bottlenecks
concerning the value proposition to the customer remained in both ecosystems almost the same.
However, what has changed, is the reason for them being a bottleneck. Furthermore, the identified
bottlenecks in the ecosystems of BEVs and FCEVs were in all three subdivided periods a component
as well as a complementary product/service. In other words, the analysis has shown how important it is
that the innovation challenges are solved at both the component level and the level of the
complementary products/services simultaneously.

Finally, it was also noticeable that innovation progress in one component/complement can also influence
other ecosystem components. On the other hand, solving one bottleneck can also cause another, which
leads to the consequence that the new unresolved bottleneck then limits the value proposition.
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8 Limitations and future research

In the final chapter of this thesis, the limitations of the conducted empirical study are presented and
based on these limitations, an outlook for future research topics is given.

8.1 Limitations of analysis

The empirical results of the bottleneck detection in the innovation ecosystem of the battery electric and
fuel cell electric vehicle should be considered, including some limitations.

First of all, it must be noted that only two journals were analyzed in the course of the qualitative content
analysis due to time constraints, which represents only a fraction of all available journals dealing with
BEVs and FCEVs. Thus, the analysis results, especially for fuel cell electric vehicles, were partially only
of limited significance due to the lack of articles dealing with FCEVs. In addition, due to the time
constraints, journals were selected that covered different powertrain topologies at the same time, like
BEV and FCEV, which led to a limited discussion of individual components in some cases (e.g., battery
or fuel cell). Thus, the results only reflect a trend in the change of the bottlenecks over time and include
no detailed information on the technological development of the individual components and
complements. The selection of discipline and powertrain-specific journals (e.g., journal for BEVs) was
discussed, but none could be found that covered the entire analysis period. Furthermore, this
powertrain-specific journal selection would have required the analysis of more than two journals (at least
two per powertrain topology) and would have been beyond the time scope of the thesis. Nevertheless,
these limitations could be minimized due to the journal selection based on predefined specific selection
criteria, which resulted in two representative journals.

The selection of a US journal for this analysis was also planned since the USA, with its ZEV legislation,
is a pioneer in the field of alternative powertrains (Fischer et al., 2020, p. 402). But unfortunately, no
freely accessible peer-reviewed journal covering the entire period of the analysis could be found. For
this reason, the analysis results are very European-driven, as most of the detected bottlenecks
originated from the ATZ. However, since the European automotive market is seen as very representative
and articles from US companies were also published in the ATZ, this limitation should not influence the
results too much.

A further limitation of this work became apparent during the analysis of the two journals. Text passages
that referred to a limitation (high costs, limited range) but could not be directly assigned to a component
or a complementary product/service were not included in the results. However, since this fact occurred
in a large number of text passages, the creation of a category for the overall vehicle would have made
sense, but this category would have added only limited value since an overall vehicle bottleneck would
not help to detect the limiting factors of an ecosystem. Nevertheless, the component or the
complementary product/service sometimes could have been identified indirectly from the texts, but this
could not be coded and included in the analysis results for objectivity reasons. Since these text passages
mostly referred indirectly to the component battery and this component was detected as the key
bottleneck over the entire study period, this limitation had only a minor influence on the results.

In addition, due to the Covid-19 pandemic and the associated conditions in the industry (short-time work,
etc.), the interview partners were selected exclusively from the academic community, which could have
influenced the results since the know-how of automotive companies and the associated knowledge of a
direct actor in the ecosystem would have added additional value to the analysis. However, as this
academic community mostly works closely with the industry, the lack of industry-specific knowledge is
likely to have little impact on the results.
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Limitations and future research

8.2 Outlook for future research

In order to further substantiate the results obtained from the analysis, a broader data basis should be
used for further studies. For this purpose, a larger number of expert interviews and a larger number of
secondary sources are recommended. This broader data basis would allow determining not only the
trend of the bottleneck changes but also to identify the reason why specific components and
complementary products and services were no longer limiting for the value proposition to the customer.
Consequently, this approach would entail a more detailed view on the individual components and
complements and their technological development. For this reason, the experts for the interviews should
come from a variety of different positions within the ecosystem (e.qg., battery supplier, complementors)
to gather data directly from the industry. This would lead to detailed information directly from the
ecosystem’s players. Consequently, the quality of the results would be improved. This approach would
also address the issue concerning the low number of detected bottlenecks for the ecosystem of fuel cell
electric vehicles.

Furthermore, the presented study results can serve as a basis for a follow-up analysis in this area. A
further research project can focus on a study concerning how the individual players in the ecosystems
dealt with the detected bottlenecks. In other words, what strategies the individual actors pursued to
address the bottlenecks and, consequently, what were the results of these strategies. This could allow
deriving patterns for how to deal with technological bottlenecks in ecosystems. In this analysis for
identifying strategies to solve bottlenecks, it could be examined in detail if there are any moderation or
mediation effects between the bottlenecks and the success in forming collaborations with third-party
partners.

98



Bibliography

Bibliography

Achleitner, August, Peter Antony, Edgar Berger, Christian Burgers, Gernot Dollner, and Norbert Ebner.
2016. Formen und neue Konzepte, eds. Stefan Pischinger and Ulrich Seiffert. In Vieweg
Handbuch Kraftfahrzeugtechnik, 8th ed., 131-251. Aachen, Braunschweig: Springer Fachmedien
Wiesbaden.

Ackermann, Jan, Claus Brinkkdtter, and Marc Priesel. 2013. New Approaches to Energy-Efficient Air-
Conditioning in Electric Vehicles. ATZ worldwide, 115 (6): 10-14. doi: 10.1007/s38311-013-0067-
X.

Adler, Christoph, Siegmund Deinhard, Markus Hackelsperger, and Klaus Muhlbauer. 2018. High-
voltage Architecture Analysis - Key to Affordable Electric Mobility. ATZ worldwide, 120 (12): 52—
56.

Adner, R. 2006. Match Your Innovation Strategy to Your Innovation Ecosystem. Harvard Business
Review, 84: p. 98-107.

Adner, R. and R. Kapoor. 2010. Value Creation in Innovation Ecosystems: How the Structure of
Technological Interdependence Affects Firm Performance in New Technology Generations.
Strategic Management Journal, 31: p. 306—333. doi: 10.1002/sm;.821.

Adner, Ron. 2012. The wide lens: A new strategy for innovation. London, England: Penguin.

Adner, Ron. 2017. Ecosystem as Structure: An Actionable Construct for Strategy. Journal of
Management, 43 (1): p. 39-58. doi: 10.1177/0149206316678451.

Adner, Ron and Rahul Kapoor. 2016. Innovation Ecosystems and the Pace of Substitution: Re-
Examining Technology S-Curves. Strategic Management Journal, 37: 625-648. doi:
10.1002/sm;.2363.

Ads-Tec. 2017. Decentralised Fast Charging System. ATZ worldwide, 119 (12): 34.

Ahen, F. A. 2015. Strategic corporate responsibility orientation for sustainable global health
governance: Pharmaceutical value co-protection in transitioning economies., Turku School of
Economics.

Ahlfs, Soren, Alexander Goudz, and Martin Streichfuss. 2020. Die Brennstoffzelle: Eine technische
und logistische Betrachtung sowie deren Anwendung im OPNV. Hagen, Duisburg, Diisseldorf:
Springer Gabler.

Ahn, H.-S, N. S. Lee, C. W. Moon, and G.-M Jeong. 2007. Fuel economy improvement for fuel cell
hybrid electric vehicles using fuzzy logic-based power distribution control. International Journal of
Automotive Technology, 8 (5): 651-658.

Ahn, J. K., K. H. Jung, D. H. Kim, H. B. Jin, H. S. Kim, and S. H. Hwang. 2009. Analysis of a
regenerative braking system for Hybrid Electric Vehicles using an Electro-Mechanical Brake.
International Journal of Automotive Technology, 10 (2): 229-234. doi: 10.1007/s12239-009-0027-
z.

Aksjonov, Andrei, Valery Vodovozov, Klaus Augsburg, and Eduard Petlenkov. 2018. Design of
Regenerative Anti-Lock Braking System Controller for 4 In-Wheel-Motor Drive Electric Vehicle with
Road Surface Estimation. International Journal of Automotive Technology, 19 (4): 727-742. doi:
10.1007/s12239-018-0070-8.

Amann, Notker and Matthias Beck. 2012. Komponenten des Hybridantriebs, eds. Konrad Reif and Karl
Noreikat. In Kraftfahrzeuge-Hybridantriebe. Friedrichshafen/Esslingen: Springer Vieweg.

An, S.-J., K. I. Lee, and T.-J. Kim. 2008. Performance analysis according to the combination of energy
storage system for fuel cell hybrid vehicle. International Journal of Automotive Technology, 9 (1):
111-118. doi: 10.1007/s12239-008-0014-9.

Ataur, Rahman, Mohammed N. A. Hawlader, and Helmi Khalid. 2017. Two-phase evaporative battery
thermal management technology for EVS/HEVSs. International Journal of Automotive Technology,
18 (5): 875—882. doi: 10.1007/s12239-017-0085-6.

99



Bibliography

Auer, Markus, Jochen Wiedemann, Nils Widdecke, and Timo Kuthada. 2015. Increase of Range of
Battery Electric Vehicles through Thermal Management. ATZ worldwide, 117 (7): 64—71. doi:
10.1007/s38311-015-0037-6.

Auf der Maur, Alex, Nils Briiggeshemke, and Michael Kutschera. 2020. Entwicklung der 6ffentlich
zuganglichen Ladeinfrastruktur fur die Elektromobilitéat sowie Vergleich der Ladetarife in
Deutschland.
https://www.prognos.com/fileadmin/pdf/publikationsdatenbank/20200207__ Prognos_Lade-
Report_2020.pdf. Accessed 13th of May, 2021.

Autio, Erkko, Satish Nambisan, and Llewellyn Thomas. 2017. Digital Affordances, Spatial Affordances,
and The Genesis of Entrepreneurial Ecosystems. Strategic Entrepreneurship Journal (1). doi:
10.1002/sej.1266.

Autio, Erkko and Llewellyn Thomas. 2014. Innovation Ecosystems: Implications for Innovation
Management, eds. M. Dodgson, N. Philips, and D. M. & Gann. In The Oxford Handbook of
Innovation Management, 204—-228. Oxford: Oxford University Press.

Backhaus, Richard. 2020. Battery Cells "Made in Germany" - Overcoming Obstacles. ATZ worldwide,
122 (2): 9-13.

Backhaus, Richard, Michael Reichenbach, and Johannes Winterhagen. 2009. Technology Trends at
the IAA 2009. ATZ worldwide, 111 (9): 4-10.

Bader, Michael, Armin Buchroithner, and Ivan Andrasec. 2014. Flywheel Hybrid Drives Compared to
Conventional and Alternative Drivetrain Concepts. ATZ worldwide, 116 (10): 40-45.

Bae, Choongsik. 2021. International Journal of Automotive Technology.
http://www.ijat.net/about/index.php. Accessed 24th of February 2021.

Baek, K. W., E. S. Hong, and S. W. Cha. 2015. Capacity fade modeling of a Lithium-ion battery for
electric vehicles. International Journal of Automotive Technology, 16 (2): 309-315. doi:
10.1007/s12239-015-0033-2.

Bai, Zhifeng, Zengfeng Yan, Xiaolan Wu, Jun Xu, and Binggang Cao. 2019. H~ Control for
Battery/Supercapacitor Hybrid Energy Storage System Used in Electric Vehicles. International
Journal of Automotive Technology, 20 (6): 1287-1296. doi: 10.1007/s12239-019-0120-x.

Baldwin, C. 2015. Bottlenecks, Modules and Dynamic Architectural Capabilities. Harvard Business
School Working Paper, No.15-028: 1-50. doi: 10.13140/2.1.1130.0804.

BAM. 2018. Tanks for Hydrogen Cars. ATZ worldwide, 120 (12): 65.

Bang, Young-bong. 2019. Multi-Speed Transmission Mechanism Using a Compound Planetary Gear
Set and Brakes. International Journal of Automotive Technology, 20 (4): 739-748. doi:
10.1007/s12239-019-0069-9.

Barkow, Axel, Jorg Kiifen, Janek Hudecek, and Frederic Christen. 2015. Positioning System for
Inductive Charging. ATZ worldwide, 117 (7): 26—31. doi: 10.1007/s38311-015-0031-z.

Becker, Paul and Andreas Buter. 2019. Thermal Management Improvement with Composite Materials
in the Dashboard. ATZ worldwide, 121 (9): 50-53. doi: 10.1007/s38311-019-0101-8.

Beetz, Klaus, Uwe Kohle, and Gunter Eberspach. 2010. Heating concepts for vehicles with alternative
powertrains. ATZ worldwide, 112 (4): 8-11. doi: 10.1007/BF03225231.

Berger, Martin. 2020. Constants along the Path of Change. ATZ worldwide, 122 (10): 76. doi:
10.1007/s38311-020-0295-9.

Birke, Kai P. 2018. Zukunft Lithium-lonen-Akku Bewertungsmaf3stabe auf dem Prifstand.
ATZelektronik, 13 (5): 16—23. doi: 10.1007/s35658-018-0060-7.

Bishop, J. and A. Mahajan. 2005. The Use of Teams in Organizations: When a Good Idea Isn't and
When a Good Idea Goes Bad. Labmedicine, 36: p. 281-285. doi: 10.1309/J960E6NA464QBALC.

Blesl, Markus, Ulrich Fahl, Uwe Remme, and Bastian Ruhle. 2005. Energy economic long term
scenarios for alternative fuels and engines. ATZ worldwide, 107 (5): 18-20. doi:
10.1007/BF03224740.

100



Bibliography

BMU. 2017. Die Klimakonferenz in Paris. https://www.bmu.de/themen/klima-
energie/klimaschutz/internationale-klimapolitik/pariser-abkommen/. Accessed 31th of January,
2021.

Bogers, M., J. Sims, and J. West. 2019. What Is an Ecosystem?: Incorporating 25 Years of Ecosystem
Research, Academy of Management Proceedings, January 15.
https://ssrn.com/abstract=3437014.

Boudreau, Kevin. 2010. Open Platform Strategies and Innovation: Granting Access vs. Devolving
Control. Management Science, 56: 1849-1872. doi: 10.1287/mnsc.1100.1215.

Boudreau, Kevin and Andrei Hagiu. 2008. Platform Rules: Multi-Sided Platforms as Regulators. SSRN
Electronic Journal: 163-191. doi: 10.2139/ssrn.1269966.

Boulouchos, Konstantinos, Philipp Dietrich, and Gunther G. Scherer. 2002. Technical propulsion
strategies for more sustainable mobility. ATZ worldwide, 104 (7): 2-5. doi: 10.1007/BF03225169.

Bouvy, Claude. 2010. Heat to Cold: Adsorption chillers for automotive climatisation. ATZ worldwide,
112 (4): 4-7.

Boyan, Xu, Jiang Longlong, Sun Chaodong, and Liu Yingchun. 2018. Numerical Analysis of the
Mixture Formation in a Two-Stroke Wall-Guided LPG DI Engine for Extended-Range Electric
Vehicle. International Journal of Automotive Technology, 19 (2): 313-321. doi: 10.1007/s12239-
018-0030-3.

Brotz, Friedrich, Tobias Isermeyer, Conrad Pfender, and Thomas Heckenberger. 2007. Cooling of
high-performance batteries for hybrid vehicles. ATZ worldwide, 109 (12): 13-16. doi:
10.1007/BF03224972.

Brill, Martin and Friedrich Graf. 2018. Covering All Charging Situations in Everyday Life. ATZ
worldwide, 120 (10): 62—65. doi: 10.1007/s38311-018-0140-6.

Brunnsteiner, Bernhard, Volker Hennige, Bernhard Kaltenegger, and Franz Zieher. 2017. Safety of
Lithium-ion Batteries Modelling and Simulation. ATZ worldwide, 119 (2): 54-59. doi:
10.1007/s38311-016-0170-x.

Bundesnetzagentur. 2021. Zah-len und Da-ten zur 6f-fent-li-chen Ladein-fra-struk-tur.
https://www.bundesnetzagentur.de/DE/Sachgebiete/ElektrizitaetundGas/Unternehmen_Institutione
n/E-Mobilitaet/ZahlenDaten/_node.html. Accessed 13th of May, 2021.

Burkert, Andreas. 2018a. Effective recycling of electric-vehicle batteries. ATZ worldwide, 120 (9): 10—
15.

Burkert, Andreas. 2018b. Electric Mobility Is Not Giving Diesel Any Respite. ATZ worldwide, 120 (5):
12-17.

Burkert, Andreas. 2019. Fuel Cells - from Euphoria to Disillusionment. ATZ worldwide, 121 (4): 8-13.

Carayannis, E. G. 2001. Strategic Management of Technological Learning. Strategic Management of
Technological Learning. doi: 10.1201/9781420037364.

Carayannis, Elias and David Campbell. 2009. 'Mode 3' and 'Quadruple Helix": Toward a 21st century
fractal innovation ecosystem. International Journal of Technology Management - INT J TECHNOL
MANAGE, 46 (3/4): 201-234. doi: 10.1504/1JTM.2009.023374.

Ceccagnoli, M., C. Forman, P. Huang, and D. J. Wu. 2012. Co-Creation of Value in a Platform
Ecosystem: The Case of Enterprise Software. MIS Quarterly, 36: p. 263—-290. doi:
10.2307/41410417.

Chambers, Eric and Manuel Patrocinio. 2011. Business Models and Value Creation: A case study of
the New York City economic development corporation, Department of Management (Section),
Umea School of Business.

Chesbrough, Henry, Christopher Lettl, and Thomas Ritter. 2018. Value Creation and Value Capture in
Open Innovation. The Journal of Product Innovation Management, Volume 35 (6): 930—938.

Chindamo, D., M. Gadola, and M. Romano. 2014. Simulation tool for optimization and performance
prediction of a generic hybrid electric series powertrain. International Journal of Automotive
Technology, 15 (1): 135-144. doi: 10.1007/s12239-014-0015-9.

101



Bibliography

Cho, B. H. and N. D. Vaughan. 2006a. Dynamic Simulation Model of a Hybrid Powertrain and
Controller using Co-Simulation: Part 1: Powertrain Modelling. International Journal of Automotive
Technology, 7 (4): 459-468.

Cho, B. H. and N. D. Vaughan. 2006b. Dynamic Simulation Model of a Hybrid Powertrain and
Controller using Co-Simulation: Part 2: Control Strategy, 7 (7): 785—-793.

Cho, G. Y., J. W. Choi, J. H. Park, and S. W. Cha. 2014. Transient modeling and validation of lithium
ion battery pack with air cooled thermal management system for electric vehicles. International
Journal of Automotive Technology, 15 (5): 795-803. doi: 10.1007/s12239-014-0083-x.

Choi, K.-S., S.-H. Jang, G. S. Shin, H.-M. Kim, H. C. Yoon, M. E. Forrest, and P. A. Erickson. 2010.
Effects of stack array orientation on fuel cell efficiency for auxiliary power unit applications.
International Journal of Automotive Technology, 11 (3): 429-434.

Chowdhury, Sourav, Lindsey Leitzel, and Mark Zima. 2019. Thermal System for Electric Vehicles with
Coolant-based Heat Pump. ATZ worldwide, 121 (5): 48-53. doi: 10.1007/s38311-019-0022-6.
Chun, C. Y., B. H. Cho, and J. Kim. 2016. Implementation of discharging/charging current sensorless

state-of-charge estimator reflecting cell-to-cell variations in lithium-ion series battery packs.
International Journal of Automotive Technology, 17 (5): 909-916. doi: 10.1007/s12239-016-0088-
8.

Clarivate. 2021. Web of Science: Social Sciences Citation Index.
https://clarivate.com/webofsciencegroup/solutions/webofscience-ssci/. Accessed 04th of February
2021.

Clarysse, Bart, Johan Bruneel, and Aarti Mahajan. 2014. Creating value in ecosystems: Crossing the
chasm between knowledge and business ecosystems: 1-37. doi: 10.1016/j.respol.2014.04.014.

Crescenzi, Mark. 2010. Economic Competition, Market Power, and Conflict, Department of Political
Science, University of North Carolina.

Cui, J. Y. and X. W. Zhang. 2015. Two-layer distributed equalization management system for electric
vehicle power battery. International Journal of Automotive Technology, 16 (6): 1007-1016. doi:
10.1007/s12239-015-0103-5.

Daim, T., J. Justice, L. Hogaboam, S. J. M&kinen, and O. Dedehayir. 2014. Identifying and forecasting
the reverse salient in video game consoles: A performance gap ratio comparative analysis.
Technological Forecasting and Social Change, 82: 177-189. doi: 10.1016/j.techfore.2013.06.007.

Dedehayir, Ozgur and Marko Seppanen. 2015. Birth and Expansion of Innovation Ecosystems: A
Case Study of Copper Production. Journal of Technology Management & Innovation, 10 (2): 145—
153. doi: 10.4067/S0718-27242015000200010.

Dhand, A. and K. Pullen. 2015a. Review of battery electric vehicle propulsion system incorporating
flywheel energy storage. International Journal of Automotive Technology, Volume 16 (3): 487-500.

Dhand, A. and K. Pullen. 2015b. Review of battery electric vehicle propulsion systems incorporating
flywheel energy storage. International Journal of Automotive Technology, 16 (3): 487-500. doi:
10.1007/s12239-015-0051-0.

Domian, Hans-Jorg, Karl-Hermann Ketteler, and Stephan Scharr. 2013. Electric Axle Drive Module for
high Speeds. ATZ worldwide, 115 (12): 10-13. doi: 10.1007/s38311-013-0136-1.

Doppelbauer, Martin. 2020a. Kosten, ed. Martin Doppelbauer. In Grundlagen der Elektromobilitat:
Technik, Praxis, Energie und Umwelt, 393—-415. Karlsruhe: Springer Vieweg.

Doppelbauer, Martin. 2020b. Ladesysteme, ed. Martin Doppelbauer. In Grundlagen der
Elektromobilitét: Technik, Praxis, Energie und Umwelt, 291-307. Karlsruhe: Springer Vieweg.

Drage, Peter, Markus Hinteregger, Gerald Zotter, and Marijan Simek. 2019. Cabin Conditioning for
Electric Vehicles. ATZ worldwide, 121 (2): 44—49. doi: 10.1007/s38311-018-0209-2.

Drage, Peter, Frank Seebald, Christian Paul, and Markus Hinteregger. 2017. Innovative HVAC
Concepts for Future Vehicles. ATZ worldwide, 119 (9): 42—45. doi: 10.1007/s38311-017-0086-0.

Dreisbusch, Marina, Stefan Mang, Sabrina Ried, Franziska Kellerer, and Xaver Pfab. 2020. Regulation
of Grid-efficient Charging from the User's Perspective. ATZworlwide, 122 (12): 68—72.

102



Bibliography

Dudenhoffer, Ferdinand. 2001. Market assessment for fuel cell cars. ATZ worldwide, 103 (5): 17-20.
doi: 10.1007/BF03226782.

Eberleh, Bjorn and Stephen Raiser. 2017. Lithium Batteries for Commercial Vehicles The Workhorses
among Energy Storage Units. ATZ worldwide, 119 (11): 26—-31. doi: 10.1007/s38311-017-0118-9.

Ebner, Christian, Kaspar Danzer, and Christoph Platz. 2012. Battery Package for the E-Scooter
Concept from BMW Motorrad. ATZ worldwide, 114 (3): 40-43. doi: 10.1365/s38311-012-0157-1.

Eckstein, Lutz, Fabian Schmitt, and Bastian Hartmann. 2009. Lightweight measures for electric
vehicles. ATZ worldwide, 111 (2): 4-10. doi: 10.1007/BF03225154.

Eghtessad, Marjam, Torben Meier, Stephan Rinderknecht, and Ferit Kiigiikay. 2015. Powertrain
Optimisation of Electric Vehicles. ATZ worldwide, 117 (9): 48-53. doi: 10.1007/s38311-015-0043-
8.

Elsevier B.V. 2021. Scopus Preview.
https://www.scopus.com/freelookup/form/author.uri?zone=TopNavBar&origin=NO%200RIGIN%20
DEFINED. Accessed 24th of February 2021.

Elwert, Tobias, Daniel Goldmann, Felix R6mer, Matthias Buchert, Cornelia Merz, Doris Schueler, and
Jurgen Sutter. 2015. Current Developments and Challenges in the Recycling of Key Components
of (Hybrid) Electric Vehicles. Recycling, 1: 25-60. doi: 10.3390/recycling1010025.

Empa. 2018. More Powerful and Safer Batteries. ATZ worldwide, 120 (2): 63.

Engel, Hauke, Russell Hensley, Stefan Knupfer, and Shivika Sahdev. 2018. The potential impact of
electric vehicles on global energy systems. https://www.mckinsey.com/industries/automotive-and-
assembly/our-insights/the-potential-impact-of-electric-vehicles-on-global-energy-systems.

Engstle, Armin, Mathias Deiml, Martin Schlecker, and Anton Angermaier. 2012. Development of an
800-V Electric Car with Rear-Wheel Drive. ATZ worldwide, 114 (7): 40-44. doi: 10.1007/s38311-
012-0191-z.

Ethiraj, S. K. 2007. Allocation of inventive effort in complex product systems. Strategic Management
Journal, 28 (6): 563-584. doi: 10.1002/smj.622.

Etzold, Konstantin, Timm Fahrbach, Konrad Herold, and Jakob Andert. 2019. Thermal Hardware-in-
the-Loop Tests of Electric Traction Machines. ATZ worldwide, 121 (10): 50-55. doi:
10.1007/s38311-019-0107-2.

Europdische Union. 2009. VERORDNUNG (EG) Nr. 443/2009 DES EUROPAISCHEN PARLAMENTS
UND DES RATES vom 23. April 2009 zur Festsetzung von Emissionsnormen fir neue
Personenkraftwagen im Rahmen des Gesamtkonzepts der Gemeinschaft zur Verringerung der
CO2-Emissionen von Personenkraftwagen und leichten Nutzfahrzeugen.

European Alternative Fuels Observatory. 2020. https://www.eafo.eu/vehicles-and-fleet/m1. Accessed
20200825.

Falahat, A. M., M. A. Hamdan, and J. A. Yamin. 2014. Engine performance powered by a mixture of
hydrogen and oxygen fuel obtained from water electrolysis. International Journal of Automotive
Technology, 15 (1): 97-101. doi: 10.1007/s12239-014-0011-0.

Fang, Xiangfan, Jie Li, and Stefan Kurtenbach. 2014. Cost-effective Body Structure for an E-vehicle.
ATZ worldwide, 116 (5): 10-15. doi: 10.1007/s38311-014-0173-4.

Fickel, Hans-Christian, Daniel Gleyzes, Robert Harrison, and Jirgen Gebert. 2011. Fuel Cell Hybrid
Concept Vehicle for Emission-Free Mobility in City Traffic. ATZ worldwide, 113 (4): 46—49. doi:
10.1365/s38311-011-0044-1.

Fischer, Peter and Stefan Neunteufel. 2018. Elektrifizierte Antriebssysteme, eds. Giunter Merker and
Rudiger Teichmann. In Grundlagen Verbrennungsmotoren: Funktionsweise und alternative
Funktionsweise und alternative Antriebssysteme. Verbrennung, Messtechnik und Simulation,
9.Auflage, 313-363. Tettnang, Graz: Springer Vieweg.

Fischer, Robert, Ferit Kiiciikay, Gunter Jirgens, and Burkhard Pollak. 2016a. Elektrifizierung des
Antriebstranges, eds. Robert Fischer, Ferit Kiiciikay, Gunter Jirgens, and Burkhard Pollak. In Das
Getriebebuch. Wiesbaden: Springer Fachmedien Wiesbaden.

103



Bibliography

Fischer, Robert, Ferit Kiiciikay, Gunter Jirgens, and Burkhard Pollak. 2016b. Kernaufgabe der
Fahrzeuggetriebe, eds. Robert Fischer, Ferit Kiicikay, Gunter Jurgens, and Burkhard Pollak. In
Das Getriebebuch, 1-52. Wiesbaden: Springer Fachmedien Wiesbaden.

Fischer, Sebastian, Bernd Hinner, Michael Bender, and Markus Willimowski. 2020.
Emissionsgesetzgebung, ed. Konrad Reif. In Dieselmotor-Management: Systeme, Komponenten,
Steuerung und Regelung, 400-441. Wiesbaden: Springer Fachmedien Wiesbaden.

Fischer, Torben, Florian Gotz, Lars Berg, Hans-Peter Kollmeier, and Frank Gauterin. 2015. Model-
based Development of a Holistic Thermal Management System for an Electric Car with a High
Temperature Fuel Cell Range Extender. Proceedings of the 11th International Modelica
Conference: 127-133. doi: 10.3384/ecp15118127.

Flehmig, Folko, Frank Kastner, Kosmas Knddler, and Michael Knoop. 2014. Eco ACC for Electric and
Hybrid Electric Vehicles. ATZ worldwide, 116 (4): 10-15. doi: 10.1007/s38311-014-0159-2.

Forschungszentrum Julich. 2017. Energy Transition. ATZ worldwide, 119 (6): 63.

Forschungszentrum Jilich. 2018. Turbocharger for Lithium-ion Batteries. ATZ worldwide, 120 (9): 75.

Franke, Jorg, Michael Weigelt, Peter M. Bican, and Kilian Batz. 2019. Analysis of Electric Vehicle
Range Potentials. ATZ worldwide, 121 (5): 78-83. doi: 10.1007/s38311-019-0044-0.

Fraunhofer IPT. 2019. Hot Forming of Bipolar Plates. ATZ worldwide, 121 (12): 40.

Fraunhofer IWKS. 2020. Recycling Fuel Cells. ATZ worldwide, 122 (6): 32.

Friedrich, Horst E. and Peter Treffinger. 2006. Hylite. ATZ worldwide, 108 (5): 25-27. doi:
10.1007/BF03224829.

Friel3, Benedikt, Thomas Soczka-Guth, Florian Hofbeck, and Franz Nietfeld. 2018. Challenges in
battery development basics and optimization strategy. ATZ worldwide, 120 (2): 48-53. doi:
10.1007/s38311-017-0188-8.

Funcke, Michael, Sebastian Schafer, David Sturk, and Dominique Dufaut. 2015. Simulation and Active
Protection of Li-lon Traction Batteries. ATZ worldwide, 117 (7): 10-15. doi: 10.1007/s38311-015-
0036-7.

FVV. 2017. Zero-emissions Mobility with H2 Fuel Cells. ATZ worldwide, 119 (9): 66.

Gabele, Hugo, Ferdinand Panik, Christian Wilk, and Martin Ziegler. 2010. Electrochemical drive
system is a winner. ATZ worldwide, 112 (10): 32-37.

Gawer, Annabelle and Michael Cusumano. 2014. Industry Platforms and Ecosystem Innovation.
Journal of Product Innovation Management, 31: 417—-433. doi: 10.1111/jpim.12105.

Gebrehiwot, M. and A. van den Bossche. 2015. Starting requirements of a range extender for electric
vehicles: Based on a small size 4-stroke engine. International Journal of Automotive Technology,
16 (4): 707-713. doi: 10.1007/s12239-015-0071-9.

Geels, Frank W., Benjamin K. Sovacool, Tim Schwanen, and Steve Sorrell. 2017. The Socio-
Technical Dynamics of Low-Carbon Transitions. Joule, 1 (3): 463-479.

Geng, B., J. K. Mills, and D. Sun. 2014. Combined power management/design optimization for a fuel
cell/battery plug-in hybrid electric vehicle using multi-objective particle swarm optimization.
International Journal of Automotive Technology, 15 (4): 645-654. doi: 10.1007/s12239-014-0067-
X.

Gheyle, Niels and Thomas Jacobs. 2017. Content Analysis: a short overview.

Giczi, Wolfram, Christoph Kiigele, Katharina Renner, and Jirgen Rechberger. 2014. Fuel Cell
Diagnostics with Smart Voltage Measurement. ATZ worldwide, 116 (11): 12-17. doi:
10.1007/s38311-014-0236-6.

Gies, Stefan, Sven FalR3bender, Micha Lesemann, Leif Ickert, and Bastian Hartmann. 2009. Concept
car development with the example of a Ford model T successor. ATZ worldwide, 111 (6): 44-51.
doi: 10.1007/BF03225081.

Glaser, Jochen and Grit Laudel. 2010. Experteninterviews und qualitative Inhaltsanalyse, 4.th ed. Den
Haag: VS Verlag fir Sozialwissenschaften.

Gleick, J. 1987. Chaos: Making a New Science. New York: Viking Press.

104



Bibliography

Gobble, MaryAnne M. 2014. Charting the Innovation Ecosystem. Research technology management,
Vol. 57 (4): 55-59.

Gomes, Leonardo, Ana Facin, Mario S. Salerno, and Rodrigo Ikenami. 2018. Unpacking the
innovation ecosystem construct: Evolution, gaps and trends. Technological Forecasting and Social
Change, 136: 30—48. doi: 10.1016/j.techfore.2016.11.009.

Goppelt, Gernot. 2016. The DHT-Redefining Hybrid Transmissions. ATZ worldwide, 118 (07/08): 8—
13. doi: 10.1007/s38313-016-0124-0.

Goppelt, Gernot. 2020. Less Complexity Through Electrification? ATZ worldwide, 122 (9): 8-13. doi:
10.1007/s38311-020-0297-7.

Granstrand, Ove and Marcus Holgersson. 2020. Innovation ecosystems: A conceptual review and a
new definition. Technovation, 90. doi: 10.1016/j.technovation.2019.102098.

Grater, Armin. 2011. Safety of Electric Vehicles During Their Life Cycle. ATZ worldwide, 113 (10): 4-9.
doi: 10.1365/s38311-011-0096-2.

Grolimann, Holger. 2016. Comparing the Refrigerant R1234yf and CO2. ATZ worldwide, 118 (10): 70.

Gu, J., M. Ouyang, D. Lu, J. Li, and L. Lu. 2013. Energy efficiency optimization of electric vehicle
driven by in-wheel motors. International Journal of Automotive Technology, 14 (5): 763—-772. doi:
10.1007/s12239-013-0084-1.

Gutzmer, Peter. 2017. “We expect 48-V systems to become established”. ATZ worldwide, 119 (10):
22-25. doi: 10.1007/s38311-017-0112-2.

Ha, T.-H, H.-S Kim, and Kyoungdoug Min. 2007. Oxygen concentration in the cathode channel of PEM
fuel cell using gas chromatograph. International Journal of Automotive Technology, 8 (1): 119—
126.

Haensgen, Tineke. 2002. Das Kyoto Protokoll: Eine 6konomische Analyse unter besonderer
Bericksichtigung der flexiblen Mechanismen. Bamberg: Bamberg Economic Research Group ion
Government and Growth.

Handtmann. 2019. Modular Housing for High-voltage Batteries. ATZ worldwide, 121 (10): 35.

Hannah, D. P. and K. M. Eisenhardt. 2018. How firms navigate cooperation and competition in
nascent ecosystems. Strategic Management Journal, 39: p. 3163-3192.

Harenbrock, Michael, Alexander Korn, and Andreas Weber. 2020. Holistic design of innovative
cathode air supply for automotive PEM fuel cells, eds. Michael Bargende, Hans-Christian Reuss,
and Andreas Wagner. In 20. Internationales Stuttgarter Symposium: Automobil- und
Motorentechnik, 235—-250. Stuttgart: Springer Vieweg.

Hart, O. and J. Moore. 1990. Property Rights and the Nature of the Firm. Journal of Political Economy,
98 (6): 1119-1158.

He, Qile, David Gallear, and Abby Ghobadian. 2011. Knowledge Transfer: The Facilitating Attributes in
Supply-Chain Partnerships. IS Management, 28: 57—70. doi: 10.1080/10580530.2011.536114.

Heerwagen, Mathias. 2019. How CO2 is Transforming the Automotive Industry. ATZ worldwide, 121
(2): 8-13.

Hegner, Robert and Christoph Weckerle. 2020. Climatization Unit Based on Metal Hydrides for Electric
Vehicles with Battery or Fuel Cell. ATZ worldwide, 122 (1): 78-81.

Heikkild, Marikka and Leni Kuivaniemi. 2012. Ecosystem Under Construction: An Action Research
Study on Entrepreneurship in a Business Ecosystem. Technology Innovation Management
Review, 2: 18-24. doi: 10.22215/timreview/564.

Heim, Rudiger, Holger Hanselka, and Chalid El Dsoki. 2012. Technical Potential of In-Wheel Motors
for Electric Vehicles. ATZ worldwide, 114 (10): 4-9. doi: 10.1007/s38311-012-0226-5.

Heintzel, Alexander. 2012. H2 LIVES! ATZ worldwide, 114 (12): 3.

Heintzel, Alexander. 2014. Creating Conditions. ATZ worldwide, 116 (11): 3.

Heintzel, Alexander. 2016. 1st International ATZ Conference: Grid Integration of Electromobility. ATZ
worldwide, 118 (09): 70-71. doi: 10.1007/s38313-016-0122-2.

Heintzel, Alexander. 2017. Realism Is Required. ATZ worldwide, 119 (12): 3. doi: 10.1007/s38311-
017-0157-2.

105



Bibliography

Heintzel, Alexander. 2018a. Crazy Change of Tack Is Germany Gambling Away Its Climate Targets
with Its Mobility Transition Policy? ATZ worldwide, 120 (2): 10-15.

Heintzel, Alexander. 2018b. Out of the Blind Alley. ATZ worldwide, 120 (11): 3. doi: 10.1007/s38311-
018-0183-8.

Heintzel, Alexander. 2019. Quo Vadis, Mobility Transformation? ATZ worldwide, 121 (11): 8-13.

Heintzel, Alexander and Sven Eisenkramer. 2020. "We need to exploit the opportunities that electric
mobility offers”. ATZ worldwide, 122 (10): 64—67. doi: 10.1007/s38311-020-0310-1.

Heintzel, Alexander, Michael Reichenbach, Marc Ziegler, Robert Unseld, and Frank Jung. 2019. The
Frankfurt Motor Show (1AA) 2019. ATZ worldwide, 121 (12): 8-19. doi: 10.1007/s38311-019-0164-
6.

Hellmann, Mark, Helerson Kemmer, and J6rg Wallaschek. 2013. Analysis of the Process Chains in
Fuel Cell Systems. ATZ worldwide, 115 (7): 38—41. doi: 10.1007/s38311-013-0085-8.

Helmholtz Centre Berlin. 2017. Fuel Cells with PFIA Membranes. ATZ worldwide, 119 (3): 65.

Hendrich, Aline and Benjamin Reuter. 2020. Availability of Critical Raw Materials for Electric Vehicles.
ATZ worldwide, 122 (4): 52-55.

Herbst, Daniel. 2000. Wasserstoffspeicherung in Silizium — Alternative als Kraftstoff fir
Brennstoffzellen. ATZ - Automobiltechnische Zeitschrift, 102 (7): 622—627. doi:
10.1007/BF03224297.

Herold, Konrad, Marius Bohmer, Rene Savelsberg, Alexander Muller, Jan Schroéter, Jan Karthaus, Un-
Jae Seo, Georg Jacbos, Kay Hameyer, and Jakob Andert. 2018. Range Extender Module
Transmission Topology Study. International Journal of Automotive Technology, 19 (5): 869—878.
doi: 10.1007/s12239-018-0084-2.

Hertel, Peter. 2005. Future Technology Challenges - Membranes for Fuel Cells. ATZ worldwide, 107
(6): 22—-25.

Hobday, Michael, Andrew Davies, and Andrea Prencipe. 2005. Systems Integration: A Core Capability
of the Modern Corporation. Industrial and Corporate Change, 14: 1109-1143. doi:
10.1093/icc/dth080.

Hofer, Andreas, Daniel Zeitvogel, Horst E. Friedrich, and Jochen Wiedemann. 2015. Holistic View of
Chassis, Powertrain and Driving Dynamics Control. ATZ worldwide, 117 (4): 48-53. doi:
10.1007/s38311-015-0011-3.

Hofmann, Peter. 2014. Hybridfahrzeuge, 2. Auflage. Wien: Springer Vieweg.

Hohmann, Marc, Benjamin Koschke, and Timo Witzel. 2017. Next Generation of Automotive Power
Electronics, ed. Wolfgang Siebenpfeiffer. In ATZelectronics worldwide, 38—40. Wiesbaden:
Springer Vieweg.

Hopf, Christel and Christiane Schmidt. 1993. Zum Verhaltnis von innerfamilialen sozialen Erfahrungen,
Personlichkeitsentwicklung und politischen Orientierungen: Dokumentation und Erdrterung des
methodischen Vorgehens in einer Studie zu diesem Thema: Unverdffentlichtes Manuskript.

Horn, Christof, Tobias Kottig, Stefan Beer, and Jonas Kampik. 2020. Charging Process Testing -
Continuous Validation as a Strategy for the Future. ATZ worldwide, 122 (2): 42—47. doi:
10.1007/s38311-019-0196-y.

Hu, Xiao. 2012. Numerical Simulation of the Thermal Management for Traction Batteries. ATZ
worldwide, 114 (2): 34-38. doi: 10.1365/s38311-012-0146-4.

lansiti, M. and R. Levien. 2004. The Keystone Advantage: What the New Dynamics of Business
Ecosystems Mean for Strategy, Innovation, and Sustainability. Boston: MA: Harvard Business
School Press.

Ikeya, Kengo, Toru Eguchi, Kazuhiko Mizutani, and Tohru Ohta. 2012. Air-Cooled Fuel Cell System in
Hybrid Scooter. ATZ worldwide, 114 (12): 10-14. doi: 10.1007/s38311-012-0254-1.

Jacobides, M., C. Cennano, and A. Gawer. 2018. Towards a theory of ecosystems. Strategic
Management Journal, 39: p. 2255-2276.

106



Bibliography

Jacobides, M., T. Knudsen, and M. Augier. 2006. Benefiting from Innovation: Value Creation, Value
Appropriation and the Role of Industry Architectures. Research Policy, 35: 1200-1221. doi:
10.1016/j.respol.2006.09.005.

Jacobs University Bremen. 2016. Cost-effective Fuel Cells. ATZ worldwide, 118 (4): 69.

Jahn, Johannes. 2018. Nicht die Reichweite, sondern die Ladeinfrastruktur entscheidet.
https://www.springerprofessional.de/en/elektrofahrzeuge/ladeinfrastruktur/nicht-die-reichweite--
sondern-die-ladeinfrastruktur-
entscheidet/162967527?searchResult=9.Ladeinfrastruktur&searchBackButton=true.

Jakoby, Walter. 2019. Qualitat, ed. Walter Jakoby. In Qualitdtsmanagement fiir Ingenieure: Ein
praxisnahes Lehrbuch fur die Planung und Steuerung von Qualitatsprozessen, 1-28. Wiesbaden:
Springer Fachmedien Wiesbaden.

Jung, D. B., S. W. Cho, S. J. Park, and K. D. Min. 2016. Application of a modified thermostatic control
strategy to parallel mild HEV for improving fuel economy in urban driving conditions. International
Journal of Automotive Technology, 17 (2): 339-346. doi: 10.1007/s12239-016-0034-9.

Jung, Frank. 2019. Growing Potential of Electric Powertrains. ATZ worldwide, 121 (10): 14-15. doi:
10.1007/s38311-019-0136-X.

Jung, Matthias, Andreas Kemle, Thomas Strauss, and Markus Wawzyniak. 2011. Interior Heating for
Hybrid and Electric Vehicles. ATZ worldwide, 113 (5): 36—40. doi: 10.1365/s38311-011-0054-z.

Jung, S., S. H. Park, and B. C. Choi. 2017. Power control strategy for preventing thermal failure of
passively cooled automotive battery packs. International Journal of Automotive Technology, 18 (1):
117-124. doi: 10.1007/s12239-017-0012-x.

Kagermann, Henning. 2016. "I think we are seeing a change of course": Kagermann, Henning. ATZ
worldwide, 118 (10): 22—-25.

Kampker, A., Armin Schnettler, and Dirk Vallee. 2013. Grundlagen, eds. Achim Kampker, Armin
Schnettler, and Dirk Vallee. In Elektromobilitét: Grundlagen einer Zukunftstechnologie, 3—-85.
Achen: Springer Vieweg.

Kampker, A., D. Vallée, and A. Schnettle. 2018. Grundlagen, eds. A. Kampker, D. Vallée, and A.
Schnettle. In Elektromobilitat: Grundlagen einer Zukunftstechnologie, 2. Auflage, 3-85. Aachen,
Deutschland: Springer Vieweg.

Kampker, Achim, Georg Bergweiler, Falko Fiedler, and Ansgar Hollah. 2019. Battery Pack Housing for
Electric Vehicles Made by Laser Beam Welding. ATZ worldwide, 121 (6): 72—77. doi:
10.1007/s38311-019-0058-7.

Kampker, Achim, Christoph Deutskens, Philip Muller, and Thomas C. M. Miller. 2015. Reduction of
Total Cost of Ownership by Use of Electric Vehicles. ATZ worldwide, 117 (3): 28-31. doi:
10.1007/s38311-015-0170-2.

Kampker, Achim, Alexander Gulden, and Christoph Deutskens. 2010. Cost potentials in the assembly
of modularized electric vehicles. ATZ worldwide, 112 (4): 18-22. doi: 10.1007/BF03225232.

Kapoor, Rahul. 2018. Ecosystems: broadening the locus of value creation. Journal of Organization
Design, 7 (1): p. 1-16. doi: 10.1186/s41469-018-0035-4.

Kapoor, Rahul and Joon M. Lee. 2013. Coordinating and competing in ecosystems: How
organizational forms shape new technology investments. Strategic Management Journal, 34 (3):
274-296. doi: 10.1002/sm;j.2010.

Kilper, Moritz, Hristian Naumoski, and Steffen Henzler. 2019. Active materials for electrical motors:
Leverage for reducing costs and increasing performance, eds. Michael Bargende, Hans-Christian
Reuss, Andreas Wagner, and Jochen Wiedemann. In 19. Internationales Stuttgarter Symposium:
Automobil- und Motorentechnik, 267—280. Stuttgart: Springer Vieweg.

Kim, C. and H. Sun. 2012. Topology optimization of gas flow channel routes in an automotive fuel cell.
International Journal of Automotive Technology, 13 (5): 783—-789. doi: 10.1007/s12239-012-0078-
4.

107



Bibliography

Kim, Do-Hyeong and Jae-Hoon Choi. 2020. Analysis of the Transmission Performance of Control Pilot
Signal Lines for Charging Communication in Electric Vehiclesa. International Journal of
Automotive Technology, 21 (2): 519-525. doi: 10.1007/s12239-020-0049-0.

Kim, H. G., Y. S. Kim, and Z. Shu. 2006. Simulation of unit cell performance in the polymer electrolyte
membrane fuel cell. International Journal of Automotive Technology, 7 (7): 867-872.

Kim, Hyunwoong, Cheol Kim, Sanghyeon Kim, Bongjoon Kim, and Chaehong Lim. 2019. Novel Steel
and Aramid/Phenol Composite Gear for a Transmission with Optimum Design and FEM Vibration
Analysis. International Journal of Automotive Technology, 20 (4): 749-754. doi: 10.1007/s12239-
019-0070-3.

Kim, J. 2016. Design of a compact 18-speed epicyclic transmission for a personal mobility vehicle.
International Journal of Automotive Technology, 17 (6): 977-982. doi: 10.1007/s12239-016-0095-
9.

Kim, K. Y., S. C. Kim, and M. S. Kim. 2012. Experimental studies on the heating performance of the
PTC heater and heat pump combined system in fuel cells and electric vehicles. International
Journal of Automotive Technology, 13 (6): 971-977. doi: 10.1007/s12239-012-0099-z.

Kim, S. C., J. C. Park, and M. S. Kim. 2010. Performance characteristics of a supplementary stack-
cooling system for fuel-cell vehicles using a carbon dioxide air-conditioning unit. International
Journal of Automotive Technology, 11 (6): 893—-900. doi: 10.1007/s12239-010-0106-1.

Klassen, Vitalij, Markus Leder, and Jens Hossfeld. 2011. Air-conditioning in Electric Vehicles. ATZ
worldwide, 113 (2): 28-32.

Koch-@rvad, N., C. Thuesen, C. Koch, and T. Berker. 2019. Transforming Ecosystems: Facilitating
Sustainable Innovations Through the Lineage of Exploratory Projects. Project Management
Journal, 50 (5): 602-616. doi: 10.1177/8756972819870623.

Kohle, Uwe, Wolfgang Pfister, and Robert Apfelbeck. 2012. Bioethanol Heater for the Passenger
Compartments of Electric Cars. ATZ worldwide, 114 (1): 36—41. doi: 10.1365/s38311-012-0135-7.

Kall, Lorenz, Tomas Mezger, Thomas Rasilier, and Reinhard Sellmair. 2011. Analysis of the
Configuration of an Electric Vehicle. ATZ worldwide, 113 (2): 60—63. doi: 10.1365/s38311-011-
0023-6.

Kollmeier, Marco, Thorsten Kwast, Marcus Sedlmayr, and Ludger Gehringhoff. 2019. Modular Body
Platform for Electric Mobility. ATZ worldwide, 121 (5): 16—-21. doi: 10.1007/s38311-019-0026-2.

Kraft, Karl H. 2020. Cruising Range of an Electric Automobile on Highways. ATZ worldwide, 122 (4):
66-71. doi: 10.1007/s38311-020-0205-1.

Kraftfahrt-Bundesamt. 2006. Neuzulassungen von Pkw im Jahr 2006 nach Kraftstoffarten.
https://www.kba.de/DE/Statistik/Fahrzeuge/Neuzulassungen/Umwelt/fz_n_umwelt_archiv/2006/20
06_umwelt_uebersicht.html?nn=2601598. Accessed 14th of May, 2021.

Kraftfahrt-Bundesamt. 2007. Neuzulassungen von Pkw im Jahr 2007 nach Kraftstoffarten.
https://www.kba.de/DE/Statistik/Fahrzeuge/Neuzulassungen/Umwelt/fz_n_umwelt_archiv/2007/20
07_umwelt_uebersicht.html?nn=2601598. Accessed 14th of May, 2021.

Kraftfahrt-Bundesamt. 2008. Neuzulassungen von Pkw im Jahr 2008 nach Kraftstoffarten.
https://www.kba.de/DE/Statistik/Fahrzeuge/Neuzulassungen/Umwelt/fz_n_umwelt_archiv/2008/20
08_n_emi_eckdaten.html?nn=2594996. Accessed 30th of March, 2021.

Kraftfahrt-Bundesamt. 2018. Neuzulassungen von Pkw in den Jahren 2009 bis 2018 nach
ausgewabhlten Kraftstoffarten.
https://www.kba.de/DE/Statistik/Fahrzeuge/Neuzulassungen/Umwelt/fz_n_umwelt_archiv/2018/n_
umwelt_z.html?nn=2594996. Accessed 30th of March, 2021.

Kraftfahrt-Bundesamt. 2019. Neuzulassungen von Pkw in den Jahren 2010 bis 2019 nach
ausgewahlten Kraftstoffarten.
https://www.kba.de/DE/Statistik/Fahrzeuge/Neuzulassungen/Umwelt/fz_n_umwelt_archiv/2019/n_
umwelt_z.html?nn=2601598. Accessed 14th of May, 2021.

Kreisel Electric. 2019. Mobile Storage System Charges E-vehicles with up to 160 kW. ATZ worldwide,
121 (3): 35.

108



Bibliography

Kreyenberg, Danny, Jorg Wind, Jan Devries, and Alexandre Fuljahn. 2013. Assessing the Customer
Value of Electric Vehicles. ATZ worldwide, 115 (1): 22—-27. doi: 10.1007/s38311-013-0006-x.

Kritzer, Peter, Rudolf Gattringer, Olaf Nahrwold, and Ralf Heldmann. 2015. Sealing and Elastomer
Components in Cooling Circuits for Electric Vehicles. ATZ worldwide, 117 (7): 32—-37. doi:
10.1007/s38311-015-0032-y.

Kritzer, Peter and Olaf Nahrwold. 2011. Sealing and Fixing Elements for Flexible Cells in Large-Scale
Lithium Batteries. ATZ worldwide, 113 (6): 26—29. doi: 10.1365/s38311-011-0063-y.

Kuchenbuch, Kai, Thomas Vietor, and Jirgen Stieg. 2011. Optimisation Algorithms for the Design of
Electric Cars. ATZ worldwide, 113 (7): 16—19. doi: 10.1365/s38311-011-0072-X.

Ladwig, Stefan, Paul Zisensis, Jérg Kifen, and Maximilian Schwalm. 2017. Web-based Planning Tool
for Rapid Charging Infrastructure. ATZ worldwide, 119 (10): 16-21. doi: 10.1007/s38311-017-
0110-4.

Lee, Changwon, Jungho Kwon, Youngrok Lee, and Jaehyun Park. 2012a. Optimised air-conditioning
system for increased range of electric vehicles. ATZ worldwide, 114 (6): 22—-27. doi:
10.1007/s38311-012-0173-1.

Lee, Chung-Hong and Chih-Hung Wu. 2019. Learning To Recognize Driving Patterns For Collectively
Characterizing Electric Vehicle Driving Behaviors. International Journal of Automotive Technology,
20 (6): 1263-1276. doi: 10.1007/s12239-019-0118-4.

Lee, D. 2015. Experimental study on the heat pump system using R134a refrigerant for zero-emission
vehicles. International Journal of Automotive Technology, 16 (6): 923—-928. doi: 10.1007/s12239-
015-0094-2.

Lee, D. H., N. W. Kim, J. R. Jeong, Y. |. Park, and S. W. Cha. 2013. Component sizing and engine
optimal operation line analysis for a plug-in hybrid electric transit bus. International Journal of
Automotive Technology, 14 (3): 459-469. doi: 10.1007/s12239-013-0050-y.

Lee, D. W. 2014. Development of BLDC motor and multi-blade fan for HEV battery cooling system.
International Journal of Automotive Technology, 15 (7): 1101-1106. doi: 10.1007/s12239-014-
0114-7.

Lee, J., S. Song, and K. M. Chun. 2012b. Study of n-C12H26 reforming over DFC catalyst in a
simulated Diesel exhaust. International Journal of Automotive Technology, 13 (1): 22—-31.

Lee, PilH., S. A. Cho, S. S. Han, and S. S. Hwang. 2007. Perform-ance characteristics of proton
exchange membrane fuel cell (PEMFC) with interdigitated flow channel. International Journal of
Automotive Technology, 8 (6): 761-769.

Lee, Sang H., Man H. Kim, and Suk Lee. 2019. Development of an Energy Prediction Model Based on
Driving Data for Predicting the Driving Distance of an Electric Vehicle. International Journal of
Automotive Technology, 20 (2): 389-395. doi: 10.1007/s12239-019-0038-3.

Li, Jun. 2012. “We are Ready for Large-Scale Commercialisation for Electric Vehicles”. ATZ
worldwide, 114 (10): 10-12. doi: 10.1007/s38311-012-0227-4.

Li, Jun. 2013. Development Trends for Electric Vehicles in China. ATZ worldwide, 115 (1): 12-17. doi:
10.1007/s38311-013-0004-z.

Li, Z., M. Chowdhury, P. Bhavsar, and Y. He. 2015. Optimizing the performance of vehicle-to-grid
(V2G) enabled battery electric vehicles through a smart charge scheduling model. International
Journal of Automotive Technology, 16 (5): 827—837. doi: 10.1007/s12239-015-0085-3.

Liebl, Johannes. 2016. Piecemeal Approach (ATZ worldwide, 118 (9): 7.

Liebl, Johannes. 2018a. Not Running Smoothly. ATZ worldwide, 120 (11): 9.

Liebl, Johannes. 2018b. Only a Combined Breakthrough is Possible. ATZ worldwide, 120 (6): 9.

Liebl, Johannes. 2018c. Plan for Electric Mobility Long Overdue. ATZ worldwide, 120 (2): 9.

Liebl, Johannes. 2019a. Giving the Situation some Thought. ATZ worldwide, 121 (12): 6—7.

Liebl, Johannes. 2019b. Parallel Approaches. ATZ worldwide, 121 (6): 7.

Liebl, Johannes. 2020. The Existing Fleet is Part of the Solution. ATZ worldwide, 122 (5): 6-7.

109



Bibliography

Lim, J. M. and G. H. Kim. 2010. Crash protection of Hybrid Electrical Vehicles for amending the
KMVSS No. 91. International Journal of Automotive Technology, 11 (6): 825-830. doi:
10.1007/s12239-010-0098-x.

Lim, Sung H., Jinseong Kim, and Yeong |. Park. 2020. Real-Time Control Algorithm for Hybrid System
Using Gear Shift Map and Mode Conversion Map. International Journal of Automotive Technology,
21 (1): 41-49. doi: 10.1007/s12239-020-0005-z.

Lindner, Stefan. 2019. Stainless Steel in Traction Battery Housings. ATZ worldwide, 121 (3): 64—67.
doi: 10.1007/s38311-018-0227-0.

List, Jocelyne, Olivier Rebuffet, and Kai Schwarz. 2020. Metallurgical and Design Innovations for the
Development of Aluminum Battery Housings. ATZ worldwide, 122 (10): 60—63. doi:
10.1007/s38311-020-0288-8.

Liu, X., D. Diallo, and C. Marchand. 2011. Design methodology of hybrid electric vehicle energy
sources: Application to fuel cell vehicles. International Journal of Automotive Technology, 12 (3):
433. doi: 10.1007/s12239-011-0051-7.

Liu, X., M. Li, and M. Xu. 2016. Kriging assisted on-line torque calculation for brushless DC motors
used in electric vehicles. International Journal of Automotive Technology, 17 (1): 153-164. doi:
10.1007/s12239-016-0015-z.

Ludwig-Bolkow-Systemtechnik GmbH. 2020. Development of H2 refueling infrastructure worldwide.
https://www.h2stations.org/statistics/. Accessed 15th of May, 2021.

Ma, C., J. Kang, W. Choi, M. Song, J. Ji, and H. Kim. 2012. A comparative study on the power
characteristics and control strategies for plug-in hybrid electric vehicles. International Journal of
Automotive Technology, 13 (3): 505-516. doi: 10.1007/s12239-012-0048-x.

Mabhle. 2016. Integrated Thermal Management. ATZ worldwide, 118 (6): 55.

Maiwald, Oliver, Pamphile Poumbga, Rene Regeisz, and Matthias Rihl. 2010. Simulation environment
for the analysis of different hybrid powertrain configurations. ATZ worldwide, 112 (1): 38—43. doi:
10.1007/BF03225227.

Makinen, S. J. and Ozgur Dedehayir. 2012. Business ecosystem evolution and strategic
considerations: A literature review. 2012 18th International Conference on Engineering,
Technology and Innovation, ICE 2012 - Conference Proceedings. doi: 10.1109/ICE.2012.6297653.

Marinova, S., J. Larimo, and N. Nummela. 2017. Value Creation in the Internationalization of SMEs,
eds. S. Marinova, J. Larimo, and N. Nummela. In Value Creation in International Business: Volume
2: An SME Perspective, p. 1-5. Aalborg, Vaasa, Turku: Springer International Publishing.

Marker, Friedrich, Faramarz Jamaly, and Julian Zycinski. 2001. Reducing Emissions from Motor
Vehicles by Using Hybrid Drives. ATZ worldwide, 103 (1): 21-24.

Marongiu, A. and D. U. Sauer. 2016. On-board aging estimation using half-cell voltage curves for
LiFePO4 cathode-based lithium-ion batteries for EV applications. International Journal of
Automotive Technology, 17 (3): 465—472. doi: 10.1007/s12239-016-0048-3.

Martin, Michael, Premstaller Robert, and Arno Eichberger. 2015. Virtual Optimisation of Fleet
Consumption under Cost Consideration. ATZworlwide, Volume 117 (01): 54-59.

Massonet, Christoph, Nils R. Neumann, Michael Funcke, and Karl M. Radlmayr. 2019. Toolkit for
Steel-based High-voltage Battery Housings. ATZ worldwide, 121 (9): 44—49. doi: 10.1007/s38311-
019-0094-3.

Masucci, Monica, Stefano Brusoni, and Carmelo Cennamo. 2020. Removing bottlenecks in business
ecosystems: The strategic role of outbound open innovation. Research Policy, 49 (1): 1-17. doi:
10.1016/j.respol.2019.103823.

Matt, Jean-Claude and Derek De-Bono. 2008. Micro-mild hybrids using ultra-cap technology. ATZ
worldwide, 110 (12): 12-19. doi: 10.1007/BF03225048.

Mattarelli, E., C. A. Rinaldini, and G. Cantore. 2015. CFD optimization of a 2-stroke range extender
engine. International Journal of Automotive Technology, 16 (3): 351-369. doi: 10.1007/s12239-
015-0037-y.

110



Bibliography

Mayring, Philipp. 2014. Qualitative content analysis: Theoretical foundation, basic procedures and
software solution. Klagenfurt: Beltz Verlag.

Mayring, Philipp. 2015. Qualitative Inhaltsanalyse: Grundlagen und Techniken, 12. Auflage.
Klagenfurt: Beltz Verlag.

Mayring, Philipp and Eva Brunner. 2006. Qualitative Textanalyse — Qualitative Inhaltsanalyse, eds.
Vito Flaker and Tom Schmid. In Von der Idee zur Forschungsarbeit, 453—-462. Wien: Béhlau.

Mayring, Philipp and Thomas Fenzl. 2014. Qualitative Inhaltsanalyse, eds. Nina Baur and Jorg
Blasius. In Handbuch Methoden der empirischen Sozialforschung, 543-556. Wiesbaden: Springer
Fachmedien Wiesbaden.

McConnell, Virginia, Benjamin Leard, and Fred Kardos. 2019. California’s Evolving Zero Emission
Vehicle Program: Pulling New Technology into the Market. Resources for the future, 19 (22): 1-45.

Mercedes-Benz Museum GmbH. 2019. 25 Jahre NECAR: Der Brennstoffzellen-Elektroantrieb feiert
Geburtstag.

Milgrom, Paul and John Roberts. 1994. Complementarities and Systems: Understanding Japanese
Economic Organization. Estudios Econdmicos, 9 (1 (17)): 3-42.

Miller, J. D. and C. Facanha. 2014. The state of clean transport policy: A 2014 synthesis of vehicle and
fuel policy developments. https://theicct.org/publications/state-clean-transport-policy-2014-
synthesis-vehicle-and-fuel-policy-developments.

Minnrich, Jan P., Jan Teichmann, Lars-Oliver Gusig, and Ferit Kii¢glikay. 2016. Mobile Range Extender
Coupled with Combined Heat and Power Generation. ATZ worldwide, 118 (5): 74-79. doi:
10.1007/s38311-016-0017-5.

Mirsalehian, Mohammadali and Ridiger Beykirch. 2020. Thermal Investigation and Physical Modeling
of Lithium-ion Batteries. ATZ worldwide, 122 (2): 36—41. doi: 10.1007/s38311-019-0172-6.

Mohrdieck, Christian and Steffen Dehn. 2020. Intelligent Fuel Cell Plug-in Hybrid Drive System. ATZ
worldwide, 122 (1): 62—68.

Mohrdieck, Christian and Andreas Docter. 2007. Technical Status and Outlook for Fuel-Cell Drive
Systems. ATZ worldwide, 109 (9): 9-11.

Monaghan, M. L. 2000. Future gasoline and diesel engines: Review. International Journal of
Automotive Technology, 1 (1): 1-8.

Moore, J. F. 1993. Predators and Prey: A New Ecology Competition. Harvard Business Review, 71
(71): p. 75-86.

Moore, J. F. 1996. The death of competition: leaderships and strategy in the era of ecosystems. NY-
Harper Collins: New York.

Morsy, Hebatollah. 2017. Buyer-Supplier Relationships and Power Position: Interchanging.
International Journal of Supply and Operations Management, 4: 33-52.

Muckenhoff, Thomas, Florian Fritzsche, and Uwe J. Blume. 2019. Energy Management and Hybrid
Storage Concept for Electric Vehicles. ATZ worldwide, 121 (10): 16—-21. doi: 10.1007/s38311-019-
0116-1.

Mdiller, Christiane. 2015. Strategisches Management im Unternehmen, ed. Stefan Vorbach. In
Unternehmensfihrung und Organisation: Grundwissen fur Wirtschaftsingenieure in Studium und
Praxis, 127-240. Graz: Facultas Verlags- und Buchhandels AG.

Mdller, Dirk, Rita Streblow, Bjorn Flieger, and Arne Jachens. 2011. Energy and Comfort Model for
Automobile Interior Spaces. ATZ worldwide, 113 (11): 10-15. doi: 10.1365/s38311-011-0109-1.

Muiller, Helfried, Axel-Oscar Bernt, Patrick Salman, and Alexander Trattner. 2017. Fuel cell range
extended electric vehicle fcreev long driving ranges without emissions. ATZ worldwide, 119 (5):
56-60. doi: 10.1007/s38311-017-0033-0.

Nalbach, Marc and Christian Wagner. 2015. Realisation of Safe Management Systems for Lithium-ion
Batteries. ATZ worldwide, 117 (3): 16-19. doi: 10.1007/s38311-015-0167-x.

Nerling, Jannes, Florian Schaller, and Oliver Arnhold. 2016. Thermal Pre-conditioning of Electric
Vehicles for Range Extension. ATZ worldwide, 118 (7): 38—43. doi: 10.1007/s38311-016-0065-x.

111



Bibliography

Neumeister, Dirk, Achim Wiebelt, and Thomas Heckenberger. 2010. Integration of a lithium-ion battery
into hybrid and elelectric vehicles. ATZ worldwide, 112 (4): 12—-16. doi: 10.1007/BF03225238.

Nietschke, Wilfried, Frank Fickel, and Steffen Kimmell. 2011. Inductive Energy Transfer for Electric
Vehicles. ATZ worldwide, 113 (4): 22-27.

Nikola. 2019. Fuel Cell Trucks for Europe. ATZ worldwide, 121 (1): 32.

Nést, Michael, Christian Doppler, Manfred Klell, and Alexander Trattner. 2016. Thermal Management
of PEM Fuel Cells, eds. Daniel Watzenig and Bernhard Brandstatter. In Comprehensive Energy
Management: Safe Adaptation, Predictive Control and Thermal Management, 93-112. Graz:
Springer Vieweg.

Novak, Pavel and Gunter Krainz. 2010. Innovative high prel3ure cylinders for automotive
applicications. ATZ worldwide, 112 (3): 18-21. doi: 10.1007/BF03225120.

Ogrzewalla, Jurgen, Marius Walters, and Axel Kuhlmann. 2013. Fuel Cell Systems as Range
Extenders for Electric Vehicles. ATZ worldwide, 115 (11): 4-9. doi: 10.1007/s38311-013-0122-7.

Osteras, T., D.N.P. Murthy, and Marvin Rausand. 2006. Product performance and specification in new
product development. Journal of Engineering Design, 17 (2): 177-192. doi:
10.1080/09544820500275735.

Ouddah, Nadir, Lounis Adouane, and Rustem Abdrakhmanov. 2018. From Offline to Adaptive Online
Energy Management Strategy of Hybrid Vehicle Using Pontryagin’s Minimum Principle.
International Journal of Automotive Technology, 19 (3): 571-584. doi: 10.1007/s12239-018-0054-
8.

Park, C., K. Oh, D. Kim, and H. Kim. 2004. Development of fuel cell hybrid electric vehicle
performance simulator. International Journal of Automotive Technology, 05 (4): 287-295.

Park, S.-K., S.-Y. Choe, T.-W. Lim, J.-S. Kim, D.-H. Seo, and J. H. Choi. 2013. Analysis of a shell-and-
tube type gas-to-gas membrane humidifier for an automotive polymer electrolyte membrane fuel
cell power system. International Journal of Automotive Technology, 14 (3): 449-457. doi:
10.1007/s12239-013-0049-4.

Pathak, Aditya, Matthias Binder, Fenggi Chang, Aybike Ongel, and Markus Lienkamp. 2020. Analysis
of the Influence of Air Curtain on Reducing the Heat Infiltration and Costs in Urban Electric Buses.
International Journal of Automotive Technology, 21 (1): 147-157. doi: 10.1007/s12239-020-0015-
X.

Pehr, Klaus, Sylvester Burckhardt, Johannes Koppi, Thomas Korn, and Paul Partsch. 2002. Hydrogen
— the fuel of the future — The BMW 750hl. ATZ worldwide, 104 (2): 6-9. doi:
10.1007/BF03224539.

Penrose, Edith. 1959. The theory of the growth of the firm. New York: John Wiley & Sons, Ltd.

Peschka, Walter. 2004a. The Development of Hydrogen Propulsion for Series Production. ATZ
worldwide, 106 (6): 24-27.

Peschka, Walter. 2004b. The Development of Hydrogen Propulsion for Series Production: Part 2. ATZ
worldwide, 106 (7): 41-44.

Pfister, Andreas, Andreas Geng, Christian Kleeberger, and Anastassia Kiistenmacher. 2020.
Objective Vehicle Dynamics Investigations on Cars with Battery Electric Drives. ATZ worldwide,
122 (12): 36—41. doi: 10.1007/s38311-020-0323-9.

Pi, J. M., Y. S. Bak, Y. K. You, D. H. Park, and H. S. Kim. 2016. Development of route information
based driving control algorithm for a range-extended electric vehicle. International Journal of
Automotive Technology, 17 (6): 1101-1111. doi: 10.1007/s12239-016-0107-9.

Picron, Vanessa, Damien Fournigault, Philippe Baudesson, and Paul Armiroli. 2012. Cost-Efficient
Hybrid Powertrain System with 48 V Network. ATZ worldwide, 114 (10): 46-50. doi:
10.1007/s38311-012-0234-5.

Pischinger, Stefan, Peter Genender, Stefan Klopstein, and David Hemkemeyer. 2014. Challenges in
Thermal Management of Hybrid and Electric Vehicles. ATZ worldwide, 116 (4): 36—41. doi:
10.1007/s38311-014-0164-5.

112



Bibliography

Porter, M. E. 1985. Competitive Advantage: Creating and Sustaining Superior Performance: Free
Press.

Porter, M. E. 1998. Competitive advantage: Creating and Sustaining Superior Performance. Brookline,
Massachusetts: Free Press.

Powell, Walter. 1990. Neither Market Nor Hierarchy: Network Forms of Organization. Research in
Organizational Behaviour, 12: 295-336.

Prestl, Willibald and Volkmar Wagner. 2012. Energy and Sustainability Aspects of Drive Systems. ATZ
worldwide, 114 (7): 10-14. doi: 10.1007/s38311-012-0185-x.

Prokop, Ginther and Per Lewerenz. 2011. Thermal Management: Solutions for new and old
challenges. ATZ worldwide, 113 (11): 4-9.

Pudenz, Karin. 2013. Golf elektrifiziert: Reichweite bis zu 190 km, LED-Scheinwerfer serienmafiig.
https://www.springerprofessional.de/automobil---motoren/elektromotor/golf-elektrifiziert-reichweite-
bis-zu-190-km-led-scheinwerfer-se/6560872?searchResult=9.VW%20E-
Golf&searchBackButton=true. Accessed 31th of March 2021.

Pundt, Mirko, Matthias Kirchner, Thomas Stremlau, and Gerhard Méarker. 2018. Integrating a fuel cell
system into a vehicle. ATZ worldwide, 120 (2): 38-41. doi: 10.1007/s38311-017-0164-3.

Rabl, Benedikt, Michael Waltenberger, Alois Steiner, and Matthias Hutter. 2017. Traction Battery as
Heat Storage in the Heat Pump Cycle of an Electric Vehicle. ATZ worldwide, 119 (1): 26-31. doi:
10.1007/s38311-016-0164-8.

Radiker, Stefan and Udo Kuckartz. 2019. Einleitung: Qualitative Daten mit Software analysieren, eds.
Stefan Radiker and Udo Kuckartz. In Analyse qualitativer Daten mit MAXQDA: Text, Audio und
Video, 1-12. Wiesbaden: Springer Fachmedien Wiesbaden.

Ramsauer, Peter. 2012. Bundesregierung und Industrie errichten Netz von 50 Wasserstoff-
Tankstellen.

Reichenbach, Michael. 2011. At the push of a button. ATZ worldwide, 113 (07): 3.

Reichenbach, Michael. 2016a. Approaches to Electric Mobility. ATZ worldwide, 118 (5): 14-15.

Reichenbach, Michael. 2016b. Electric Cars Reach Maturity. ATZ worldwide, 118 (10): 3. doi:
10.1007/s38311-016-0122-5.

Reichenbach, Michael. 2017. Efficient Thermal Management. ATZ worldwide, 119 (1): 15.

Reichenbach, Michael. 2018. Electric Mobility. ATZ worldwide, 120 (10): 3.

Reichenbach, Michael. 2021. Automobiltechnische Zeitschrift. https://atz-magazine.com/. Accessed
24th of February 2021.

Rinderknecht, Stephan. 2018. Overall system — The key to electric mobility. ATZ worldwide, 120 (2):
74. doi: 10.1007/s38311-017-0184-z.

Ritala, Paavo, Leena Aarikka-Stenroos, and Devi Gnyawali. 2020. Co-Evolution of Ecosystem Value
Proposition Across Institutional Fields: Longitudinal Case Study. Academy of Management
Proceedings, 2020 (1): 1-6. doi: 10.5465/AMBPP.2020.145.

Robertson, Ted. 2011. “Putting global perspectives across”. ATZ worldwide, 113 (2): 8-11. doi:
10.1365/s38311-011-0013-8.

Roche, M., D. Sabria, and M. Mammetti. 2016. Accessible pre-design calculation tool to support the
definition of EV components. International Journal of Automotive Technology, 17 (3): 509-521.
doi: 10.1007/s12239-016-0052-7.

Roéhrl, Thomas, Gregor Schmitt, and Lutz-Wolfgang Tiede. 2013. Systems Competence for
Electromobility. ATZ worldwide, 115 (3): 38—42. doi: 10.1007/s38311-013-0030-x.

Rubens, Neil, Kaisa Still, Jukka Huhtamaki, and Martha Russell. 2011. A Network Analysis of
Investment Firms as Resource Routers in Chinese Innovation Ecosystem. JSW, 6: 1737-1745.
doi: 10.4304/jsw.6.9.1737-1745.

Ruhr-University Bochum. 2017. New Sensors for Batteries in Electric Cars. ATZ worldwide, 119 (3):
64.

113



Bibliography

Sahr, Christian, Lutz Berger, Micha Lesemann, Peter Urban, and Martin Goede. 2010. Systematic
Material Selection for the SuperLight-Car’s Body-in-White. ATZ worldwide, 112 (5): 20-26. doi:
10.1007/BF03247168.

Samuelson, Paul A. 1974. Complementarity: An Essay on The 40th Anniversary of the Hicks-Allen
Revolution in Demand Theory. Journal of Economic Literature, 12 (4): 1255-1289.

Sang, Jochen, Massimo Venturi, and Ralf Bocksch. 2008. NVH-Challenges of Air Supply Subsystems
for Automotive Fuel Cell Applications. SAE International Journal of Engines, 1: 258-266. doi:
10.4271/2008-01-0316.

Sawazki, Egor, Martin Brull, Siegmund Deinhard, and Christoph Baumgartner. 2015. Potential for
Increasing the Range of Electric Vehicles in the Winter. ATZ worldwide, 117 (1): 20-23. doi;
10.1007/s38311-015-0148-0.

Schéfer, Patrick. 2021. Einheitszelle von Volkswagen soll Batteriekosten halbieren.
https://www.springerprofessional.de/automobilproduktion/batterie/einheitszelle-von-volkswagen-
soll-batteriekosten-halbieren. Accessed 1st of April, 2021.

Scharrer, Otmar, Marco Warth, Achim Wiebelt, and Daniel Rieger. 2018. Vehicle Concept for the
Urban Mobility of Tomorrow. ATZ worldwide, 120 (3): 18-23. doi: 10.1007/s38311-017-0189-7.

Scherer, Gunther G. and Alexander Rdder. 2001. The impact of fuel cell technology for automotive
applications. ATZ worldwide, 103 (4): 2-5. doi: 10.1007/BF03226434.

Schickram, Stephan, Zhi Till, and Markus Lienkamp. 2013. Design of Electric Vehicle Concepts for
Megacities in Asia. ATZ worldwide, 115 (2): 24-28. doi: 10.1007/s38311-013-0018-6.

Schiederig, Tim, Frank Tietze, and Cornelius Herstatt. 2012. Green innovation in technology and
innovation management: An exploratora literature review. R & D Management, Volume 42 (2):
180-192.

Schiott, Stefan. 2011. Technology Trends at the IAA 2011. ATZ worldwide, 113 (9): 4-9. doi:
10.1365/s38311-011-0082-8.

Schlott, Stefan. 2020. The Routes to Carbon-neutral Freight Transport. ATZ worldwide, 122 (4): 8-13.

Schmidt, Carolin and Christoph van Treeck. 2015. Local Climate-control Measures in Electric
Vehicles. ATZ worldwide, 117 (11): 56—63. doi: 10.1007/s38311-015-0072-3.

Schmidt, Steffen. 2020. Virtual Vehicle Development as the Basis of Modern Vehicle Architectures.
ATZ worldwide, 122 (6): 46-50.

Schdggl, Peter, Andreas Haimann, and Leo Ress. 2011. Hybrid in Motorsports. ATZ worldwide, 113
(2): 40-45.

Schéttle, Markus. 2020. "Sustainability studies must include potential for improvement". ATZ
worldwide, 122 (1): 58-61.

Schulz, Alexandra, Volker Schindler, and Stefanie Marker. 2012. Entering the Electric Mobility Market.
ATZ worldwide, 114 (1): 60-66. doi: 10.1365/s38311-012-0139-3.

Schulze, Thomas, Gerrit Bolz, Christian Striibel, and Burkhard Wies. 2010. Tire technology in target
conflict of rolling resistance and wet grip. ATZ worldwide, 112 (7): 26—32. doi:
10.1007/BF03225250.

Schumpeter, Joseph. 2003. The Theory of Economic Development, ed. Joseph Alois Schumpeter. In
Entrepreneurship, Style and Vision, 61-116. New York, Boston, Dordrecht, London, Moscow:
Kluwer Academic Publishers.

Schirmann, Gregor, Georg Eisele, Peter Genender, and Klaus Wolff. 2012. Low-Noise Range
Extenders for Electric Vehicles. ATZ worldwide, 114 (11): 58-64. doi: 10.1007/s38311-012-0250-
5.

Schweizer, Nicole, Andreas Giessl, and Oliver Schwarzhaupt. 2012. Development of a CFRP
lightweight design wheel with an integral electric motor. ATZ worldwide, 114 (5): 54-57. doi:
10.1007/s38311-012-0206-9.

Seidel, Kristian, Thirunavukkarasu, Dinesh, Stig Tjgtta, and Klaus Vieregge. 2020. Sustainability
Assessment of Low CO2-emission Aluminum Materials. ATZ worldwide, 122 (11): 62—66.

114



Bibliography

Sharma, Deepak and Avadhesha Surolia. 2013. Degree Centrality, eds. Werner Dubitzky, Olaf
Wolkenhauer, Kwang-Hyun Cho, and Hiroki Yokota. In Encyclopedia of Systems Biology, 558.
New York, NY: Springer New York.

Shen, C. C. and J. H. Lu. 2014. Analysis of the performance of the evaporator of automotive air
conditioning system. International Journal of Automotive Technology, 15 (1): 19-38. doi:
10.1007/s12239-014-0003-0.

Shen, Daliang, Liting Lu, and Steffen Miller. 2017. Optimising Driving and Powertrain Control in Serial
Hybrid Vehicles. ATZ worldwide, 119 (11): 68-71. doi: 10.1007/s38311-017-0114-0.

Shin, D.-H., B.-H. Lee, J.-B. Jeong, H.-S. Song, and H.-J. Kim. 2011. Advanced hybrid energy storage
system for mild hybrid electric vehicles. International Journal of Automotive Technology, 12 (1):
125-130. doi: 10.1007/s12239-011-0016-X.

Shinobu, Sekine and Koichi Kojima. 2011. Progress and Challenges in Toyota’s Fuel Cell Vehicle
Development. In SAE Technical Paper. The Automotive Research Association of India.

Shipilov, A. and A. Gawer. 2020. Integrating Research on Inter-Organizational Networks and
Ecosystems. Academy of Management Annals, 14 (1): p. 92-121. doi: 10.5465/annals.2018.0121.

Siebel, Thomas. 2016. Electricity and Resistance. ATZ worldwide, 118 (12): 8-13. doi:
10.1007/s38311-016-0157-7.

Simonis, Christoph. 2019. Flexible Range Prediction for the Energy Management of Electric Vehicles.
ATZ worldwide, 121 (9): 74-79. doi: 10.1007/s38311-019-0100-9.

Singh, Tanuj and Eric Boissiere. 2019. Infrastructural Challenges and Concept for Mobile Charging
Vehicles. ATZ worldwide, 121 (2): 36—39. doi: 10.1007/s38311-018-0229-y.

Song, J. H., J. X. Wang, H. B. Tang, X. J. Mao, and B. Zhuo. 2009. Diesel hybrid electric vehicle
hardware system. International Journal of Automotive Technology, 10 (4): 523-528. doi:
10.1007/s12239-009-0060-y.

Sontheim, Johann. 2008. Kinetic energy storage in hybrid vehicles. ATZ worldwide, 110 (3): 30-34.

Spange, Stefan and Falko Bottger-Hiller. 2014. More Powerful Lithium-Sulphur Batteries through Twin
Polymerisation. ATZ worldwide, 116 (4): 60—64. doi: 10.1007/s38311-014-0169-0.

Springer Fachmedien Wiesbaden. 2018. Optimizing mobility in the digital age. ATZ worldwide, 120 (5):
64-65. doi: 10.1007/s38311-018-0068-X.

Springer Fachmedien Wiesbaden GmbH. 2021. Springer Professional.
https://www.springerprofessional.de/. Accessed 24th of February 2021.

Stan, Cornel and Jean Personnaz. 2000. Hybridantriebskonzept fur Stadtwagen auf Basis eines
kompakten Zweitaktmotors mit Ottodirekteinspritzung. ATZ - Automobiltechnische Zeitschrift, 102
(2): 119-127.

Steiner, Alois, Gero Mimberg, Felix Weidmann, and Andrés Caldevilla. 2018. Using a Traction Battery
as Thermal Storage. ATZ worldwide, 120 (1): 62—67. doi: 10.1007/s38311-017-0145-6.

Steiner, Alois, Benedikt Rabl, Michael Waltenberger, and René Rieberer. 2015. Energy-efficient
Defrosting of Heat Pump Systems for Passenger Cars. ATZ worldwide, 117 (2): 20-23. doi:
10.1007/s38311-015-0159-x.

Steiner, Michael. 2017. Charge Faster, Drive Longer. ATZ worldwide, 119 (1): 78. doi:
10.1007/s38311-016-0172-8.

Stephens, D., P. Shawcross, G. Stout, E. Sullivan, J. Saunders, S. Risser, and J. & Sayre. 2017.
Lithium-ion battery safety issues for electric and plug-in hybrid vehicles. Washington DC, USA:
National Highway Traffic Safety Administration.

Suck, Gerrit and Carsten Spengler. 2014. Solutions for the Thermal Management of Electrically Driven
Vehicles. ATZ worldwide, 116 (7): 4-9. doi: 10.1007/s38311-014-0198-8.

Suh, B., A. Frank, Y. J. Chung, E. Y. Lee, Y. H. Chang, and S. B. Han. 2011. Powertrain system
optimization for a heavy-duty hybrid electric bus. International Journal of Automotive Technology,
12 (1): 131-139. doi: 10.1007/s12239-011-0017-9.

115



Bibliography

Suh, I. S., M. Y. Lee, and D. D. Vu. 2014. Prototype design and evaluation of an FSAE-based pure
electric vehicle with wireless charging technology. International Journal of Automotive Technology,
15 (7): 1165-1174. doi: 10.1007/s12239-014-0121-8.

Sun, Binbin, Song Gao, Chao Ma, and Junwei Li. 2018. System power loss optimization of electric
vehicle driven by front and rear induction motors. International Journal of Automotive Technology,
19 (1): 121-134. doi: 10.1007/s12239-018-0012-5.

Sun, Zhigiang, Bingzhao Gao, Jiagi Jin, and Kazushi Sanada. 2019. Modeling, Analysis and
Simulation of a Novel Automated Manual Transmission with Gearshift Assistant Mechanism.
International Journal of Automotive Technology, 20 (5): 885-895. doi: 10.1007/s12239-019-0082-
z.

Sung, W., D. S. Hwang, B.-J. Jeong, J. Lee, and T. Kwon. 2016. Electrochemical battery model and its
parameter estimator for use in a battery management system of plug-in hybrid electric vehicles.
International Journal of Automotive Technology, 17 (3): 493-508. doi: 10.1007/s12239-016-0051-
8.

Tanik, E. and V. Parlaktas. 2015. Design of a very light L7e electric vehicle prototype. International
Journal of Automotive Technology, 16 (6): 997—1005. doi: 10.1007/s12239-015-0102-6.

Tarabbia, Jean-Francois. 2020. In the Search for Synergies. ATZ worldwide, 122 (1): 84. doi:
10.1007/s38311-019-0174-4.

Technical University of Munich. 2016. Aging of Lithium-ion Batteries. ATZ worldwide, 118 (2): 33.

Teece, D. 2018. Profiting from innovation in the digital economy: Enabling technologies, standards,
and licensing models in the wireless world. Research Policy, 47: p. 1367-1387. doi:
10.1016/j.respol.2017.01.015.

Teece, D. J. 1986. Profiting from technological innovation: Implications for integration, collaboration,
licensing and public policy. Research Policy, 15 (6): p. 285-305. doi: 10.1016/0048-
7333(86)90027-2.

Teece, David. 2007. Explicating dynamic capabilities: The nature and microfoundations of
(sustainable) enterprise performance. Strategic Management Journal, 28: 1319-1350. doi:
10.1002/smj.640.

Teuschl, Gerald. 2009. Hybrid and electric vehicles dimensioning and integration of energy storage
systems. ATZ worldwide, 111 (6): 18-23. doi: 10.1007/BF03225077.

Teuschl, Gerald, Erich Ramschak, Stephen Jones, and Christian Paul. 2018. Potentials of predictive
propulsion management. ATZ worldwide, 120 (5): 58—63. doi: 10.1007/s38311-018-0046-3.

Thielmann, Axel, Andreas Sauer, and Martin Wietschel. 2015. Gesamt-Roadmap Energiespeicher fir
die Elektromobilitat 2030.

Thomas, Llewellyn and Erkko Autio. 2019. Innovation Ecosystems. SSRN Electronic Journal, 29. doi:
10.2139/ssrn.3476925.

Timmann, Michael, Martin Renz, and Oliver Vollrath. 2013. Challenges and Potentials of 48 V Starting
Systems. ATZ worldwide, 115 (3): 44-48. doi: 10.1365/s40112-015-0830-z.

Topler, Felix, Lutz Eckstein, Gerrit Geulen, and Jérdbme Homann. 2012. Electric Minibus for Public
Transport. ATZ worldwide, 114 (9): 4-8. doi: 10.1007/s38311-012-0212-y.

TU Bergakademie Freiberg. 2017. New Energy Storage System. ATZ worldwide, 119 (5): 62.

TU Berlin. 2016. Nanostructured Catalysts for Fuel Cell Vehicles. ATZ worldwide, 118 (5): 64.

TU Graz. 2018. Robot-controlled Rapid Charging System. ATZ worldwide, 120 (11): 62.

TU Vienna. 2019. Pyrotechnic Circuit Breaker. ATZ worldwide, 121 (2): 66.

TU Wien. 2017. Targeted Surface Alterations to Fuel Cell Cathodes. ATZ worldwide, 119 (6): 62.
Umwelt Bundesamt. 2020. Abweichung der globalen Lufttemperatur vom Durchschnitt 1961 bis 1990.
https://www.umweltbundesamt.de/indikator-globale-lufttemperatur. Accessed 31st of January

2021.

University of Hamburg. 2016. Porous Hydrogen Storage. ATZ worldwide, 118 (3): 64.

University of Mannheim. 2016. Intelligent Satnavs. ATZ worldwide, 118 (12): 54.

University of Ulm. 2016. Battery Design on a Nanoscale. ATZ worldwide, 118 (6): 55.

116



Bibliography

Vaidya, Vishwas and Haresh Bhere. 2009. Driverless chassis dynamometer testing of electric
vehicles. ATZ worldwide, 111 (2): 12-15. doi: 10.1007/BF03225155.

van Astyne, M. W., G. G. Parker, and S. P. Choudary. 2016. Pipelines, Platforms, and the New Rules
of Strategy. https://hbr.org/2016/04/pipelines-platforms-and-the-new-rules-of-strategy. Accessed
20200809.

van Mierlo, Joeri, V. Favrel, Sandrine Meyer, and Walter Hecqg. 2003. How to Define Clean Vehicles?
Environmental Impact Rating of Vehicles. International Journal of Automotive Technology, 4 (2):
77-86.

VDI/VDE. 2019. Brennstoffzellen- und Batteriefahrzeuge.
https://www.vdi.de/fileadmin/pages/vdi_de/redakteure/ueber_uns/dateien/Studie_Brennstoffzellen_
und_Batteriefahrzeuge_.pdf. Accessed 15th of May, 2021.

Venneborger, Martin, Christian Striibel, Burkhard Wies, and Klaus Wiese. 2013. Low Fuel
Consumption Tyres for Passenger Cars with Low CO2 Emission. ATZ worldwide, 115 (7): 16—20.

Verband der Automobilindustrie. 2009a. Antriebe und Kraftstoffe der Zukunft. Frankfurt am Main:
Verband der Automobilindustrie e.V.

Verband der Automobilindustrie (ed.). 2009b. Brennstoffzellenfahrzeuge und elektrische
Antriebssysteme bei General Motors und Opel.

Verdin, Paul and Koen Tackx. 2015. Are You Creating or Capturing Value?: A dynamic framework for
sustainable strategy, Mossavar-Rahmani Center for Business and Government, Harvard Kennedy
School.

Viehl, Alexander, Emre Cakar, Maximilian Engler, and Stefan Kohler. 2016. Weather Data in Range
Prediction for Electric Vehicles. ATZ worldwide, 118 (5): 26—33. doi: 10.1007/s38311-016-0034-4.

Vijayapriya, Tamilmaran and Dwarkadas P. Kothari. 2011. Smart Grid: An Overview. Smart Grid and
Renewable Energy, 02: 305-311. doi: 10.4236/sgre.2011.24035.

Vol3, Burghard, Oliver Mehler, and Steffen Lintz. 2006. Development of hybrid electric vehicles for
mass production. ATZ worldwide, 108 (7): 15-18. doi: 10.1007/BF03224841.

Walrave, Bob, Madis Talmar, Ksenia Podoynitsyna, Georges Romme, and Geert Verbong. 2018. A
multi-level perspective on innovation ecosystems for path-breaking innovation. Technological
Forecasting and Social Change, 136: 103-113. doi: 10.1016/j.techfore.2017.04.011.

Wawzyniak, Markus, Laurent Art, Matthias Jung, and Fahmi B. Ahmed. 2017. Thermal Management
as a Basic Prerequisite for Electric Mobility. ATZ worldwide, 119 (9): 46-51. doi: 10.1007/s38311-
017-0092-2.

Weber, Julia. 2020. Bewegende Zeiten: Mobilitat der Zukunft. Miinchen: Springer Vieweg.

Wehner, Udo and Jan Ackermann. 2011. New Approaches to the Air Conditioning of Electric Vehicles.
ATZ worldwide, 113 (7): 50-54. doi: 10.1365/s38311-011-0078-4.

Welge, Martin K., Al-Laham, and Marc Eulerich. 2007. Strategisches Management: Grundlagen -
Prozess - Implementierung, 7th ed. Dortmund and Kaiserslautern: Springer Gabler.

Wiebelt, Achim, Tobias Isermeyer, Thomas Siebrecht, and Thomas Heckenberger. 2009.
Thermomanagement of Li-ion Batteries. ATZ worldwide, 111 (7): 12-15.

Wilde, Andreas, J6rg Schneider, and Hans-Georg Herzog. 2008. Driving situation and driving style
dependent charging strategy in hybrid electric vehicles. ATZ worldwide, 110 (5): 18-24. doi:
10.1007/BF03225005.

Willrett, Ursel. 2020. Standards for Implementing Smart Charging. ATZ worldwide, 122 (12): 64—67.
doi: 10.1007/s38311-020-0335-5.

Wwind, Joerg. 2019. Brennstoffzelle, eds. Helmut Tschdke, Peter Gutzmer, and Thomas Pfund. In
Elektrifzierung des Antriebsstrangs: Grundlagen — vom Mikro-Hybrid zum vollelektrischen Antrieb,
99-16. Madgeburg, Herzogenaurach, Buhl: Springer Vieweg.

Wirth, Steffen, Marco Eimler, and Frank Niebling. 2013. Thermal Insulation of the Passenger Cabin of
Electric Vehicles. ATZ worldwide, 115 (11): 46-51. doi: 10.1007/s38311-013-0129-0.

Wirtz, Bernd W. 2020. Business Model Management: Design - Process - Instruments, 2nd version.
Speyer: Springer Nature.

117



Bibliography

WKO. 2019. Die dsterreichische Mineraldlindustrie 2019.
https://www.wko.at/branchen/industrie/mineraloelindustrie/die-mineraloelindustrie.html. Accessed
19th of May, 2021.

Wu, Z. W., Z. L. Zhang, C. L. Yin, and Z. Zhao. 2012. Design of a soft switching bidirectional DC-DC
power converter for ultracapacitor-battery interfaces. International Journal of Automotive
Technology, 13 (2): 325—-336. doi: 10.1007/s12239-012-0030-7.

Wunsch, Markus. 2020. Preparing the Electricity Grid for the Mobility Revolution. ATZ worldwide, 122
(12): 60-63.

Xiong, R., F.-C. Sun, and H.-W. He. 2014. Data-driven State-of-Charge estimator for electric vehicles
battery using robust extended Kalman filter. International Journal of Automotive Technology, 15
(1): 89—96. doi: 10.1007/s12239-014-0010-1.

Xiong, Wenyu, Jie Ye, Qichangyi Gong, Han Feng, Anwen Shen, and Jinbang Xu. 2020. Adaptive
Dual Closed Loop Speed Control with Throttle Valve Dynamics for Natural Gas Engine in Range-
Extended Electric Vehicles. International Journal of Automotive Technology, 21 (6): 1409-1418.
doi: 10.1007/s12239-020-0133-5.

Xu, Xiaowei, Zhenxing Liu, Jiangdong Wu, Jiaming Xing, and Xiaoging Wang. 2019. Misfire Fault
Diagnosis of Range Extender Based on Harmonic Analysis. International Journal of Automotive
Technology, 20 (1): 99-108. doi: 10.1007/s12239-019-0009-8.

Yang, Seungki, Sungbum Choi, Youngmin Kim, Jongjin Yoon, SeJoon Im, and Hyunsuk Choo. 2019.
Improvement of Fuel Cell Durability Performance by Avoiding High Voltage. International Journal
of Automotive Technology, 20 (6): 1113-1121. doi: 10.1007/s12239-019-0104-x.

Yang, W.-C. 2000. Fuel Cell Electric Vehicles: Recent Advances and Challenges: Review.
International Journal of Automotive Technology, 1 (1): 9-16.

Yin, D. and J.-S. Hu. 2014. Active approach to Electronic Stability Control for front-wheel drive in-
wheel motor electric vehicles. International Journal of Automotive Technology, 15 (6): 979-987.
doi: 10.1007/s12239-014-0103-x.

Yoo, SangHyuk, Jaehyeok Doh, Juhee Lim, Ohsung Kang, Jongsoo Lee, and Keonwook Kang. 2017.
Topologically optimized shape of CFRP front lower control ARM. International Journal of
Automotive Technology, 18 (4): 625—630. doi: 10.1007/s12239-017-0062-0.

Yun, H., Y. Zhao, and J. Wang. 2010. Modeling and simulation of fuel cell hybrid vehicles.
International Journal of Automotive Technology, 11 (2): 223-228. doi: 10.1007/s12239-010-0028-
y.

Zhang, J. L., Ch. L. Yin, and J. W. Zhang. 2010. Improvement of drivability and fuel economy with a
hybrid antiskid braking system in hybrid electric vehicles. International Journal of Automotive
Technology, 11 (2): 205-213. doi: 10.1007/s12239-010-0026-0.

Zhao, Yang, Weiwen Deng, Jian Wu, and Rui He. 2017. Torque control allocation based on
constrained optimization with regenerative braking for electric vehicles. International Journal of
Automotive Technology, 18 (4): 685—-698. doi: 10.1007/s12239-017-0068-7.

Zidani, Fatiha, Mohamed Benbouzid, Demba Diallo, and Abdelkrim Benchaib. 2006. Active fault-
tolerant control of induction motor drives in EV and HEV against sensor failures using a fuzzy
decision system. International Journal of Automotive Technology, 7 (6): 729-739.

ZSW. 2021. Elektroautos: Bestand steigt weltweit auf 10,9 Millionen. https://www.zsw-
bw.de/presse/aktuelles/detailansicht/news/detail/News/elektroautos-bestand-steigt-weltweit-auf-
109-millionen.html. Accessed 15th of May, 2021.

118



Appendix A: List of observed data sources

Appendix A: List of observed data sources

Data source

Availability (time
period)

Type of source

Publisher

Editor-in-Chief

Location

Automobiltechnische
Zeitschrift

Available as e-paper
from 1998-2020

Journal with focus on the
automotive industry

Springer Fachmedien

Wiesbaden

Alexander Heintzel

Germany

Motortechnische
Zeitschrift

Available as e-paper
from 1998-2020

Journal with focus on ICE and
E-Motor

Springer Fachmedien

Wiesbaden

Alexander Heintzel

Germany

International Journal of

Journal with focus on the

The Korean Society of

. 2000-2020 L . . Choongsik Bae South Korea
Automotive Technology automotive industry Automotive Engineers
. Journal with focus on the . . Deepangshu Dev .
Auto Tech Review 2012-2017 . Springer India pang India
automotive industry Sarmah
. Journal with focus on electrical Springer Fachmedien
ATZelektronik 2006-2020 _ pringe Robert Unseld Germany
parts of the vehicle Wiesbaden
Journal with focus on production Soringer Fachmedien
ATZproduktion 2008-2020 processes in the automotive pring . Alexander Heintzel Germany
. Wiesbaden
industry
Journal with focus on mobile
IEEE Vehicular u W . N .I IEEE Vehicular . .
. 2006-2020 radio, automotive electronics, . Javier Gozalvez Spain
Technology Magazine _ Technology Society
and transportation systems
SAE International Journal
of Electrified Vehicle 2012-2020 Journal with focus on e-mobility SAE International Simona Onori USA
(Alternative Powertrains
SAE International Journal
of Passenger Cars- Journal with focus on electronic . .
. . . . Daniel Watzenig
Electronic and Electrical 2009-2020 and electrical systems of the SAE International USA

Systems (Connected and
autonomous vehicle)

vehicle

Terry Fruehling

Al



Appendix A: List of observed data sources

SAE-Automotive

Journal with focus on the

. . < 1980-2020 L SAE International Lindsay Brooke USA
Engineering automotive industry
International Journal of The Automotive
. Journal with focus on Engineering Centre Syarifah Nur Agida .
Automotive and 2010-2020 ) . . . . Malaysia
. . . automotive engineering (AEC), University Syed Ahmad
Mechanical Engineering .
Malaysia
International Journal of Journal with focus on Society of Automotive
. . . 2012-2020 . . . Engineers of Japan, Shinichiro Horiuchi Japan
Automotive engineering automotive engineering
Inc. (JSAE)
Tongji University and
International Journal of . Tongji University
. . Journal with focus on the L Ruey Long Cheu .
Transportation Science 2012-2020 _ Press. Publishing y _g China
transportation sector . ) Zhongyin Guo
and Technology Services by Elsevier
B.V.
International Journal of ) . . -
. Journal with focus on Inderscience Giuseppe Giulio
Automotive Technology 2001-2020 ) : . . Italy
automotive engineering Enterprises Ltd. Calabrese
and Management
International Journal of Journal with focus on electrified Inderscience
Electric and Hybrid 2008-2020 , i Benoit Maisseu France
. vehicles Enterprises Ltd.
Vehicles
World Electric Vehicl | with f lectri
orld Electric Vehicle 2007-2020 Journal with focus on electric MDP| Joeri Van Mierlo Switzerland
Journal vehicles
Motor Trend 1949-2020 Consumer Magazine Motor Trend Group Edward Loh USA
. . Hearst .
Car and Driver 1955-2020 Consumer Magazine . Sharon Silke Carty USA
Communications
Automotive News 1925-2020 Consumer Magazine Crain Communications Keith Crain USA
Automobile Magazine 1986-2020 Consumer Magazine Motor Trend Group Michael Floyd USA
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BEV category system

Battery:
The battery in a BEV serves as electrochemical energy storage, whose task is to store the energy

needed at a later point in time (Amann and Beck, 2012, p. 184). Nowadays, the lithium-ion battery is the
state-of-the-art in battery electric vehicles, which consists of two electrodes (anode and cathode), the
electrolyte, which is responsible for transporting the lithium ions between the two electrodes, and the
separator, which separates the two electrodes from each other (Fischer and Neunteufel, 2018, p. 321 f;
Hofmann, 2014, p. 226f). The most important indicators for batteries are their energy density, i.e., how
much energy content can be stored in space or with regard to the weight, and the power density, i.e.,
the economy of space in relation to power (Hofmann, 2014, p. 213f).

E-Motor:

The task of the electric motor is to convert the stored electrical energy into mechanical energy. This
mechanical energy is then transferred to the wheels via components such as the transmission and
subsequently serves as propulsion. The most commonly used motors in today's vehicles are the
permanently synchronous machine and the asynchronous machine, both of them operate with
alternating current. (Fischer and Neunteufel, 2018, p. 340f)

Transmission:

The task of the transmission is to convert the torque delivered by the e-motor in such a way that different
driving situations (uphill, downhill, constant, etc.) are satisfied (Fischer et al., 2016b, p. 2).

In the case of a purely electric drive, gear ratios are required in most cases in order to adapt the torques
and speeds of the electric machine to the requirements on the wheel (Fischer et al., 2016a, p. 336).

Power electronics:

The component power electronics contain the subcomponents inverter, onboard charger as well as
electronic parts like fuses. One main task of the power electronics in battery electric vehicles is
converting the battery direct current into the three-phase alternating current required for the operation
of the e-motor, with variable frequency, amplitude, and phase angle to set the target speed and torque.
Another task is to convert the AC voltage from the grid into a DC voltage to charge the high-voltage
battery externally. The subcomponent of the power electronics which is responsible for this task is the
onboard charger. (Fischer and Neunteufel, 2018, p. 348f)

Thermal Management:

Depending on the different outside temperatures, different components within the vehicle, like battery,
e-motor, or power electronics, must be cooled or heated to achieve the best power output and operate
efficiently. The task of thermal management is to temper the different components and heat and cool
the compartment. (Kampker et al., 2018, p. 19)

Vehicle body and chassis:

The individual components are mounted on the body, which is mainly made of steel and is self-
supporting. However, alternative body shapes are used for BEVs (alternative materials), as lightweight
design concepts have to be used because of the high battery weight. (Kampker et al., 2018, p. 20)
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Appendix C: Description of components in the
FCEV category system

Euel Cell:

The fuel cell is not an energy storage device but an electrochemical converter that converts chemical
energy (mostly hydrogen) into electrical energy and supplies the electric motor in vehicles with energy.
Basically, many different types of fuel cells exist, but the "Proton Exchange Membrane Fuel Cell" is the
most relevant for the automotive industry. The most important components within the fuel cell are the
“membrane electrode assembly,” where the chemical reaction occurs, and the bipolar plates, which
supply the fuel cell with the reaction gases (Hydrogen, Oxygen) and distribute them on the membranes.
(Wind, 2019, p. 101f)

Battery:
The battery in a fuel cell electric vehicle cannot be compared with that of a BEV. In FCEVs, the

propulsion energy is generated by the fuel cell, and the battery only has the purpose of enabling
recuperation (brake energy recovery) or covering power peaks. However, in FCEVs, lithium-ion batteries
are used as well (Wind, 2019, p. 110).

Hydrogen tank and supply:

Since fuel cells require chemical energy to generate electrical power and this chemical energy is stored
in hydrogen, which is difficult to store due to its property (small molecular size, flammable, etc.), the
hydrogen tank and the supply of hydrogen to the fuel cell is an essential and challenging part of the fuel
cell system. In principle, nowadays, mostly compressed hydrogen storage tanks are used, in which
gaseous hydrogen with up to 700bar is stored. Another possibility is the liquid storing of hydrogen, which
requires a great deal of effort in liquefying the hydrogen. That is why the storage temperatures have to
be very low (-250°C). (Weber, 2020, p. 46)

Oxygen supply:

The oxygen supply of the fuel cell includes numerous components such as an air filter, compressor, and
humidifier. According to the required power, the fuel cell's cathode must be supplied with humidified air
to prevent the fuel cell from drying out and thus being damaged. Due to the sensitivity of the fuel cell,
air filtration is a major challenge in FCEVs. (Wind, 2019, p. 180f)

E-Motor (Synergy to BEV):

The task of the electric motor is to convert the stored electrical energy into mechanical energy. This
mechanical energy is then transferred to the wheels via components such as transmission and
subsequently serves as propulsion. The most commonly used motors in today's vehicles are the
permanently synchronous machine and the asynchronous machine. Both of them are operated with
alternating current. (Fischer and Neunteufel, 2018, p. 340f)

Transmission (Synergy to BEV):

The task of the transmission is to convert the torque delivered by the e-motor in such a way so that
different driving situations (uphill, downhill, constant, etc.) are satisfied (Fischer et al., 2016b, p. 2).

In the case of an electric drive, gear ratios are also required in most cases in order to adapt the torques
and speeds of the electric machine to the requirements on the wheel (Fischer et al., 2016a, p. 336).

Power electronics (Synergy to BEV):
The power electronics tasks in fuel cell electric vehicles are very similar to the ones of the battery electric
vehicles. Examples are the increase of the stack voltage, the torque and speed control of the electric
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motor, the supply of the high-voltage consumers, the voltage conversion for the onboard network and
the charging and discharging function of the traction battery. (Wind, 2019, p. 108)

Thermal Management:

Depending on the different outside temperatures, different components within the vehicle, like fuel cell,
battery, e-motor, or power electronics, must be cooled or heated to achieve the best power output and
operate efficiently. The task of thermal management is to temper the different components and heat and
cool the compartment. (Kampker et al., 2018, p. 19)

Vehicle body and chassis (Synerqgy to BEV):

The individual components are mounted on the body, which is mainly made of steel and is self-
supporting. However, alternative body shapes are used for FCEVs (alternative materials), as lightweight
design concepts have to be implemented due to the higher weight of the powertrain. (Kampker et al.,
2018, p. 20)
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as well as material-specific points such as
active or passive materials.

capacity of the magnet manufactures, a
latent risk for the automotive sector is
possible.”

(Kilper et al., 2019, p. 276)

Type of N .
L Categor Category definition Anchor example Coding rules
contribution gory gory P g
Exclusion criteria are topics
. : S regarding:
This category includes all limitations that deal g g
with the component battery from battery “Current available battery systems do not
. . . : o - Thermal Management
electric vehicles. Considered are all topics only have a limited range, but they are also .
: . . e with a focus on the
Battery related to the entire battery packaging, pretty expensive, and their lifetime could be batterv cooling and
including housing as safety protection, battery | improved as well.” . y g
. . heating system
cells or cell interconnections, and battery (Kampker et al., 2018, p. 18) .
L - Battery charging when
management and production issues. . L
the charging station is
explicit mentioned
“The demand estimated for magnets is about
. : oo 18.500 metric tons for the year 2020 and Exclusion criteria are topics
This category includes all limitations on the . . . .
. . . even higher with 65.500 metric tons for regarding:
Component topic of electric motors. This can concern S - :
. . - 2025. Considering the limited production
E-Motor production processes or production capacities

- The cooling and heating
procedure of the electric
motor.

Transmission

This category includes all limitations regarding
one or multi-speed transmissions in electric
vehicles.

No anchor example was found in the
literature research.

Power
Electronics

This category includes all limitations in power
electronics, especially the inverter and the
onboard charger.

“Due to these special requirements on power
electronics, a relatively high portion of cost is
currently being generated in electric
vehicles, which would in the future increase
without further improvement of the power

Exclusion criteria are topics
regarding:
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electronics due to the cost reduction of the
electric vehicles.”
(Hohmann et al., 2017, p. 39)

- Thermal management
(cooling/heating) of
power electronics

This category includes all limitations of the
battery electric vehicles, which are caused by

“On the other hand, air conditioning in
summer and especially compartment heating
in winter set new requirements on the design
of these systems. With the increasing
vehicle electrification, the required power for
heating and cooling must be provided more
and more by the battery, which leads to the

Exclusion criteria are topics
regarding:

Thermal thermal management. These may relate either ) . - The damaging effects or
. . . reduction of the electric range. The thermal . Lo
Management | to the battery and its heating and cooling, efficiency limitations of
. . . management systems must therefore .
power electronics, or other electric vehicle . . different components
operate as efficiently as possible. However, . .
components. : o due to insufficient
air conditioning should not only be seen from
thermal management
the comfort aspect and thus customer
acceptance; safety issues also play an
important role.”
(Thielmann et al., 2015, p. 35)
This category includes all limitations regarding
Vehicle body | the vehicle body and chassis, their materials, No anchor example was found in the
and chassis including the lightweight design, operating literature research.
behavior (NVH) and production processes.
. : . . Exclusion criteria are topics
This category deals with the charging station . . . . . . P
. . . . . Even in charging parks with four CCS quick | regarding:
. infrastructure, especially with topics regarding . : .
Charging - charging stations, it is not uncommon that
. the availability and performance of these . N
Complement station . ) - . _ one or two chargers are defective or do not - Charging time of battery
. charging stations. In addition, topics regarding . \ . .
infrastructure function properly. electric vehicles when

standardization issues, digital integration, etc.,
are considered as well.

(Jahn, 2018)

the charging station is
not explicitly mentioned
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Electrical
energy

This category includes emerging limitations in
the area of the electrical grid, e.g., grid
fluctuations during peak loads or expansion of
the power grid.

“These residential hot spots and other
concentration points of EV charging, such as
public EV-fast-charging stations and
commercial-vehicle depots, will see
significant increases in local peak loads [...]
Unmanaged, substation peak-load increases
from EV-charging power demand will
eventually push local transformers beyond
their capacity, requiring upgrades.”

(Engel et al., 2018)

Disposal,
Transportation,
and Recycling

This category includes limitations regarding
the disposal and recycling of components of
the battery electric vehicle or the whole
vehicle itself.

“Prior to transportation and further
dismantling, a check of the battery condition
is highly recommended as several incidents
have demonstrated that damaged traction
batteries pose an unpredictable fire risk.
Checks should include visual assessment
(mechanical damages, signs of heat
damage, electrolyte leakage) as well as
evaluation of diagnosis data from the BMS
(voltage, SOC, temperature sensors, etc.).”
(Elwert et al., 2015, p. 37)

Workshop and
dealership

This category deals with all limitations
regarding the sales, service, and repair
activities in the field of battery electric
vehicles.

No anchor example was found in the
literature research.
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Type of

membrane, catalyst, bi-polar plates, and fuel
cells’ management.

development is needed as well as cost
reduction of the membrane. In addition, the
current status of the durability of cell

L Categor Category definition Anchor example Coding rules
contribution gory gory P g
This category includes all limitations which . o .
. Exclusion criteria are topics
deal with the component battery of an FCEV. reqarding:
The battery in these vehicles distinguishes 9 g
from the battery in BEVs and this means that .
o y . No anchor example was found in the - Thermal Management
no synergies in this component of the two ) . .
Battery . . . literature research, which refers to FCEV with a focus on the
powertrain concepts exist. Considered are all ) :
. . . batteries. battery cooling and
topics related to the entire battery packaging, . .
. . . . heating system and their
including housing as safety protection, battery )
. . behavior.
cells or cell interconnections, and battery
management and production issues.
“However, the main problem in the
development of FCEVs is the transport and
. . L storage of hydrogen. There are two main . - .
This category includes all limitations Storage ot hydroge o Exclusion criteria are topics
Component . . issues: firstly, the fire and explosion risk of T
associated with the onboard storage and the . _ . . regarding:
Hydrogen hydrogen mixed with oxygen, especially in
transport of hydrogen to the fuel cell. .
tank and Examples can be bottlenecks related to the case of an accident[...J - General storage and
supply tank IFi)ke materials or safety-related issues, or Secondly, the chemical properties of transport of hydrogen
o ic's recarding the burde zalve : hydrogen make the storage very difficult. Due (not onboard storage)
P 9 9 purg ' to its small molecular size, hydrogen diffuses | ~ Refueling the hydrogen
through a variety of materials, including steel,
and get therefore lost.” (Weber, 2020, p. 46f)
This category includes limitations within the ~However, assuming that thinner electrolyte Exclusion criteria are topics
component fuel cell and all topics regarding membranes will be introduced to improve regarding:
Fuel Cell their sub-components such as anode, cathode, | performance, further technological

- Auxiliary devices like

oxygen supply (e.g.,
compressor or
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performance does not satisfy the targeted 15
years.” (Shinobu and Kojima, 2011, p. 5)

humidifier), hydrogen
supply, etc.

- Thermal management of
the fuel cell

This category deals with limitations regarding
the air and oxygen supply of the fuel cells. This

“Future generation fuel cell systems will aim
to further improve the air compression
technology. The demand for weight and
volume reduction combined with increased
efficiency requirements will probably suggest

Oxygen system consists of the air cleaner, water . . :
. compression technologies operating at -
supply separator, compressor, air-cooler, and . o
humidifier further increased speeds. As this will extend
' the frequency ranges of the emitted noise
(Harenbrock et al., 2020, p. 238) . _q yrang .
this will be one challenge to future noise
countermeasures.”
(Sang et al., 2008, p. 265)
. . L “The demand estimated for magnets is about . o .
This category includes all limitations on the . Exclusion criteria are topics
topic of electric motors. This can concern 18.500 metric tons for the year 2020 and regarding:
P . ' . » even higher with 65.500 metric tons for 2025. g g
production processes or production capacities o o . .
E-Motor Considering the limited production capacity of

and material-specific points such as active or
passive materials.
(Synergy to BEV)

the magnet manufactures, a latent risk for the
automotive sector is possible.”
(Kilper et al., 2019, p. 276)

- The cooling and heating
procedure of the electric
motor.

Transmission

This category includes all limitations regarding
the transmission in fuel cell electric vehicles.

No anchor example was found in the
literature research.

Power
Electronics

This category includes all limitations in the field
of power electronics in fuel cell electric
vehicles. The focus is mainly on the inverter
and its related materials.

(Synergy to BEV)

“Due to these special requirements on power
electronics, a relatively high portion of cost is
currently being generated in electric vehicles,
which would in the future increase without
further improvement of the power electronics
due to the cost reduction of the electric
vehicles.”

(Hohmann et al., 2017, p. 39)

Exclusion criteria are topics
regarding:

- Thermal management
(cooling/heating) of
power electronics
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This category includes all limitations of the fuel
cell electric vehicle caused by thermal

“High power requirements of PEMFC stacks
while limited space at automotive
applications are the significant challenges for
a cooling system for FCEVs. The problem

Exclusion criteria are topics
regarding:

Thermal management. These may relate either to the - The damaging effects or
. .| becomes more severe due to the small - N
Management | fuel cell itself or to other parts of the powertrain . efficiency limitations of
. temperature difference between the PEMFC .
of the FCEV like the battery, the power . . different components due
. stack and the ambient air, and an almost . .
electronics, etc. . to insufficient thermal
negligible heat removal by the product management
streams.” (Nost et al., 2016, p. 110) 9
This category includes all limitations regarding
Vehicle body | the vehicle body and chassis, their materials, No anchor example was found in the
and chassis | including the lightweight design, operating literature research.
behavior (NVH), and production processes.
“The costs of a hydrogen fuel station with one
dispenser are around 1 million € [...]. Of
. o . course, it can be argued that the price for . o .
This category focuses on the limitations in the . o Exclusion criteria are topics
o hydrogen fuel stations will significantly .
hydrogen station infrastructure. Included are all . e . regarding:
Hydrogen . . _ decrease if they are built in high quantities.
. topics related to the availability of public .
station . . On the other hand, the current fuel stations A
. hydrogen stations, the costs for expanding the - Availability and transport
infrastructure . . are not yet able to refuel more than two cars
hydrogen station network, and all issues ) of hydrogen to the fuel
. per hour. To increase the fuel speed, ;
related to the refueling process. - . . . station
additional technology is required, and this
Complement means additional costs.”
(Doppelbauer, 2020a, p. 405)
This category includes all limitations regarding | “The cost of building or expanding a
the production of hydrogen and its subsequent | hydrogen infrastructure, from industrial . . .
S . . o . Exclusion criteria are topics
I transport to the individual public hydrogen production to distribution through pipelines or .
Availability regarding:

and transport
of Hydrogen

stations. This consists of all issues regarding
the costs of the production of hydrogen, the
production capacity of the plants, and the
availability of transport facilities such as
pipelines or trucks.

tank trucks until delivery to filling stations, is
under the given conditions such as safety
requirements, hydrogen diffusion,
compression work or low temperature
keeping is immense.”

- Availability of hydrogen
station infrastructure

All
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(Weber, 2020, p. 47)

“The recycling rate of the fuel cell must be
further improved, especially for the polymer
membrane is a big research need to develop
an economically advantageous process.
Therefore, the materials have to be -
separated to such an extent that they can be
introduced into standardized existing
recycling processes.”

(Ahlfs et al., 2020, p. 12f)

This category includes limitations regarding the
Disposal and | disposal and recycling of components of the

Recycling fuel cell electric vehicle or the whole vehicle
itself.

This category deals with all limitations

Worksho . . . .
and P regarding the sales, service and repair No anchor example was found in the
. activities in the field of fuel cell electric literature research.
dealership )
vehicles.
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Appendix F: Deductively created keyword

catalog for BEV

Component / Complement Keyword

Energy density - Electrolyte
Specific energy - Battery management
Charging rate system

Battery g g y .
Traction battery - Cell manufacturing
Cycle lifetime - Battery hazard level
Thermal runaway - Battery disposal

E-Motor Electric motor - Rare earth elements

Transmission

One speed electric
transmission

Two-speed electric
transmission

Power electronics

Power Electronics

Semiconductor material

Thermal management

Battery cooling
Battery heating

Thermal management
Derating

Vehicle body and chassis

Multi-material body

Lightweight design

Charging station infrastructure

Charging speed
Charging time
Charging plug

Charging power
Charging station
Charging infrastructure

Electrical ener Smart Grid - Electric Grid
9y Power Grid - Load peaks
Disposal, transportation, and . .
P p Recycling - Disposal
recycling
Workshop and dealership Workshop - Dealership
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Appendix G: Deductively created keyword

catalog for FCEV

Component / Complement

Keyword

Battery management

Battery Traction battery
system
Hydrogen tank and supply Hydrogen tank - Hydrogen supply

Fuel Cell - Proton exchange
Solid oxide fuel cell membrane fuel cell
(SOFC) (PEMFC)

Fuel cell Stack - Cold start ability
Bipolar plate - Gas diffusion layer (GDL)

Membrane Electrode - Catalyst
Assembly (MEA) - Platinum
Oxygen supply Air compressor - Humidifier

E-Motor

Electric motor

Rare earth elements

Transmission

One speed electric
transmission

Two-speed electric
transmission

Power electronics

Power Electronics

Semiconductor material

Thermal management

Fuel cell cooling
Fuel cell heating

Thermal management

Vehicle body and chassis

Multi-material body

Lightweight design

Hydrogen station infrastructure

Hydrogen
infrastructure

Hydrogen stations

Availability and transport of hydrogen

Hydrogen production

Hydrogen transport

Disposal and recycling

Recycling

Disposal

Workshop and dealership

Workshop

Dealership
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Appendix H: Total number of articles published

in the “ATZ” and “lJoAT”

Year ATZ articles [#] IJOAT articles [#] Articles in total [#]
2000 90 13 103
2001 76 20 96
2002 71 24 95
2003 80 24 104
2004 82 36 118
2005 89 81 170
2006 77 110 188
2007 75 90 165
2008 91 91 182
2009 100 90 190
2010 95 107 202
2011 128 108 236
2012 128 121 249
2013 133 108 241
2014 127 125 252
2015 109 108 217
2016 182 108 290
2017 189 108 297
2018 202 108 310
2019 189 120 309
2020 180 150 330
Total 2493 1850 4343
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Appendix I: Final keyword catalog for BEV and

FCEV

Battery electric vehicle

Fuel cell electric vehicle

Component /
Complement

Keywords

Component /
Complement

Keywords

Battery
Capacity
Safety issue
Range

Cell chemistry
Energy density
Power density

Fuel cell

Bipolar plates; bi-polar
plates

Membrane electrolyte
assembly (MEA)

Gas diffusion layer (GDL)
Proton exchange

Electric motor; E-Motor

Raw material membrane

Battery Lithium, Cobalt, and Nickel Fuel cell Solid oxide
Anode, cathode, and Anode, cathode, and
electrolyte electrolyte
Aging Catalyst
Charging Rate; C-Rate Raw material; Platinum
Cell manufacturing Stack
Cycle lifetime Cold start ability
Energy storage Direct methanol fuel cell
Nickel-Metal hydride (DMECQC)
(NiMH, Ni-MH)
Inverter Inverter
On-board charger (OBC)

Power Power Fuses

electronics Fl.JseS . electronics High voltage protection
High voltage protection .
. Power electronics

Power electronics
Rare earth Rare earth

E-Motor Traction machine E-Motor Traction machine

Electric motor; E-Motor

Transmission

Transmission
Two-speed electric drive
One-speed electric drive

Transmission

Transmission

Oxygen supply

Air filtration
Compressor

Thermal
management

Thermal management
Thermal behavior
Derating

Positive temperature
coefficient (PTC)
Cabin climatization
Air conditioning
Thermal runaway
Thermal issue

HVAC

Cabin climatization
Air conditioning

Th I
erma HVAC
Management
Thermal management
Thermal behavior
Hydrogen Hydrogen
system Tank
Anode, cathode, and
electrolyte
Capacit
Battery pactly
Battery

Power density
Lithium, Cobalt, and Nickel
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Raw material
Cell manufacturing
Safety issue

Vehicle body Lightweight design Vehicle Body Lightweight design
and chassis Vehicle body and Chassis Vehicle body
Charging
Electric Fast-chargin Hydrogen
.I .gl g y g Hydrogen
charging Communication problems refueling .
. . . Supply infrastructure
infrastructure Billing infrastructure
Power ordering system
Load peaks
Grid
Distribution system I
. . ISHIDUA y Availability of
Electric Grid operator Hydrogen
Hydrogen
Load management
Voltage fluctuations
Frequency fluctuations
Deal Deal
Dealer and eater Dealer and eater
Workshop Workshop
workshop . workshop .
Maintenance Maintenance
Disposal and Disposal Disposal and Disposal
recycling Recycling recycling Recycling
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Appendix J: Final coding guideline for BEV

Category definition

Anchor example

Coding rules

Components

This category includes all limitations
that are related to the component
battery. The direct assignment to this
main category will only be performed if

“Current available battery systems do not
only have a limited range, but they are

Exclusion criteria are topics
regarding:

- Charging behavior, if the

subcategory will only be performed if
the text passage cannot be assigned
to one of the subcategories' 2" order
battery anode, battery cathode, or
battery electrolyte.

Battery ; also pretty expensive, and their lifetime charging station is explicitly
the text passage cannot be assigned 5 " :
to one of the subcategories battery could be improved as well. mentioned
cell, battery production, or battery (Kampker et al., 2018, p. 18) - If the text passage is related to
management system. the thermal management
process (complexity, etc.)
Exclusion criteria are topics
This category includes all limitations “The range achievable in real-word regarding:
related to the subcomponent battery operation [2], in contrast, is a factor that
cell, which means the term battery cell | truly affects purchasing decisions. Range, | - Charging behavior, if the
must be mentioned explicitly in the text | however, results in a conflict for charging station is explicitly
Battery cell passage. The direct assignment to this | developers dealing with today’s battery mentioned

technology and its low energy density: the
larger the range, the higher the vehicle’s
weight due to the battery cell. Higher
weight in turn reduces efficiency.”
(Schmidt, 2020, p. 48)

- If the text passage is related to
the thermal management
process (complexity, etc.)

- Battery limitations, if these
limitations are related to BMS
or battery production.

Battery anode

This category includes all limitations
related to the subcomponent 2™ order
battery anode, which means the term
battery anode must be mentioned
explicitly in the text passage.

“One of well-known cause of capacity
fade is film formation on the surface of
active materials especially in the anode.
The film grows due to the side reactions,
a phenomenon which is not clearly known
yet.” (Baek et al., 2015, p. 312)

Exclusion criteria are topics
regarding:

- Charging behavior, if the
charging station is explicitly
mentioned
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- If the text passage is related to
the thermal management
process (complexity, etc.)

- Battery cathode and electrolyte

Battery cathode

This category includes all limitations
related to the subcomponent 2™ order
battery cathode, which means the term
battery cathode must be mentioned
explicitly in the text passage.

“The Center Automotive Research (CAR)
at the University of Duisburg-Essen has
identified that the production process
represents only 5 % of the cost of a
lithium-ion battery [3].The cathode and the
materials needed to manufacture it make
up the majority of the cost at 70 %, while
the anode and other materials contribute
25 %. For battery manufacturers these
are transitory items that involve a high
level of dependency on the suppliers of
raw materials.” (Backhaus, 2020, p. 10)

Exclusion criteria are topics
regarding:

- Charging behavior, if the
charging station is explicitly
mentioned

- If the text passage is related to
the thermal management
process (complexity, etc.)

- Battery anode and electrolyte

Battery electrolyte

This category includes all limitations
related to the subcomponent 2™ order
battery electrolyte, which means the
term battery electrolyte must be
mentioned explicitly in the text
passage.

“EVs and HEVs have potential safety
problems under the circumstances of a
crash or a rollover event. The occupants
could be exposed to a hazard due to
electrolyte spillage and/or electric shock
during and after these crash events.”
(Lim and Kim, 2010, p. 825)

Exclusion criteria are topics
regarding:

- Charging behavior, if the
charging station is explicitly
mentioned

- If the text passage is related to
the thermal management
process (complexity, etc.)

- Battery anode and cathode

Battery management system

This category includes all limitations
related to the subcomponent battery
management system, which means the
software manages the efficient usage
of a battery.

“But how to avoid the adverse effect of
cell inconsistency on battery pack
performance and prolong the service life
of both the pack and the cells are posing
tremendous technological challenges to

Exclusion criteria are topics
regarding:

- Charging behavior, if the
charging station is explicitly
mentioned
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battery State-of-Charge (SoC) estimation
techniques.” (Xiong et al., 2014, p. 89)

- If the text passage is related to
the thermal management
process (complexity, etc.)

- Hardware like battery cell or
value chain activities like
battery production

Battery production

This category includes all limitations
related to the subcategory battery
production, which means this
subcategory is not a component but an
activity in the value chain. Especially,
the focus on this category should be
on the production process and the
associated capacities of the battery
manufacturer.

“As far as battery production is
concerned, it is clear that we need to
significantly expand our capacity to meet
the growing demand for electric vehicles.
In Germany in particular, we have very
few battery manufacturing plants, but
work has already begun on constructing
factories in locations close to the market
to reduce the amount of transport needed
and to keep one-sided supply chain
dependencies to a minimum.” (Heintzel
and Eisenkramer, 2020, p. 66)

Exclusion criteria are topics
regarding:

- Production process of other
components or complements

Power electronics

This category includes all limitations
that are related to the component
power electronics. The direct
assignment to this main category will
only be performed if the text passage
cannot be assigned to one of the
subcategories HV protection system or
on-board charger.

“Due to these special requirements on
power electronics, a relatively high portion
of cost is currently being generated in
electric vehicles, which would in the future
increase without further improvement of
the power electronics due to the cost
reduction of the electric vehicles.”
(Hohmann et al., 2017, p. 39)

Exclusion criteria are topics
regarding:

- Thermal management of the
power electronics, if the text
passage is related to the
thermal management process
(complexity, etc.)

HV protection system

This category includes all limitations
related to the subcomponent HV
protection system, such as fuses. The
assignment to this subcategory will
only be performed if the HV protection

“The range of electric vehicles is
constantly growing and, in order to make
this possible, batteries with an
increasingly large capacity are needed.
As a result, short circuits in the vehicle

Exclusion criteria are topics
regarding:

- Thermal management of the
power electronics, if the text
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system is mentioned explicitly in the
text passage.

electrical system caused by accidents can
lead to short circuit currents of up to
20,000 A. As the capacity of the batteries
grows in the future, so too will this figure.
Fuses and automotive high voltage
protection mechanisms have in many
cases reached the limits of their potential.”
(TU Vienna, 2019, p. 66)

passage is clearly related to
the thermal management
process (complexity, etc.)

- Other power electronics
components like on-board
charger, inverter, etc.

On-board charger

This category includes all limitations
that are related to the subcomponent
on-board charger. The assignment to
this subcategory will only be performed
if the onboard charger is mentioned
explicitly in the text passage.

“Rapid DC charging covers a large range
requirement, but the network of charging
stations is sparse. Often, it is only
possible to charge these DC-capable
vehicles on a single-phase basis at an AC
station, because in many cases the On-
board Charger (OBC) permanently
installed within the vehicle often no longer
supports charging.”

(Brull and Graf, 2018, p. 63)

Exclusion criteria are topics
regarding:

- Thermal management of the
power electronics, if the text
passage is clearly related to
the thermal management
process (complexity, etc.)

- Other power electronics
components like HV protection
system, inverter, etc.

Transmission

This category includes all limitations
regarding one or multi-speed
transmissions in electric vehicles.

No text passage was detected in the
literature research and the analysis that
describes the component “transmission”
as a bottleneck in a battery electric
vehicle.

E-Motor

This category includes all limitations
that are related to the component E-
Motor. This can concern production
processes or production capacities as
well as material-specific topics such as
active or passive materials.

“The demand estimated for magnets is
about 18.500 metric tons for the year
2020 and even higher with 65.500 metric
tons for 2025. Considering the limited
production capacity of the magnet
manufactures a latent risk for the
automotive sector is possible.”

(Kilper et al., 2019, p. 276)

Exclusion criteria are topics
regarding:

- Thermal management of the e-
motor, if the text passage is
clearly related to the thermal
management process
(complexity, etc.)
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Thermal management

This category includes all limitations
that are related to the component
thermal management. The direct
assignment to this main category will
only be performed if the text passage
cannot be assigned to one of the
subcategories thermal management of
battery, power electronics, or HVAC.

“Current EV's have the problem of a
strongly varying driving range depending
on the ambient conditions. At winter
conditions and the use of resistance
heating the driving range can drop by
50 %.” (Steiner et al., 2018, p. 62)

Exclusion criteria are topics
regarding:

The damaging effects or
efficiency limitations of different
components due to insufficient
thermal management

Thermal management of
battery

This category includes all limitations
that are related to the subcomponent
thermal management of the battery.
The assignment to this subcategory
will only be performed if the thermal
management of the battery is
mentioned explicitly in the text
passage.

“Preconditioning the battery system while
driving is essential to achieve maximum
charging speed, but leads to range
restrictions and, in turn, to a quickly
decreasing range on the dashboard.”
(Teuschl et al., 2018, p. 61)

Exclusion criteria are topics
regarding:

The damaging effects or
efficiency limitations of different
components due to insufficient
thermal management

Thermal management of
power electronics

This category includes all limitations
that are related to the subcomponent
thermal management of power
electronics. The assignment to this
subcategory will only be performed if
the thermal management of the power
electronics is mentioned explicitly in
the text passage.

“Furthermore, specific components of
electric vehicles, like the traction battery
or power electronics, have to be
conditioned within certain temperature
limits in order to ensure functionality and
extend their life span.”

(Rabl et al., 2017, p. 27)

Exclusion criteria are topics
regarding:

The damaging effects or
efficiency limitations of different
components due to insufficient
thermal management

Heating, ventilation, and air
conditioning

This category includes all limitations
that are related to the subcomponent
HVAC. The assignment to this
subcategory will only be performed if
the cabin climatization/air conditioning
is mentioned explicitly in the text
passage.

“Activating the air conditioning brings
thermal management into play. This push
of a button signifies a reduction in range
of 25 to 45% in today’s electric vehicles.”
(Teuschl et al., 2018, p. 61)
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Vehicle body and chassis

Complements

Electric charging infrastructure

This category includes all limitations
related to the component vehicle body
and chassis, their materials, including
the lightweight design, operating
behavior (NVH) and production
processes.

Category definition
This category includes all limitations
that are related to the complement
electric charging infrastructure. The
direct assignment to this main category
will only be performed if the text
passage cannot be assigned to one of
the subcategories charging station and
digital integration.

No text passage was detected in the
literature research and the analysis that
describes the component “vehicle body
and chassis” as a bottleneck in a battery
electric vehicle.

Anchor example

Assignment performed only on
subcategories, i.e., no direct assignment
made to the main category

Coding rules
Exclusion criteria are topics
regarding:

- Charging time of battery
electric vehicles when the
battery is the limiting factor

- Thermal behavior during the
charging procedure

Charging station

This category includes all limitations
related to the subcomponent charging
station, like standardization issues,
charging station power, or availability.

“A decisive acceptance factor in e-mobility
is trouble-free and fast charging. In
addition to large-scale charging parks at
high-performance grid connections,
decentralized fast chargers will also be
needed in the distribution grids.” (Ads-
Tec, 2017, p. 34)

Exclusion criteria are topics
regarding:

- Charging time of battery
electric vehicles when the
battery is the limiting factor

- Thermal behavior during the
charging procedure

- Digital Integration like apps,
billing process with apps, and

Digital integration

interconnectivity
“Electric vehicles are able to support the Exclusion criteria are topics
This category includes all limitations of | mobility and energy transition if regarding:

the subcomponent digital integration of
the charging station infrastructure, like
the interconnectivity, apps, etc.

cooperative charging is possible, that
means the demand for energy and its
availability are balanced. The prerequisite
is an overarching communication network

- Charging station and their
charging power,
standardization issues, etc.
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to control the various functions:
authorization, charge control, load
management, billing process and value-
added services.” (Willrett, 2020, p. 64)

Electric grid

This category includes all limitations
that are related to the complement
electric grid. Examples, therefore, can
be topics regarding the expansion of
the grid or fluctuations of the grid due
to peak loads.

“These residential hot spots and other
concentration points of EV charging, such
as public EV-fast-charging stations and
commercial-vehicle depots, will see
significant increases in local peak loads
[...]. Unmanaged, substation peak-load
increases from EV-charging power
demand will eventually push local
transformers beyond their capacity,
requiring upgrades.” (Engel et al., 2018)

Exclusion criteria are topics
regarding:

- Avalilability of the electric
energy

Dealer and workshop

This category includes all limitations
that are related to the complement
dealer and workshop. Examples,
therefore, can be topics regarding
sales, service, and repair activities in
the field of battery electric vehicles.

“The sales staff in the dealerships are not
fully informed and have to spend a lot of
time encouraging customers to take an
interest in the technology. In a study
published in the journal “Nature Energy,”
the University of Aarhus came to the
conclusion that “car dealerships represent
a significant barrier to the market launch
of electric cars.” (Liebl, 2018a, p. 9)

Disposal and recycling

This category includes all limitations
that are related to the complement
disposal and recycling. Examples,
therefore, can be topics regarding the
recycling process of components or
difficulties in the disposal of
components.

“With 10 million batteries from electrical
vehicles alone, weighing anywhere
between 10 and 100 kg. [..] If the
recycling requirements from other
applicable fields are also included,
recycling capacities will be needed in 20
to 30 years’ time that we ought to be
establishing now.” (Burkert, 2018a, p. 13)
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Components

Category definition

Anchor example

Fuel cell

This category includes all limitations,
that are related to the component fuel
cell. The direct assignment to this main
category will only be performed if the
text passage cannot be assigned to
one of the subcategories MEA, bipolar
plates, fuel cell management, or fuel
cell production.

“Similar to the automotive engine, fuel
cells have some problems, such as a slow
response, difficulty starting cold, and
braking energy that cannot be recycled.”
(Yun et al., 2010, p. 223)

Coding rules
Exclusion criteria are topics
regarding:

- Thermal management of fuel
cells, if the text passage is
clearly related to the thermal
management process
(complexity, etc.)

If the text passage refers to the fuel
cell system, the fuel cell, the
oxygen supply, and the hydrogen
system will be coded.

Membrane electrolyte
assembly

This category includes all limitations
related to the subcomponent
membrane electrolyte assembly, which
means the MEA must be mentioned
explicitly in the text passage. The
direct assignment to this subcategory
will only be performed if the text
passage cannot be assigned to the
subcategory 2" order fuel cell catalyst.

“In particular, where the membrane is
used in vehicles the specific operating
conditions always have to be taken into
account. Constant load changes and
changes in the environmental conditions
provide the biggest challenges to the
stability of the fuel cells compared to other
applications.” (Hertel, 2005, p. 23)

Exclusion criteria are topics
regarding:

- Thermal management of fuel
cells, if the text passage is
clearly related to the thermal
management process
(complexity, etc.)

- Fuel cell limitations, if these
limitations are related to bipolar
plates, fuel cell management,
or fuel cell production,

Fuel cell catalyst

This category includes all limitations
related to the subcomponent 2™ order
fuel cell catalyst, which means the

“Conventional fuel cells with platinum
catalysts are too expensive for large-scale
use, but cheaper systems are

Exclusion criteria are topics
regarding:
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term fuel cell catalyst must be
mentioned explicitly in the text
passage.

considerably less efficient.” (Jacobs
University Bremen, 2016, p. 69)

- Thermal management of fuel
cells, if the text passage is
clearly related to the thermal
management process
(complexity, etc.)

Bipolar plates

This category includes all limitations
related to the subcomponent bipolar
plates, which means the bipolar plate
must be mentioned explicitly in the text
passage.

“The Fraunhofer Institute for Production
Technology (IPT) aims to enable bi-polar
plates for fuel cells to be produced more
cost-effectively and on a large scale.
Researchers at the institute are
concentrating on developing a hot forming
process for the plates, which account for a
large proportion of the weight of the fuel
cells and for almost half the production
costs.” (Fraunhofer IPT, 2019, p. 40)

Exclusion criteria are topics
regarding:

- Thermal management of fuel
cells, if the text passage is
clearly related to the thermal
management process
(complexity, etc.)

Fuel cell management

This category includes all limitations
related to the subcomponent fuel cell
management, which means the
management for efficient fuel cell
usage.

“Therefore, water management is an
important operation issue in a PEM fuel
cell because the liquid water in the fuel
cell causes electrode flooding that can
lower the cell performance under high
current density conditions.” (Ha et al.,
2007, p. 119)

Exclusion criteria are topics
regarding:

- Thermal management of fuel
cells, if the text passage is
clearly related to the thermal
management process
(complexity, etc.)

Fuel cell production

This category includes all limitations
related to the subcategory fuel cell
production, which means this
subcategory is not a component but an
activity in the value chain. Especially,
the focus on this category should be
on the production process and the
associated capacities of fuel cell
manufacturers.

“Together with the mass production
process, this is the most important means
of reducing the costs per kWh. The direct
manufacturing costs could level out at 36
euros per kWh if 30,000 assemblies are
produced in one year. That is the goal of
the AutoStack Industry project, which
aims to develop a high-performance

Exclusion criteria are topics
regarding:

- Production process of other
components or complements
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automotive stack and prepare it for
production.” (Burkert, 2019, p. 11)

This category includes all limitations
related to the oxygen supply in the fuel
cell system. The direct assignment to

Assignment performed only on
subcategories, i.e., no direct assignment

Exclusion criteria are topics
regarding:

- Thermal management, if the
text passage is related to the
thermal management process

Oxygen suppl this main category will only be . . .
- e . gory y made to main category (Exception: text (complexity, etc.)
performed if the text passage cannot .
; passages referencing fuel cell system)
be assigned to one of the
. o If the text passage refers to the fuel
subcategories air filter or compressor.
cell system, the fuel cell, the
oxygen supply, and the hydrogen
system will be coded.
“One major challenge in the intake system
This category includes all limitations lies in rating the air filter. This needs to Exclusion criteria are topics
related to the subcomponent air filter, protect the fuel cell system from regarding:
Air filter which means limitations in the air contamination. Solid and gaseous
filtration must be mentioned explicitly components must be kept away from - Compression and
in the text passage. compressor, heat exchanger and, above humidification of the air
all, the MEA.” (Pundt et al., 2018, p. 40)
“This requires an air supercharging
This category includes all limitations mechanism at a cost of parasitic loads. Exclusion criteria are topics
related to the subcomponent Current superchargers used in fuel cell regarding:
Compressor compressor, which means the power systems have excessive parasitic
compressor must be mentioned loads, approaching 10 - 15 kW at a peak - Air filtration and humidification
explicitly in the text passage. power of 50 kW net, and are heavy and of the air
big.” (Yang, 2000, p. 14)

Hydrogen system

This category includes all limitations,
that are related to the hydrogen
system in the fuel cell system. The
direct assignment to this main category

Assignment performed only on
subcategories, i.e., no direct assignment
made to main category (Exception: text
passages referencing fuel cell system)

Exclusion criteria are topics
regarding:
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will only be performed if the text
passage cannot be assigned to one of
the subcategories hydrogen tank or
on-board hydrogen supply.

- Thermal management, if the
text passage is clearly related
to the thermal management
process (complexity, etc.)

If the text passage refers to the fuel
cell system, the fuel cell, the
oxygen supply, and the hydrogen
system will be coded.

Hydrogen tank

This category includes all limitations
related to the subcomponent hydrogen
tank, which means the onboard
hydrogen storage. These problems in
the onboard hydrogen storage must be
mentioned explicitly in the text
passage to be assigned to this
subcategory.

“The hydrogen storage tanks in the
vehicle can be filled just as quickly as fuel
tanks in conventional gasoline or diesel
cars. However, the hydrogen tanks are
currently very heavy and expensive to
manufacture.” (BAM, 2018, p. 65)

Exclusion criteria are topics
regarding:

- Thermal management, if the
text passage is clearly related
to the thermal management
process (complexity, etc.)

- On-board hydrogen supply
(pumps, etc.)

On-board hydrogen supply

This category includes all limitations
related to the subcomponent on-board
hydrogen supply, which means the
transport/reformation, including
components, from the hydrogen tank
to the fuel cell. These problems in the
onboard hydrogen supply must be
mentioned explicitly in the text
passage to be assigned to this
subcategory.

“Therefore, the development of an
efficient and realistic hydrogen production
device may accelerate fuel cell technology
by resolving a primary roadblock, which is
the need for an on-board hydrogen supply
system.” (Lee et al., 2012b, p. 23)

Exclusion criteria are topics
regarding:

- Thermal management, if the
text passage is clearly related
to the thermal management
process (complexity, etc.)

- Hydrogen tank and general
hydrogen supply (outside the
vehicle)

Battery

This category includes all limitations,
that are related to the component
battery in fuel cell electric vehicles.
The assignment to this category will

No text passage was detected in the

literature research and the analysis that
describes the component “battery” as a
bottleneck in a fuel cell electric vehicle.

Exclusion criteria are topics
regarding:

A28




Appendix K: Final coding guideline for FCEV

only be performed if the text passage
mentions the battery in correlation to
the fuel cell electric vehicle.

- Thermal management of
batteries, if the text passage is
clearly related to the thermal
management process
(complexity, etc.)

- Batteries in BEVs

- Batteries in HEVs

Power electronics

This category includes all limitations,
that are related to the component
power electronics. The direct
assignment to this main category will
only be performed if the text passage
cannot be assigned to the subcategory
HV protection system.

“Due to these special requirements on
power electronics, a relatively high portion
of cost is currently being generated in
electric vehicles, which would in the future
increase without further improvement of
the power electronics due to the cost
reduction of the electric vehicles.”
(Hohmann et al., 2017, p. 39)

Exclusion criteria are topics
regarding:

- Thermal management of the
power electronics, if the text
passage is clearly related to
the thermal management
process (complexity, etc.)

HV protection system

This category includes all limitations
related to the subcomponent HV
protection system, for example, fuses.
The assignment to this subcategory
will only be performed if the HV
protection system is mentioned
explicitly in the text passage.

“The range of electric vehicles is
constantly growing and, in order to make
this possible, batteries with an
increasingly large capacity are needed.
As a result, short circuits in the vehicle
electrical system caused by accidents can
lead to short circuit currents of up to
20,000 A. As the capacity of the batteries
grows in the future, so too will this figure.
Fuses and automotive high voltage
protection mechanisms have in many
cases reached the limits of their potential.”
(TU Vienna, 2019, p. 66)

Exclusion criteria are topics
regarding:

- Thermal management of the
power electronics, if the text
passage is clearly related to
the thermal management
process (complexity, etc.)

- Other power electronics
components like on-board
charger, inverter, etc.

Transmission

This category includes all limitations
regarding transmissions in electric
vehicles.

No text passage was detected in the
literature research and the analysis that
describes the component “transmission”
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as a bottleneck in a fuel cell electric
vehicle.

E-Motor

This category includes all limitations
related to the component E-Motor. This
can concern production processes or
production capacities as well as
material-specific topics such as active
or passive materials.

“The demand estimated for magnets is
about 18.500 metric tons for the year
2020 and even higher with 65.500 metric
tons for 2025. Considering the limited
production capacity of the magnet
manufactures a latent risk for the
automotive sector is possible.”

(Kilper et al., 2019, p. 276)

Exclusion criteria are topics
regarding:

Thermal management of the e-
motor, if the text passage is
clearly related to the thermal
management process
(complexity, etc.)

Thermal management

This category includes all limitations,
that are related to the component
thermal management. The direct
assignment to this main category will
only be performed if the text passage
cannot be assigned to one of the
subcategories thermal management of
powertrain or HVAC.

Assignment performed only on
subcategories, i.e., no direct assignment
made to the main category

Exclusion criteria are topics
regarding:

The damaging effects or
efficiency limitations of different
components due to insufficient
thermal management

Thermal management of
powertrain

This category includes all limitations,
that are related to the subcomponent
thermal management of the
powertrain. The assignment to this
subcategory will only be performed if
the thermal management of different
powertrain components (fuel cell,
battery, hydrogen system, oxygen
supply, etc.) is mentioned explicitly in
the text passage.

“Thermal management plays an important
role in vehicles powered by fuel cells as
well. While the requirements for the
battery, electric motor, and electronics
remain the same, heating the hydrogen is
yet another task. Compared with a
combustion engine, about 30 % more
specific cooling capacity must be provided
for the powertrain.” (Wawzyniak et al.,
2017, p. 50)

Exclusion criteria are topics
regarding:

The damaging effects or
efficiency limitations of different
components due to insufficient
thermal management

Heating, ventilation, and air
conditioning

This category includes all limitations,
that are related to the subcomponent
HVAC. The assignment to this

subcategory will only be performed if

“Thermal management and cabin
climatization are crucial factors influencing
the driving range of battery and fuel cell
electric vehicles. Currently mostly
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the cabin climatization/air conditioning
is mentioned explicitly in the text
passage.

electrically powered components are used
for this purpose, for example, Positive
Temperature Coefficient (PTC) heaters or
electrical compressors, which lead to a
driving range reduction of up to 50 %
during hot or cold weather conditions.”
(Hegner and Weckerle, 2020, p. 79)

Vehicle body and chassis

This category includes all limitations
related to the component vehicle body
and chassis, their materials, including
the lightweight design, operating
behavior (NVH) and production
processes.

No text passage was detected in the
literature research and the analysis that
describes the component “vehicle body
and chassis” as a bottleneck in a fuel cell
electric vehicle.

Hydrogen refueling infrastructure

This category includes all limitations
related to the complement hydrogen
refueling infrastructure, which means
all topics related to the availability of
public hydrogen stations, the costs for
expanding the hydrogen station
network, and all issues related to the
refueling process.

“The costs of a hydrogen fuel station with
one dispenser are around 1 million € [...].
Of course, it can be argued that the price
for hydrogen fuel stations will significantly
decrease if they are built in high
guantities. On the other hand, the current
fuel stations are not yet able to refuel
more than two cars per hour. To increase
the fuel speed, additional technology is
required, and this means additional
costs.” (Doppelbauer, 2020a, p. 405)

Exclusion criteria are topics
regarding:

- Production and transport of the
hydrogen to the fuel stations

If the text passage refers to the
hydrogen supply infrastructure, the
hydrogen refueling infrastructure
and the availability and transport of
hydrogen will be coded.

Availability and transport of
hydrogen

This category includes all limitations
related to the complement availability
and transport of hydrogen, which
means all topics associated with the
production of hydrogen and its
subsequent transportation to the
individual public hydrogen stations.

“The cost of building or expanding a
hydrogen infrastructure, from industrial
production to distribution through
pipelines or tank trucks until delivery to
filling stations, is under the given
conditions such as safety requirements,

Exclusion criteria are topics
regarding:

- Availability of hydrogen station
infrastructure
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This includes all issues regarding the
costs of the production of hydrogen,
the production capacity of the plants,
and the availability of transport
facilities such as pipelines or trucks.

hydrogen diffusion, compression work or
low temperature keeping is immense.”
(Weber, 2020, p. 47)

If the text passage refers to the

hydrogen supply infrastructure, the

hydrogen refueling infrastructure
and the availability and transport
hydrogen will be coded.

of

Dealer and workshop

This category includes all limitations,
that are related to the complement
dealer and workshop. Therefore,
examples can be topics regarding
sales, service, and repair activities in
fuel cell electric vehicles.

The sales staff in the dealerships are not
fully informed and have to spend a lot of
time encouraging customers to take an
interest in the technology. In a study
published in the journal “Nature Energy,”
the University of Aarhus came to the
conclusion that “car dealerships represent
a significant barrier to the market launch
of electric cars.” (Liebl, 2018a, p. 9)

Disposal and recycling

This category includes all limitations,
that are related to the complement
disposal and recycling. Examples,
therefore, can be topics regarding the
recycling process of components or
difficulties in the disposal of
components.

“The recycling rate of the fuel cell must be
further improved, especially for the
polymer membrane is a big research need
to develop an economically advantageous
process. Therefore, the materials have to
be separated to such an extent that they
can be introduced into standardized
existing recycling processes.”

(Ahlfs et al., 2020, p. 12f)
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Appendix L: Text passages that declare a bottleneck for BEVs

Sub) - Component ,
( ) P Type of Trigger /
Journal Text passage component / or
bottleneck Comment
complement Complement
“At the same time, electric vehicles connected to the
ower grid pose a challenge for Distribution System
ATZ P arc p .g y Performance Peak loads due
Operators (DSOs). The high demand for .
Volume 122 . . . - fluctuations to
simultaneously charging PEVs can occasionally lead to Electric grid Complement .
Issue 12 . . — simultaneously
Article 15 overload and bottlenecks in low-voltage networks, if no Low performance charain
countermeasures are taken.” (Dreisbusch et al., 2020, P ging
p. 69)
“Electric vehicles are able to support the mobility and
energy transition if cooperative charging is possible,
ATZ that means the demand for energy and its availability Digital integration Missing Missing
Volume 122 | are balanced. The prerequisite is an overarching — Complement interoperability overarching
Issue 12 communication network to control the various functions: Electric charging P — communication
Article 14 authorization, charge control, load management, billing infrastructure Low performance network
process and value-added services.” (Willrett, 2020, p.
64)
“Generally, the following applies: The comparatively
high and long-term power consumption of a charging
rocess is a challenge for the distribution grid. FIGURE
ATZ P g ) g _ Performance Peak loads due
1 shows the common load profile of a household in .
Volume 122 . . . N fluctuations to
connection with the power required to charge an Electric grid Complement .
Issue 12 . . . : . — simultaneously
. electric vehicle. If we look at an entire electrical circuit, .
Article 13 ) . . Low performance charging
this effect accumulates intermittently. The number of
vehicles charging simultaneously is therefore decisive.”
(Wunsch, 2020, p. 61)
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“The properties of driving comfort, sense of security,
sovereignty, sportiness and precision shape the
handling characteristics of a Mercedes-Benz passenger
car. Objective parameters for vehicle development are

ATZ derived from these properties, so that the driver always Hiah weight
Volume 122 | recognizes their car at first glance. This challenge also g ¢
. . L Battery Component — -
Issue 12 needs to be met by vehicles with battery electric drives.
. . . Low performance
Article 09 However, the lower position of the center of gravity due
to batteries, FIGURE 1, that are integrated in the floor
area simplifies good ride and handling coordination, but
the batteries also lead to a clearly increased vehicle
weight.” (Pfister et al., 2020, p. 37)
ATZ “Weight-intensive high-voltage batteries are required to
Volume 122 realize predefined ranges, which makes lightweight High weight
lssue 11 design necessary on the one hand, but at the same Battery Component — -
Article 14 time limits the available levers for weight reduction.” Low performance
(Seidel et al., 2020, p. 65)
“As far as battery production is concerned, it is clear
that we need to significantly expand our capacity to
meet the growing demand for electric vehicles. In
ATZ growing . _ Only a few
Volume 122 Germany in particular, we have very few battery Battery production Lack of capacity batter
manufacturing plants, but work has already begun on — Component - y .
Issue 10 . L . S manufacturing
. constructing factories in locations close to the market to Battery Low availability
Article 14 plants
reduce the amount of transport needed and to keep
one-sided supply chain dependencies to a minimum.”
(Heintzel and Eisenkramer, 2020, p. 66)
“The State of Baden-Wirttemberg is laying the
ATZ foundations for the charging infrastructure with its Charging stations Lack of
Volume 122 | SAFE charging network for electric vehicles. A wide — infrastructure
. . . . . Complement Legal obstacles
Issue 10 range of different players are currently involved in Electric charging -
Article 14 expanding the network. In addition to providing start-up infrastructure Low availability

funding for areas of the infrastructure which are not yet
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profitable but play an important role in helping the
market to take off, we must continue to focus on the
regulatory framework and ensure that the legal
obstacles to the introduction of re-fuels are removed.”
(Heintzel and Eisenkramer, 2020, p. 66)

ATZ “While the capacity of the traction battery determines High weiaht
Volume 122 | the driving range of an electric passenger car 9 g
.. . . , o Battery Component — -
Issue 10 decisively, it is the heaviest component too.” (List et al., Low performance
Article 13 | 2020, p. 60) P
ATZ “In terms of a low center of gravity, it is also essential High weiaht
Volume 122 | for driving dynamics — because with a mass of up to 9 9
. . . Battery Component — -
Issue 10 700 kg, the traction battery is the heaviest component Low performance
Article 13 | of a BEV.” (List et al., 2020, p. 60) P
ATZ “Low or high temperatures limit the performance of
Volume 122 lithium-ion batteries significantly and have a direct Limited range Temperature
lssue 10 impact on the driving range. If the battery temperature Battery Component — sensitivity of
Article 13 drops from 20 to 0 °C, their efficiency is reduced by Low performance battery
approximately 20 %.” (List et al., 2020, p. 61)
Limited lifetime
“Moreover, high temperatures cause the battery .
. . expectation Temperature
ATZ materials to age more quickly and reduce the battery N sensitivity of
Volume 122 | capacity in the long term. As a rule, it is also important . y.
. Battery Component Low quality battery (aging,
Issue 10 to avoid a thermal runaway when manufacturer- .
. - " Safety risk thermal
Article 13 dependent critical cell temperatures are exceeded.
. — runaway)
(List et al., 2020, p. 61) .
Low quality
“Of the many new testing tasks, Reuss mentions the
ATZ case of the thermal behavior of electric powertrains, for _
. . . .. Low reliability
Volume 122 | instance, in heavy-load and continuous-duty conditions. Thermal Component
N -
Issue 09 In addition to cooling, new operating strategies are management P
. . . . Low performance
Article 03 necessary to better control derating, that is, a kind of

intelligent, incremental reduction in output. After all,
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electric vehicle owners will naturally want to avoid
sudden losses of power.” (Goppelt, 2020, p. 12)

ATZ “While there is a clear opportunity to target
Volume 122 | simplification at a mechanical level, batteries naturally .
. . . Battery Component High costs -
Issue 09 remain challenging when it comes to acceptable cost.”
Article 03 (Goppelt, 2020, p. 11)
“The range achievable in real-word operation [2], in
contrast, is a factor that truly affects purchasing
ATZ decisions. Range, however, results in a conflict for Battery cell Limited range
Volume 122 | developers dealing with today’s battery technology and N Component . Low energy
Issue 06 its low energy density: the larger the range, the higher Battery Low performance density
Article 11 the vehicle’s weight due to the battery cell. Higher
weight in turn reduces efficiency.” (Schmidt, 2020, p.
48)
“For Germany to come even close to the interim goal,
the German National Platform Future of Mobility (NPM)
has predicted that there will need to be more than ten
ATZ million electric and one million fuel-cell vehicles on the Charging stations Lack of
Volume 122 | country’s roads. In addition, the number of public — Complement infrastructure i
Issue 05 charging points will have to increase from the current Electric charging —
Article 02 figure of around 20,000 to 300,000. Implementing these infrastructure Low availability
proposals within the next ten years will be almost
impossible and therefore additional measures will be
needed.” (Liebl, 2020, p. 7)
Lack of
infrastructure
ATZ “Covering longer distances is still a challenge for Charging stations — ’
Volume 122 | electric mobility. Along highways, charging possibilities - Complement Low availability
Issue 04 are limited and long vehicle charging times are Electric charging Long charging
Article 14 unacceptable.” (Kraft, 2020, p. 66) infrastructure time —
Low ’
performance
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Long charging Limited
. . L . . time charging station
ATZ “The estimated range of an electric automobile is a Charging station - ging
. . _ Low performance power
Volume 122 | much-discussed parameter with regard to a limited —
. . . . . . Complement Lack of
Issue 04 number of charging stations with acceptable charging Electric charging infrastructure
Article 14 power.” (Kraft, 2020, p. 67) infrastructure -
N
Low availability
“However, the penetration of BEV and FCEV
technologies will require an increase in minin Battery cathode
ATZ g ) q - g . (Lithium and Cobalt) Costs of raw
output, particularly for lithium, cobalt and platinum. This :
Volume 122 . . . . — material Supply
will have social, environmental and economic Component
Issue 04 . . Battery cell — shortage
: consequences. Occasional shortages and the resulting .
Article 11 . - e . — High costs
price increases are a distinct possibility.” (Hendrich and Batter
Reuter, 2020, p. 55) y
“The cooperation of processing industries and recycling Missin
companies would make it easier to set up and operate g
ATZ . . . Lack of collaboration
profitable collection systems and recycling plants. In . .
Volume 122 » — o , Disposal and capabilities between
addition, the “Design for Recycling” approach is also to . Complement
Issue 04 . L recycling — manufacturer
. be recommended here in order to keep raw materials in . .
Article 11 ) » . Low availability and recycling
the recycling loop and lower the costs.” (Hendrich and industr
Reuter, 2020, p. 55) y
“Changing the existing feet over to electric vans, trucks, . .
ATZ 9ing . g . _ Charging stations Lack of
and buses will present a major challenge in terms of .
Volume 122 . . — infrastructure
feet management, the establishment of the charging . . Complement -
Issue 04 . _ . Electric charging -
Article 03 infrastructure, operational planning, and many other infrastructure Low availabilit
considerations.” (Schlott, 2020, p. 13) y
ATZ “Despite established standards for charging plugs and Charging station Missing
Volume 122 | the communication between the vehicles and charging — Complement interoperability Communication
Issue 02 stations, the wide variety of implementation options Electric charging P — network issues
Article 10 lead to unsuccessful charging attempts. The reasons infrastructure Low performance
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range from communication problems between charging
station and vehicle to “bad electricity,” thus voltage and
frequency fluctuations in the grid that cause vehicles to
stop the charging process.” (Horn et al., 2020, p. 42)

Electric grid

Complement

Performance
fluctuations

—

Low performance

“While public infrastructure is planned, built and

. . Different
adapted over the course of decades, an electric vehicle L . .
ATZ . . Digital integration Missing development
can change rapidly as the vehicle development process . .
Volume 122 L . — interoperability cycles of EV,
progresses within multiple years, and a software . . Complement .
Issue 02 . , . Electric charging — charging apps,
. function in a smartphone’s charging app may be .
Article 10 . ., infrastructure Low performance and
subject to new updates on a monthly basis.” (Horn et .
infrastructure
al., 2020, p. 43)
ATZ “Most car manufacturers still lack experience in dealing Low performance Lack of
with aspects such as cell chemistry, the mechanical Battery cell — e . .
Volume 122 P ) Sty _ y Limited lifetime experience in
and thermal properties of batteries and optimum battery — Component . .
Issue 02 _ o expectation cell chemistry,
Article 10 management with regard to performance and aging. Battery . ot
(Horn et al., 2020, p. 44) Low quality
“The broad expansion of charging infrastructure is A different
overseen by different manufacturers, each with their . . _ . .
ATZ . . . . Charging station Missing interpretation of
own interpretation of how exactly to implement charging . . .
Volume 122 o — interoperability the charging
communication, regardless of the agreed standards. . . Complement L
Issue 02 . o . Electric charging — communication
. This leads to problems with interoperability that . .
Article 10 . B infrastructure Low performance of various
have been massive in some cases.” (Horn et al., 2020,
manufacturer
p. 44)
The _development of Lithium-ion Batteries (LIBs) Low efficiency
remains a major challenge to meet all market
ATZ requirements for BEVs. High dependency of LIBs - Temperature
Volume 122 | "9 gh cep y Low performance |  sensitivity of
performance on temperature and furthermore thermal Battery Component o X
Issue 02 . . S : Lithium-ion
. safety issues are the main concerns which influences Safety risks )
Article 09 batteries

large distribution of BEVs in general. Cold temperatures
make the battery efficiency drop because of increasing

—

Low quality
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resistance leaving discharge capacity minimal.”
(Mirsalehian and Beykirch, 2020, p. 37)

“The life cycle is also adversely influenced by
promotion of Loss of Active Lithium Inventory (LLI),
caused, for example, by Solid Electrolyte Interface
(SEI) growth. Lithium-plating is the other consequence

Limited lifetime

expectation
which occurs by lithium agglomeration on anode N
particles during charge. On the other side, hot Low quality Temperature
ATZ temperatures trigger undesired side reactions which Battery cell sensitivity
Volume 122 | cause LLI and Loss of Active Material (LAM). — Component of Lithium-ion
Issue 02 Furthermore, temperature non-uniformity within the Battery P batteries
Article 09 battery, which is intensive during the operation with causes e.g.,
high currents such as fast charging, leads to different _ aging
aging rates and pre-mature failure in the battery. Safety risks
Thermal abuse conditions, for example TR event and - _
fire exposure, are the key safety failures for the LIBs Low quality
which can endanger passengers.” (Mirsalehian and
Beykirch, 2020, p. 37)
“Production and growth of SEI film on anode patrticles’
) L ) o Battery anode . .
ATZ surface leads to increasing irreversible loss of lithium Limited lifetime
—
Volume 122 | and potential drop. Charge transport in electrolyte is expectation .
P P 9 P y Battery cell Component P Loss of Lithium
Issue 02 also adversely affected by reduced electrolyte volume —
—
Article 09 fraction due to expanding the SEI layer in solid Batter Low quality
phase.” (Mirsalehian and Beykirch, 2020, p. 38) y
“The Center Automotive Research (CAR) at the
University of Duisburg-Essen has identified that the Battery cathode
ATZ v I y HIShurg ! " y Costs of raw .
production process represents only 5 % of the cost of a — . High level of
Volume 122 | = . material
lssue 02 lithium-ion battery [3].The cathode and the materials Battery cell Component dependency on
—
_ needed to manufacture it make up the majority of the — . supplier
Article 03 . : High costs
cost at 70 %, while the anode and other materials Battery

contribute 25 %. For battery manufacturers these are
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transitory items that involve a high level of dependency
on the suppliers of raw materials.” (Backhaus, 2020, p.
10)

ATZ . - .
Volume 122 “But on the other hand, there are also technical Limited capacity
limitations, including battery capacity and the efficiency Battery Component — -
Issue 01 of electric vehicles.” (Tarabbia, 2020, p. 84) Low performance
Article 18 ' ' P P
“Thermal management and cabin climatization are
crucial factors influencing the driving range of battery Thermal
and fuel cell electric vehicles. Currently mostl .
ATZ . y y . Management Electrically
electrically powered components are used for this
Volume 122 . - powered
purpose, for example Positive Temperature Coefficient Component Low performance
Issue 01 . . HVAC components
. (PTC) heaters or electrical compressors, which lead to .
Article 17 L . : — like PTC heater
a driving range reduction of up to 50 % during hot or
cold weather conditions [1].” (Hegner and Weckerle, L
2020, p. 79) Management
“The market for battery raw materials is subject to its
I [ litical isi ' h
ATZ gwn aws and arbitrary political decisions, just a; other Costs of raw _
Volume 122 industrial sectors are. The most recent example is the material High
lssue 01 cancellation of a joint German-Bolivian joint venture for Battery Component dependency on
—
. the extraction of lithium hydroxide. | also have my . supplier
Article 14 . . . High costs
doubts concerning dependencies and the associated
price fluctuations.” (Schéttle, 2020, p. 61)
ATZ “The high energy requirements for the manufacturing of .
g gyreq . . ¢ Battery production
Volume 122 | battery cells and the effort required to acquire raw .
X . . . — Component High costs -
Issue 01 materials balance out in a circular process. The price of Batter
Article 14 batteries can and must fall.”(Schéttle, 2020, p. 60) y
[JOAT “Hybrid cars can be considered a realistic alternative Charging station Lack of
Volume 21 | because of the drawbacks such as the high prices of — infrastructure
; . . Complement -
Issue 01 electric cars and hydrogen fuel cell cars and the lack of Electric charging -
Article 05 charging infrastructure.” (Lim et al., 2020, p. 41) infrastructure Low availability
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IJOAT “In tropical countries, the power demand from the air HVAC Electric power
Volume 21 | conditioning system of an electric vehicle can be up to — from battery is
. Component Low performance .
Issue 01 40 percent of the total power demand of the traction Thermal used for the air
Article 15 battery.” (Pathak et al., 2020, p. 147) management conditioning
[JOAT , . )
Volume 21 “The battery cost of electric vehicles has the highest
contribution to the overall cost of the vehicle.” (Pathak Battery Component High costs -
Issue O o a1, 2020, p. 147)
Article 15 n NP
[JOAT HVAC Electric power
“In tropical countries, the cooling demand of the vehicle P W.
Volume 21 . ) — from battery is
from the traction battery can be as high as 30 ~ 40 % of Component Low performance )
Issue 01 Thermal used for the air

h [ drivi .” (Pathak l., 2020, p. 147
Article 15 the total driving demand.” (Pathak et al., 2020, p ) management conditioning

“Recently, electric vehicles (EVs) such as plug-in hybrid
electric vehicles (PHEVS), pure electric vehicles (PEVS)

[JOAT ) . . Long chargin
which are also named as battery electric vehicles g . ging
Volume 21 . time
lssue 02 (BEVs) have been actively developed to reduce the Battery Component -
N
. effects of air pollution caused by automobiles. One of
Article 24 . . . . Low performance
the main challenges in the EV system is reducing the
battery charging time.” (Kim and Choi, 2020, p. 519)
[JOAT “To achieve the better interoperability on EV charging Charging station Missing .
. o : . . Charging
Volume 21 | communication, ISO 15118 standardization committee — interoperability .
. . . . . . . Complement communication
Issue 02 is making efforts, such as holding a testing symposium Electric charging — roblems
Article 24 since November 2014.” (Kim and Choi, 2020, p. 520) infrastructure Low performance P
High costs
“However, pure electric vehicles are currently Limited range
[JOAT limited by factors such as high cost, short mileage and -
Volume 21 | long charging time which are mainly caused by the Low performance
o . Battery Component - -
Issue 06 storage device; it is difficult to put them into mass Long charging
Article 08 production and large-scale use.” (Xiong et al., 2020, p. time
1409) N

Low performance
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“The most valuable components of electric cars are
undoubtedly their battery systems. Lithium-ion cells

ATZ . ) . Limited lifetime Premature loss
with a high storage capacity can only be operated Battery cell .
Volume 121 L expectation of performance
within a narrow temperature range. Increased — Component .
Issue 12 — or destruction of
. temperatures can lead to a premature loss of Battery .
Article 03 . . Low quality the battery cell
performance, overheating, and even the destruction of
the battery cell.” (Heintzel et al., 2019, p. 17)
“The automotive industry is still in turmoil. The EU is . .
ATZ . u. v ’. sty . I. i I. . : Charging station Lack of
introducing the strictest emission regulations in the .
Volume 121 : . . — infrastructure
world, forcing the industry to move toward electric . . Complement -
Issue 12 . . . . Electric charging —
. mobility despite the inadequate state of the charging . S
Article 02 . o infrastructure Low availability
infrastructure.” (Liebl, 2019a, p. 7)
“Storage facilities with sufficient capacity are currently
neither under construction nor even in the planning in
Europe. And yet they, as well as a vehicle chargin . .
ATZ . P y y « . . ging Charging stations Lack of
infrastructure, would be “essential to meeting the .
Volume 121 — infrastructure
demand that would follow the market success of . . Complement -
Issue 11 ) ) B s Electric charging -
. electric vehicles,” says Klaus Fréhlich, CEO of . A
Article 03 L . infrastructure Low availability
Development at BMW, before adding, “From my point
of view, the issue of infrastructure has been neglected”
[5].” (Heintzel, 2019, p. 9)
“This has contributed to pervasive inertia in the area of . .
ATZ ! . . ou p . _IV fnertaf Charging stations Lack of
Electric Vehicle (EV) charging infrastructure. Around 10 .
Volume 121 . . — infrastructure
to 15 EV fast-charge stations would have to be installed . . Complement -
Issue 11 . ) Electric charging —
Article 03 for each conventional gasoline pump to accommodate infrastructure Low availabilit
a robust EV market penetration.” (Heintzel, 2019, p. 9) y
ATZ “Thereto, a laboratory test bench with the electric Vehicle
Volume 121 traction machine was connected with two HiL performance is
lssue 10 simulators. It was determined that the temperatures of E-Motor Component Low performance hugely
Article 12 the traction machine are a limiting factor for the vehicle influenced by
performance in an exemplarily simulated high load temperature
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driving cycle on the Niirburgring Nordschleife.” (Etzold
et al., 2019, p. 54)

ATZ . High weight
Volume 121 “The high-voltage battery is the largest and most g d
N -
expensive component of an electric car.” (Handtmann, Battery Component
Issue 10 Low performance
. 2019, p. 35) -
Article 08 High costs -
“High-energy cells have a high capacity and can
ATZ therefore store a large amount of energy, which has a Battery cell Bad dynamic
Volume 121 | direct influence on the range of a battery electric y Component behavior Storage and
—
Issue 10 vehicle. However, they are not dynamic in the way that Batter P — supply of power
Article 05 they store and supply the power.” (Mickenhoff et al., y Low performance
2019, p. 17)
“In this respect, high-performance cells have a clear
ATZ advantage, but this is at the expense of a significantly . .
. . Battery cell Limited capacity
Volume 121 | lower capacity, which leads to a decreased range. An Component
— — -
Issue 10 electric vehicle with high-performance cells can Batter P Low performance
Article 05 accelerate faster and recuperate better.” (Miickenhoff y P
etal., 2019, p. 17)
ATZ “The success of electric mobility is heavily dependent
Volume 121 on the capacity of batteries. The goal is to develop Limited capacity
lssue 10 traction batteries with a modular, flexible, and more Battery Component — -
Article 04 cost-effective design in terms of both power and Low performance
capacity.” (Jung, 2019, p. 15)
Limited capacit
“The small capacity of current energy storage systems pacty
. . . . Battery Component — -
ATZ (batteries) in combination with the fragmentary Low performance
Volume 121 | infrastructure for charging facilities requires a precise - - P
- Charging station Lack of
Issue 09 and robust method for range prediction. Such a method .
. . , — infrastructure
Article 17 could promote the long-lasting confidence of future . . Complement -
L e . Electric charging —
users in this key technology.” (Simonis, 2019, p. 75) . ——
infrastructure Low availability
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ATZ HVAC Energy from the
“Especially for electric vehicles, the air conditioning gy .
Volume 121 , , — battery is used
decreases the range of the electric vehicle Complement Low performance .
Issue 09 . ” ; Thermal for air
. dramatically.” (Becker and Buter, 2019, p. 51) -
Article 13 management conditioning
“Furthermore, planned charging power of up to 350 kW
ATZ and beyond lead to very large heat input into the cell. In Limited lifetime
Volume 121 | order to be able to control cell degradation, the expectation
S Battery Component -
Issue 09 demands on heat dissipation and on a homogeneous -
Article 12 temperature distribution at cell and system levels Low quality
are growing.” (Massonet et al., 2019, p. 45)
ATZ “The battery pack is a crucial component that must be . .
. . . High weight
Volume 121 | considered in the body structure of an electric car due
o . . . Battery Component — -
Issue 06 to its high mass and the required large installation Low performance
Article 15 space.” (Kampker et al., 2019, p. 73) P
ATZ “The battery system has a particularly strong influence
Volume 121 on the development and production cost in the electric
lssue 06 car. According to rough estimations, the battery Battery Component High costs -
Article 15 system’s share of total vehicle costs can be estimated
between 35 and 50 %.” (Kampker et al., 2019, p. 73)
ATZ “The battery cell of an electric car is a sensitive
Volume 121 component in the overall body structure, which is Battery cell Safety risk Storage of
lssue 06 considered a potential source of danger for users and — Component — energy and
Article 15 the environment due to the energy and chemicals it Battery Low quality chemicals
contains.” (Kampker et al., 2019, p. 73)
“Sales of electric vehicles are growing, and
manufacturers are investing billions of euros in new
ATZ models. The market will only really take off when the Charging stations Lack of
Volume 121 | vehicles and the infrastructure are in perfect harmony. — Complement infrastructure i
Issue 06 The ATZlive conference “Grid Integration of Electric Electric charging P —
Article 02 Mobility” made it clear that we urgently need to speed infrastructure Low availability

up the expansion of our charging infrastructure.” (Liebl,
2019b, p. 7)
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Batter Component .
ATZ “The biggest technical obstacles to the widespread y P Long charging
Volume 121 | adaption of electric vehicles are the short driving range Charging stations time
Issue 05 and the time-consuming and uncomfortable charging — c | . —
Article 16 process.” (Franke et al., 2019, p. 79) Electric charging omplemen Low performance
infrastructure
“Energy required for generating heating or cooling for Thermal
thermal management represents a bigger burden on management of
the traction battery in case of EVs than it is for the battery
. . . . Component
gasoline or diesel cars [1]. Lacking the steadily — .
. . Electric energy
ATZ available waste heat from the engine, most EVs today Thermal trom the batter
Volume 121 | rely on direct resistive heating by electric heaters to management . y
. . L . Low performance is used for
Issue 05 heat the cabin and traction battery in winter. This cabin and
Article 11 represents an expansive drain on the traction battery HVAC .
. battery heating
and can reduce full-charge driving range by as much as — Component
45 to 50 % in cold weather, compared with that of Thermal P
moderate weather where thermal management energy management
demand is minimal.” (Chowdhury et al., 2019, p. 49)
“While battery manufacturers are steadily improving the
ATZ energy density and cost of traction batteries to increase HVAC Electric energy
Volume 121 EV nominal range, the significant range reduction for from the battery
—
lssue 05 cold and warm weather driving with cabin thermal Thermal Component Low performance is used for
_ management will continue to be a loss. Any system that cabin and
Article 11 . . . management .
offers a reduction of that loss will be attractive to the battery heating
industry.” (Chowdhury et al., 2019, p. 49)
ATZ “The variety of lithium-ion batteries poses new
Volume 121 challenges for battery development in the automotive Battery cell Limited range
lssue 05 industry. Until now, no cell format has proven dominant. — Component — -
Article 05 The challenge is to meet the current requirements for Battery Low performance

range and performance.” (Kollmeier et al., 2019, p. 18)
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“A glance at the data sheets of a selection of electric
vehicles shows that the majority of manufacturers,
including Nissan (the Leaf), for example, and BMW (the
i3), only guarantee a distance of 100,000 km. The

ATZ . . . Limited lifetime
Volume 121 figure for the Opel Ampera, which was launched in expectation Reduction of
2016, is 160,000 km. The range is based on the critical Battery Component P .
Issue 04 o . . - battery capacity
. limit under intensive use when only 70 to 80 % of the .
Article 03 . o . . Low quality
original battery capacity is available. While a fuel cell
can last the entire lifetime of a car, replacing the
batteries after five to six years makes the car a financial
write-off.” (Burkert, 2019, p. 12)
Safety risk Batter
“The fulfillment of crash requirements also poses a y . Y
L . . . Battery Component — penetration or
significant challenge, especially where intrusion space . -
. . . . . Low quality short-circuit
ATZ is low, as is the case with side and underfloor intrusion.
Volume 121 | In addition to crash safety, thermal management also Thermal
i i i management of . .
Iss.ue 03 presenFs the partlcular challenge (?f ensuring batteries begltter High complexity Temperature
Article 14 are maintained at the ideal operating temperature of Yy Component N sensitivity of
o H ” H —
between 15 and 35 °C for maximum range.” (Lindner, Low performance batteries
2019, p. 64) Thermal
management
Limited lifetime
. Battery damage
B R expectation .
ATZ ‘At temperatures above 45 °C, battery damage occurs . on higher
due to chemical reactions inside the cell. At the other Battery cell . temperatures
Volume 121 . . Low quality
extreme, performance and charging capacity decrease — Component
Issue 03 o . . . Performance
. at temperatures below -5 °C, thus lowering vehicle Battery Limited range L
Article 14 limitation in the

range.” (Lindner, 2019, p. 65)

—

Low performance

low temperature
range
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Charging station Lack of .
ging . High costs for
- infrastructure o
ATZ “One of the biggest hurdles for a comprehensive fast- Electric charging Complement ., .bundmg the
Volume 121 charging infrastructure has been the disproportionately infrastructure Low availability infrastructure
lssue 03 high mains connection costs. The intermittent load
Article 0g | PEaks also create a high burden for the power Performance .
networks.” (Kreisel Electric, 2019, p. 35) Electric grid Complement fluctuations Intermediate
— load peaks
Low performance
“The range of electric vehicles is constantly growing
and, in order to make this possible, batteries with an
increasingly large capacity are needed. As a result,
ATZ short circuits in the vehicle electrical system caused by HV protection
Volume 121 | accidents can lead to short circuit currents of up to systems Technical
. . . Component Low performance o
Issue 02 20,000 A. As the capacity of the batteries grows in the — limitations
Article 15 future, so too will this figure. Fuses and automotive high Power electronics
voltage protection mechanisms have in many cases
reached the limits of their potential.” (TU Vienna, 2019,
p. 66)
ATZ “Air conditioning and heating of the interior are HVAC
Volume 121 | considerable power consumers and significantly limit —
. . Component Low performance -
Issue 02 the EVs range, especially at extremely low or high Thermal
Article 11 ambient temperatures.” (Drage et al., 2019, p. 44) management
“Major challenges associated with stationary charging
infrastructure are, for example, congested cities, high . .
ATZ . P .g ) g Charging stations Lack of
real estate, construction and material costs, trips to the . Lack of
Volume 121 . ) o ) — infrastructure .
charging station or a poor utilization rate of charging . . Complement attractiveness
Issue 02 . . . Electric charging —
. stations. All this leads to a low return on investment for . S for stakeholder
Article 09 infrastructure Low availability

key stakeholders and considerable inconveniences for
end users.” (Singh and Boissiere, 2019, p. 37)
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“Public charging stations (AC and DCFC) have a
relatively poor rating due to high investments and large

ATZ . . Charging stations Costs for .
space requirements. Additional challenges are . Penalties for
Volume 121 . . . — electricity
penalties for the end customer (if no charging) and a . . Complement end-user due to
Issue 02 . Electric charging —
. comparatively low usage rate — less than 20 % . . low usage rate
Article 09 , , . . infrastructure High costs
according to various studies.” (Singh and Boissiere,
2019, p. 37)
“A fully functional MCV (Mobile charging vehicle) would
require several subsystems and integration strategies
in addition to the battery and charging system. These
ATZ include the integrated service app, the vehicle Digital Integration Lack of
Volume 121 | communication system, energy management strategies — Complement infrastructure Missing
Issue 02 for optimum charge utilization, special considerations Electric charging P — digitalization
Article 09 for thermal management and a chassis system infrastructure Low availability
adaptation. Accordingly, considerations for
development partnerships would be necessary.” (Singh
and Boissiere, 2019, p. 38)
“At cell level, the costs are around 100 euros per kWh.
ATZ Heimes explained that no further reductions can be
Volume 121 expected in this area, because Asian manufacturers Battery cell
lssue 02 had recently been selling cells almost at cost price in — Component High costs -
Article 03 order to prevent competitors from building their own Battery
plants. The battery cell is ultimately the key competitive
factor.” (Heerwagen, 2019, p. 11)
IJOAT “However, due to the limited traveling distance and Limited lifetime
Volume 20 | battery life cycle of the fully electric vehicles, hybrid expectation
; . Battery Component -
Issue 01 electric vehicles have been developed as the most —
Article 09 promising short-term solution.” (Xu et al., 2019, p. 99) Low quality
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Long charging

time
) » ) o Battery Component
IJOAT “It is hard to charge additional fuel while driving in -
Volume 20 | electric vehicle, because there is not enough charging Low performance
Issue 02 station and it takes a long time to charge.” (Lee et al., Charging station Lack of
Article 18 2019, p. 390) R infrastructure
. . Complement
Electric charging —
infrastructure Low availability
IJOAT “Moreover, it is inevitable that a significant amount of Low efficiency .
. . Heat generation
Volume 20 | heat is generated when an EV climbs steep slopes, - .
.. . ) E-Motor Component in climb steep
Issue 04 because the energy efficiency of electric motors is low Low slobes
Article 09 at low speed rotations.” (Bang, 2019, p. 739) performance P
[JOAT . .
Volume 20 “Due to heavy battery packs, the weight of an electric High weight
lssue 04 vehicle is possibly higher than that of combustion Battery Component — -
Article 10 engine one.” (Kim et al., 2019, p. 749) Low performance
“For electric vehicle (EV), due to its low efficiency and
the current low energy-storage capacity of electric
[JOAT batteries, new transmission structures have been . .
. . . Limited capacity
Volume 20 | contrived, such as multi-speed transmission (MST)
. Battery Component — -
Issue 05 proposed in Roozegar and Angeles (2018) and Low performance
Article 02 Roozegar et al. (2017), and the inverse automated P
manual transmission (I-AMT) proposed in Gao
etal. (2015).” (Sun et al., 2019, p. 886)
[JOAT Limited lifetime
“The decrement of a battery SOH is mainly caused m I . ! .
Volume 20 . . . expectation Aging and
lssue 06 by the battery aging and degradation, namely durability Battery Component dearadation
N
. problems.” (Lee and Wu, 2019, p. 1268) . g
Article 18 Low quality
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“As an important onboard energy storage system,
battery has been widely applied to various types of

High costs

IJOAT EVs, however, the commonly used single energy Limited lifetime
Volume 20 | storage systems (ESS) has limitations which, expectation
. o Battery Component -
Issue 06 depending on the specific energy storage —
Article 20 technology, are related to the high cost, insufficient Low quality
lifetime or low power density [...].” (Bai et al., 2019, p. Bad dynamic
1287) behavior Low power
— density
Low performance
“To make electric mobility competitive, in addition to the Charging station Lack of
expansion of a comprehensive and correspondingly — Complement infrastructure )
ATZ efficient charging infrastructure and progress in battery Electric charging P —
Volume 120 | cell and system technology to increase the infrastructure Low availability
Issue 12 performance, the implementation of innovative
: . . . Battery cell
Article 12 system architectures represents an important lever in c ¢ L ;
optimizing the costs of HV systems.” (Adler et al., 2018, - omponen ow perlormance i
Battery
p. 56)
“The global demand for electric vehicles is forecast to
ATZ rise sharply, with an expected 25 million of new vehicle Charging station Long charging
Volume 120 | registrations per year by 2025. New technical solutions — Complement time Charging
Issue 11 for the charging infrastructure will be needed for cars to Electric charging P — station power
Article 15 be charged quickly and even without the driver’s infrastructure Low performance
involvement.” (TU Graz, 2018, p. 62)
ATZ “The sales staff in the dealerships are not fully informed Lack of
Volume 120 and have to spend a lot of time encouraging customers capabilities Lack of
lssue 11 to take an interest in the technology. In a study Dealer and workshop Complement P experience in
—
Article 03 published in the journal “Nature Energy,” the University Low availability EV

of Aarhus came to the conclusion that “car dealerships
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represent a significant barrier to the market launch of
electric cars.” (Liebl, 2018a, p. 9)

“Electric mobility is still in its infancy; there are not
enough charging stations. Klaus Fréhlich, member of

ATZ ) Charging station Lack of
the board of management of BMW AG with ging .
Volume 120 - L . — infrastructure
responsibility for development, said in the anniversary . . Complement -
Issue 11 ) “ . . . Electric charging —
. issue of ATZ: “The charging infrastructure is a decisive : S
Article 01 . : : infrastructure Low availability
factor in generating demand and ensuring market
success.” (Heintzel, 2018b, p. 3)
“However, DC charging stations are expensive due to Lack of
the charging station technology required, meaning infrastructure High expansion
that expanding the network poses a challenge. As a . . costs
ATZ p . g .p g Charging station _> .
Volume 120 result, it is difficult for the driver of an EV to refuel Low availability
—
sufficiently to cover the range required for every form of . . Complement .
Issue 10 ) . . Electric charging Long charging
. usage. Either their vehicle does not have the necessary . . .
Article 14 . . . infrastructure time Charging
technology on board, or the charging station to which station power
N
they have access is too weak.” (Brull and Graf, 2018, p. P
Low performance
62)
“Rapid DC charging covers a large range requirement, Charging station Lack of
i i i i infrastructure
ATZ put the network of charging stations is sparse. Often, it _ - _ Complement )
Volume 120 is only possible to charge these DC-capable vehicles Electric charging -
ssue 10| Ona single-phase basis at an AC station, because in infrastructure Low availability
Article 14 many cases the On-board Charger (OBC) permanently On-board charger
installed within the vehicle often no longer supports — Component Low performance -
charging.” (Brull and Graf, 2018, p. 63) Power electronics
ATZ “An adequate supply of raw materials and battery cells Lack of raw
. L Battery cell .
Volume 120 | must be available to allow the production lines for material
i » : - Component -
Issue 10 electric cars to get up to full speed.” (Reichenbach, Batter —
Article 01 2018, p. 3) y Low availability
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“Lithium-ion batteries are the state-of-the-art power
source for smartphones, tablets, and electric cars. Their

ATZ storage capacity and power density are far superior to Long charging
Volume 120 | other types of rechargeable battery. Despite all the time
. . Battery Component -
Issue 09 progress that has been made in this area, smartphone —
Article 17 batteries still need charging every day and electric cars Low performance
take hours to recharge.” (Forschungszentrum Jilich,
2018, p. 75)
Limited range
ATZ “Electric-vehicle batteries constitute the enfant terrible — -
Volume 120 of modern mobility. They are energy-intensive to Low performance
lssue 09 manufacture, have a limited range and require rare and Battery Component Costs of raw
Article 04 expensive raw materials to produce.” (Burkert, 2018a, material
p. 11) —
High costs
“Unlike conventional vehicles, electric vehicles require
— above all — more special metals in their powertrain,
for example rare earths for electric motors and lithium,
nickel and cobalt in particular for batteries — the latter
. . . . . Battery cathode
ATZ metallic, blue-gray shimmering material proving the Costs of raw
N
Volume 120 | greatest concern for the electric mobility sector. While it .
. . . . o . Battery cell Component material -
Issue 09 is possible to do without cobalt, it is key in improving
— —
Article 04 the performance of cathodes — the negatively charged .
. . Battery High costs
electrodes in a lithium-ion battery — by several orders of
magnitude in terms of rated voltage and energy density.
However, both properties come at a hefty price.”
(Burkert, 2018a, p. 11)
“Some of these raw materials are unpredictable, for Battery cath
ATZ Some of these gw ateria sa? e u P gd/ctap e, q _ attery cathode Costs of raw
example, expensive cobalt, which is mined primarily in — . e -
Volume 120 material Difficult mining
the Congo. The latest developments on the raw Battery cell Component .
Issue 09 . . . . . — conditions
. materials market show just how volatile the price of this — .
Article 04 ) . . . High costs
highly sought-after metal really is. In fact, it has tripled Battery
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within just two years [1], climbing 26 % within the first
quarter of 2018 alone. Given mining conditions that are
far from easy for such raw materials, the price is
unlikely to drop.” (Burkert, 2018a, p. 12)

ATZ “Moreover, the battery design must allow for automated Battery Component Lack of
Volume 120 | recycling. Which makes a recycling model for old capabilities )
Issue 09 electric-vehicle batteries a top priority.” (Burkert, 2018a, Disposal and —
; . Complement S
Article 04 p. 13) recycling Low availability
“With 10 million batteries from electrical vehicles alone,
weighing anywhere between 10 and 100 kg, this will
ATZ mean recycling systems having to handle several Lack of Assumption:
Volume 120 | 100,000 t a year in Europe alone in future. If the Disposal and Complement capacities
Issue 09 recycling requirements from other applicable fields are recycling P — Missing
Article 04 also included, recycling capacities will be needed in 20 Low availability recycling plants
to 30 years’ time that we ought to be establishing now.”
(Burkert, 2018a, p. 13)
ATZ “A breakthrough in elef:tric transpon"is only likely to Charging station Lack of .
come about when the infrastructure is extended, fully _ Expansion
Volume 120 . _ . — infrastructure
compatible with the products available and the . . Complement costs for
Issue 06 i o o Electric charging — .
_ financing issues have been resolved.” (Liebl, 2018b, p. . I infrastructure
Article 03 9) infrastructure Low availability
“Electric mobility is one of the most outstanding Charging station Lack of
present-day industrial issues. To boost prominence — infrastructure
. . . . . Complement -
ATZ even more, both the charging points and grid Electric charging —
Volume 120 | infrastructure must be further expanded. And here, the infrastructure Low availability
Issue 05 focus has to be on developing technologies and Performance
Article 15 concepts to accommodate electric vehicles within L fluctuations
. . S . ” Electric grid Complement -
intelligent power grids in a user-friendly manner. —

(Springer Fachmedien Wiesbaden, 2018, p. 64)

Low performance
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ATZ “Activating the air conditioning brings thermal HVAC
Volume 120 | management into play. This push of a button signifies a - Component Low performance
Issue 05 reduction in range of 25 to 45% in today’s electric Thermal P P
Article 14 vehicles.” (Teuschl et al., 2018, p. 61) management
“Even when doubling the charging voltage, having the
ATZ same battery size in terms of energy and cells results in Long charging
Volume 120 | the same issue on the cell level. The high current in the time Coulomb losses
. . Battery Component .
Issue 05 power cell substantially reduces the charging — generating heat
Article 14 performance due to the coulomb losses generating Low performance
heat.” (Teuschl et al., 2018, p. 61)
e . L Thermal
“Preconditioning the battery system whilst driving is
ATZ . g ) . management of
essential to achieve maximum charging speed, but
Volume 120 - . . battery
lssue 05 leads to range restrictions and, in turn, to a quickly Component Low performance -
—
. decreasing range on the dashboard.” (Teuschl et al.,
Article 14 Thermal
2018, p. 61)
management
ATZ “ e : .
Volume 120 For years, however, the capacity limit has been Battery production Lack of capacity Lack of
lssue 05 reached “because we simply cannot produce more — Component — production
Article 04 batteries.” (Burkert, 2018b, p. 16) Battery Low availability plants
“One of the main factors is the air conditioning in the
hicle, that i ling the interior in th
ATZ ve |c_e, t. qt is, coq ing the mte_rlor in the summer and HVAC
warming it in the winter. Experience from the field,
Volume 120 X . . - -
along with test and simulation data, indicates that the Component Low performance -
Issue 03 . . . Thermal
Article 06 cruising range at ambient winter temperatures can drop Management
by 30 to 50 % relative to nominal values.” (Scharrer et
al., 2018, p. 21)
ATZ “Many people currently regard range, cost, and the Charging station Lack of
Volume 120 | availability of charging infrastructure as the major — infrastructure
. . . . . Complement -
Issue 02 challenges facing e-vehicles.” (Rinderknecht, 2018, p. Electric charging —
Article 17 74) infrastructure Low availability
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“Batteries in phones, laptops, and electric cars are now
an essential part of our everyday lives. And to meet the

High costs

ATZ expectations of today’s consumers, these batteries are
Volume 120 | becoming lighter in weight, more powerful, and longer
. e . . Battery Component .
Issue 02 lasting. Lithium-ion batteries are currently the most Safety risks Misuse
Article 14 widely used commercial solution, but the technology is - behavior
relatively expensive and can represent a risk if Low quality
incorrectly used.” (Empa, 2018, p. 63)
“Besides the endeavors to keep the battery
in th imal Iso the h [
ATZ temper_ature int _e optimal range, asqt e homogeneity Limited lifetime
of cooling is crucial. Any thermal gradient across the . Temperature
Volume 120 S . _ expectation e
lssue 02 battery cells will inevitably create a misbalance within Battery Component sensitivity of the
—
. the cell — mechanically and chemically — causing a . battery
Article 12 i » Low quality
reduced performance over the lifetime of the battery.
(FrieR et al., 2018, p. 51)
“The most challenging scenario for cooling is by far the
fast charging. The high current strengths necessary to
charge the battery within a short time produces large Thermal
amounts of heat. This is easily understood when
ATZ . L . management of . .
Volume 120 bringing to one’s mind that the dissipated power batter High complexity Temperature
lssue 02 depends quadratically on the current strength. On the y Component — sensitivity of the
—
: other hand, it is crucial to keep the minimum Low performance battery
Article 12 . . . . Thermal
temperature above the critical limit for lithium plating,
. . management
meaning that the overall cooling power has to be
restricted with regard to the coldest cell in the battery
pack.” (Friel3 et al., 2018, p. 51)
“Here, more radical transformations are necessary to
ATZ compete with conventional vehicles for market share on
Volume 120 | a large scale. In the following, a promising route along .
X . . . . Batter Component High costs -
Issue 02 that line will be discussed. It is motivated by the y P g
Article 12 reduction of battery costs as the key enabler to market

access.” (Frie3 et al., 2018, p. 52)
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“In order to establish e-mobility, fast-charging points

) : Charging station Lack of
with a capacity of 350 kW each need to be set up :
- . - infrastructure
across the country. If only 10 % of the 1 million electric . . Complement -
lled for by the G tby 2020 i | oome charging -
ATZ cars cafled for y © .erma?n government by ! infrastructure Low availability
Volume 120 up” at fast-charging points simultaneously, the
lssue 02 electricity grid will have to provide 35 GW of capacity
Article 04 for this purpose — in addition to the normal electricity Performance
requirement. This is around half of German peak load S fluctuations
. Electric grid Complement -
and can only be assured through additional new power —
plants or storage facilities for volatile energy.” (Heintzel, Low performance
2018a, p. 12)
Charging station Lack of
“The power transmission networks are only designed ging .
- infrastructure
for moderate loads and cannot accommodate peak . . Complement -
ATZ _ _ ) Electric charging —
demand. The plan is to construct fast charging stations . -
Volume 120 . infrastructure Low availability
all over the country to allow electric transport to
Issue 02 . - Performance
Article 03 become established. However, the supply of electricity fluctuations
cannot be guaranteed, even if it is bought in from Electric grid Complement Peak loads
—
abroad.” (Liebl, 2018c, p. 9)
Low performance
“The performance of state-of-the-art lithium-ion traction
ATZ batteries is significantly lower at low as well as high -
. ) Low efficiency Temperature
Volume 120 | temperatures. A battery temperature of 0 °C results in a .
.. Battery Component — sensitivity of the
Issue 01 20 % decrease of battery efficiency compared to a Low performance batter
Article 14 battery temperature of 20 °C.” (Steiner et al., 2018, p. P y
63)
ATZ “Current EVs have the problem of a strongly varying
driving range depending on the ambient conditions. At
Volume 120 . . . . Thermal
winter conditions and the use of resistance heating the Component Low performance -
Issue 01 . ” . management
Article 14 driving range can drop by 50 %.” (Steiner et al., 2018,

p. 62)
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“Because of the limited energy storage ability on board,

IJOAT torque distribution optimization aiming at high-efficiency . .
. . . Limited capacity -
Volume 19 | drive of FRMDEYV as an effective way to improve Limited energy
. . ) . Battery Component — .
Issue 01 energy efficiency and extend driving range is of high Low performance storage ability
Article 12 importance, but still lack of study.” (Sun et al., 2018, p. P
122)
“However, this conclusion ignores the negative - .
Friction and iron
IJOAT effect of the non-work permanent magnet synchronous -
. Low efficiency losses even
Volume 19 | motor (PMSM) on system power loss, which has been
. , E-Motor Component - when the
Issue 01 overthrown by experiment tests carried out by Gu et al. .
. . . . . . Low performance PMSM is not
Article 12 (2013) as there still exists friction and iron losses in the workin
motored PMSM.” (Sun et al., 2018, p. 122) g
“Electric vehicle can effectively solve the energy crisis More capacity
1JOAT and environmental pollution. However, the composition Battery Component High costs means higher
Volume 19 of lithium battery is the largest cost problem to be costs
lssue 02 solved for pure electric vehicles, which depends on the Charging station Lack of
. battery capacity, driving mileage and the charging — infrastructure
Article 12 , , . ” . . Complement -
station construction lags behind and so on.” (Boyan et Electric charging —
al., 2018, p. 313) infrastructure Low availability
“Electric vehicles have emerged, at first, as the most
LJOAT promising solution to address the pollution problems
Volume 19 which are increasingly critical. But several decades
lssue 03 later, still victim of their low autonomy and the Battery Component High costs -
Article 18 excessive cost of their batteries, they struggle to
compete with conventional internal combustion engine-
based vehicles.” (Ouddah et al., 2018, p. 572)
Long charging
[JOAT “The EV batteries’ long recharging time, poor durability, time; High weight
Volume 19 | weight, cost and short lifetime are causing the largest N
. S Battery Component -
Issue 04 resistance to the EV mobility infrastructure Low performance
Article 16 development.” (Aksjonov et al., 2018, p. 728)

High costs
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Limited lifetime

expectation
—
Low quality
“Vehicle deceleration is a very fast process. In .
[JOAT . . y P . Bad dynamic
regenerative braking, huge amount of energy is .
Volume 19 . . behavior
lssue 04 released within a very short time. Most of the EV Battery Component -
N
. batteries are not able to save this energy.” (Aksjonov et
Article 16 Low performance
al., 2018, p. 732)
IJOAT “As a relatively small battery can cover most High weiaht Heavy batteries
Volume 19 | journeys, a larger battery would lead to excessive 9 g to reach an
: . . Battery Component —
Issue 05 weight, which would then increase the energy Low performance acceptable
Article 12 consumption.” (Herold et al., 2018, p. 870) P driving range
“A decisive acceptance factor in e-mobility is trouble- . .
ATZ SV P . _I_ y Charging station Lack of
free and fast charging. In addition to large-scale .
Volume 119 . . . . — infrastructure
charging parks at high-performance grid connections, . . Complement -
Issue 12 . . . Electric charging —
Article 08 decentralized fast chargers will also be needed in the infrastructure Low availabilit
distribution grids.” (Ads-Tec, 2017, p. 34) y
“Let’s take a look at what is happening in Norway,
Europe’s environmental role model. Here 98 % of the Infrastructure
ATZ electricity is generated by predictable hydropower. But Charging station Lack of rowth cannot
Volume 119 | the problem is that the growth in the charging station — infrastructure d .
. . . . . . Complement keep pace with
Issue 12 infrastructure cannot keep pace with the registrations of Electric charging — the registration
Article 01 electric cars. The Norwegian association for electric infrastructure Low availability of ngw EVs
cars has recently advised the country’s citizens not to
buy an e-model.” (Heintzel, 2017, p. 3)
ATZ “Electric mobility is nowadays becoming increasingly
attractive for the automotive industry. However, the low Limited range
Volume 119 . . Low energy
energy density of on-board batteries presents pure Battery Component — .
Issue 11 : ) . L, density
Article 16 electric vehicles with a challenge of range limitation. Low performance

(Shen et al., 2017, p. 69)
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“As a rule of thumb, a battery ages twice as quickly for

Long charging

. . . . . Temperature
each 10-K increase in temperature. In principle, this time -y
. : . sensitivity of the
ATZ behavior has been replicated in measurements by - batter
Volume 119 Akasol on various cells in the relevant region between Low performance y
lssue 11 35 and 65 °C. Conversely, excessively low Battery Component Limited lifetime Temperature
: temperatures also lead to problems as they generally . sensitivity of the
Article 07 . . expectation
cause a sharp drop in output and especially as they battery
—
often necessitate significant restrictions on charging . accelerates
Y . Low quality )
current.” (Eberleh and Raiser, 2017, p. 30) aging
“European legislation on the further implementation of
the COP 21 Paris Agreement will also result in growth . .
ATZ . . . .I d S W ! .g W Charging station Lack of
in electric mobility, which in the early stages will be .
Volume 119 ) o L . — infrastructure
strongly influenced by legislation, but it still requires a . . Complement -
Issue 10 o ) . : Electric charging —
: significant establishment and expansion of the charging . A
Article 06 . infrastructure Low availability
infrastructure as well as measures to persuade the
market to accept changes.” (Gutzmer, 2017, p. 23)
“In order to pave the way for a successful market
launch of EV the well-known inhibitors, in other words . . .
ATZ o . . . Charging station Long charging
limited ranges and time-consuming re-charging, should .
Volume 119 ) . — time
be addressed directly. Hence, the presented article . . Complement -
Issue 10 . . Electric charging —
. promotes the technology of rapid charging as a .
Article 05 . ) . infrastructure Low performance
potential measure capable of facing the perceptual bias
described before.” (Ladwig et al., 2017, p. 18)
“Another requirement for modern electric mobility is
significantly shorter charging times for the electric
ATZ energy store, which is currently still quite long. In Long charging High currents
Volume 119 | contrast to filling a tank with fuel, however, charging a time ¢ .
. . . . Battery Component lead to high
Issue 09 battery is subject to losses due to physical constraints. —
. . . heat losses
Article 12 The faster the charging process, the higher the Low performance

electrical current needed and thus the higher the losses
due to heat.” (Wawzyniak et al., 2017, p. 49)
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“Thermal management is a key technology for the

ATZ acceptance of electric mobility, in terms of battery . .
o . High complexity
Volume 119 | service life and range, drive system performance, and Thermal Component
N -
Issue 09 passenger comfort. In order to address the various Management P
. . . . Low performance
Article 12 thermal issues, coolant circuits at different temperature
levels are required.” (Wawzyniak et al., 2017, p. 46)
“The thermal management, the efficient control of all Thermal
energy flows within the vehicle and the conditioning of management of
the passenger compartment, has a significant impact to battery
maximum driving range, fuel consumption and CO2 —
emissions. The strategies for heating and cooling of Thermal
high voltage batteries (HV batteries) of electric vehicles management A tradeoff
ATZ need to be implemented in combination with Heating, High complexit between
Volume 119 | Ventilation and Air Conditioning (HVAC) for the g prexity
L Component — comfort and
Issue 09 passenger compartment, taking into account all
. . o " . . Low performance energy
Article 11 operational and driving conditions. Heating and cooling HVAC consumption
of the passenger compartment in order to optimize the — P
passenger comfort is likely to become even more Thermal
important in future. The upcoming trade-offs between management
comfort and consumption need to be solved under
consideration of smart thermal management control
strategies.” (Drage et al., 2017, p. 42)
“Lithium-ion batteries, which are the most efficient
systems currently available, dominate the market for
ATZ mobile energy storage. But due to limited reserves the Costs of raw
Volume 119 | raw material is becoming increasingly expensive. There material Limited
. . . Battery Component
Issue 05 is a need for alternative storage technologies and — reserves
Article 14 material systems with high energy densities that use High costs

readily available raw materials.” (TU Bergakademie
Freiberg, 2017, p. 62)
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Limited lifetime

“Upgrading charging infrastructure to higher charging expectation )
ATZ power is ongoing. Nevertheless, a widespread Battery Component . Fast charging
installation of rapid charging stations will be limited by Low quality
Volume 119 . . .
the costs for grid connection and the available and - -
Issue 05 . . Charging station Lack of
. transferable amount of electric energy. Moreover, rapid . )

Article 13 ) e . — infrastructure High costs for
charging may shorten the expected lifetime of batteries Electric chargi Complement L )
drastically.” (Muller et al., 2017, p. 56) 'ec fic charging _) OYY expansion

infrastructure availability
ATZ “ . , e :
The batteries in electric cars are made from lithium Battery cell Safety risk -
Volume 119 ) . ” ) ) Flammability of
lssue 03 cells, which are highly flammable.” (Ruhr-University — Component — Lithium
Bochum, 2017, p. 64 Batter Low li

Article 14 ochum, 2017, p. 64) attery ow quality
“Generally speaking, the severe deformation of a cell or
the penetration of an external object into the cell leads

ATZ P ) . L . Battery
to damage of the separator layers in the cell, which in Battery cell Safety risks .
Volume 119 . L penetration or
turn lead to a cell internal short-circuit between the — Component - ;
Issue 02 ) internal short-
. cathode and anode. The consequences can be Battery Low quality L

Article 12 . . . circuits
cell venting, formation of thick smoke and even cell
fire.” (Brunnsteiner et al., 2017, p. 57)

Lifetime
o ) expectations;
“In order to maintain the acceptance of battery-driven Safety risks )
electric vehicles (BEVs), there are diverse challenges .
ATZ like optimized driving range and lifetime of the batteries Low quality
Volume 119 or reduced costs. However, over all of these
challenges, there is one essential: safety. Beside Battery Component
Issue 02 L . . . High costs -
Article 12 the prediction of electrical short-circuits or cooling

system leakage, for AVL this is understanding of the Li-
ion cell from a safety-relevant point of view.”
(Brunnsteiner et al., 2017, p. 55)

Limited range

—

Low performance
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“One of the goals in high voltage traction batteries (HV
batteries) based on Lithium-ion(Li) technology is the
prevention of electrical short-circuits in the high voltage

ATZ system, even after severe distortion for example, after Safety risks
Volume 119 | an accident. Another goal is the protection of the Li-ion y
. . Battery Component — -
Issue 02 cells in the HV battery from heat, penetration by sharp Low qualit
Article 12 objects or severe mechanical loading. If the previously g y
mentioned challenge of customer acceptance is to be
met, a safe battery design is required.” (Brunnsteiner et
al., 2017, p. 54)
“The Mission E concept with its 800-V technology Charging station Lack of
represents our vision for future mobility: technological — infrastructure
. L ; . . . . Complement -
progress in the electrification of the drivetrain combined Electric charging —
ATZ with digitalization and connectivity, such as the ability to infrastructure Low availability
pay at the charging station. In the future, simply
Volume 119 . ) Lo .
overcoming technical limitations will not be enough — L . .
Issue 01 . . e . . Digital integration Missing -
. the introduction of e-mobility is an economic task, as it . . Missing
Article 17 . . . — interoperability C
will only be possible to provide real added value to the . . Complement digitalization
. . . Electric charging — .
mobility users of tomorrow with a standardized infrastructure Low performance and connectivity
infrastructure with a high level of availability.” (Steiner, P
2017, p. 78)
“The increasing range of E-vehicles does however
present a new dilemma — if the destination lies outside
the action radius of the vehicle, then the battery must
be recharged on the way, since an unchanged chargin . . .
ATZ d y L g ging Charging station Long charging
output means the charging time increases . .
Volume 119 . . . . — time Charging
proportionally with the capacity of the battery. This . . Complement .
Issue 01 . Electric charging — station power
: means that drivers must take long breaks, hugely .
Article 17 infrastructure Low performance

increasing the duration of a journey and quickly putting
the advantages of a large range into perspective. In the
future, charging speed will therefore be just as

important as top speed. To make the charging process
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as fast as conventional refueling, significantly higher
performance than that supplied by 50-kW DC fast-
charging stations is required.” (Steiner, 2017, p. 78)

Thermal
management of
battery
g . . —
ATZ -Furthermor.e, specific components of ele.ctrlc vehicles, Thermal . .
like the traction battery or power electronics have to be High complexity Temperature
Volume 119 . - . o management L
conditioned within certain temperature limits in order to Component - sensitivity of
Issue 01 . . L ” Thermal
. ensure functionality and extend their life span.” (Rabl et Low performance components
Article 07 management of
al., 2017, p. 27) .
power electronics
—
Thermal
management
“Since driving range currently is the biggest influencing
ATZ fact(?r when it comes 'to cugqmer acceptaljce ,Of electric HVAC
Volume 119 vehicles, the energetic optimization of vehicle’s
N
air conditioning systems comes to the fore. Therefore, it Component Low performance -
Issue 01 . . . Thermal
: is imperative to significantly lower the total energy
Article 07 . . » ” management
demand under all ambient and operating conditions.
(Rabl et al., 2017, p. 27)
“The thermal management of cars, in other words,
heating and cooling the interior, needs to be made
more efficient and more environmentally friendly. In
ATZ particular in the case of electric cars, the consumption HVAC -
i Low efficiency
Volume 119 | of the energy on board the vehicle must be kept as low —
. . . Component — -
Issue 01 as possible. The electricity stored in the battery should Thermal
. . . . Low performance
Article 04 primarily be used to move the car. It is important that management

the range of battery-electric vehicles is not reduced in
order to improve the well-being of the passengers.”
(Reichenbach, 2017, p. 15)
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“Safety issue of lithium-ion battery is crucial in
automotive application of lithium-ion battery. Lithium-ion

[JOAT . . . . .
batteries have potential to undergo exothermic reaction Safety risks
Volume 18 . The danger of
so called thermal runaway which may lead to Battery Component — . )
Issue 01 . . . . explosion or fire
Article 12 catastrophic event such as explosion or fire when the Low quality
batteries are exposed to high temperature condition.”
(Jung et al., 2017, p. 117)
“In addition, although it depends on the battery type, - I .
IJOAT I.’ . 19 . t aep . y P Limited lifetime Capacity fade
conventional lithium-ion batteries suffer from severe .
Volume 18 . . . expectation due to
degradation such as capacity fade and resistance Battery Component
Issue 01 . . . . — temperature
Article 12 growth accompanied by various side reactions under Low qualit sensitivit
high temperature condition.” (Jung et al., 2017, p. 117) g y y
IJOAT “Especially, in battery electric vehicles (BEV), light Hiah weight
Volume 18 | weighting becomes more stringent issue, because their 9 9
. L Battery Component — -
Issue 04 batteries take more than 10 % of the car weight.” (Yoo Low performance
Article 07 etal., 2017, p. 625) P
IJOAT “However, shorter driving range due to limited energy Limited range
Volume 18 | density is one of the major limitations faced by electric g Limited energy
. . . ” Battery Component — .
Issue 04 vehicles as compared to conventional vehicles.” (Zhao Low performance density
Article 13 etal., 2017, p. 686) P
IJOAT “Battery high discharged currents are causes of Limited lifetime
. , . Temperature
Volume 18 | warming battery’s cells. The temperature of 40 °C and expectation o
) . Battery Component sensitivity of
Issue 05 above reduces battery life span.” (Ataur et al., 2017, p. — batter
Article 12 875) Low quality y
Thermal
[JOAT , management of . .
“Heat control and management is one of the most g High complexity
Volume 18 | . . , . . , , battery
important issues in the lithium-ion batteries at high Component — -
Issue 05 charge/discharge rate.” (Ataur et al., 2017, p. 876) - Low performance
Article 12 g g ’ v P Thermal P

management




Appendix L: Text passages that declare a bottleneck for BEVs

1JoAT Temperature
Volume 18 “They have reported that the Li-ion battery capacity Limited capacity sensitivity of
drops seriously under low temperature and temperature Battery Component — batteries limits
Issue 05 above 60°.” (Ataur et al., 2017, p. 876) Low performance operation
Article 12 ' N P P P .
capacity
“Germany’s chancellor Angela Merkel wants to see one
ATZ million electric vehicles on the country’s roads by 2020. _
. ] Limited range
Volume 118 | However, they are not proving easy to sell. Potential
. . Battery Component — -
Issue 12 buyers are being discouraged by the short range of the
. . . . R . Low performance
Article 13 batteries and the high price of the cars.” (University of
Mannheim, 2016, p. 54)
“Electric mobility is expanding on a number of different
levels. The cost and the range of electric cars are
ATZ i [ h hnol hargi i Missi
|mpro_v|ng gst e technology b_ecomes more advanced, Charging station _ |ssmg_ _ Standardization
Volume 118 | but it is difficult to speed up this process. However, — interoperability .
. . . . . Complement issue for power
Issue 12 faster progress is needed in designing payment Electric charging - .
. L . ordering system
Article 03 systems to charge for the electricity that has been infrastructure Low performance
used. In this case all the stakeholders need to apply the
same standards.” (Siebel, 2016, p. 13)
“Some locations were not suitable for charging stations Charging station Lack of Costs of
because the capacity of the electric power lines was — infrastructure expansion of
. o . . . , Complement .
ATZ inadequate. If he had insisted that charging stations Electric charging — the charging
Volume 118 were installed in the chosen places, the grid operator infrastructure Low availability infrastructure
would have had to pay around 15,000 euros to increase
Issue 12 . ) Performance Costs of
Article 03 the grid capacity on top of the 5000 euros for the fuctuati i ¢
charging station itself. “A lot of small problems can Electric Grid Complement uctuations expan5|or.1 ©
. . e . . - the charging
make the installation difficult and quickly bring L ; infrastruct
everything to a standstill.” (Siebel, 2016, p. 11) ow performance | infrastructure
ATZ “In electric cars, using electricity to heat the passenger HVAC Electricall
Volume 118 | compartment in winter can reduce the range by up to — y
. Component Low performance powered
Issue 10 50 %. Heat pumps can compensate for this problem to Thermal components for
Article 16 a certain extent, but in the case of R1234yf heat pumps management P
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this is only possible at ambient temperatures no lower
than -5 °C.” (GroRmann, 2016, p. 70)

heating and
cooling

“The concerns in this area are understandable, but in

ATZ . . . . . :
Volume 118 my opinion, there is a bottleneck in the production of Battery production Lack of capacity
lssue 10 battery cells over the next five to ten years, because — Component — -
Article 06 the electric vehicle market will enjoy lasting success Battery Low availability
during this period.” (Kagermann, 2016, p. 23)
“The success of the new measure can easily be
evaluated. In 2015 only 0.7 % of new vehicles
registered in Germany were electric cars, while in the
ATZ Netherlands the figure was 10 % and in Norway 23 %, Charging station Lack of
Volume 118 | because the infrastructure in these countries is widely — Complement infrastructure i
Issue 10 established. Thanks to the subsidy, 936 German Electric charging P —
Article 01 buyers had opted for electric vehicles by 14 July and infrastructure Low availability
1523 by 29 July. If the charging infrastructure is
extended in Germany, the growth rate should increase
even further.” (Reichenbach, 2016b, p. 3)
“Since the grids cannot support static charging with off- . . .
ATZ ! g I . upp ! _g’ gw Charging station Electronically
peak electricity, a charging infrastructure is urgently
Volume 118 ) ) . . — controlled
required that has electronically controlled charging. It is . . Complement Low performance _
Issue 09 . ) o Electric charging charging not
. important that the next step is to enable bi-directional . .
Article 16 . . iy infrastructure possible
charging of vehicles.” (Heintzel, 2016, p. 71)
“In order to allay customers’ fears about the range of
electric cars, large sums will be invested in developin . . High costs for
ATZ I . g .u WI nv ! veloping Charging station Lack of 9 .
the public charging infrastructure between now and . the expansion
Volume 118 o . — infrastructure
2020. A total of 100 million euros will be spent on . . Complement of the fast
Issue 09 . . . . Electric charging — .
_ conventional charging stations and 200 million on fast . I charging
Article 02 infrastructure Low availability .
ones. | cannot understand why the German infrastructure

government is investing in conventional technology
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which many people already have at home. Alongside
the development of battery technology, the creation of a

Long charging

Power of the

. . . time available
dense network of fast charging stations is the key to the . charain
breakthrough of electric vehicles.” (Liebl, 2016, p. 7) .g ¢

Low performance stations
Charging station Lack of
“Beyond high purchase price and the inadequate g _g) infrastructure
charging infrastructure, potential buyers cite limited . . Complement -
ATZ . . Electric charging -
range as an important deterrent to the acquisition of an . I
Volume 118 i . ) . , infrastructure Low availability
electric vehicle [1]. Climate control systems in electric
Issue 07/08 . . HVAC Usage of
_ vehicles must be operated using energy from the g
Article 10 . . . ” electric ener
traction batteries, which further reduces range. - Component Low performance ¢ ay
(Nerling et al., 2016, p. 38) Thermal for cooling and
management heating
“The limited range of electric vehicles is additionally
ATZ reduced through the thermal conditioning of the HVAC Usage of
Volume 118 | passenger compartment. Due to the vehicle mass’ high — electric energy
. Component Low performance .
Issue 07/08 | thermal storage capacity the energy necessary for Thermal for cooling and
Article 10 heating up and cooling of the passenger compartment management heating
is comparatively high.” (Nerling et al., 2016, p. 38)
Long charging
time
“In the long term, the energy density of batteries will -
ATZ remain very low when compared with that of many Battery Component Low performance
fuels. The charging infrastructure is difficult to use in High weight
Volume 118 : . . Low energy
precisely the area where it is really needed: our cities. - .
Issue 07/08 . . ) ) density
Article 03 And vehicles suitable for long-distance travel come with Low performance
heavy batteries and long charging time.” (Goppelt, Charging station Lack of
2016, p. 9) — infrastructure
. . Complement -
Electric charging —
infrastructure Low availability
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“The range of electric vehicles is reduced in particular
in winter by the need for climate control and interior
heating. For this reason, the joint project “Integrated
thermal management in electric cars” (GaTE) has been

ATZ . . L - High ener
established by Mahle, Bosch, Daimler, sitronic and the Low efficiency g . 9y
Volume 118 . . . . Thermal requirements
Research Institute of Automotive Engineering and Component — .
Issue 06 ) . . . Management for cooling and
. Vehicle Engines Stuttgart (FKFS) with the aim of Low performance .
Article 12 | . . ; o heating
improving thermal management in order to significantly
reduce the electric energy needed for heating the
vehicle and keeping the powertrain components at the
correct temperature.” (Mahle, 2016, p. 55)
“By 2020, there will be one million electric cars on
German roads if the German government achieves its
ATZ target. The most common reasons why many Long charging
Volume 118 | consumers are still not choosing this environmentally time
. . . . . Battery Component -
Issue 06 friendly alternative to gasoline-or diesel-engined -
Article 12 vehicles are the long charging times for the battery and Low performance
the short range of the cars.” (University of Ulm, 2016, p.
55)
“When outside temperatures are low, the range can be
reduced by up to 47 %, while the comfort of the interior
ATZ of the electric vehicles is also limited. Under certain HVAC High energy
Volume 118 | conditions, a5 kW PTC heating system, which is a — requirements
. . Component Low performance .
Issue 05 common choice today, is no longer able to reach the Thermal for cooling and
Article 16 comfort temperature within the cycle when the outside management heating

temperature is lower than -10 °C.” (Minnrich et al.,
2016, p. 77)
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“Battery electric vehicles (BEVs) are limited in their
range and are also restricted in terms of the comfort
they offer when compared with conventional vehicles,

ATZ particularly in the winter. The reason for this lack of HVAC The battery
Volume 118 | comfort lies primarily in the considerably greater — must provide
- . . Component Low performance . .
Issue 05 efficiency of the electric power train. Consequently, Thermal electric heating
Article 16 thermal losses cannot be used to heat the passenger management energy
compartment. This is why, in addition to the operating
power, the battery also has to provide the electric
heating energy.” (Minnrich et al., 2016, p. 75)
“Not only a low battery capacity contributes to the
ATZ restriction of electric vehicle ranges, but also wind and
Volume 118 weather have a great influence. In the GreenNavigation Limited range
lssue 05 project and on the basis of weather data, Bosch, FZI Battery Component — -
Article 07 and IPG investigate the meteorological influence on the Low performance
energy demand and lay down a range usage
optimization.” (Viehl et al., 2016, p. 26)
“With its SpeedE project, it wants to make the extensive
ATZ innovation potential of battery-powered vehicles -
. : . Limited range
Volume 118 | tangible. Bosch, FZI and IPG are focusing their work on
. . Battery Component — -
Issue 05 battery range, which is still too low, by examining the
. . . . Low performance
Article 04 meteorological influence on energy requirements in the
GreenNavigation project.” (Reichenbach, 2016a, p. 15)
Aaeina is a kev i T T -
ATZ geing 1; a. e%/_lssue with lithium |_on batte_rles, Limited lifetime
because it significantly reduces their potential storage .
Volume 118 ) ) . expectation .
lssue 02 capacity. However, research into the reasons behind Battery Component Aging effect
—
Article 08 this is still ongoing in academic institutions and in Low qualit
industry.” (Technical University of Munich, 2016, p. 33) d y
[JOAT “In this regard, the aging effect can also become a Limited lifetime
Volume 17 | critical problem for driving motors. As a result, motor expectation .
P g_ g E-Motor Component P Aging effect
Issue 01 parameters can change significantly under those —
Article 15 different working conditions. More importantly, motor Low quality
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life will be affected too which can increase the
possibility of sudden failures that are unacceptable for
any fast-moving vehicle.” (Liu et al., 2016, p. 153)

IJOAT “Considering the aging phenomenon during the lifetime Limited lifetime
Volume 17 | of motors, magnet capability can remain only 70 % of expectation .
! L g pabilrty . .I y ’ E-Motor Component P I Aging effect
Issue 01 their original value at the end of their lives for —
Article 15 permanent magnet motors.” (Liu et al., 2016, p. 155) Low quality
“The lithium i in th tt iffusi - I D i
1JOAT e /. ium ion moves in the battery by diffusion Limited lifetime amaging
according to the input current. Therefore, a sudden and . effect due to
Volume 17 . expectation N
lssue 02 large change of current causes great nonuniform Battery Component significant
—
. distribution of the concentration, which damages the . change of
Article 16 R Low quality
battery.” (Jung et al., 2016, p. 342) current
“One of the cell degradation modes for lithium-ion
1JOAT _battenes reported in the literature is the Ipss of lithium Limited lifetime
inventory (LLI) (Dubarry et al., 2012). This takes place Battery cell .
Volume 17 . . expectation I
lssue 03 mainly due to the constant formation and growth of the — Component Loss of Lithium
N
. solid electrolyte interface (SEI), which consumes lithium Battery .
Article 12 . Low quality
that therefore cannot be used anymore for the main cell
reaction.” (Marongiu and Sauer, 2016, p. 467)
“Another phenomenon which causes LLI is lithium
LJOAT plating. As shown in Flgl.Jre 3 (b)?, .the main Limited lifetime
consequence of the LLI is the shifting of the cathode Battery cell .
Volume 17 . . expectation I
lssue 03 voltage curve in respect to the anode curve. This — Component Loss of Lithium
—
Article 12 results in a cell capacity reduction and a change of the Battery Low qualit
length of plateau IlIA.” (Marongiu and Sauer, 2016, p. q y
467)
“When a LIB is in service, either under storage or
[JOAT during an automotive duty cycle, it is subject to a loss of Limited lifetime
Volume 17 | capacity and power. As the battery ages, its expectation .
P . y p . yag N Battery Component P Aging effect
Issue 03 physicochemical characteristics, such as the kinetic —
Article 15 and transport quantities of Li(-ion), can change .” (Sung Low quality

etal., 2016, p. 493)
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“The connection between battery volume and vehicle

[JOAT o . . . . . To increase the
weight is very noticeable in terms of energy constraints, High weight
Volume 17 . ) range, the
because a bigger battery to increase the range also Battery Component —
Issue 03 . . o, battery gets
. increases the weight and thus, consumption.” (Roche et Low performance .
Article 16 heavier
al., 2016, p. 513)
“The representative issue of the BMS is the
ability to monitor the charging status of the batter
[JOAT . I ding ’ . y Battery management . .
pack, namely the state-of-charge (SOC). Highly High complexity e
Volume 17 . . . o system Difficulties in
accurate SOC information provides reliability and safety Component - -
Issue 05 e . . — SoC estimation
. to the battery pack by prohibiting over-discharging and Low performance
Article 16 . . Battery
over-charging that can cause permanent internal
damage.” (Chun et al., 2016, p. 910)
“Although the EV (Electric Vehicle) and PHEV (Plug-in
IJOAT Hybrid Electric Vehicle) are considered as one of the Lack of
Volume 17 | solution for relieving exhaust gases and traffics, their Electric charging infrastructure
o . Complement -
Issue 06 commercialization has been delayed due to the lack of infrastructure -
Article 05 relevant regulations, policies and charging Low availability
infrastructures.” (Kim, 2016, p. 977)
1JOAT “Electric vehicles (EV) are one possible solution
Volume 17 because they have no emissions as they are powered Limited range
lssue 06 by electricity. However, their short travel due to their Battery Component — -
Article 17 limited battery capacity is a major drawback.” (Pi et al., Low performance
2016, p. 1101)
“To achieve a thermally comfortable indoor climate in
ATZ electr!c vehicle models, 'Fhe air masses are heated HVAC
Volume 117 electrically or by load shifts overheat pump processes Battery must
—
lssue 09 [2]. In these cases, the required energy is not available Thermal Component Low performance | provide electric
Article 11 for the driving powers anymore, which can limit the management heating energy

range of the vehicle — in extreme cases even to 50 %.”
(Schmidt and van Treeck, 2015, p. 57)
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ATZ “Due to the low energy density of the electrochemical Limited range
Volume 117 | storages that are used in electric vehicles, the BEV’s ¢ Low energy
. Battery Component — .
Issue 09 range is nevertheless not comparable to that of Low performance density
Article 10 conventional vehicles.” (Eghtessad et al., 2015, p. 49) P
ATZ “To attract a broader customer base for pure electric
Volume 117 vehicles, conflicting goals need to be solved, for
lssue 09 example reducing the costs of the battery and Battery Component High costs -
Article 10 simultaneously increasing the achievable electric
range.” (Eghtessad et al., 2015, p. 48)
“Even if a heat pump is used, some of the energy to HVAC The battery
heat the cabin has to be drawn from the battery. The — Component must provide
problem is aggravated at low temperatures due to the Thermal P electric heating
ATz reduced discharge capacity of the battery. In warm management energy
Volume 117 | weather not only the vehicle cabin but also the battery Thermal
. . . Low performance
Issue 07/08 | has to be cooled. Typically, the required refrigerant management of The battery
Article 12 compressor power is drawn from the battery. The heat battery Component must provide
deficit in winter and the required cooling capacity in — P electric heating
summer result in a significantly shorter range for these Thermal energy
conditions.” (Auer et al., 2015, p. 65) management
ATZ “One of the main topics of the battery electric vehicle is
Volume 117 | the low range. Serious efforts are being undertaken to .
. . Battery Component High costs -
Issue 07/08 | increase the range, or respectively to reduce the cost of
Article 12 batteries for an equal range.”(Auer et al., 2015, p. 64)
“As they do so, climate control represents a major
challenge. For example, a battery’s usable electricit
ATZ ge. Forexamp s oty HVAC The battery
depends on its temperature, which means that low .
Volume 117 : — must provide
temperatures result in reduced range. Furthermore, Component Low performance _ .
Issue 07/08 . . . Thermal electric heating
. there is an increased need for heat energy to provide
Article 07 management energy

climate control in the passenger compartment, which in
turn limits a vehicle’s range.” (Kritzer et al., 2015, p. 33)
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“A comprehensive market penetration of electromobility

Limited range

ATZ .
Volume 117 has been hampered to date by various acceptance — -
lssue 07/08 issues. Significant amongst them are the limited driving Battery Component Low performance
Article 06 range and higher capital costs both affected by the High costs
batteries.” (Barkow et al., 2015, p. 27) g
ATZ “The storage elements in an electric vehicle (EV)
Volume 117 remain a key challenge to wide-scale, successful Limited range
lssue 07/08 deployment of EVs that are appealing to customers and Battery Component — -
Article 03 are adequately functional (for example in terms of Low performance
range).” (Funcke et al., 2015, p. 11)
ATZ “These require high level safety measures to avoid for .
. . Safety risks
Volume 117 | example mechanical damage of the cells, which
. . Battery Component — -
Issue 07/08 | increases the pack mass and reduces the propulsion Low qualit
Article 03 efficiency of the vehicle.” (Funcke et al., 2015, p. 11) quaitty
“These new requirements for future vehicle concepts .
ATZ . q . . . . P . . Heavy batteries
are diverse. For one thing, lightweight design is an High weight
Volume 117 | . . . . . are necessary
important key technology in electric vehicles in order to Battery Component — .
Issue 04 , . to achieve a
: compensate for the battery's added weight and thus to Low performance -
Article 10 . - » s sufficient range
achieve sufficient range.” (Héfer et al., 2015, p. 49)
ATZ “One example is the decreasing capacity of a battery Limited lifetime
Volume 117 | over its lifetime depending not only on the operation expectation Decreasing
) , B Battery Component .
Issue 03 profile but also on the battery technology in use. — battery capacity
Article 07 (Kampker et al., 2015, p. 29) Low quality
“What are the impacts of adding a number of electric
ATZ vehicles to an existing fleet, which reliably operates a -
) o . . . Limited range
Volume 117 | fixed set of routes in its current configuration? It is the
. . . Battery Component — -
Issue 03 capacity of the battery that often limits the operational Low performance
Article 07 range of an electric vehicle.” (Kampker et al., 2015, p. P

29)
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ATZ “However, the chemical safety of the high-energy .
. . o Battery cell Safety risks
Volume 117 | compositions will decrease significantly. Therefore, the Component
— — -
Issue 03 monitoring of the battery cells becomes increasingly Batter P Low qualit
Article 04 crucial.” (Nalbach and Wagner, 2015, p. 17) y q y
“The air conditioning system is one of the most relevant
auxiliary consumers in a passenger car with a
ATZ significant energy demand. Especially for hybrid and HVAC The battery
Volume 117 electrical vehicles the waste heat, which is produced by must provide
—
lssue 02 the conventional internal combustion engine, is Thermal Component Low performance | electric heating
_ drastically diminished, or even completely missing. If and cooling
Article 05 . ) . management
this is compensated by means of electric heating energy
elements, the driving range is decreased significantly.”
(Steiner et al., 2015, p. 20)
ATZ . . . Long chargin
Volume 117 “A strong constraint of the high-voltage battery with gtime ging Temperature
lssue 01 respect to its loading capacity takes place in particular Battery Component sensitivity of the
—
. at low temperatures.” (Sawazki et al., 2015, p. 22) batteries
Article 05 Low performance
“The experiences from the first phase of electromobility
have shown that a cool ambient environment
signifi ly limits th f electri hicles. |
gnificantly wmtst e _range_o electric vehic gs n The battery
ATZ contrast to vehicles with an internal combustion .
. . . must provide
Volume 117 | engine, at low temperatures the heating energy is Thermal . .
. . . Component Low performance | electric heating
Issue 01 received from the high-voltage battery. Depending on Management and coolin
Article 05 the outside temperature and the interior space ener g
requirements, the used heating energy amounts to up 9y
to 50 % of the total energy consumption.” (Sawazki et
al., 2015, p. 20)
B h
IJoAT | . . . y attery cathode Limited lifetime .
‘According to recent studies, solvent decomposition by — . Capacity fade
Volume 16 L . . . . expectation
lssue 02 oxidation reactions finally cause loss of active material Battery cell Component due to loss of
—
. in LiMn204 spinel cathode.” (Baek et al., 2015, p. 311) — . active material
Article 15 Battery Low quality
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“One of well-known cause of capacity fade is film

Battery anode

[JOAT . . . . Limited lifetime :
formation on the surface of active materials especially — . Capacity fade
Volume 16 | . . . . expectation .
lssue 02 in the anode. The film grows due to the side reactions, Battery cell Component due to film
—
Article 15 a phenomenon which is not clearly known yet.” (Baek — Low qualit formation
et al., 2015, p. 312) Battery quaity
“One of the main challenges for its market success is
IJOAT the electric driving range achievable with the current -
? ) Limited range
Volume 16 | battery technology, which allows the vehicle to store Low energy
. . . Battery Component — .
Issue 03 only a small fraction of the energy available using density
. , . . o Low performance
Article 01 conventional fuels, such as gasoline or Diesel oil.
(Mattarelli et al., 2015, p. 351)
“There has been an advent of the production BEVs in Hi
) _ igh costs
IJOAT recent years; however their low range and high
Volume 16 | cost still remain the two important drawbacks. The .
. P Battery Component Limited range -
Issue 03 battery is the element which strongly affects the cost .
Article 15 and range of the BEV.” (Dhand and Pullen, 2015b, p. Low performance
487)
IJOAT . , . High costs
Volume 16 ‘At present the most important bottleneck in BEVs is : g
issue 03 | the battery itself, which strongly affects the range and Battery Component Limited range -
. cost of the BEV.” (Dhand and Pullen, 2015b, p. 488) -
Article 15 Low performance
‘However, the road towards total vehicle electrification Limited range .
. . . Limited energy
still poses some big challenges [..]. Currently, the main — densit
[JOAT hurdle resides in the battery technology [...J: compared Low performance ensty
Volume 16 | with liquid fuels, they display much lower specific ]
. . . Battery Component Long charging
Issue 04 energy, energy density and refueling/ recharging rate. ) L harai
Article 17 The issues of limited driving range and long charging time ow rect arging
— rate

time are both centered on the battery package of the
car.” (Gebrehiwot and van den Bossche, 2015, p. 707)

Low performance
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IJOAT “Furthermore, the high initial manufacturing cost of
Volume 16 | BEVs, most particularly due to the high battery cost .
P y . g . y . Battery Component High costs -
Issue 05 offsets any advantages of the inexpensive electrical
Article 13 energy used to power them.” (Li et al., 2015, p. 827)
[JOAT Long chargin
Volume 16 “Unlike gasoline refueling, however, BEV charging gtime ging
takes time, requiring as much as 7 hours to fully charge Battery Component -
Issue 05 . P -
. a Nissan Leaf BEV.” (Li et al., 2015, p. 827)
Article 13 Low performance
Long charging Charging
. . time stations do not
“One of the long-term goals for EV infrastructure is the . .
IJOAT . . ) . Charging station — have the power
fast charging capability which allows EV batteries to be .
Volume 16 L . — Low performance | for fast charging
fully recharged within a short time. However, the . . Complement
Issue 05 . . . ) Electric charging Lack of
. upgrade involves considerable investment and is not . . Lo
Article 13 . s infrastructure infrastructure High investment
practical at the present time.” (Li et al., 2015, p. 834)
— costs
Low availability
“Most current electric vehicles are equipped with high-
capacity batteries f':md fu.eled with Ilmlt'ed el'ectrllcal Limited range Limited
energy [...]. Electric vehicles are thus inferior, in terms .
7 ) . Battery Component — electrical
of cruising range, to conventional vehicles that are
. o . . . Low performance energy
LJOAT equipped with internal combustion engines. Turning on
Volume 16 the air conditioner or heater makes it even worse.
lssue 06 Particularly in winter, when conventional vehicles heat
. cabin room by using engine coolant from the heat
Article 04 ) : . ) HVAC
exchanger of air handing system, electric vehicles use N
an electric heater because they do not have such a Thermal Component Low performance -
source of heat from coolant. Much consideration is
management

therefore given to the application of heat pump
systems.” (Lee, 2015, p. 923)
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“Electric vehicles (EVs) are becoming more and more

Limited capacity

1JOAT popular because of the high fossil fuel prices and strict Low specific
Volume 16 emission rules [...J. However, even the lithium-based - energy
lssue 06 batteries possess a low specific energy (90 ~ 180 Battery Component Low performance
. Wh/kg); therefore, heavy vehicles require large quantity
Article 12 . s .
of batteries. Moreover, lithium-based batteries are
pricey (350%/kWh).” (Tanik and Parlaktas, 2015, p. 997) High costs -
[JOAT “Unless a new type of battery that costs under
Volume 16 | 100$/kWh is invented, producing a low cost compact .
N $. S .V . procict g . W . P Battery Component High costs -
Issue 06 electric car which is also competitive in price seems not
Article 12 possible.” (Tanik and Parlaktas, 2015, p. 997)
“For th k eff fth ly th
1JOAT or the cask e ec_t of the battery, namely the battery Limited lifetime
performance and life are determined by the worst cell, .
Volume 16 L . . expectation
lssue 06 the lifetime of the battery is short, and the electric Battery Component -
N
Article 13 vehicle using the battery cannot popularize in the Low qualit
present.” (Cui and Zhang, 2015, p. 1007) quatity
IJOAT “The battery equalization management technology is Battery management Low efficienc
Volume 16 | the core technology of the BMS. The equalization system Component y
N -
Issue 06 system in present has low equalization efficiency.” (Cui — P Low performance
Article 13 and Zhang, 2015, p. 1015) Battery P
“A second important point is the necessary
infrastructure. Many potential purchasers of electric . .
ATZ y_p P . . Charging Station Lack of
cars do not have their own charging facility. For that .
Volume 116 . " . . — infrastructure
reason, if local authorities, cities and companies do not . . Complement -
Issue 11 _ ) _ Electric charging -
. make vigorous efforts to address this problem, electric : S
Article 01 . ) ) ) Y . infrastructure Low availability
mobility will remain a marginal phenomenon.” (Heintzel,
2014, p. 3)
ATZ “Figure 6 shows a qualitative comparison of various Bad dynamic
Volume 116 | mobile energy storage units. It shows that chemical and behavior Low power
. . : . Battery Component .
Issue 10 electrical systems offer relatively high energy densities, — density
Article 10 but due to their lower power densities, large units are Low performance
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required to supply the required power.” (Bader et al.,
2014, p. 42)

HVAC
“The challenge to be addressed within the framework of -
o Component Low performance -
electromobility involves the low waste heat volumes at Thermal
ATZ low temperature levels for the electrical drivetrain, the management
Volume 116 | significantly stronger influence of the heating and Thermal
Issue 07/08 | interior cooling on the range, and the greater management of High complexit
Article 02 temperature dependency of the electronic components battery g piextty Temperature
) ) ” Component — L
like the high voltage battery.” (Suck and Spengler, — Low performance sensitivity
2014, p. 9) Thermal P
management
“The component most sensitive to temperature is the
ATZ HV accumulator. At excessively low temperatures .
. - Low efficiency Temperature
Volume 116 | below the range between 5 and 0 °C, neither sufficient e
. Battery Component — sensitivity of the
Issue 07/08 | electric power can be taken from the battery nor can Low performance batter
Article 02 the battery be recuperated.” (Suck and Spengler, 2014, P y
p.7)
“To an increasing extent, large auxiliary consumers
such as the heating (up to 5 kW) or air conditioning (up
to 5.5 kW) are becoming the focus of examination.
Depending on the use case, the consumption for
p. g . . . P The battery
ATZ heating and air conditioning can be in the range of that .
. must provide
Volume 116 | for forward momentum. The consequence of this is that Thermal , )
o . Component Low performance | electric heating
Issue 07/08 | the range can be significantly reduced depending on management .
. . and cooling
Article 02 the outside temperature. Also, the challenges already energy

mentioned, it is important to note that the electrical
components are significantly more sensitive to the
effects of temperature.” (Suck and Spengler, 2014, p.
5)
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“The major challenge in the area of electromobility is
the significantly lower energy content of the high

ATZ . ) - .
voltage (HV) battery in comparison to the fuel tank. The Limited capacity
Volume 116 . . Low energy
lssue 07/08 HV battery of the electric car BMW i3, for example, has Battery Component — content
Article 02 a capacity of 18.8 kWh. A liter of gasoline, on the Low performance
other hand, has a calorific value of 9.3 kWh/I.” (Suck
and Spengler, 2014, p. 5)
“The two focuses of body development for such pure High weight
ATZ electric driven vehicles are lightweight design and cost — ;
Vol 11 ffici i I ially th
olume 116 | e |_C|ency, in order to compensate at least pgrtla y the Battery Component Low performance
Issue 05 weight and cost caused by the power batteries and to
Article 03 maximize the achievable driving range of the vehicle.” High costs -
(Fang et al., 2014, p. 10)
“Lithium ion batteries are currently not able to meet the
ATZ challenge to provide electric cars with energy. The
batteries provide, based on their weight, lack of energy. High weight
Volume 116 . Low energy
lssue 04 An average car needs for a distance of 500 km, Battery Component — densit
Article 13 approximately 37 | (33 kg) diesel, an electric-powered Low performance y
vehicle would require a battery with a capacity of 360 |
(540 kg).” (Spange and Bottger-Hiller, 2014, p. 61)
“With the progress of electric mobility powerful batteries
ATZ with high energy density are needed. Current state of
the art in electric cars are lithium-ion batteries. Because Limited range
Volume 116 . . Low energy
lssue 04 of the lower energy density compared to fossil fuel Battery Component — densit
Article 13 powered vehicles such accumulators reach only Low performance y
a part of the range of a comparable diesel model.”
(Spange and Bottger-Hiller, 2014, p. 61)
ATZ “Battery climatization is of major importance in the Thermal . .
. . High complexity Temperature
Volume 116 | thermal management of electric vehicles. In order to management of L
. . Component — sensitivity of
Issue 04 ensure a long life expectancy and high-power supply battery
. . L Low performance battery
Article 08 from the energy storage, it should be operated within —
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the optimum temperature range.” (Pischinger et al., Thermal
2014, p. 39) management
“The automotive industry meets the growing demand
for sustainability with the increasing use of
electrification of vehicles. A challenge in these concepts
ATZ is the thermal management concerning the special . .
. . High complexity Temperature
Volume 116 | thermal characteristics of the electric components. Thermal e
. . . Component - sensitivity of the
Issue 04 These offers compared to a combustion engine high Management
. . o Low performance components
Article 08 efficiency, hence lower heat emission. Also, the
temperature limits of the electric components are
considerably lower than the limits of combustion
engines.” (Pischinger et al., 2014, p. 37)
“Acceptance of battery electric vehicles suffers from
ATZ their severely limited driving range compared to
Volume 116 conventionally powered vehicles. In addition to better Limited range
lssue 04 battery technologies, the main challenge is the Battery Component — -
Article 03 optimization of energy efficiency, for example by energy Low performance
recovery during deceleration.” (Flehmig et al., 2014, p.
11)
IJOAT “However, due to the limitations in energy storage of -
. . . . Limited range o .
Volume 15 | current batteries, driving electric vehicles for long Limitations in
. . - Battery Component —
Issue 01 distances requires greater efficiency from each part of Low performance energy storage
Article 03 | the vehicle.” (Shen and Lu, 2014, p. 20) P
[JOAT “An accurate battery State-of-Charge (SoC) estimation Battery management . .
. S e High complexity
Volume 15 | method is one of the most significant and difficult system Component
N -
Issue 01 techniques to promote the commercialization of electric - P
. . o Low performance
Article 10 vehicles.” (Xiong et al., 2014, p. 89) Battery
[JOAT “But how to avoid the adverse effect of cell Battery management . .
. . High complexity
Volume 15 | inconsistency on battery pack performance and prolong system
Lo . Component — -
Issue 01 the service life of both the pack and the cells are posing -
. . Low performance
Article 10 tremendous technological challenges to battery State- Battery
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of-Charge (SoC) estimation techniques.” (Xiong et al.,

Limited lifetime

Battery cell .
2014, p. 89) y expectation
— Component
N
Batter .
y Low quality
[JOAT W . . . ) .
Volume 15 The key factor to hybrid and electric vehicle success is Limited range
a good overall mileage achieved from the battery back.” Battery Component — -
Issue 01 (Chindamo et al., 2014, p. 135) Low performance
Article 15 P P
“During the charging — discharging cycles,
J . 99 . ging ¢y . Low performance
1JOAT electrochemical reactions cause the generation of
reaction heat at the positive and negative electrodes of o o Temperature
Volume 15 . Limited lifetime L
the battery. The elevated temperature of the batteries Battery Component i sensitivity of
Issue 05 . expectation .
. due to this process affects the performance of EVs and batteries
Article 12 ) o ” -
the life cycle of batteries significantly.” (Cho et al., L it
2014, p. 795) ow quality
Thermal
IJOAT “Among the various technological challenges related to management of . .
, High complexity
Volume 15 | the development of EV'’s, battery heat management battery Component
N -
Issue 05 during charging — discharging cycles is one of the — P Low performance
Article 12 biggest.” (Cho et al., 2014, p. 795) Thermal P
management
Limited range
IJOAT “ . -
However, the battery constrains the performance, such
Volume 15 ) s Low performance
as vehicle range, output torque, and safety.” (Yin and Battery Component : -
Issue 06 Hu, 2014, p. 979) Safety risks
Article 14 ' - P —
Low quality
[JOAT Thermal . .
“The thermal management of the battery is one of the High complexity Influences the
Volume 15 N . . management of
most significant factors impacting both the battery Component — performance
Issue 07 - battery .
Article 07 performance and life.” (Lee, 2014, p. 1102) R Low performance | and service life
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Thermal
management
“While the technological limitations on pure electric Limited range Limited power
vehicles, such as lesser than customer expected Battery Component — and energy
IJOAT driving range due to the limited power and energy Low performance capacity
Volume 15 | capacity of the on-board energy storage device, and . .
pactty . g.y . g . Charging station Lack of
Issue 07 the developing phase of charging infrastructure, are still .
. . oo . — infrastructure
Article 14 exist, the automotive industry and its stakeholders are Electric charain Complement -
N
paying significant attention to the electric vehicle infrastructugre g Low availabili
technology.” (Suh et al., 2014, p. 1165) y
“Although many people believe that electric vehicle will High weight
1JOAT be the future of transportation, pure electric vehicle —
Volume 15 (EV) itself has many problems that are slowing down its Low performance
lssue 07 commercialization. Most of these problems are coming Battery Component -
. from the heavy, inconvenient and costly battery system .
Article 14 L : . High costs
which is commonly used as the power source in electric
vehicle.” (Suh et al., 2014, p. 1165)
“Unlike the PSM, the technology used does not require
any rare earth elements such as neodymium and
ATZ y . S u . ymit Costs of raw
dysprosium. The availability and price of these raw .
Volume 115 ) . . material
lssue 12 materials on global markets fluctuate wildly — which E-Motor Component -
N
. entails a cost risk that is virtually impossible to assess .
Article 03 . - . High costs
for OEMs and suppliers of electromobility.” (Domian et
al., 2013, p. 11)
ATZ u . . ) .
Volume 115 Despite continual progress in battery technology, Limited range
lssue 12 energy storage remains a limiting factor on the range of Battery Component — -
. all-electric vehicles.” (Domian et al., 2013, p. 11 Low performance
Article 03 o vent ( p- 11) P
ATZ “Unlike combustion engines, electrified powertrains HVAC
The battery
Volume 115 | have much lower levels of waste heat that can be used - .
. . Component Low performance must provide
Issue 11 to heat the passenger cabin. Additionally, the Thermal . .
. . . L . . electric heating
Article 09 refrigerant compressor that is traditionally linked directly management
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to the internal combustion engine needs to be powered and cooling
electrically. Consequently, in fully electrically powered energy
vehicles, independent heating and air-conditioning
systems need to be implemented, and these have to be
powered by the vehicle’s battery itself. The operation of
these systems has immediate effects on the driving
range.” (Wirth et al., 2013, p. 46)
“BEVs provide the advantage of locally emission-free
ATZ driving and make significant progress towards reducin .
IVI. g . an! I . prog W ucing Battery cell Limited range
Volume 115 | traffic-related noise emissions. However, the range of Component Low energy
— —
Issue 11 BEVs is limited to 100 to 150 km as a result of the low P density
. . ” Battery Low performance
Article 02 energy density of modern battery cell technology.
(Ogrzewalla et al., 2013, p. 5)
“Especially the electric driven cars need energy efficient
ATZ concepts. The current operating radius of electric cars - .
S . . Limited capacity
Volume 115 | is significantly lower compared to combustion engine
. . . Battery Component — -
Issue 07/08 | driven cars, as the current energy capacity of electric
. o Low performance
Article 04 car batteries is significantly lower compared to a petrol
tank.” (Venneborger et al., 2013, p. 17)
“Heating the passenger compartment in winter reduces The batter
ATZ the driving range of an electric vehicle far more than HVAC must rovidye
Volume 115 | cooling does. At an outside temperature of -20 °C, - . b .
. . . Component Low performance | electric heating
Issue 06 approximately twice the amount of energy is needed to Thermal and coolin
Article 03 give vehicle occupants a level of warmth they feel management ener g
comfortable in.” (Ackermann et al., 2013, p. 11) 9y
“Using state-of-the-art internal combustion engines with
ATZ and without hybridization will be an absolutely vital Charging station Lack of
Volume 115 | option in the future. One of the reasons for this is that it — infrastructure
. . . . . . Complement -
Issue 03 will take some time for fully electric vehicles to make Electric charging —
Article 08 their breakthrough, since a supporting infrastructure is infrastructure Low availability

not yet in place.” (Timmann et al., 2013, p. 44)
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ATZ “Permanently excited motors require rare earths, but Costs of raw
Volume 115 | these raw materials are becoming increasingly scarce material Scarcity of raw
. . ” E-Motor Component .
Issue 03 and more expensive due to market economic reasons. — materials
Article 07 (Rohrl et al., 2013, p. 40) High costs
ATZ “For a successful introduction in the priyate sector, the Charging station Lack of
government would have to make large investments and .
Volume 115 . . . . . - infrastructure
set up charging stations in the public housing estates . . Complement -
Issue 02 L X Electric charging -
. where over 80% of the population live.” (Schickram et . I
Article 06 infrastructure Low availability
al., 2013, p. 25)
Long charging
“At the center of these discussions is the question of time
i ) Battery Component -
whether these new drive systems will be accepted by -
potential customers. Apart from rather technical factors, Low performance
ATZ such as a relatively short range and long charging Lack of
Volume 115 | times for battery-powered vehicles or the lack of infrastructure
Issue 01 infrastructure for battery-powered and fuel-cell vehicles, Charging station - i
Article 05 and therefore high purchasing price in particular — N Low availability
compared to vehicles with conventional drive systems — Electric charging Complement Long charging
that represents a major obstacle to achieving wide infrastructure time
customer acceptance.” (Kreyenberg et al., 2013, p. 23) N )
Low performance
ATZ “The actual weight and volume of Chinese battery
Volume 115 packs is higher than acceptable for a vehicle, for High weight
lssue 01 example approximately 60% higher for AO-class (sub- Battery Component — -
Article 03 compact) BEVs, and about 80% higher for C-class Low performance
(upper middle-class) BEVs.” (Li, 2013, p. 14)
“As th ity i lectri
1JoAT S the battery capacity increases, more _e ectr/g energy o Additional
Volume 14 can be stored onboard and more energy is provided for Limited range weiaht
lssue 03 vehicle propulsion; however, the additional weight has Battery Component — decre?ises
. a negative effect on the vehicle range.” (Lee et al., Low performance
Article 14 range

2013, p. 462)
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“Electric vehicle is considered to be the solution for

Limited capacity

IJOAT Low ener
Volume 14 energy and environment crisis, but it’s still not — densit gy
lssue 05 competitive enough with conventional vehicles because Battery Component Low performance y

: of the limited energy density and high cost of the power .
Article 12 \ High costs -
battery.” (Gu et al., 2013, p. 763)
IJOAT - . - .
“As we know, the efficiency of PMSM is low at the Low efficiency Inefficient in low
Volume 14 Y
lssue 05 low-torque and low-speed range.” (Gu et al., 2013, p. E-Motor Component — torque and
. 764 Low performance speed range
Article 12 ) WP P g
Limited Range,
ATZ High weight
Volume 114 “However, electric vehicles still have a limited driving -
lssue 11 range because batteries are expensive and heavy.” Battery Component Low performance
. (Schirmann et al., 2012, p. 59)
Article 12 .
High costs -
ATZ
Volume 114 | “Up to now, batteries still represent the major cost Batter Component Hiah costs
Issue 10 | item.” (Picron et al., 2012, p. 47) y P g
Article 10
ATZ “It is a way to compensate the disadvantages of the . .
. . S . Limited capacity
Volume 114 | relatively small energy density which is provided by Batter Component Low energy
—
Issue 10 electrochemical energy storage devices.” (Heim et al., y P density
. Low performance
Article 02 2012, p. 6)
“Compared to other alternatives, electric drive systems
ATZ have no local emissions and a low noise level.
However, batteries have a relatively low energy density, Limited range
Volume 114 ) . . Low energy
which means that these vehicles will have a Battery Component — .
Issue 09 L . density
Article 02 significantly shorter range than a vehicle powered by an Low performance

internal combustion engine or a fuel cell.” (Topler et al.,
2012, p. 5)

A85



Appendix L: Text passages that declare a bottleneck for BEVs

“An electric driving performance above 100 kW implies
an electric current of more than 350 A in the high-

ATZ voltage power network (DC) if 600-V IGBT technology Battery cell Limited lifetime High electric
Volume 114 | is used in the inverter of the traction motor. y expectation currents
. . . . — Component
Issue 07/08 | Notwithstanding extensive progress in the development Batter — damage the
Article 09 of high-power battery cells, these currents still remain y Low quality battery cell
the limiting factor considering the desired operating life
of the high-voltage battery.” (Engstle et al., 2012, p. 41)
“The provision of power presents a considerably
greater challenge because there must be practically
ATZ 100 % balancing of generation and load everywhere in Performance
. . ) Storage buffers
Volume 114 | the grid at all times due to the lack of comparable L fluctuations
. . . . Electric grid Complement are not
Issue 07/08 | buffers otherwise available in the liquid fuel system. — available
Article 03 Preventing overloads and grid instability are the most Low performance
demanding requirements for grid managers.” (Prestl
and Wagner, 2012, p. 13)
“Currently, the urban driving range of EVs is about 140
ATZ to 160 km on a single charge. While using HVAC HVAC
Volume 114 | cooling, however, it is reduced by 20 to 30 %. Unlike — Lack of heat
. . . . Component Low performance
Issue 06 cars powered by internal-combustion engines, which Thermal resources
Article 05 utilize waste heat from the engine to heat the cabin, management
EVs also lack heat resources.” (Lee et al., 2012a, p. 23)
“In an electric vehicle (EV), the maximum cruising
range is adversely affected by electric power
ATZ consumption of auxiliary electric components such as HVAC
Volume 114 | heating and cooling. Hyundai works on a special — Component Low performance ]
Issue 06 heating, ventilation, and air-conditioning (HVAC) control Thermal P P
Article 05 system that significantly increases the cruising range of management
electric vehicles by air-conditioning only the occupied
seats within the vehicle.” (Lee et al., 2012a, p. 22)
ATZ “Furthermore, the heavy battery weight in hybrid and High weight
. ! y barery welg v Battery Component 9 9 -
Volume 114 | electric vehicles makes the lightweight design concept -
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Issue 05 essential [1]. Maximizing weight saving helps to Low performance
Article 11 achieve an acceptable driving range in traffic.”
(Schweizer et al., 2012, p. 55)
“One of the greatest challenges in designing the electric High weight
ATZ drive train for a BEV (battery electric vehicle) lies in the —
Volume 114 | balance between conflicting requirements, with a Low performance
. . Battery Component -
Issue 03 suitable, practical range on the one hand, and
Article 09 acceptable battery costs and weight on the other.” High costs
(Ebner et al., 2012, p. 41)
“Nearly all mentioned characteristics directly or
indirectly depend on the thermal physical comfort of the
ATZ energy storage media. Batteries are very sensitive and
Volume 114 cannot jtolerate too hqt or too cold gnvirohment - Temp(_argture
lssue 02 spn?ethujlg they have in comm.on with thgw weaker Battery Component Low performance sensmv!ty of
Article 07 siblings in DVD players, flashlights, mobile phones etc. batteries
Infringements are immediately punished by reduced
performance, early wrongdoing or overheating.” (Hu,
2012, p. 34)
“The maximum charging power is controlled by battery
ATZ design, power_ supply and charging set. Even though Battery Component Long charging -
Volume 114 most of the private trips can be covered by such a BEV time
lssue 01 [7], they do not necessarily match the customer’s Charging station .
. requirements: Longer trips can only be realized with -
Article 11 time-consuming intermediate charging.” (Schulz et al ; ; Complement | Low performance -
: " Electric charging
2012, p. 61) infrastructure
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“The large initial costs of BEV can only be amortized
after many years — presuming an optimistic

ATZ . . .
development of consumption and battery life, electricity
Volume 114 . . . . :
lssue 01 tariff and taxation. Paradoxically, this means that BEV Battery Component High costs -
Article 11 can only be cost-efficient if being operated at lowermost
battery size routinely exhausting the maximum range.”
(Schulz et al., 2012, p. 61)
ATZ “Compared to conventional gasoline or diesel vehicles,
pure electric cars have some inherent disadvantages: High weight .
Volume 114 . o . Specific storage
lssue 01 due to its specific storage capacity of about 10 kg/kWh Battery Component — capacit
Article 11 the battery is heavy and voluminous but significantly Low performance pacty
defines the BEV package.” (Schulz et al., 2012, p. 61)
“At these times of the year, electric energy is also
required to operate vehicle fans, rear window heaters
Il,toh h .
ATZ and, above g , to _eatt e passenger compartment HVAC Battery must
When electric heating systems are used, these are . .
Volume 114 ) — provide electric
operated by the same source of energy as the engine. Component Low performance )
Issue 01 . . Thermal heating and
Article 07 As a result, according to the vehicle manufacturers, the manaaement cooling ener
driving range will be reduced by up to 50%, depending 9 9 9y
on the heat requirement and operating mode.” (Kohle et
al., 2012, p. 37)
IJOAT “The restriction on long distance driving, as a result of - Limited
o X Limited range .
Volume 13 | limited breakthroughs in fundamental battery breakthrough in
. L Battery Component —
Issue 02 technology, has become the main obstacle limiting EV Low performance battery
Article 17 development.” (Wu et al., 2012, p. 325) P technology
“The combined battery and ultra-capacitor system in
[JOAT the active parallel scheme benefit from minimizing the Bad dynamic
Volume 13 | voltage variation of the battery and inverter. It helps to behavior Low specific
. o . . Battery Component
Issue 02 address the issue of low specific power in batteries, — power
Article 17 especially during regenerative braking and electric Low performance

motor assist.” (Wu et al., 2012, p. 336)

A88



Appendix L: Text passages that declare a bottleneck for BEVs

“Compared to common gasoline- powered vehicles, the

- Batter Component High costs -
IJOAT fuel economy and emissions of HEVs, PHEVSs, and EVs y P g
Volume 13 | are greatly improved because relatively inexpensive Charging station Lack of
Issue 03 and clean electricity is used in these vehicles. The wide — c | ¢ infrastructure
Article 17 use of EVs is limited by their battery cost and Electric charging ompiemen — )
infrastructure.” (Ma et al., 2012, p. 505) infrastructure Low availability
“The maximum energy of the electric vehicle MIEV,
manufactured by Mitsubishi, is 16 kWh, and the drivin .
IJOAT ranuiactured by ISULISAL 1 . ving HVAC Electrically
distance after a full charging is 160 km, with a
Volume 13 , . _ - powered
maximum speed of 130 km. However, if the heating Component Low performance
Issue 06 . . . Thermal components
Article 14 system is turned on, the driving distance becomes 100 management (PTC heater)
km because of PTC heater use.” (Kim et al., 2012, p. 9
972)
“In electrical vehicles, auxiliary energy use is especially HVAC The battery
critical because of limited battery capacity. In cars with must provide
—
ATZ conventional drive trains, the required heat can be Thermal Component Low performance | electric heating
provided by a combustion engine, whereas in electric and cooling
Volume 113 . . management
lssue 11 cars, it has to be specifically generated due to energy
. significantly smaller heat losses. Every kilowatt hour . .
Article 03 . , ) , Limited capacity
used for climatizing the interior thus reduces the car’s
. Battery Component — -
range or necessitates the early use of a range Low performance
extender.” (Milller et al., 2011, p. 11) P
. e Thermal
“A further challenge is the thermal conditioning of the
ATZ . . . management of . .
Volume 113 battery in alternative drive concepts. The battery has to batteries High complexity Temperature
lssue 11 operate within a narrow temperature range in order to Component — sensitivity of the
—
. achieve its highest efficiency.” (Prokop and Lewerenz, Low performance battery
Article 02 Thermal
2011, p. 7)
management
ATZ “The thermal energy that is released from electric HVAC
Volume 113 | motors of electric vehicles after a longer ride is —
. . . . Component Low performance -
Issue 11 insufficient to keep the temperature in the vehicle Thermal
Article 02 interior at a comfortable level. Therefore, other sources management
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have to supply additional heat. If not, all basic
conditions are taken into consideration and an
innovative heating concept is implemented, the demand
for electric power is so high that the residual energy for
the drive is significantly lower [2]. This results in a
further conflict of interests, namely a conflict between
range and comfort.” (Prokop and Lewerenz, 2011, p. 6)

“Unfortunately, standardization of the charging

ATZ Charging station Missing
procedure has not so far made much progress . . L
Volume 113 | . . . . — interoperability Standardization
internationally, so that many charging technologies and . . Complement .
Issue 10 . , Electric charging — issues
. connector concepts are having to be developed in .
Article 02 e infrastructure Low performance
parallel.” (Gréater, 2011, p. 8)
“No matter what leaps in efficiency we manage to get
ATZ out of internal combustion engines — the future belongs
Volume 113 to electric drives. The only question is: when is the
lssue 09 future? High battery costs, limited ranges — everything Battery Component High costs -
Article 02 points to the fact that the transition to electric mobility
will take considerably more than one decade.” (Schlott,
2011, p. 5)
“In electric vehicles, the quantity of primary energy
carried on board is far lower than in a conventional Limited capacity
vehicle powered by an internal combustion engine. Battery Component = -
Petrol has an energy density of 12,800 Wh/kg, which is Low performance
ATZ significantly above that of today’s available lithium-ion
Volume 113 batteries, which have approximately 125 Wh/kg.
Current forecasts are proceeding from an increase in
Issue 07/08 _ .
Article 10 energy density to approximately 200 Wh/kg by 2015 [1]. HVAC
Even then, the thermal energy required for heating the N
passenger compartment will no longer be available as a Thermal Component Low performance -
by-product of combustion. Yet consumer demands for management

thermal comfort remain at the same high level.”
(Wehner and Ackermann, 2011, p. 51)
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“If an all-electric vehicle has to be designed from

Limited range

Voluﬁ;]rez 113 scratch, it is first of all necessary to address thg Qeficits — -
lssue 07/08 of current merIs. These are usually the low driving Battery Component Low performance
Article 04 ranges and high costs caused by the battery.” High costs )
(Kuchenbuch et al., 2011, p. 17)
“According to Behr, around 4.5 kW of thermal energy is
required to heat a vehicle interior to a comfortable
22 °C when the temperature outside is below zero. An
electric drive system, on the other hand, generates only The battery
ATZ A . HVAC .
Volume 113 0.45 kW of wa§te heat, which already mclu_des the heat . must. prov@e
lssue 07/08 from the electric motor, the power electronics and the Thermal Component Low performance | electric heating
_ battery. Can one not simply use a low-voltage PTC and cooling
Article 01 . . L . management
auxiliary heater, as is common in diesel engines? No, energy
as that would be at the expense of driving range. That
would fall from 150 to 80 km for an average electric
car.” (Reichenbach, 2011, p. 3)
“In large-scale battery systems for electric vehicles, it Limited lifetime Tempt?rgture
ATZ makes sense also to integrate heating elements. In expectation ;’2;22::‘32::]
temperatures below 0 °C, the electrical properties of Battery cell .
Volume 113 . . . . ) cause a
lssue 06 batteries are_ not only considerably impaired, the ceII§ — Component Low quality damaging effect
Article 06 can also be irreversibly damaged through the formation Battery
of lithium dendrites, especially during charging.” (Kritzer Low performance )
and Nahrwold, 2011, p. 28)
“Finally, in the event of a fault resulting in pressure
ATZ over.load inside the cell, _it is possible that the cell’s _ . _
Volume 113 sealmg seams open up irregularly. In a worst-case Battery cell Safety risks Explosmn risk
lssue 06 scenarlo,_ flammable gases such_as eIectronte.or — Component — _ in case of an
Article 06 degradation products can come into contact with Battery Low quality overload

current-carrying components, which can lead to fire
and/or explosions.” (Kritzer and Nahrwold, 2011, p. 27)
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ATZ , . : . . . .
Volume 113 “High-capacity batteries for electric vehicles raise safety Safety risks
lssue 06 issues in many respects.” (Kritzer and Nahrwold, 2011, Battery Component — -
.2 L lit
Article 06 p- 26) owquallty
ATZ “In order t.o maintain the cabin. tempgrature at 22-°C, HVAC The battery
almost twice as much energy is required for heating .
Volume 113 . o - must provide
than for powering the car. The resultant reduction in Component Low performance . .
Issue 05 . . Thermal electric heating
. driving range can hardly be justified to the end
Article 08 b Management energy
customer.” (Jung et al., 2011, p. 3)
“With the increasing trend towards powertrain
electrification, vehicle air conditioning is becoming Thermal
ATZ vitally important as a means to adequately cool the Management of Battery must
Volume 113 | electrical energy storage unit at a low temperature battery . Y .
. . Component Low performance | provide electric
Issue 05 level. At the same time, the energy consumption of the — .
. . - . . . cooling energy
Article 08 air conditioning system directly impacts the electric Thermal
drive range of the vehicle in the wintertime.” (Jung et Management
al., 2011, p. 36)
“The problem of fast and simple recharging of electric
ATZ vehicles has still not been sufficiently solved. Cabled Charging station Missing
Volume 113 | systems compete with inductive systems while upright — Complement interoperability ]
Issue 04 charging pillars are used as an alternative to systems Electric charging P —
Article 05 integrated into the road surface.” (Nietschke et al., infrastructure Low performance
2011, p. 22)
“Assuming a CO2-neutral electricity generation the -
. . . . Limited range
ATZ electric vehicle (EV) offers the potential for reducing the
Volume 113 | emissions. Yet the large-scale launch of the EV is short Batter Component Low rf_)rm N Low energy
Issue 02 to medium term handicapped by high costs and limited y P oW performance density
Article 13 range due to the low energy density of batteries.” (Kol )
High costs
et al., 2011, p. 61)
ATZ “Li-lon batteries react very sensitive to fast charging Limited lifetime .
. . . . Fast charging
Volume 113 | and discharging cycles. An equal charging level has to Battery Component expectation . )
. . - and discharging
Issue 02 be closely monitored, otherwise the remaining cells are —
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Article 09 overloaded, and they could be easily destroyed.” Low quality cycles cause a
(Schoggl et al., 2011, p. 43) damaging effect
“Unlike in conventional cars, the auxiliary electric
components in electric vehicles have to compete with
the actual drive system. This is above all due to the fact
ATZ that the auxiliary components and the drive system use HVAC The battery
Volume 113 the same energy storage, that means the battery. For must provide
—
example, if an auxiliary electric component requires Component Low performance | electric cooling
Issue 02 . . Thermal .
. 10 kW of energy, 10 kW less power is available for the and heating
Article 07 . . . . Management
drive system. Therefore, the maximum driving range is energy
strongly dependent on the power required by the
auxiliary electric components.” (Klassen et al., 2011, p.
29)
“But nobody would buy a car like that because it’s still
too costly. We've still got a lot to do here, especially in Limited range
. Low energy
ATZ terms of the battery costs, but the energy density of the - density
Volume 113 batteries is a problem too. It is easy to realize a range Low performance
lssue 02 of 100 miles, but a vehicle with a petrol engine gives Battery Component
. you a range of 400 miles. We have to give our
Article 03 , ) ;
customers what they want. That’s why | don’t believe High costs i
that electric vehicles will replace cars with petrol or
diesel engines.” (Robertson, 2011, p. 9)
Bad dynamic
“However, batteries that are used as energy storage behavior Chemical
IJOAT devices for automotive applications require chemical — reactions
Volume 12 | reactions during energy input and output processes, Low performance restrict the
. . . " . . Battery Component - .
Issue 16 which restricts their ability to charge or discharge high Long charging ability for fast
Article 01 current in a short time period.” (Shin et al., 2011, p. time charging and
126) — discharging

Low performance
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“NiMH batteries are advantageous, because they have

[JOAT a better energy density and are recyclable, quickly High costs -
Volume 12 | rechargeable, and reliable (compared with PB-acid). On Batter Component
Issue 17 the other hand, some disadvantages of NiMH batteries 4 P Low efficiency
Article 01 are their high cost and low cell efficiency.” (Suh et al., — -
2011, p. 137) Low performance
1JOAT “Li-ion batteries are expensive. However, their high
Volume 12 specific energy and low self-discharge make them
lssue 17 widely used in most small electronic products, such as Battery Component High costs -
. cellular telephones, laptop computers, and portable A/V
Article 01 ”
players.” (Suh et al., 2011, p. 137)
Limited range
. . Low batter
ATZ “A purely battery-driven vehicle has the two problems of — capacit y
Volume 112 limited range (which, depending on the driving style and Low performance pactty
lssue 10 battery capacity, is around 50 to 60 km) and relatively Battery Component Long charging
. long battery charging times.” (Gabele et al., 2010, p. time
Article 06 -
33) -
Low performance
“With current accumulators, the amount of energy that
ATZ can be stored in electric vehicles is not comparable to -
. . . . L Limited range
Volume 112 | combustion vehicles. This results in a reduction in
S . Battery Component — -
Issue 07/08 | range and leads to a need for significantly lower rolling Low performance
Article 04 resistance of tires for electric vehicles.” (Schulze et al., P
2010, p. 31)
ATZ A Sl ot e , )
Volume 112 With significant higher prices for energy storages
(batteries) the energy demand of the electric vehicle Battery Component High costs -
Issue 05 should be as low as possible.” (Sahr et al., 2010, p. 26)
Article 03 p ' » SO P
ATZ u - .
Volume 112 Customers are not willing to pay more for electric
lssue 04 mobility. Therefore, the selling price is crucial for Battery Component High costs -
. market success. Due to the high additional costs
Article 04
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caused by the battery, there is enormous cost pressure
in production.” (Kampker et al., 2010, p. 22)

“Based on the production costs of a conventional
vehicle with an internal combustion engine, shows the
derivation of the target costs for a compact electric
vehicle with a range of 200 km in the year 2015. Even
taking into account the fact that customers are willing to

Volu'?:;]rezllz accept a slightly higher selling price of.250 euro§ and _
lssue 04 that governments have announced a fiscal subsidy of Battery Component High costs -
_ 2,500 euros to compensate for the high battery costs,
Article 04 . . .
the production costs (assembly) of an electric vehicle
are still 25 % above those of a conventional vehicle.
Therefore, the production process itself must make a
major contribution towards reducing the overall costs.”
(Kampker et al., 2010, p. 19)
“While the optimum temperature range depends on the
cell chemistry employed by the different manufacturers,
ATZ as a general rule temperature of over 60 °C during Battery cell Limited lifetime High
Volume 112 | storage and 40 °C during operation need to be avoided. 2 Component expectation temperatures
Issue 04 Operation outside this temperature range shortens the Battery — can cause a
Article 03 battery life due to irreversible damage occurring within Low quality damaging effect
the Li-ion cells and should therefore be avoided.”
(Neumeister et al., 2010, p. 13)
“HV PTC coolant heaters represent an ideal solution for
a BEV’s complicated thermal management. They use
ATZ the given heater climate module including the climate The battery
control of a conventional vehicle and permit the energy- must provide
Volume 112 . S . Thermal . .
efficient utilization of waste heat from traction motor, Component Low performance | electric cooling
Issue 04 . Management .
Article 02 power electronics, voltage transformer and battery — and heating
including their temperature control at low temperatures energy

through a water circuit. However, this obvious
technology for heating by means of an electrical
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heating system reduces the operating range of the car
by more than 40 %.” (Beetz et al., 2010, p. 11)

“Apart from the solution to the problem of the operating HVAC High complexity The tradeoff
ATZ range and battery costs the success of these vehicles - Companent N between
Volume 112 | shall be determined by the climate comfort as Thermal Low performance comfort and
Issue 04 customers will only accept minor reductions to Management driving range
Article 02 the customary level of comfort compared.” (Beetz et al., Batter Component High costs
2010, p. 10) y P g
“The cold demand for future car concepts, such as
hybrid electric (HEV) or battery electric vehicles (BEV),
will be even larger than for actual cars, as the electric . I .
ATZ . d o i . . Limited lifetime High
storage unit must be climatized. Lithium-ion batteries, .
Volume 112 " expectation temperatures
for example, should not exceed a critical temperature of Battery Component
Issue 04 - — can cause a
Article 01 about 40 °C, for lifetime and consequently for cost Low qualit damaaing effect
reasons. Even if not under load, the battery has to be q y ging
climatized as the decomposition reaction is mainly
temperature dependent.” (Bouvy, 2010, p. 5)
In current powertral_n_ development, hybrid technology Limited range
represents the transition from internal combustion . Low energy
. . o densit
vl ATZ112 ing|tne r(]jrlvle sy;te:;; t;) elelctrlc drltvihsystems. gs a _ Low performance y
olume ey technology in this development, the ener ensi
y .gy. P . ay vy Battery Component
Issue 01 of the batteries is the bottleneck in the complete High weight
Article 06 electrification of the powertrain, as fully electric drive . Low energy
[ imi ivi i densit
sysftem.s still hgve a Ilml_ted driving range and their Low performance y
weight is too high.” (Maiwald et al., 2010, p. 42)
[JOAT “A primary area of concern in electric vehicle design, . .
o . Limited capacity -
Volume 11 | because of limited battery storage, is the amount of Limited battery
. ) ” Battery Component —
Issue 02 energy used by the various vehicle subsystems. Low performance storage
Article 08 | (Zhang et al., 2010, p. 205) P
IJOAT “EVs and HEVs have potential safety problems under Battery electrolyte Safety risk Electrolyte
Volume 11 | the circumstances of a crash or a rollover event. The — Component — spillage or
Issue 06 occupants could be exposed to a hazard due to Battery cell Low quality electric shock
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Article 08

electrolyte spillage and/or electric shock during and — caused by an
after these crash events.” (Lim and Kim, 2010, p. 825) Battery accident
ATZ . . , .
Volume 111 “How quickly electric vehicles become established on
the market depends above all on the high-cost battery Battery Component High costs -
Issue 091 chnology.” (Backhaus et al., 2009, p. 8)
Article 01 9 n RSP
(13 0, . .
Up .to 50 % of tﬁe bfattery capaf:/ty m/'ght.be needed for The battery
ATZ cooling and heating in an electric car if drivers are not .
. must provide
Volume 111 | prepared to give up what they are used to. Thermal Thermal . .
. . . . Component Low performance | electric cooling
Issue 09 management in the vehicle will compete with the management and heatin
Article 01 powertrain for the valuable electric energy available.” ener g
(Backhaus et al., 2009, p. 6) 9y
“However, the electrochemistry of the Li-ion battery is
ATZ much more sensitive to higher temperatures. Cell Limited lifetime High
Volume 111 | temperatures even above 45 °C accelerate the aging expectation temperatures
. Battery Component
Issue 07/08 | processes to such an extent that the required — can cause a
Article 02 lifetime of more than ten years is difficult to achieve.” Low quality damaging effect
(Wiebelt et al., 2009, p. 13)
ATZ “The results show that the internal combustion engine Battery Component High costs -
Volume 111 will keep its dominant role besides all on-going efforts i i
lssue 06 towards hybrid and electric vehicles. Main factors are Charging station ) Lack of
Article 07 the energy infrastructure as well as lasting high costs ) - ] Complement infrastructure -
for electric energy storages.” (Gies et al., 2009, p. 46) El_ectnc charging _> -
infrastructure Low availability
“Are all problems solved? For sure not. There are still a . .
ATZ ; p . Charging station Lack of
lot of issues and questions open and many of them are .
Volume 111 — infrastructure
not even known up to now. Furthermore, the necessary . . Complement -
Issue 06 L . Electric charging —
Article 03 charging infrastructure for a widespread energy supply infrastructure Low availabilit
needs to be introduced.” (Teuschl, 2009, p. 23) y
ATZ “For making the EV in future compatible to conventional
Volume 111 | vehicles, on the one hand the cost for the energy Battery Component High costs -
Issue 06 storage systems needs to be dramatically reduced and

A97



Appendix L: Text passages that declare a bottleneck for BEVs

Article 03 on the other hand the market for these vehicles needs
to be more attractive.” (Teuschl, 2009, p. 21)
“From the integration point of view the tempering Thermal
concepts for this storage system§ is a quite hi.gh effort. management of High complexity
Especially the power output and input capability of this batteries Component . )
systems at low temperatures (<0 °C) and at high — P
ATZ . Low performance
Volume 111 temperatures (>45 °C) needs to be considered. At Thermal
lssue 06 Lithium lon chemistry further safety measures need to management
Article 03 be addressed due to issues like fire risk, gas evolution Fire risk, gas
(e.g. carbon monoxide) and deposit of hydrofluoric Safety risks evolution, and
acid. For these risks the used chemistry for Battery Component — deposit of
anode/cathode/separator/electrolyte has a high impact.” Low quality hydrofluoric
(Teuschl, 2009, p. 20) acid
“EV batteries have a limited service life depending on
ATZ the.numbe.r gf c.harge/dlscharge cycles 'Fhey undergo Limited lifetime
during their lifetime. In fact, the battery life can be the .
Volume 111 . . . expectation
lssue 02 single most factor behind the commercial success of a Battery Component -
N
Article 02 vehicle, since a short battery life usually means Low qualit
escalated life cycle costs for the customers.” (Vaidya g y
and Bhere, 2009, p. 15)
ATZ “The two major hurdles for a successful market entry of
Volume 111 | electric vehicles are the limited range and the costs. .
. . . . Battery Component High costs -
Issue 02 The main cost driver is the electrochemical storage of
Article 01 the vehicle.” (Eckstein et al., 2009, p. 4)
[JOAT Limited lifetime L
“ . . . . . Sensitivity
Volume 10 Overcharging the battery during regenerative braking expectation .
- Battery Component against
Issue 02 reduces battery durability.” (Ahn et al., 2009, p. 233) — .
. , overcharging
Article 12 Low quality
[JOAT Limited lifeti
© “Electronic vehicles have limitations because the life imited e. me
Volume 10 . expectation
lssue 04 and performance problems of fuel batteries have not Battery Component -
N
. b lved.” (S t al., 2009, p. 523 .
Article 15 een solved.” (Song et a P ) Low quality
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Low performance

ATZ “Furthermore, the energy storage solution influences
Volume 110 | strongly the global cost of the system. For electrical .
. Batt t High t -
Issue 12 vehicles, the cost of the battery exceeds 70 % of the atery Componen 'gh costs
Article 02 hybridization costs.” (Matt and De-Bono, 2008, p. 12)
ATZ “Due to the relatively low energy density of electrical
Volume 110 energy storage devices, the control strategy of electric Limited capacity
lssue 05 vehicles has to fulfil a variety of requirements in order Battery Component — -
Article 03 to provide both, the availability of electric functions, and Low performance
their efficient execution.” (Wilde et al., 2008, p. 19)
ATZ “The replacement or final utilization qf these stores Lack of
leads to an enormous amount of a wide range of . .
Volume 110 . . . Disposal and capabilities
different chemicals and heavy metals, whose disposal . Complement -
Issue 03 . ” ) Recycling —
. or recycling routes cannot be assured.” (Sontheim, -
Article 05 Low availability
2008, p. 31)
“The evaluation simply shows the energy that is
dissipated by the mechanical brake. If this is stored in
the form of electrical energy, it can provide charging
ATZ power of up to 30 kW for the battery. Standard batteries Limited lifetime Thermal agin
Volume 110 | are unable to absorb these powers. Even in new types expectation ging
. . . ) Battery Component due to
Issue 03 of batteries such as nickel-metal hydride batteries — fluctuations
Article 05 (NiMH), lithium-ion batteries (Li-lon) or double-layer Low quality
condensers, this load in association with high charging
cycles leads to significant fluctuations in voltage and
considerable thermal ageing.” (Sontheim, 2008, p. 31)
[JOAT “The battery has a high energy density, and thus has Bad dynamic
Volume 09 | the advantage in driving distance. However, its low behavior Low power
o : . Battery Component i
Issue 01 power density is a disadvantage for the dynamic — density
Article 14 characteristic.” (An et al., 2008, p. 111) Low performance
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“But the greater thermal sensitivity of Li-ion batteries
presents a particular challenge. Their upper Thermal
temperature limit of 40°C should not be exceeded too
ATZ . . management of . .
Volume 109 often, and then only for brief periods at peak batteries High complexity Temperature
lssue 12 performance. Furthermore, the temperature gradient Component — sensitivity of
—
. within and between each individual battery cell should Low performance battery
Article 04 . ) . Thermal
be tightly constrained. Thermal management is thus a
. . - management
key factor in utilizing the full potential of the Li-ion
battery in driving mode.” (Brotz et al., 2007, p. 13)
ATZ “...] lithium-ion batteries have the advantages of
Volume 109 greater storage density, dynamic range, and service Temperature
lssue 12 life. One drawback is their greater thermal sensitivity, Battery Component Low performance sensitivity of
. which requires a special focus on cooling.” (Brotz et al., battery
Article 04
2007, p. 13)
“After-sales service personnel must receive further -
. Missing legal
ATZ training and workshops need to be prepared for Lack of _
. . . . regulations and
Volume 108 | handling high voltages, Figure 5. For legal capabilities .
. . o . Dealer and workshop Complement training for
Issue 07/08 | considerations (labor law), it is still unclear as to which — service
Article 05 automotive mechanics will be allowed to repair HV Low availability
\ personnel
components.” (Vo3 et al., 2006, p. 18)
The tradeoff
Limited lifetime between
“Irrespective of whether batteries, high-performance . .
. . expectation maximum use
capacitors or even both options are employed, these .
ATZ ) _ . - of capacity and
components demand particular attention, Figure 2. . .
Volume 108 . . . . Low quality service life
Operation of the traction battery is a tightrope walk Battery Component
Issue 07/08 . . . The tradeoff
. between making maximum use of battery capacity and
Article 05 . . . between
easing strain on the system from the aspect of its .
o Low performance | maximum use
service life.” (Vol3 et al., 2006) .
of capacity and
service life
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“As a result, alternative clean vehicle technologies such
as electric vehicles, hybrid electric vehicles (HEVS),

[JOAT . . . Lack of
and fuel cell vehicles have been suggested. However, Charging station .
Volume 07 L . . . infrastructure
lssue 04 considering the technical and infrastructural limitations - Complement -
N
. of electric vehicles, the HEV is currently seen as an Electric charging S
Article 09 . L, : Low availability
alternative and ready-to-use solution.” (Cho and infrastructure
Vaughan, 2006a, p. 459)
1JOAT “These characteristics allow the best utilization of the
limited battery capacity (extension of the running Limited capacity
Volume 07 . D Low energy
distance per battery charge) and the minimization of the Battery Component - .
Issue 06 . ) g density
. size and the weight of the motor and the drive.” (Zidani Low performance
Article 12
et al., 2006, p. 730)
[JOAT , , . . Limited lifetime Damagin
“Deep charging or discharging affects the battery life. . ging
Volume 07 T expectation effect of deep
Therefore, the SOC of the battery should be maintained Battery Component .
Issue 07 . ” — charging and
, in the proper level.” (Cho and Vaughan, 2006b, p. 789) . . .
Article 04 Low quality discharging
“The chances of an increased use of electric powertrain Limited capacity
vehicles are closely connected to the development of N -
high-performance energy storage, which has a large Low performance
ATZ influence on the weight and costs of the vehicle. Even Limited lifetime
Volume 107 | though large progress has already been achieved in the Battery Component expectation )
Issue 05 development of battery technologies, the low storage -
Article 06 capacities, limited power spectrum, short lifetime and Low quality
the high costs represent major obstacles against an
enhanced use of electric vehicles.” (Blesl et al., 2005, High costs -
p. 18f)
“The electric vehicles in Europe all have an “on-board” . .
[JOAT P _ Charging station Lack of
charger that can be coupled on a domestic socket- .
Volume 04 . . . — infrastructure
outlet. Besides private socket-outlets, which are broadly . . Complement -
Issue 02 . . ) Electric charging -
. present in houses, there is a shortage of public : A
Article 03 infrastructure Low availability

charging stations.” (van Mierlo et al., 2003, p. 78)
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Long charging

Battery Component time -
“Vehicles equipped with electric drives thus achieve Low perf—(;rmance
ATZ only low rangeg and reguirg long Charging times. The
Volume 103 i[?so;ve;f;nn?cnohn reqrt]J'lr:ad ,IES| only avarl]lgkljle WTIen the're | Lack of
lssue 01 | garage for the vehic g. ectrlcl vehicles will remain, infrastructure ]
Article 07 !n future, too, an 'alternagve to veh|cles powered by Charging station N
internal combustion engines only in very few R Low availability
exceptional cases.” (Marker et al., 2001, p. 23) Electric charging Complement Long charging
infrastructure time
- -
Low performance
Limited capacity
N -
Low performance
“Due to their characteristics, electric drives are ideal for Long charging
ATZ motor vehicles. The disadvantage in their use is the time )
Volume 103 insufficient energy density of the batteries necessary for —
lssue 01 the storage of the electric power. In addition, batteries Battery Component Low performance
Article 07 are expensive, have only a limited service life and High costs ]
require a long time for charging.” (Marker et al., 2001,
p. 23) Limited lifetime
expectation
. -
Low quality
LSAullerdem kénnen absolut emissionsfreie Fahrzeuge
ATZ nur mit Elektroantrieben realisiert werden. Da selbst Limited capacity
Volume 102 | sehr gute Traktionsbatterien zu geringe Energiedichten Battery Component . Low energy
Issue 07/08 | besitzen, bietet sich die Brennstoffzelle als Low performance density
Article 10 elektrochemischer Energiewandler an.“ (Herbst, 2000,

p. 622)
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,Flr solche Zwecke erscheint ein kompaktes und
preiswertes Fahrzeug mit einem
Beschleunigungsverhalten, das einem Ublichen
Stadtzyklus entspricht und dartber hinaus eine extrem

Limited range

—

Low performance

Long charging

ATZ niedrige Schadstoff- und Schallemission im time
Volume 102 | Stadtbereich vorweisen kann, als besonders —
.y . . Battery Component
Issue 02 zukunftstrachtig. Elektromotoren mit Batterien als Low performance
Article 04 Energiequellen erfillen zum grof3en Teil diese
Anforderungen, haben allerdings den Nachteil einer High weight
sehr begrenzten Reichweite, der durch die —
Batteriemasse selbst und durch die Ladedauer noch Low performance
verstarkt wird.“ (Stan and Personnaz, 2000, p. 119)
Limited range
—
For zero emission vehicles, _battery electr_/c vehicles Low performance
have been one of the most viable alternatives and have High weight
IJOAT been introduced to the market by several major N
Volume 01 | automotive manufacturers. However, the shortcomings
. . Battery Component Low performance
Issue 01 associated with the battery performance, such as
Article 02 weight, charging time, cycle life and driving range, have Long charging

been the major inhibitors against the widespread
acceptance by consumers.” (Yang, 2000, p. 9)

time
—

Low performance
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Appendix M: Text passages that declare a bottleneck for FCEVs

Sub) - Component ,
( ) P Type of Trigger /
Journal Text passage component / or
bottleneck Comment
complement Complement
ATZ y . . — _— . .
Volume 122 The requirements for fuel cell air intake filtration are Air filter High complexity
lssue 10 even higher than for a modern combustion engine.” — Component — -
Article 16 (Berger, 2020, p. 76) Oxygen supply Low performance
“The H2 Mobility initiative in Germany is already
lanni i i k of h fueli
ATZ p ar?nmg a n_at|qnW|de networ _o ydrogen refueling Lack of
stations, which is gradually being developed. [...] We . .
Volume 122 . Hydrogen refueling infrastructure
must continue to focus on the regulatory framework ) Component Legal obstacles
Issue 10 . . infrastructure —
. and ensure that the legal obstacles to the introduction .
Article 14 . . R Low availability
of re-fuels are removed.” (Heintzel and Eisenkramer,
2020, p. 66)
ATZ . L . Lack of
“A recycling process that is tailor-made for fuel cells is . .
Volume 122 . . . u Disposal and infrastructure
not yet available on an industrial scale.” (Fraunhofer . Complement -
Issue 06 IWKS, 2020, p. 32) recycling —
Article 08 » €025, P- Low availability
Fuel Cell catalyst
“However, the penetration of BEV and FCEV . . y
. . . . L (Platinum is part of
technologies will require an increase in mining
ATZ . - ) the catalyst) Costs of raw
output, particularly for lithium, cobalt and platinum. .
Volume 122 . 4 . ) — material Supply
This will have social, environmental and economic Component
Issue 04 ) Membrane electrode — shortage
. consequences. Occasional shortages and .
Article 11 . L L T assembly High costs
the resulting price increases are a distinct possibility.
N
H ich R 2020, p.
(Hendrich and Reuter, 2020, p. 55) Fuel Cell
ATZ “The cooperation of processing industries and Disposal and Lack of Missing
Volume 122 recycling companies would make it easier to set up rtfc olin Complement capabilities collaboration
Issue 04 and operate profitable collection systems and yeing — between
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Article 11

recycling plants. In addition, the “Design for
Recycling” approach is also to be recommended here
in order to keep raw materials in the recycling loop
and lower the costs.” (Hendrich and Reuter, 2020, p.
55)

Low availability

manufacturer
and recycling
industry

ATZ
Volume 122
Issue 01
Article 17

“Thermal management and cabin climatization are
crucial factors influencing the driving range of battery
and fuel cell electric vehicles. Currently mostly
electrically powered components are used for this
purpose, for example Positive Temperature
Coefficient (PTC) heaters or electrical compressors,
which lead to a driving range reduction of up to 50 %
during hot or cold weather conditions.” (Hegner and
Weckerle, 2020, p. 79)

Thermal
management

Component

HVAC
—
Thermal
management

Component

Low performance

Electrically
powered
components
like PTC heater

ATZ
Volume 122
Issue 01
Article 15

“To use the fuel cell across other automotive
segments and in large volumes in the future, the main
task is now to further develop a basic fuel cell module
in such a way that it can be even more efficiently
integrated into the group-wide electric modular
system. This would generate a maximum of

flexibility with respect to different applications in
various vehicle segments including commercial
vehicles.” (Mohrdieck and Dehn, 2020, p. 68)

Fuel Cell

Component

Low efficiency

—

Low performance

Modularity
issues

ATZ
Volume 121
Issue 12
Article 08

“The Fraunhofer Institute for Production Technology
(IPT) aims to enable bi-polar plates for fuel cells to be
produced more cost-effectively and on a large scale.
Researchers at the institute are concentrating on
developing a hot forming process for the plates, which
account for a large proportion of the weight of the fuel
cells and for almost half the production costs.”
(Fraunhofer IPT, 2019, p. 40)

Bipolar plates

—

Fuel Cell

Component

Costs of
production

—

High costs

High weight

Low performance
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“Thereto, a laboratory test bench with the electric
traction machine was connected with two HiL

Vehicle

ATZ : . .
Volume 121 simulators. It was determined that the temperatures of E-Motor performance is
lssue 10 the traction machine are a limiting factor for the (Synergy BEV and Component Low performance hugely
Article 12 vehicle performance in an exemplarily simulated high FCEV) influenced by
load driving cycle on the Nurburgring Nordschleife.” temperature
(Etzold et al., 2019, p. 54)
“Until then fuel cells had been seen as the long-term
ATZ solution for electric transport, but the lack of an Lack of
Volume 121 | adequate infrastructure and, more importantly, the Hydrogen refueling infrastructure
o . . ) Complement -
Issue 04 progress made with lithium-ion batteries forced the infrastructure —
Article 03 developers of hydrogen-powered vehicles onto Low availability
the back foot.” (Burkert, 2019, p. 9)
Membrane electrode
“The membrane electrode assembly with a proton
. . assembly )
ATZ exchange membrane that is just 0.01 mm thick, the Component High costs -
—
most complex component in a fuel cell, offers the
Volume 121 . . Fuel Cell
greatest potential for improvement. Together
Issue 04 . . o . Costs of
. with the mass production process, this is the most Fuel Cell production .
Article 03 . ) » production Economy of
important means of reducing the costs per kWh. — Component scale
N
(Burkert, 2019, p. 11) Fuel Cell .
High costs
“Honda, Hyundai, and Toyota have demonstrated that Hydrogen tank High complexity
ATZ they have systems ready for mass production, and — Component — -
Volume 121 Daimler is also in the running. This will lead to the Hydrogen system Low performance
lssue 04 necessary fall in costs. The challenge from the Lack of
Article 03 perspective of the vehicle is the hydrogen tank and, of |  Hydrogen refueling infrastructure
course, we also need a user-friendly hydrogen infrastructure Complement — i
infrastructure.” (Burkert, 2019, p. 11) Low availability
ATZ “The range of electric vehicles is constantly growing HV protection
Volume 121 | and, in order to make this possible, batteries with an systems Technical
. . . Component Low performance L
Issue 02 increasingly large capacity are needed. As a result, — limitations
Article 15 short circuits in the vehicle electrical system caused Power electronics
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by accidents can lead to short circuit currents of up to
20,000 A. As the capacity of the batteries grows in the
future, so too will this figure. Fuses and automotive
high voltage protection mechanisms have in many
cases reached the limits of their potential.” (TU
Vienna, 2019, p. 66)

(Synergy BEV and
FCEV)

“The truck manufacturer is also tackling the problem

ATZ . . Lack of
of the lack of a hydrogen infrastructure. Together with . .
Volume 121 . . . Hydrogen refueling infrastructure
the Norwegian company Nel Hydrogen, Nikola aims ) Complement -
Issue 01 . infrastructure —
Article 08 to set up a network of hydrogen fuel stations by Low availabilit
2022.” (Nikola, 2019, p. 32) Y
[JOAT “Moreover, it is inevitable that a significant amount of Low efficiency :
. . E-Motor Heat generation
Volume 20 heat is generated when an EV climbs steep slopes, — -
- . . (Synergy BEV and Component in climb steep
Issue 04 because the energy efficiency of electric motors is low FCEV) Low slobes
Article 09 at low speed rotations.” (Bang, 2019, p. 739) performance P
“Due to these advantages, PEFCs are expected
to be the main energy source for Fuel Cell Electric
Vehicles (FCEVSs), the next generation eco-friendly
[JOAT vehicles. However, before the commercialization of Limited lifetime Several
Volume 20 FCEVs, durability is one of the most important issues expectation _
. Fuel Cell Component degradation
Issue 06 to be solved. Several degradation phenomena such —
. " . phenomena
Article 04 as decomposition of the electrolyte membrane and Low quality
deterioration of the electrode activity for fuel cell
reactions have been reported.” (Yang et al., 2019, p.
1113)
“Recent investigations reveal that the Pt/C catalyst Fuel Cell catalyst
IJOAT is severely deteriorated during repeated potential — Limited lifetime Repeated
Volume 20 cycling rather than constant potential holding at Membrane electrode expectation p .
. . . . Component potential cycling
Issue 06 cathode side. Especially, among many deterioration assembly —
. . . ) (load changes)
Article 04 factors, the formation of Pt surface oxide layer (Pt- — Low quality
OH, Pt-O) and subsequent dissolution of Pt is Fuel Cell
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considered to be one of the main reasons for the Pt/C
catalyst deterioration.” (Yang et al., 2019, p. 1114)
ATZ “The hydrogen storage tanks in the vehicle can be High weight
Volume 120 filled just as quickly as fuel tanks in conventional Hydrogen tank -
lssue 12 gasoline or diesel cars. However, the hydrogen tanks — Component Low performance -
. are currently very heavy and expensive to Hydrogen system .
Article 14 High t
manufacture.” (BAM, 2018, p. 65) 'gh costs
“The sales staff in the dealerships are not fully
informed and have to spend a lot of time encouraging
ATZ . ) Lack of
customers to take an interest in the technology. In a Dealer and workshop e Lack of
Volume 120 , . . “ ,, capabilities . .
lssue 11 study published in the journal “Nature Energy,” the (Synergy BEV and Complement experience in
—
. University of Aarhus came to the conclusion that “car FCEV) EV
Article 03 ; - . Low performance
dealerships represent a significant barrier to the
market launch of electric cars.” (Liebl, 2018a, p. 9)
“If we now switch to the fuel cell, we will have a far
ATZ lower level of energy efficiency,” says Hey, rejecting
the suggestion that the fuel cell drive is the ideal Low efficiency
Volume 120 ) . . . . Energy
lssue 05 solution. He argues in detail that “roughly twice as Fuel Cell Component — demandin
. much energy has to be consumed propelling a vehicle Low performance g
Article 04 . .
with a fuel cell as far as one directly powered by
electricity.” (Burkert, 2018b, p. 16)
“One major challenge in the intake system lies in
ATZ rating the air filter. This needs to protect the fuel cell - . . High effort in air
- . Air filter High complexity o
Volume 120 system from contamination. Solid and gaseous Component filtration effort
— —
Issue 02 components must be kept away from compressor, Oxvaen suppl P Low performance dueto a
Article 10 heat exchanger and, above all, the MEA.” (Pundt et Y9 PPl P sensitive MEA
al., 2018, p. 40)
1JoAT “However, this conclusion ignores the negative Friction and iron
effect of the non-work permanent magnet E-Motor Low efficiency losses even
Volume 19
lssue 01 synchronous motor (PMSM) on system power loss, (Synergy FCEV and Component — when the
Article 12 which has been overthrown by experiment tests BEV) Low performance PMSM is not
carried out by Gu et al. (2013) as there still exists working
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friction and iron losses in the motored PMSM.” (Pundt
etal., 2018, p. 122)
ATZ “Fuel cells can make an important contribution to the
goal of zero-emissions mobility, provided that they
Volume 119 . .
use regenerative hydrogen (H2). However, the cost of Fuel Cell Component High costs -
Issue 09 . ) . . L n
. automotive fuel cells is currently still very high.” (FVV,
Article 16
2017, p. 66)
“Thermal management plays an important role in
vehicles powered by fuel cells as well. While the Thermal Ener
ATZ requirements for the battery, electric motor, and Management of . . _gy
. . . . . High complexity | demanding due
Volume 119 | electronics remain the same, heating the hydrogen is powertrain "
. . Component — to additional
Issue 09 yet another task. Compared with a combustion — .
. . o . . Low performance heating of the
Article 12 engine, about 30 % more specific cooling capacity Thermal hvdroaen
must be provided for the powertrain.” (Wawzyniak et Management ydrog
al., 2017, p. 50)
“The move to fuel cell cars will help significantly in
reducing CO2 emissions. The hydrogen infrastructure
required for this transition could be the key to
ATZ quire ) Hon cot yio. Lack of
replacing fossil fuels with renewable energies in . . .
Volume 119 S . Hydrogen refueling infrastructure High costs for
future. Scientists at the Forschungszentrum Jilich, . Complement .
Issue 06 . . . . infrastructure — expansion
. Germany, estimate that investments totaling 61 billion A
Article 14 ] Low availability
euros will be needed to set up the complete
infrastructure for passenger car transport in
Germany.” (Forschungszentrum Julich, 2017, p. 63)
Fuel Cell catalyst
ATZ “New materials are needed for fuel cells which can ) y
Volume 119 act as. highly efﬁment cata.lysts for the required Membrane electrode Low efficiency
chemical reaction, but which also last as long as Component — -
Issue 06 . . . . ., . assembly
Article 14 possible without their properties changing.” (TU Wien, Low performance
—
2017, p. 62
017,p. 62) Fuel Cell

A109



Appendix M: Text passages that declare a bottleneck for FCEVs

“A BEV, extended by a fuel cell (FC), is able to
compensate the current insufficient hydrogen

ATZ . . . e Lack of
infrastructure as it benefits of an existing . .
Volume 119 | | . . Hydrogen refueling infrastructure
infrastructure for electric charging and meets . Complement -
Issue 05 , . ) infrastructure -
. customer’s needs for short refueling durations, A
Article 13 - o : Low availability
excellent drivability, long driving range and high-
power demand.” (Miller et al., 2017, p. 57)
“On account of the significant higher energy density of
hydrogen compared to batteries [1], the sensitivity of
he FCEV i igh h
ATZ the FC powert.raln costs and weight to the amount Lack of
of energy stored is lower. Therefore, hydrogen . .
Volume 119 . X Hydrogen refueling infrastructure
represents an outstanding energy carrier when ) Complement -
Issue 05 . . infrastructure —
. high power and huge energy amount are required -
Article 13 , Low availability
(heavy loads, long range). Nevertheless, today’s
insufficient hydrogen refueling stations represents a
barrier for a wider use.” (Milller et al., 2017, p. 57)
“Fuel cells convert chemical energy in fuels such as
hydrogen and methane into electricity. The key
component of fuel cells is the proton exchange
ATZ membrane, which allows only the tiny hydrogen ions Membrane electrode - Temperature
] . Low efficiency N
Volume 119 (protons) to diffuse towards the cathode while assembly Component sensitivity and
—
Issue 03 blocking the oxygen and hydrogen atoms. Until now, — P Low performance need for
Article 14 NAFION membranes have been the most commonly Fuel Cell P humidity
used type, but these only work efficient at certain
humidity levels and at temperatures below 90 °C.”
(Helmholtz Centre Berlin, 2017, p. 65)
“Can core-shell nanostructured catalysts be used in Fuel Cell catalyst
ATZ industrial and automotive fuel cells to generate - Costs of raw
Volume 118 | electricity from the electrochemical conversion of Membrane electrode material
o . Component -
Issue 05 hydrogen and oxygen? This is the question that the assembly —
Article 14 Low Pt Catalysts research project intends to answer. — High costs
Core-shell nanostructured catalysts consist of a core Fuel Cell
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containing low levels of platinum surrounded by a
wafer-thin, platinum-rich shell, which reduces the
amount of costly platinum that is needed.” (TU Berlin,
2016, p. 64)

Fuel Cell catalyst

ATZ “Conventional fuel cells with platinum catalysts are - Costs of raw Platinum is
Volume 118 | too expensive for large-scale use, but cheaper Membrane electrode Component material required to
Issue 04 systems are considerably less efficient.” (Jacobs assembly P — reach a high
Article 15 University Bremen, 2016, p. 69) — High costs efficiency
Fuel Cell
“Hydrogen is the lightest chemical element and, under
normal conditions, has a very large volume. When it
. . . . Storage of
ATZ is used as a fuel, it has until now only been possible
. . . Hydrogen tank hydrogen
Volume 118 | to store it under high pressure in heavy bottles or at - Component High costs (explosion risk
N
Issue 03 253 °C in liquid form in tanks. Both methods have P 9 P
. . . . L Hydrogen system and small
Article 14 limited uses in mobile applications, because they are molecular size)
extremely costly.” (University of Hamburg, 2016, p.
64)
“In this regard, the aging effect can also become a
critical problem for driving motors. As a result, motor - I
[JOAT P g_ . Limited lifetime
parameters can change significantly under those E-Motor .
Volume 17 . . . . expectation .
lssue 01 different working conditions. More importantly, motor (Synergy FCEV and Component Aging effect
—
. life will be affected too which can increase the BEV) .
Article 15 . . Low quality
possibility of sudden failures that are unacceptable for
any fast-moving vehicle.” (Liu et al., 2016, p. 153)
[JOAT “Considering the aging phenomenon during the E-Motor Limited lifetime
Volume 17 lifetime of motors, magnet capability can remain only expectation .
L - (Synergy FCEV and Component Aging effect
Issue 01 70 % of their original value at the end of their lives for BEV) —
Article 15 permanent magnet motors.” (Liu et al., 2016, p. 155) Low quality
ATZ “In the course of introducing fuel cell cars in series High costs -
Volume 116 | production, F)utstanding issues still need .to be - Fuel Cell Component Limited lifetime Durability
Issue 11 addressed: infrastructure, to support easily accessible expectation issues
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Article 03 refueling H2 stations, and fuel cell technology, to —
guarantee comparable costs and durability.” (Giczi et Low quality
al., 2014, p. 14) Lack of
Hydrogen refuelin infrastructur
y- g g Complement astructure -
infrastructure -
Low availability
Lack of
Availability and infrastructure
Complement
IJOAT . , transport of hydrogen —
‘However, hydrogen supply infrastructures are not -
Volume 15 . . Low availability
yet available and need to be developed in the near -
Issue 01 R Lack of
i future.” (Falahat et al., 2014, p. 97) . :
Article 11 Hydrogen refueling infrastructure
. Complement
infrastructure —
Low availability
Limited lifetime
expectation
1JOAT “However, at the current stage, the PEMFC still P R
suffers from several technical barriers especially in .
Volume 15 . . . Low quality
lssue 04 terms of its short lifetime. To prolong the lifetime of Fuel Cell Component Bad dvnamic -
Article 14 the PEMFC, the PEMFC cannot be used to track fast beh)allvior
dynamic power transients.” (Geng et al., 2014, p. 645)
N
Low quality
Bad dynamic Recycling of
behavior braking energy
“H fuel cells h / h
owever, fue cg s ave some problems, .suc asa Fuel Cell Component R and cold start
IJOAT slow response, difficulty starting cold, braking energy Low performance ability
Volume 15 that cannot be recycled (Yun et al., 2010) and most .
. . High costs -
Issue 07 importantly, the fuel cells and the infrastructure for
Article 14 | hydrogen stations are extremely costly.” (Suh et al., . ~ Lackof Expansion
2014, p. 1165) Hydrogen refueling Complement infrastructure costs of
infrastructure — .
infrastructure

Low availability
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“Unlike the PSM, the technology used does not
ATZ require any r.are earth ele.merlffs such ag neodymium Costs of raw
Volume 115 and dysprosium. The availability and price of these E-Motor material
lssue 12 raw materials on global markets fluctuate wildly — (Synergy FCEV and Component -
N
Article 03 which entails a cost risk that is virtually impossible to BEV) Hih costs
assess for OEMs and suppliers of electromobility.” g
(Domian et al., 2013, p. 11)
ATZ “The costs of the stack are dominant and are mainly Low power
Volume 115 | determined by the size of the active area — higher . densities and
. . Fuel Cell Component High costs .
Issue 07/08 power requirements and lower power densities both high-power
Article 08 increase its costs.” (Hellmann et al., 2013, p. 40) requirements
ATZ “Permanently excited motors require rare earths, but E-Motor Costs of raw
Volume 115 | these raw materials are becoming increasingly scarce material Scarcity of raw
. ) (Synergy FCEV and Component .
Issue 03 and more expensive due to market economic BEV) — materials
Article 07 reasons.” (Réhrl et al., 2013, p. 40) High costs
“At the center of these discussions is the question of
whether these new drive systems will be accepted by
potential customers. Apart from rather technical
f h latively sh I
ATZ actorfs, su_c as a relatively short range_ and long Lack of
charging times for battery-powered vehicles or the . .
Volume 115 , Hydrogen refueling infrastructure
lack of infrastructure for battery-powered and fuel-cell ) Complement -
Issue 01 ) . N . L infrastructure —
. vehicles, it is the still high purchasing price in -
Article 05 . . . . Low availability
particular — compared to vehicles with conventional
drive systems — that represents a major obstacle to
achieving wide customer acceptance.” (Kreyenberg et
al., 2013, p. 23)
“No currently available advanced technology has
IJOAT completely resolved the issues associated with the Fuel Cell Caused b
Volume 14 water balance in the cell. Thus, water management management . . y
. . . Component Low performance insufficient
Issue 03 remains a key technical challenge for guaranteeing — water balance
Article 13 the performance of PEM fuel cells.” (Park et al., 2013, Fuel Cell
p. 450)
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[JOAT - . - S
“As we know, the efficiency of PMSM is low at the E-Motor Low efficiency Inefficient in low
Volume 14 »
lssue 05 low-torque and low-speed range.” (Gu et al., 2013, p. (Synergy FCEV and Component — torque and
Article 12 764) BEV) Low performance speed range
ATZ “However, because of its nature such as its low Storage of
specific gravity and an extremely high diffusivity, Hydrogen tank High complexity Hydrogen
Volume 114 . . .
lssue 12 hydrogen could be easily diffused and diluted in the — Component — (small
Article 03 air even in the remote chance of a leakage.” (lkeya et Hydrogen System Low performance | molecular size,
al., 2012, p. 12) etc.)
“[...] the fuel cells. At the start of this millennium, the
term was on everyone’s lips. In meantime, the
concept was already declared dead — too
ATZ complicated, too expensive was the verdict. Now it is
experiencing something of a renaissance as people
Volume 114 ) . ) . .
lssue 12 start to realize that this concept is far superior to Fuel cell Component High costs -
. electric cars in terms of driving range. Of course,
Article 01 . .
there is still the problem of cost, which has to be
solved if fuel-cell vehicles are to be sold in more than
merely homeopathic quantities and only for test
purposes.” (Heintzel, 2012, p. 3)
High costs -
ATZ “Fuel cell costs, lifetime and environment adaptability : .g __
Volume 114 | still fail to meet vehicle application requirements, so it Limited lifetime
Issue 10 is difficult to commercialize a fuel cell vehicle within a -
Article 03 short term.” (Li, 2012, p. 12) -
Low quality
“Therefore, the development of an efficient and Actual on-board
[JOAT L p . . On-board Hydrogen -
Volume 13 realistic hydrogen production device may accelerate suppl Low efficiency Hydrogen
lssue 01 fuel cell technology by resolving a primary roadblock, PRl Component — production
—
. which is the need for an on-board hydrogen supply Low performance systems are
Article 03 R Hydrogen system L
system.” (Lee et al., 2012b, p. 23) inefficient
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“In a typical fuel cell, hydrogen gas is pumped in and

[JOAT passes through a catalytic bed, where dissolved Bipolar plates
Volume 13 species contact a catalyst. Some performance P P Unsuitable
L : . — Component Low performance
Issue 05 degradation is induced in a PEMFC by an unsuitably Fuel Cell channel routes
Article 11 designed channel route in a bipolar plate.” (Kim and
Sun, 2012, p. 783)
“At the same time, the electric drive system can
rt leration and also h fuel
ATZ suppo agce era o. and also has a fue . Lack of
consumption-reducing effect through regenerative . .
Volume 113 ) . ; Hydrogen refueling infrastructure
breaking. As the existence of a comprehensive ) Complement -
Issue 04 - ) . ) ) infrastructure —
. network of hydrogen filling stations is unlikely in the -
Article 10 . . . S Low availability
short term, the internal combustion engine will initially
run on conventional fuel.” (Fickel et al., 2011, p. 47)
[JOAT “Furthermore, also Fuel Cells exhibit low transient Bad dynamic
Volume 12 performances and their development is closely behavior
. Fuel cell Component -
Issue 03 related to the Hydrogen production and supply —
Article 15 infrastructure [...].” (Liu et al., 2011, p. 433) Low performance
“An improvement of competitiveness compared to
conventional vehicles powered by gasoline or diesel
and other alternative fuel storage technologies
requires a significant expansion of cruising range
ATZ greater than 500 km at lower costs. However, in the
Volume 112 segment of passenger cars the effect of manufacturer Hydrogen tank High weight
lssue 03 specific weight restrictions will be applied — Component — -
Article 03 increasingly, for example the maximum load per axle Hydrogen system Low performance

or restriction for compliance with inertia weight class.
This reason requires a reduction of the mass-to-
volume ratio below 0.5 kg/l for high pressure cylinders
with a working pressure of 20 MPa.” (Novak and
Krainz, 2010, p. 20)
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Bad dynamic Unable to use
[JOAT “Similar to the automotive engine, fuel cells have behavior recuperation
Volume 11 some problems, such as a slow response, difficult
°p . P y Fuel Cell Component - energy and
Issue 02 starting cold, and braking energy that cannot be Low performance | slow response
Article 10 recycled.” (Yun et al., 2010, p. 223 -
4 ( P ) Low performance | Cold start ability
IJOAT “Many studies have been conducted to prepare for
Volume 11 the day when Fuel cell costs become competitive with .
y , o P . Fuel Cell Component High costs -
Issue 03 other energy conversion technologies.” (Choi et al.,
Article 16 2010, p. 429)
“Therefore, in the development process of new fuel-
cell vehicles, ensuring adequate stack-coolin e e
o . g . a ¢ Difficulties in
capacity is an important issue. The stack-coolant .
. . . . Thermal stack cooling
temperature is about 65°C at the radiator inlet, which
IJOAT ) . management of . . due to low-
is far lower than the typical coolant temperature of . High complexity
Volume 11 o . . . powertrain temperature
90°C in internal-combustion-engine automobiles. Component — .
Issue 06 L o e — differences
. Therefore, it is quite difficult to release all of the heat Low performance
Article 16 . . . - . Thermal between
generated in the stack using a radiator of limited size
. management coolant and
because of the reduced temperature difference ambient air
between the coolant and the ambient air.” (Kim et al.,
2010, p. 894)
“Insufficient stack cooling allows the temperature of
the fuel-cell membrane to increase, and it then starts - L .
IJOAT ! . .I. ! Limited lifetime Damaging
to dry so that ion conductivity decreases; thus, stack . )
Volume 11 . . ) . expectation effect if stack
voltage is decreased. If this drying continues for too Fuel Cell Component L
Issue 06 . - cooling is
. long or repeatedly, the durability of the fuel-cell stack . e
Article 16 . . . Low quality inefficient
is reduced, and there is the risk of severe damage to
the membrane.” (Kim et al., 2010, p. 897)
IJOAT M , . , Limited lifetime
‘Also, a rapid change in required power may reduce . .
Volume 09 . . expectation Rapid load
the durability of the fuel cell or result in damages to Fuel Cell Component .
Issue 01 Y — variations
i the fuel cell.” (An et al., 2008, p. 113) .
Article 14 Low quality
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High complexity
—
Low performance
“First, the entire fuel cell system will have to be made _
simpler and more robust by reducing the number of Fuel Cell Component High costs
components. Fewer components also mean fewer — ——
. L . Limited lifetime
ATZ opportunities for faults, which in turn results in lower .
. o expectations
Volume 109 | costs. Another goal is to make existing components .
Issue 09 smaller in order to save space and reduce weight. .
. . . . . Low quality
Article 03 Finally, the engineers will also be working to further - -
) o ) High complexity
increase the lifetime and power density of the fuel cell
. . . Oxygen supply Component —
stacks by the time the system is ready for series
. : Low performance
production.” (Mohrdieck and Docter, 2007, p. 10)
High complexity
Hydrogen system Component —
Low performance
“Therefore, water management is an important
[JOAT . . I P - Fuel Cell -
operation issue in a PEM fuel cell because the liquid Low efficiency
Volume 08 . ) management
lssue 01 water in the fuel cell causes electrode flooding that Component —
—
Article 15 can lower the cell performance under high current Fuel Cell Low performance
density conditions.” (Ha et al., 2007, p. 119)
IJOAT “However, for the PEM fuel cell to be commercially -
. - Low efficiency
Volume 08 viable, the efficiency and performance should be
. . . L Fuel Cell Component —
Issue 01 much improved by proper engineering optimization Low performance
Article 15 and design work.” (Ha et al., 2007, p. 119) P
“In the case of PEM fuel cell, due to low temperature
IJOAT (< 90°C), water produced by electrochemical reaction Fuel Cell Low efficienc
Volume 08 in the catalyst layer was not exhausted properly and management y
. . . Component —
Issue 01 remained in the gas channel. When this phenomenon —
. o Low performance
Article 15 occurs, accumulated liquid water causes mass Fuel Cell
transfer limitation, which leads to the decline of PEM
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fuel cell performance; this phenomenon is called
flooding [...].” (Ha et al., 2007, p. 122)

“FCEVs use a fuel cell system, which functions by

Low efficiency

converting hydrogen into electricity, as the main Low power
—
ower source to operate the motor. It has man regions
IJOAT P P . . y . Low performance g
Volume 08 advantages compared with ICVs and HEVs in that it
uses alternate energy sources, is classified as a ZEV, Fuel Cell Component )
Issue 05 : . Bad dynamic
. and manages high well-to-wheel fuel efficiency. .
Article 14 ) . behavior Slow response
However, it also has some disadvantages such as a .
. . . — time
slow response time and low fuel efficiency in the low L ;
power region.” (Ahn et al., 2007, p. 651) ow performance
“The efficiency of a fuel cell system is very low during
low load operation owing to accessory loads such as
[JOAT the air compressor, hydrogen pump, and water/heat -
P yerog . pmp . Low efficiency Accessory
Volume 08 management. Even under high load conditions, the
. . Fuel Cell Component — loads (e.g.,
Issue 05 fuel cell is forced to operate with a low power
. - . Low performance compressor)
Article 14 efficiency, since the fuel cell stack voltage drops
sharply with increasing load.” (Ahn et al., 2007, p.
653)
“This type of fuel cell has many advantages such as High costs -
1JOAT high effici_ency, low temperatur_e operation, and it is Harsh
Volume 08 clean, quiet, and capable of quick startup. However, Low performance environments
performance and durability under harsh environments Fuel Cell Component Limi Py
Issue 06 ) o ) imited lifetime
Article 11 and hlg.h. cost.should be 9pt|m|zed in order to be expectations Harsh
competm:/e with conventional combustion power N environments
sources.” (Lee et al., 2007, p. 761) Low quality
. . Missing legal
ATZ “After-sales service personnel must receive further Lack of o ulatigns %n d
Volume 108 | training and workshops need to be prepared for Dealer and workshop capabilities g -
. . . Complement training for
Issue 07/08 handling high voltages, Figure 5. For legal (Synergy to BEV) — service
Article 05 considerations (labor law), it is still unclear as to Low availability

personnel
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which automotive mechanics will be allowed to repair
HV components.” (Vol} et al., 2006, p. 18)

ATZ “A series of problems must be solved before fuel cell High costs -
vehicles can be successfully introduced into the — —
Volume 108 . . . Limited lifetime
market. A significant cost reduction of the fuel cells is Fuel Cell Component )
Issue 05 e e expectations
. necessary, as well as a longer lifetime.” (Friedrich and -
Article 08 . —
Treffinger, 2006, p. 25) .
Low quality
Lack of
4 issi i Hydrogen refuelin infrastructure
ATZ Based on the CO2 fem/ss./ons, it can be concluded y' g g Complement )
Volume 108 that the fuel cell vehicle will then be successful when infrastructure -
lssue 05 the hydrogen infrastructure, and storage questions Low availability
Article 08 are both sufficiently and eco-nomically resolved.” Hydrogen tank High complexity
(Friedrich and Treffinger, 2006, p. 25) — Component — -
Hydrogen System Low performance
Fuel Cell
management
g Component
. —
1JOAT Unfon‘ynately, there are still many problems to.be Fuel Cell
solved in order to make them into the commercial
Volume 07 . Thermal
lssue 07 use, such as the thermal and water management in manaaement of Low performance -
. working process of PEMFCs.” (Kim et al., 2006, p. g .
Article 15 powertrain
867) Component
—
Thermal
management
“Unfortunately, fuel cell is not mature enough to High costs -
1JOAT compete with established battery technologies (Yang, Limited lifetime
2000), the cost of fuel cells still remains high and expectations .
Volume 07 Durability
lssue 07 unaffordable for most of the consumers, and very few Fuel cell Component —
. products are available with full commercial warranties Low quality
Article 15 . . ——
and a track record for reliable operation. Other Low reliability
barriers to commercial use are as following: fuel cell —
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cost, fuel cell durability, fuel infrastructure, and

Low performance

hydrogen storage.” (Kim et al., 2006, p. 867) Lack of
Herogen refueling Complement infrastructure )
infrastructure -
Low availability
Hydrogen tank High complexity
— Component — -
Hydrogen system Low performance
“The Brennstoffzellen-Biindnis Deutschland (fuel cell Lack of
association in Germany) is preparing a strategic Hydrogen refueling infrastructure
ATZ paper for the market launch in Germany, and all infrastructure Complement - -
leading German manufacturers are participating. The Low availabilit
Volume 107 y
lssue 06 obstacles to the market Iaw?ch are known, but can
Article 07 they be overcome? The main ones that are usually Low reliability
mentioned are the lack of infrastructure, costs and Fuel Cell Component N .
financing as well as fuel cell reliability.” (Hertel, 2005, Low performance
p. 25)
“High system costs are a key argument why fuel cells Fuel Cell catalyst
ATZ are not yet used in larger quantities. These costs are — Costs of raw
Volume 107 | only partially due to high material costs — the Membrane electrode Component material )
Issue 06 development costs are also enormous. One of the assembly —
Article 07 main cost factors is the noble metal catalyst (in most — High costs
cases platinum).” (Hertel, 2005, p. 25) Fuel Cell
“In particular, where the membrane is used in Environmental
ATZ vehicles the specific operating conditions always have | Membrane electrode conditions
Volume 107 | to be taken into account. Constant load changes and assembly
. . . . Component Low performance hugely
Issue 06 changes in the environmental conditions provide the — influence
Article 07 biggest challenges to the stability of the fuel cells Fuel Cell performance

compared to other applications.” (Hertel, 2005, p. 23)
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ATZ “The use of hydrogen in vehicle engines demands a Lack of
Volume 107 | nationwide network of filling stations. This would Hydrogen refueling Complement infrastructure High costs for
Issue 05 require an entirely new infrastructure and large infrastructure P — expansion
Article 06 investment costs.” (Blesl et al., 2005, p. 19) Low availability
“Since hydrogen fuel cells are still extremely
expensive, they could for example find some uses in
some individual areas of car traffic and play a kind of
ATZ alibi role in spite of the CO2 emissions, while the
Volume 106 roblems to be solved due to the increase of lorr .
) P . . Y . I . y Fuel Cell Component High costs -
Issue 07/08 traffic could possibly even force the specific further
Article 11 development of the H2-fuelled internal combustion
engine in place of the discontinuation of projects of
this kind, which has happened in the past.” (Peschka,
2004b, p. 43)
“One conclusion often drawn from the higher energy
efficiency (often vaguely termed “efficiency’) is that
the fuel cell is superior to the combustion engine.
ATZ However, closer examination reveals that, in the most - Only 50% of the
. Low efficiency
Volume 106 | favorable case, only about 50% of the energy used is energy used for
. . . Fuel Cell Component — .
Issue 06 available for vehicle propulsion because a part of the vehicle
. . . Low performance .
Article 06 electrical energy produced by the cell is necessary for propulsion
keeping the cell operable, for example, cooling, air
pre-compression, gas recirculation etc.” (Peschka,
20044, p. 25)
Lack of
“Although there is a major issue with the hydrogen Hydrogen refueling Complement infrastructure ]
IJOAT supply infrastructure, these prototype FCEVs have infrastructure P —
Volume 05 been demonstrating various favorable features of Low availability
Issue 04 FCEVs as well as providing the guidelines for the Lack of
Article 07 future development directions.” (Park et al., 2004, p. Availability and infrastructure
Complement -
287) transport of Hydrogen —
Low availability
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Storage of
Hydrogen tank High complexity Hydrogen
“According to data recently released, fuel cells seem - Component - (small
ATZ to be able to compete with IC engines today in terms Hydrogen System Low performance | molecular size,
of specific power and power density [19]. However, etc.)
Volume 104 . . . .
lssue 07/08 the major challenges facing this technology still Lack of
Aticle 01 remain: efficient on-board storage, a countrywide fuel | Hydrogen refueling Complement infrastructure )
infrastructure and, last but not least, the fuel cell cost infrastructure -
issue.” (Boulouchos et al., 2002, p. 4) Low availability
Fuel Cell Component High costs -
“In Germany alone there are currently approx. 17,000
service stations for conventional fuels that are
ATZ . : Lack of
supplied by approx. 10,000 tankers. Already today, it . .
Volume 104 | | . Hydrogen refueling infrastructure
is necessary to lay the foundation stone to ensure ) Complement -
Issue 02 . infrastructure —
. that such a closely meshed supply network will also -
Article 02 ) . ” Low availability
be available for hydrogen in several decades.” (Pehr
etal., 2002, p. 9)
Bad dynamic
behavior Low power
— density
“Nevertheless, challenges such as frost resistance as Low performance
ATZ well as increasing the power density and service life
Volume 104 | while at the same time drastically reducing production .
. . y gp Fuel Cell Component High costs -
Issue 02 costs still need to be effectively managed before
Article 02 fuel cells can be used effectively in future series _ _
production vehicles.” (Pehr et al., 2002, p. 8) Limited lifetime
expectations
—
Low quality
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ATZ “A third reason for a slow rise in sales is the limited . . Lack of
Volume 103 . . Hydrogen refueling infrastructure
lssue 05 network of methanol filling stations or, later on, infrastructure Complement -
N
. hydrogen filling stations.” (Dudenhdéffer, 2001, p. 19 I
Article 05 yarogen fifing ! ( p- 19) Low availability
“From today's perspective, the Californian regulations
demand such solutions until direct hydrogen fuel cell
vehicles (without a reformer) are ready for series
. : o : Storage of
ATZ production. The BMW experiment with its H2 internal Hvdrogen tank High complexit Hvdrogen
Volume 103 | combustion engines could also be such an ydrog g piextty ydrog
. . . — Component — (small
Issue 05 intermediate solution. However, as the hydrogen .
. . Hydrogen System Low performance | molecular size,
Article 05 storage problem has to be solved in a marketable etc)
way as a precondition for H2 combustion engines, the '
BMW approach will show its qualities at the same
time as fuel cell cars.” (Dudenhdoffer, 2001, p. 19)
“It is also possible that the conversion of internal
ATZ combustion engines to natural gas will increase. Lack of
Volume 103 | Analyzing sales of natural gas-powered vehicles Hydrogen refueling infrastructure
o . . . Complement -
Issue 05 show that a dense filling station network will also be infrastructure —
Article 05 necessary for the market success of fuel cell cars.” Low availability
(Dudenhoffer, 2001, p. 19)
“Besides the challenge of having the right fuel on
board a vehicle, there is also the problem of the fuel
infrastructure. H2 is considered to be viable as the
ATZ only possible long-term option, in particular for Lack of
Volume 103 reasons of a sustainable energy development. Hydrogen refueling Complement infrastructure High costs for
Issue 04 However, this option suffers from the non- availability infrastructure P — expansion
Article 01 of an existing fuel infrastructure. Investment cost for Low availability

the world-wide gasoline infrastructure that exists
today are in the range of billions of DM.” (Scherer and
Réder, 2001, p. 3)
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“Due to the constraints set up by the operating
temperature of the PEFC, only pure hydrogen is
considered to be the ideal fuel for this fuel cell type.
As a consequence, pure hydrogen must be stored on

ATZ board the vehicle, either as compressed H2 or Storage of
Volume 103 liquefied (cryogenic) H2, or H2 must be liberated on- Hydrogen tank High complexity Hydrogen
lssue 04 board (reforming process) from a fuel containing H2, — Component — (small
Article 01 e.g. methanol or hydrocarbons (gasoline). Hydrogen Hydrogen system Low performance | molecular size,
storage on board suffers either from the low energy etc.)
density value of compressed H2 (300 bar: 1.1
kWh/kg, 0.4 kWh/l; values without weight and volume
of tank) or the low temperatures (— 253 °C) necessary
to store liquefied H2.” (Scherer and Roder, 2001, p. 3)
»ES ist kein Energietrdger bekannt, der diese
ATZ Forderungen erfillt und gleichzeitig emissionsfrei Storage of
Volume 102 umgesetzt werden kann. Zwar ist Wasserstoff in Hydrogen tank High complexity hydrogen
lssue 07/08 flissiger oder komprimierter Form ein denkbarer — Component — (explosion risk
Article 10 Kompromiss, jedoch hat er gravierende Nachteile in Hydrogen system Low performance and small
Bezug auf gefahrlosen Umgang und langfristige molecular size)
Speicherfahigkeit.” (Herbst, 2000, p. 622)
,Fest-Brennstoffzellen, wie die mechanisch
ATZ aufladbare Zink-Luft- [3] oder die Aluminium-Luft- -
. . . Low efficiency
Volume 102 Zelle [4] sind schon im Fahrzeugeinsatz getestet Low power
o . Fuel Cell Component — .
Issue 07/08 worden, konnten sich jedoch wegen der geringen Low performance density
Article 10 Leistungsdichte und dem zu geringen Wirkungsgrad P
nicht durchsetzen.” (Herbst, 2000, p. 625)
Lack of
“The fuel cell is the most likely direct competitor to the . .
[JOAT . _ . L Hydrogen refueling infrastructure
internal combustion engine, but the need for a liquid ) Complement -
Volume 01 L . infrastructure —
fueling infrastructure and the high cost and A
Issue 01 NP . . Low availability
. inefficiencies associated with the use of an on board
Article 01 . . . On-board Hydrogen . e.g., Methanol
fuel reformer are likely to restrict the rate at which Component High costs
supply has to be
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they supplant the conventional engines.” (Monaghan, (fuel reformer) transformed in

2000, p. 7) — Hydrogen
Hydrogen system - e.g., Methanol

b y Low efficiency d
has to be
N
transformed in
Low performance
Hydrogen
IJOAT “Although DMFC technology has made significant
Volume 01 advances in recent years, it still needs to overcome
. Fuel Cell Component Low performance -
Issue 01 two major issues of low cell performance and

Article 02 methanol crossover.” (Yang, 2000, p. 12)

“Two of the most significant challenges are the Fuel Cell Component High costs -
hydrogen supply infrastructure and the cost reduction
JoAT of the fuel cell stacks. The amount of capital . _ Lack of .

Voltme O1 investment for establishing various alternative fuel Hy(_jrogen refueling Complement infrastructure High costs for
lssue 01 infrastructure are well compared in Storbart and infrastructure - éxpansion
Article 02 Bentley (1998) showing that the hydrogen requires Low availability

the biggest investment of $95 billion to displace 1 o _ Lack of .
million barrels per day.” (Yang, 2000, p. 14) Availability and Complement infrastructure High cost_s for
transport of Hydrogen — expansion
Low availability
Fuel Cell catalyst
“The performance of present fuel cell stacks is now IR 4
adequate to meet automotive demands, but the
. . _ Membrane electrode .
IJOAT present cost of stacks is approximately ten times too assembl Component High costs -

Volume 01 great. The projected cost breakdown for fuel cell N y
Issue 01 stack components manufactured in high volume is Fuel Cell
Article 02 shown in Figure 6 and shows that the majority of the -

. , ) \ Bipolar plates
stack cost resides in the catalyst and bipolar plates. .
(Yang, 2000, p. 14) — Component High costs -
g P Fuel Cell
IJOAT “This requires an air supercharging mechanism at a Compressor High weight

Volume 01 cost of parasitic loads, Current superchargers used in — Component — -

Issue 01 fuel cell power systems have excessive parasitic Oxygen supply Low performance
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Article 02 loads, approaching 10 - 15 kW at a peak power of 50
kW net, and are heavy and big.” (Yang, 2000, p. 14)
u Thermal
Due to the low stack temperature of 80 — 90°C for 3

IJOAT . . . management of . .

atm operation, the radiator size for a 60 kW net power , High weight

Volume 01 . . . powertrain Low stack
system is projected to be 1.5 times larger than a Component —

Issue 01 S . . C - temperature
. compatible internal combustion engine vehicle. Low performance

Article 02 Thermal

(Yang, 2000, p. 15)
management

Al126



Appendix N: Matrix of (co-) occurrence BEV

Appendix N: Matrix of (co-) occurrence BEV

Component / . . Low
High costs Low quality - Low performance
Complement availability
Battery production
— - - Lack of capacity -
Battery
Charging stations
— Lack of
Electric charging infrastructure
infrastructure
Journal: ATZ - Volume 122 - Issue 10 - Article 14
Component / . . Low
P High costs Low quality . Low performance
Complement availability
Thermal N
- - - Low reliability
Management
Battery High costs - - -
Journal: ATZ - Volume 122 - Issue 09 - Article 03
Component / . . Low
P High costs Low quality S Low performance
Complement availability
Battery Cathode
—
Costs of raw
Battery cell . - - -
material
N
Battery
Disposal and Lack of
recycling capabilities
Journal: ATZ - Volume 122 - Issue 04 - Article 11
Component / . . Low
P High costs Low quality o Low performance
Complement availability

Digital integration

— Missing
Electric charging interoperability
infrastructure
Charging station
— Missing
Electric charging interoperability
infrastructure
L Performance
Electric grid - - - .
fluctuations
Battery cell i L
y Limited lifetime
N - i - Low performance
expectation
Battery

Journal: ATZ - Volume 122 -

Issue 02 - Article 10
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Component /
Complement

High costs

Low quality

Low
availability

Low performance

Charging station
—
Electric charging
infrastructure

Lack of
infrastructure

HVAC
—
Thermal
management

Low performance

Battery

High costs

Journal: 1J0AT - Volume 21 - Issue 01 - Article 15

Component /
Complement

High costs

Low quality

Low
availability

Low performance

Battery

Long charging time

Charging station
—
Electric charging
infrastructure

Missing
interoperability

Journal: 1JOAT - Volume 21 - Issue 02 - Article 24

Component /
Complement

High costs

Low quality

Low
availability

Low performance

Battery

Limited capacity

Charging station
—
Electric charging
infrastructure

Lack of
infrastructure

Journal: ATZ - Volume 121 - Issue 09 - Article 17

Component /
Complement

High costs

Low quality

Low
availability

Low performance

Battery

Long charging time

Charging station
—
Electric charging
infrastructure

Long charging time

Journal:: ATZ - Volume 121

- Issue 05 - Article 16

Component /
Complement

High costs

Low quality

Low
availability

Low performance

Battery

Safety risk

Limited lifetime
expectation

Limited range

Thermal
management of
battery

High complexity
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—

Thermal

management

Journal: ATZ - Volume 121

- Issue 03 - Article 14

Component / . . Low
High costs Low quality o Low performance
Complement availability
L Performance
Electric grid - - - .
fluctuations
Charging station
— Lack of
Electric charging infrastructure
infrastructure
Journal: ATZ - Volume 121 - Issue 03 - Article 08
Component / . . Low
P High costs Low quality - Low performance
Complement availability
Battery - - - Long charging time
Charging station
N Lack of
Electric charging infrastructure
infrastructure
Journal: 1JoAT - Volume 20 - Issue 02 - Article 18
Component / . . Low
P High costs Low quality S Low performance
Complement availability
Battery cell
— - - - Low performance
Battery
Charging station
— Lack of
Electric charging infrastructure
infrastructure
Journal: ATZ - Volume 120 - Issue 12 - Article 12
Component / . . Low
P High costs Low quality o Low performance
Complement availability
On-board charger
- - - - Low performance
Power electronics
Charging station
— Lack of L
. . - - . Long charging time
Electric charging infrastructure
infrastructure
Journal: ATZ - Volume 120 - Issue 10 - Article 14
Component / . . Low
P High costs Low quality o Low performance
Complement availability
Costs of raw Lack of -
Battery . - i Limited range
material capabilities
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Disposal and
recycling

Lack of
capabilities

Lack of
capacities

Journal: ATZ - Volume 120

- Issue 09 - Article 04

Component /
Complement

High costs

Low quality

Low
availability

Low performance

HVAC
—
Thermal
management

Low performance

Thermal
management of
battery
—
Thermal
management

Low performance

Battery

Long charging time

Journal: ATZ - Volume 120

- Issue 05 - Article 14

Component /
Complement

High costs

Low quality

Low
availability

Low performance

Battery

High costs

Limited lifetime

expectation

Thermal
management of
battery
—
Thermal
management

High complexity

Journal: ATZ - Volume 120

- Issue 02 - Article 12

Component /
Complement

High costs

Low quality

Low
availability

Low performance

Electric grid

Performance
fluctuations

Charging station
—
Electric charging
infrastructure

Lack of
infrastructure

Journal: ATZ - Volume 120

- Issue 02 - Article 04

Component /
Complement

High costs

Low quality

Low
availability

Low performance

Electric grid

Performance
fluctuations

Charging station
—
Electric charging
infrastructure

Lack of
infrastructure
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Journal: ATZ - Volume 120

- Issue 02 - Article 03

Component / . . Low
High costs Low quality o Low performance
Complement availability
Battery - - - Low efficiency
Thermal
- - - Low performance
management
Journal: ATZ - Volume 120 - Issue 01 - Article 14
Component / . . Low
P High costs Low quality - Low performance
Complement availability
Battery - - - Limited capacity
E-Motor - - - Low efficiency
Journal: 1JoAT - Volume 19 - Issue 01 - Article 12
Component / . . Low
P High costs Low quality S Low performance
Complement availability
Battery High costs - - -
Charging station
— Lack of
Electric charging infrastructure
infrastructure
Journal: 1JoAT - Volume 19 - Issue 02 - Article 12
Component / . . Low
P High costs Low quality L Low performance
Complement availability
Battery - - - Long charging time
Thermal . .
- - - High complexity
management
Journal: ATZ - Volume 119 - Issue 09 - Article 12
Component / . . Low
P High costs Low quality L Low performance
Complement availability
Limited lifetime
Battery - . - -
expectation
Charging station
N Lack of
Electric charging infrastructure
infrastructure
Journal: ATZ - Volume 119 - Issue 05 - Article 13
Component / . . Low
P High costs Low quality S Low performance
Complement availability

Battery

Limited lifetime
expectation

Limited capacity
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Thermal
management of
battery
—
Thermal
management

High complexity

Journal: 1JOAT - Volume 18

- Issue 05 - Article 12

Component / . . Low
High costs Low quality o Low performance
Complement availability
Electric grid - - Performgnce -
fluctuations
Charging station
— Lack of Missing
Electric charging ) ) infrastructure interoperability
infrastructure
Journal: ATZ - Volume 118 - Issue 12 - Article 03
Component / High costs Low quality I.'OW. . Low performance
Complement availability
HVAC
—
Thermal - - - Low performance
management
Charging station
— Lack of
Electric charging ) ) infrastructure )
infrastructure
Journal: ATZ - Volume 118 - Issue 07 - Article 10
Component / High costs Low quality I.'OW. . Low performance
Complement availability
Battery ) ) ] Long _chargmg time
High weight
Charging station
— Lack of
Electric charging ) ) infrastructure )
infrastructure
Journal: ATZ - Volume 118 - Issue 07 - Article 03
Component / High costs Low quality I._OW. . Low performance
Complement availability

Battery - - - Long charging time
Thermal -
- - - Low efficiency
management

Journal: ATZ - Volume 118 - Issue 06 - Article 12

A132



Appendix N: Matrix of (co-) occurrence BEV

Component /
Complement

High costs

Low quality

Low
availability

Low performance

HVAC
—
Thermal
management

Low performance

Thermal
management of
battery
—
Thermal
management

Low performance

Battery

High costs

Journal: ATZ - Volume 117

- Issue 07 - Article 12

Component /
Complement

High costs

Low quality

Low
availability

Low performance

Battery

Long charging time

Thermal
management

Low performance

Journal: ATZ - Volume 117

- Issue 01 - Article 05

Component/
Complement

High costs

Low quality

Low
availability

Low performance

Battery

High costs

Long charging time

Charging station
—
Electric charging
infrastructure

Lack of
infrastructure

Long charging time

Journal: 1JOAT - Volume 16

- Issue 05 - Article 13

Component /
Complement

High costs

Low quality

Low
availability

Low performance

Battery

Limited range

HVAC
—
Thermal
management

Low performance

Journal: 1J0AT - Volume 16

- Issue 06 - Article 04

Component /
Complement

High costs

Low quality

Low
availability

Low performance

Battery

Low efficiency

Limited capacity
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HVAC

N
Thermal
management

Low performance

Thermal
management of
battery
—
Thermal
management

High complexity

Journal: ATZ - Volume 116

- Issue 07 - Article 02

Component /
Complement

High costs

Low quality

Low
availability

Low performance

Battery

Limited lifetime
expectation

Low performance

Thermal
management of
battery
—
Thermal
management

High complexity

Journal: 1JOAT - Volume 15

- Issue 05 - Article 12

Component /
Complement

High costs

Low quality

Low
availability

Low performance

Battery

High costs

Limited range

High weight

Charging station
—
Electric charging
infrastructure

Lack of
infrastructure

Journal: 1JOAT - Volume 15

- Issue 07 - Article 14

Component /
Complement

High costs

Low quality

Low
availability

Low performance

Battery

Limited range

E-Motor

Costs of raw
material

Journal: ATZ - Volume 115

- Issue 12 - Article 03

Component /
Complement

High costs

Low quality

Low
availability

Low performance

Battery

Long charging time

Charging station
—
Electric charging
infrastructure

Lack of
infrastructure

Long charging time

Journal: ATZ - Volume 115 - Issue 01 - Article 05
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Component / . . Low
High costs Low quality - Low performance
Complement availability
Battery High costs - - Limited capacity
E-Motor - - - Low efficiency
Journal: 1J0AT - Volume 14 - Issue 05 - Article 12
Component / . . Low
P High costs Low quality - Low performance
Complement availability
. Long charging time
Battery High costs - - g. g . g
High weight
Charging station
- L harging ti
. . - - - ong charging time
Electric charging g ging
infrastructure
Journal: ATZ - Volume 114 - Issue 01 - Article 11
Component / . . Low
P High costs Low quality - Low performance
Complement availability
Battery High costs - - -
Charging station
N Lack of
Electric charging infrastructure
infrastructure
Journal: 1JoAT - Volume 13 - Issue 03 - Article 17
Component / . . Low
P High costs Low quality S Low performance
Complement availability
Battery High costs - - Limited capacity
HVAC
- L f
- - - ow performance
Thermal P
management
Journal: ATZ - Volume 113 - Issue 11 - Article 03
Component / . . Low
P High costs Low quality I Low performance
Complement availability

Battery - - - Limited capacity
HVAC
- L f
- - - ow performance
Thermal P
management

Journal: ATZ - Volume 113

- Issue 07 - Article 10
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Component / Low

High costs Low qualit Low performance
Complement g a y availability P

Battery High costs - -

HVAC

— . .
Thermal ) - High complexity
management

Thermal
- - - Low performance
management

Journal: ATZ - Volume 112 - Issue 04 - Article 02

Component / . . Low
High costs Low quality o Low performance
Complement availability
Battery High costs - - -
Thermal
- - - Low performance
management

Journal: ATZ - Volume 111 - Issue 09 - Article 01

Component/ . . Low
High costs Low quality S Low performance
Complement availability
Battery High costs - - -

Charging station

N Lack of
Electric charging infrastructure
infrastructure

Journal: ATZ - Volume 111 - Issue 06 - Article 07

Component / High costs Low qualit Low Low performance
Complement 9 9 y availability P
Battery High costs Safety risk - -

Charging station

— Lack of
Electric charging infrastructure
infrastructure

Thermal
management of
battery
—
Thermal
management
Journal: ATZ - Volume 111 - Issue 06 - Article 03

- - High complexity

Component / Low

High costs Low qualit L Low performance
Complement ¢ a y availability P

Limited lifetime
expectation

Battery -
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Disposal and Lack of
recycling capabilities
Journal: ATZ - Volume 110 - Issue 03 - Article 05
Component / . . Low
P High costs Low quality o Low performance
Complement availability
Battery - - - Low performance
Thermal
management of
batter . .
4 - - - High complexity
N
Thermal
management
Journal: ATZ - Volume 109 - Issue 12 - Article 04
Component / . . Low
P High costs Low quality S Low performance
Complement availability
Limited lifetime
Battery - . - Low performance
expectation
Dealer and Lack of
workshop capabilities
Journal: ATZ - Volume 109 - Issue 12 - Article 04
Component / . . Low
P High costs Low quality S Low performance
Complement availability
. Limited lifetime Long charging time
Battery High costs . - . g_ ging -
expectation Limited capacity
Charging station
— Lack of N
. : - - . Long charging time
Electric charging infrastructure
infrastructure

Journal: ATZ - Volume 103

- Issue 01 - Article 07
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Component /
Complement

High costs

Low quality

Low
availability

Low performance

Fuel Cell catalyst
—
Membrane
electrode assembly
—

Fuel Cell

Costs of raw
material

Disposal and
recycling

Lack of
capabilities

Journal: ATZ - Volume 122

- Issue 04 - Article 11

Component/
Complement

High costs

Low quality

Low
availability

Low performance

Hydrogen refueling
infrastructure

Lack of
infrastructure

Membrane
electrode assembly

—

Fuel Cell

High costs

Fuel cell production

—

Fuel cell

Costs of
production

Hydrogen tank

—

Hydrogen system

High complexity

Journal: ATZ - Volume 121

- Issue 04 - Article 03

Component /
Complement

High costs

Low quality

Low
availability

Low performance

Fuel Cell catalyst
—
Membrane
electrode assembly

—

Fuel Cell

Low efficiency

Hydrogen refueling
infrastructure

Lack of
infrastructure

Journal: ATZ - Volume 119

- Issue 06 - Article 14

Component /
Complement

High costs

Low quality

Low
availability

Low performance

Fuel Cell

High costs

Limited lifetime
expectation

Hydrogen refueling
infrastructure

Lack of
infrastructure

Journal: ATZ - Volume 116

- Issue 11 - Article 03
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Hydrogen system

Component / . . Low
High costs Low quality - Low performance
Complement availability
Availability and
Y Lack of
transport of - - , -
infrastructure
hydrogen
Hydrogen refueling Lack of
infrastructure infrastructure
Journal: 1J0AT - Volume 15 - Issue 01 - Article 11
Component / . . Low
P High costs Low quality o Low performance
Complement availability
. Bad dynamic
Fuel Cell High costs - - y .
behavior
Hydrogen refueling Lack of
infrastructure infrastructure
Journal: 1JoAT - Volume 15 - Issue 07 - Article 14
Component / . . Low
P High costs Low quality S Low performance
Complement availability
Limited lifetim
Fuel Cell . ted lifetime . .
expectation
Thermal
management of
owertrain . )
P - - - High complexity
N
Thermal
management
Journal: 1JoAT - Volume 11 - Issue 06 - Article 16
Component / . . Low
P High costs Low quality I Low performance
Complement availability
) Limited lifetime . .
Fuel Cell High costs . - High complexity
expectation
Oxygen supply - - - High complexity
Hydrogen system - - - High complexity
Journal: ATZ - Volume 109 - Issue 09 - Article 03
Component / . . Low
P High costs Low quality L Low performance
Complement availability
. Limited lifetime
Fuel Cell High costs . - -
expectation
Hydrogen refueling Lack of
infrastructure infrastructure
Hydrogen tank
N - - - High complexity

Journal: ATZ - Volume 108 - Issue 05 - Article 08
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Component /
Complement

High costs

Low quality

Low
availability

Low performance

Fuel Cell
management

—

Fuel Cell

Low performance

Thermal
management of
powertrain
—
Thermal
management

Low performance

Fuel Cell

High costs

Limited lifetime
expectation

Low reliability

Hydrogen refueling
infrastructure

Lack of
infrastructure

Hydrogen tank

—

Hydrogen system

High complexity

Journal: 1JOAT - Volume 07

- Issue 07 - Article 15

Component /
Complement

High costs

Low quality

Low
availability

Low performance

Fuel Cell

Low reliability

Fuel Cell catalyst
—
Membrane
electrode assembly
—

Fuel Cell

Costs of raw
material

Membrane
electrode assembly
—

Fuel Cell

Low performance

Hydrogen refueling
infrastructure

Lack of
infrastructure

Journal: ATZ - Volume 107

- Issue 06 - Article 07

Component /
Complement

High costs

Low quality

Low
availability

Low performance

Availability and
transport of
hydrogen

Lack of
infrastructure

Hydrogen refueling
infrastructure

Lack of
infrastructure

Journal: 1J0AT - Volume 05 - Issue 04 - Article 07
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Component / . . Low
High costs Low quality - Low performance
Complement availability
Fuel Cell High costs - - -
Hydrogen tank
— - - - High complexity
Hydrogen system
Hydrogen refueling Lack of
infrastructure ) ) infrastructure )
Journal: ATZ - Volume 104 - Issue 07 - Article 01
Component / High costs Low quality I.'OW. . Low performance
Complement availability
Fuel Cell High costs Limited Iifgtime ) Bad dynf';\mic
expectation behavior
Hydrogen refueling Lack of
infrastructure ) ) infrastructure )
Journal: ATZ - Volume 104 - Issue 02 - Article 02
Component / High costs Low quality I.'OW. . Low performance
Complement availability
Hydrogen tank
— - - - High complexity
Hydrogen System
Hydrogen refueling Lack of
infrastructure ) ) infrastructure )
Journal: ATZ - Volume 103 - Issue 05 - Article 05
Component / High costs Low quality I._OW. . Low performance
Complement availability
Hydrogen tank
N - - - High complexity
Hydrogen System
Hydrogen refueling Lack of
infrastructure ) ) infrastructure )
Journal: ATZ - Volume 103 - Issue 04 - Article 01
Component / High costs Low quality I.'OW. . Low performance
Complement availability
Hydrogen tank
N - - - High complexity
Hydrogen System
Fuel Cell - - - Low efficiency
Journal: ATZ - Volume 102 - Issue 07 - Article 10
Component / High costs Low quality I._OW. . Low performance
Complement availability
Hydrogen refueling Lack of
infrastructure ) ) infrastructure )
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On-board
Hydrogen supply
Journal: 1J0AT - Volume 01 - Issue 01 - Article 01

High costs - - -

Component / . . Low
High costs Low quality . Low performance
Complement availability
Fuel Cell High costs - Low performance

Fuel Cell catalyst
—
Membrane
electrode assembly
—

Fuel Cell
Bipolar plates

— High costs - - -
Fuel Cell
Compressor
— - - - High weight
Oxygen supply
Thermal
management of
powertrain
—
Thermal
management

High costs - - -

- - - High weight

Hydrogen refueling Lack of
infrastructure infrastructure

Availability and Lack of

transport of - - . -
infrastructure
Hydrogen

Journal: 1J0AT - Volume 01 - Issue 01 - Article 02
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Appendix P: Interview guide

Introductory question:

What is your research area and for how long have you been working in this field?

Key questions:

Introduction time period I:

In the early 2000s, legislation in California (mandatory ZEV quota from 1998 postponed to 2001 and
2003) brought locally emission-free passenger mobility more and more into the focus of the automotive
industry. At that time, the two favored technologies in the field of passenger cars were already battery
electric and fuel cell electric vehicles. However, the planned legislation in California was postponed
several times due to "challenges with the technology” and was finally introduced in the year 2003 in a
weakened form. Until 2006, car manufacturers primarily produced only prototypes, which were
presented at trade fairs and operated in test mode, but were still far away from serial production.

1. BEVs from 2000 to 2006:

a. Which components/complements were the limiting factor in this period and therefore
the decisive reason for the missing series production?
b. How critical were limitations in terms of technical performance at that time?
i. Which performance dimensions were affected?
ii. Could you further trace these limitations back to one or more
components/complements?
c. Whatinfluence did the costs of the individual components/complements have on this
development?
i. Which components/complements represented the main cost drivers?
ii. What was the reason for the high cost of these components/complements?
d. What was the impact of the availability or the access to certain required
components/complements at that time?
i. Which components/complements were affected?
ii. How did this limited access to specific components/complements affect the value
proposition of the overall vehicle to the end customer?
e. Does the poor quality (service Ilife, damage, ..) of individual
components/complements also result in limitations at this time?
i. If yes: Which components/complements were affected?
ii. How did these limitations affect the operation of the overall vehicle?

2. ECEVs from 2000 to 2006:

a. Which components/complements were the limiting factor in this period and therefore
the decisive reason for the missing series production?
b. How critical were limitations in terms of technical performance at that time?
i.  Which performance dimensions were affected?
i. Could you further trace these Ilimitations back to one or more
components/complements?
c. Whatinfluence did the costs of the individual components/complements have on this
development?
i. Which components/complements represented the main cost drivers?
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ii. What was the reason for the high cost of these components/complements?
d. What was the impact of the availability or the access to certain required
components/complements at that time?
i. Which components/complements were affected?
ii. How did this limited access to specific components/complements affect the value
proposition of the overall vehicle to the end customer?
e. Does the poor quality (service Ilife, damage, ..) of individual
components/complements also result in limitations at this time?
i. If yes: Which components/complements were affected?
i. How did these limitations affect the operation of the overall vehicle?

Introduction time period II:

At the end of the 2000s, there was also an agreement on CO: limits in Europe for the first time, although
they were initially non-binding (from 2008). When it became foreseeable that only a few manufacturers
would reach these limits and as a consequence, binding CO: limits would be introduced (announced in
2007 for 2012, introduced in 2009 for 2015), in particular, European manufacturers began to produce
their concepts in small series and thus tested them in everyday operation (e.g., BEV: from 2007 Daimler
Smart EV, from 2008 BMW Mini E, from 2010 VW Golf VI Blue-e-motion, FCEV: from 2009 B-Class F-
Cell, from 2009 Honda FCX Clarity). Some vehicles were also distributed to selected customers (mostly
leased). However, with a few exceptions, BEVs and FCEVs were still not in series production and sold
freely on the market at this time.

3. BEVs from 2007 to 2013:

a. Which components/complements were the limiting factor in this period and therefore
the decisive reason for the missing series production?
b. How critical were limitations in terms of technical performance at that time?
i. Which performance dimensions were affected?
i. Could you further trace these Ilimitations back to one or more
components/complements?
c. Whatinfluence did the costs of the individual components/complements have on this
development?
i. Which components/complements represented the main cost drivers?
ii. What was the reason for the high cost of these components/complements?
d. What was the impact of the availability or the access to certain required
components/complements at that time?
i. Which components/complements were affected?
ii. How did this limited access to specific components/complements affect the value
proposition of the overall vehicle to the end customer?
e. Does the poor quality (service Ilife, damage, ..) of individual
components/complements also result in limitations at this time?
i. If yes: Which components/complements were affected?
ii. How did these limitations affect the operation of the overall vehicle?

4. ECEVs from 2007 to 2013:

a. Which components/complements were the limiting factor in this period and therefore
the decisive reason for the missing series production?
b. How critical were limitations in terms of technical performance at that time?
i. Which performance dimensions were affected?
ii. Could you further trace these Ilimitations back to one or more
components/complements?
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c. Whatinfluence did the costs of the individual components/complements have on this
development?
i. Which components/complements represented the main cost drivers?
ii. What was the reason for the high cost of these components/complements?
d. What was the impact of the availability or the access to certain required
components/complements at that time?
i. Which components/complements were affected?
ii. How did this limited access to specific components/complements affect the value
proposition of the overall vehicle to the end customer?
e. Does the poor quality (service Ilife, damage, ..) of individual
components/complements also result in limitations at this time?
i. If yes: Which components/complements were affected?
ii. How did these limitations affect the operation of the overall vehicle?

Introduction time period IlI:

In 2015, right before the first mandatory CO: limits became effective in the EU, the next phase began:
many automotive manufacturers successively started series production of BEVs (e.g., BMW i3 from
2013, Daimler Smart EV 3rd Gen from 2012, VW e-UP! from 2013) and FCEVs (e.g., Toyota Mirai from
2014, Honda Clarity Fuel Cell from 2016, Hyundai iX35 FCEV from 2013). Nevertheless, the previously
predicted high registration rates are still not present.

5. BEVs from 2014 to today:

a. Which components/complements were the limiting factor in this period and therefore
the decisive reason for the missing series production?
b. How critical were limitations in terms of technical performance at that time?
i. Which performance dimensions were affected?
i. Could you further trace these Ilimitations back to one or more
components/complements?
c. Whatinfluence did the costs of the individual components/complements have on this
development?
i. Which components/complements represented the main cost drivers?
ii. What was the reason for the high cost of these components/complements?
d. What was the impact of the availability or the access to certain required
components/complements at that time?
i. Which components/complements were affected?
ii. How did this limited access to specific components/complements affect the value
proposition of the overall vehicle to the end customer?
e. Does the poor quality (service Ilife, damage, ..) of individual
components/complements also result in limitations at this time?
i. If yes: Which components/complements were affected?
ii. How did these limitations affect the operation of the overall vehicle?

6. FCEVs from 2014 to today:

a. Which components/complements were the limiting factor in this period and therefore
the decisive reason for the missing series production?
b. How critical were limitations in terms of technical performance at that time?
i.  Which performance dimensions were affected?
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ii. Could vyou further trace these Ilimitations back to one or more
components/complements?
c. Whatinfluence did the costs of the individual components/complements have on this
development?
i.  Which components/complements represented the main cost drivers?
ii. What was the reason for the high cost of these components/complements?
d. What was the impact of the availability or the access to certain required
components/complements at that time?
i. Which components/complements were affected?
ii. How did this limited access to specific components/complements affect the value
proposition of the overall vehicle to the end customer?
e. Does the poor quality (service Ilife, damage, ..) of individual
components/complements also result in limitations at this time?
i. If yes: Which components/complements were affected?
ii. How did these limitations affect the operation of the overall vehicle?

Summary and outlook:

We are now coming to the end of the interview. We have prepared a few final questions:

a. Do you think we have forgotten any significant aspect regarding the limiting
components/complements of battery electric and fuel cell electric vehicles in the
period from 2000 to today?

b. Which (scientific) journals would you rate as appropriate in terms of focus and quality
to identify limiting components/complements in the two ecosystems?

i. If not mentioned: Would you rate the ATZ and the International Journal of
Automotive Technology as suitable?
c. lIf thereis time left: Identify personal bias
i. Which of the two technologies is, in your opinion, more likely to replace the
ICE in the medium term?
ii. Do you have personal preferences for one of the two technologies? If yes,
why?
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Appendix Q: Comparison of BEV analysis results with validation

Interviews
Results of analysis Interview A Interview B Interview C
Period Type of Type of Type of Type of
Component Component Component Component
P bottleneck P bottleneck P bottleneck P bottleneck
Low Low Low Low
performance performance performance performance
Battery Battery Battery Battery
High costs High costs High costs Low quality
. . Low , Low Low
Electric Electric S Electric . E-Motor o
2000-2006 charain Low charain availability charain availability availability
. ging availability . ging Low . ging Low Vehicle Low
infrastructure infrastructure infrastructure .
performance performance architecture performance
Power Low
Electronics performance
L
- - - - E-Motor ow - -
performance
Low No statements Low
performance to bottleneck performance
Battery ) ) — only )
High costs improvement Low quality Low
Battery Battery Battery
2007-2013 : of the performance
Low quality performance, _
Thermal Low costs and High costs
Management performance quality
Low Low Low Low
availability availability availability availability
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Electric Electric Electric Electric
. Low . Low . . Low
charging charging charging charging
. performance . performance . . performance
infrastructure infrastructure infrastructure infrastructure
Low Low . Low
High costs
performance performance performance
Low
Batter High costs Batter High costs Batter Batter High costs
y g y g y performance y g
Low quality Low quality Low quality Low quality
Electric Electric
Thermal Low . Low . Low . Low
2013-2020 charging o charging Electric -
Management performance . availability . performance . availability
infrastructure infrastructure charging
Low . . Low infrastructure Low
Electric . - - Electric Grid
. availability performance performance
charging
. Low
infrastructure - - - - - -
performance
. . Low
Electric Grid - - - - - -
performance
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Appendix R: Comparison of FCEV analysis results with validation

Interviews
Results of analysis Interview A Interview B Interview C
Period Type of Type of Type of Type of
Component Component Component Component
P bottleneck P bottleneck P bottleneck P bottleneck
Low Low Low Low
performance performance performance performance
Fuel cell Fuel cell Fuel cell High costs Fuel cell
High costs High costs High costs
Low quality
Low Low Low
performance performance performance
Hydrogen Low Hydrogen Hydrogen Hydrogen :
2000-2006 system performance system system system High costs
High costs High costs
Low quality
Hydrogen Hydrogen Hydrogen :
y g Low y g Low y g Low Vehicle Low
refueling - refueling I refueling - .
. availability . availability . availability architecture performance
infrastructure infrastructure infrastructure
Oxvaen supol Low Power Low
yo PRY performance Electronics performance
- - - - E-Motor Low - -
performance
Low .
Low quality
performance . Low
2007-2013 Fuel cell Fuel cell High costs Fuel cell Fuel cell
performance
High costs High costs
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Low quality High costs
H H H H
ydrogen Low ydrogen Low ydrogen Low ydrogen Low
refueling - refueling - refueling - refueling -
. availability . availability . availability . availability
infrastructure infrastructure infrastructure infrastructure
Hydrogen Low Hydrogen . Hydrogen . Hydrogen High costs
ydrog ydrog High costs ydrog High costs ydrog g
system performance system system system Low quality
Power Low
Electronics performance Oxygen Low
L suppl erformance
- - - - E-Motor ow PRy P
performance
High costs
Fuel cell Fuel cell High costs Fuel cell High costs Fuel cell High costs
Low
performance
High costs
Hydrogen Hydrogen . Hydrogen . Hydrogen .
ydrog ydrog High costs ydrog High costs ydrog High costs
system Low system system system
2013-2020 performance
H H H H
ydrogen Low ydrogen Low ydrogen Low ydrogen Low
refueling o refueling S refueling . refueling .
. availability . availability . availability . availability
infrastructure infrastructure infrastructure infrastructure
Low Oxygen .
E-Motor - - - - yg High costs
performance supply
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