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Abstract: Battery technology is crucial in the transition towards electric mobility. Lithium-ion batteries
are conquering the market but are facing fire safety risks that might threaten further applications.
In this study, we address the problem and potential solutions for traction batteries in the European
Union area. We do so by taking a unique socio-technical system perspective. Therefore, a novel,
mixed-method approach is applied, combining literature review; stakeholder interviews; Failure
Mode, Mechanisms, and Event Analysis (FMMEA); and rapid prototyping. Our findings confirm
that fire safety is an upcoming concern. Still, most stakeholders lack a full understanding of the
problem. Improving safety is a shared responsibility among supply chain and societal stakeholders.
For automotive applications, voluntary standard-setting on safety risks is an appropriate tool to
improve fire safety, whereas for niche applications, a top-down approach setting regulations seems
more suited. For both groups, the adaptation of battery pack designs to prevent thermal runaway
propagation is shown to be promising from a technological, practical, and organizational perspective.
The chosen mixed-method approach allowed for a holistic analysis of the problems and potential
solutions. As such, it can serve as an empowerment strategy for stakeholders in the field, stimulating
further discussion, agenda building, and action.

Keywords: battery safety; electrical vehicles; socio-technical system; rapid prototyping; stakeholders;
policy; development pathways

1. Introduction

A global shift towards renewable energy sources is required to manage global warming.
Electric mobility is seen as a key enabler of this transition, using batteries to drive traction
motors [1–3]. So far, mainly lithium-ion batteries have been used. This is due to their
unique characteristics, including high energy and power densities, long lifetime, low
maintenance, and their rapid price decrease as the result of economies of scale and learning
curves [2–6]. Following the adoption of battery electric vehicles [2,7], the production of
lithium-ion batteries has shown fast growth [8]. Further growth is foreseen: a tenfold
increase of the global market between 2020–2030 [9], to an estimated total value of $100
billion annually [10].

However, the increased application of lithium-ion batteries is also resulting in upcom-
ing concerns about battery safety. Although incidents are infrequent, there are increasing
reports on short-circuiting, electrocution, and especially fire and explosion of traction
batteries (e.g., car batteries, e-bikes) [8,11–17]. Often, these incidents receive intense media
attention in which fire departments, transportation organizations, safety organizations,
and insurance companies have expressed their concerns, but in-depth insight into both
the problem and possible solutions is typically lacking. These incidents can have severe
impacts on the health and property of directly involved stakeholders. They can also have
strong repercussions on the manufacturers of batteries, e.g., in the form of a product ban, a
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required product recall, or reputational damage [15,18,19]. They even have the potential
to severely disrupt the further development and diffusion of the technology, and thereby
affect the mobility transition at large. This risk is particularly prominent because it is still a
relatively new and emerging technology that is not yet fully aligned with policy, practices,
and infrastructure [3,15], which makes it more vulnerable [20]. Therefore, in this paper
we aim to contribute to the improvement of the safety of lithium-ion batteries by both
exploring the problem as well as potential solutions.

We define battery safety in line with product safety. Product safety can be defined as
the reduction in the probability that use of a product will result in illness, injury, death,
or negative consequences to people, property, or equipment, as well as the reduction of
the impact of these events (adapted from [19]). As such, it links to the design, production,
and handling of components like battery cells; their application in battery packs; and
finally, their integration in final products. It also involves the use of the product, which is
possibly up to waste handling. As such, product safety does not only depend on product
characteristics but also the result of triggering events and contextual factors that influence
the impact. It is partially influenced by and becomes the responsibility of manufacturers.
However, as Ralph Nader already argued in his seminal work ‘Unsafe at any speed’ [21],
product safety also requires counterforces to industry interest and is a shared responsibility.
This also holds for batteries [19,22,23]. There is a role for critical customers—empowered
by safety information, product choice, product liability, and media exposure. However,
there is also a role for the governmental regulation of product safety, although there are
many limitations to governmental control [19,24,25]. To conclude, the effective and efficient
governance of product safety requires the application of multiple and diverse policy tools
and a strong cooperation between societal stakeholders [26], as product safety is essentially
a shared responsibility.

In line with this operationalization of product safety, we will study battery safety as a
socio-technical problem [27]. We will study both the social perspectives (stakeholders and
their perceptions, roles, agency, regulation, practices) and the technical side, as well as their
interaction. This socio-technical systemic viewpoint has so far remained under-explored
in the literature on battery safety, which has a strong focus on the technical aspects—
i.e., the functioning of the battery. To keep this research consistent and manageable, we
focus on fire safety as the dominant concern in battery safety, and our study focuses on
the European Union area as a region committed to the transition to electric transport
and having consideration for upcoming safety concerns. Our primary research question
is: What is the problem with the fire safety of lithium-ion batteries, applied for traction
purposes in Europe, and how can this fire safety be improved effectively? To answer
this research question, we pose three sub-questions: (1) What are the concerns and roles
of stakeholders in the European lithium-ion battery market—explicitly considering their
impact on battery safety? (2) What is the safety of current battery technology and how can
this be improved? and (3) What role can different stakeholders play in enhancing safety?

We adopt an integrated mixed-method approach that gives due attention to both
societal and technical aspects and their interaction and incorporates future-oriented design
thinking [28,29] that contributes to exploration of the socio-technical possibility space. It
thereby contributes to agenda setting and the generation of governance recommendations.
Although it offers a unique approach on battery safety, it builds on well-known concepts
of Value Sensitive Design [30,31], Responsible Research and Innovation [32,33], and Soft
System Modelling [34,35]. Crucial elements in these concepts are problem exploration, a
focus on how values and preferences of societal stakeholder influence the innovation trajec-
tory, and the actions and roles of these stakeholders in the development and application of
the technology.

In doing so, we respond to the recent call for more transdisciplinary research and
integrative approaches in socio-technical studies on transitions [36–38], as well as in systems
engineering to address large societal challenges [39,40]. Also, with this approach, we
avoid the drawbacks of more traditional socio-technical studies that typically draw on
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descriptive, qualitative case studies that hardly operationalize technical (im)possibilities
and have limited forward orientation.

We first explore the literature on battery safety to introduce key concepts related to
battery packs and battery fire safety, and then identify the research gap. Next, we outline
the research methodology (Section 2). First, we study the problem setting and stakeholders’
roles through literature review and stakeholder interviews (Section 3.1). We do so in order
to better understand the problem and construct a power–interest diagram to identify which
stakeholders have the power and interest to influence ongoing developments. This is
followed by failure mode analysis, a technical analysis of potential failure events and mech-
anisms (Section 3.2). Both this analysis and the stakeholder analysis indicate the crucial
relevance of battery packs to ensure battery safety, especially for diverse niche applications.
Therefore, the approach is complemented by a rapid prototyping approach (Section 3.2). We
do this to confront the problem setting and stakeholder preferences with the technological
possibility space. It is a quick scan approach to identify the most appropriate and feasible
technical solutions. Finally, we combine the insights in an integrative discussion along with
our conclusions, in which we address the potential strategies and stakeholder roles that
could improve battery safety (Section 4).

2. Materials and Methods

First, we provide an introduction to battery safety issues based on a literature review
before addressing the study’s research methodology.

2.1. An introduction to Battery Safety

The increased attention for and development of electric cars has resulted in an enor-
mous increase in publications on battery safety over the past decade, as dedicated searches
in Google Scholar and ScienceDirect show. Most publications are of a technical nature
and relate to the topics of electrochemistry, energy, heat transfer, material technology,
(dis)charging, battery management, safety, testing, fire and fire propagation, failure mecha-
nisms under normal and abnormal operations, and research on improvement strategies.
Publications can be found in a wide variety of journals. Some journals are more dedicated to
battery development and safety (e.g., Journal of Power Sources, Journal of Energy Storage).
These findings are largely in line with recent bibliometric research on battery safety and
reliability [41] and on thermal management of electric batteries [42].

Recently, a series of review articles has been published on (thermal) safety, thermal
management, and safety strategies for batteries [8,11,41,43–51], signaling the urgency and
relevance of this study. We will draw on this literature first to conceptually introduce
the configuration of a battery system and second to describe the main thermal failure
mechanisms, as well as the strategies used to enhance safety. Finally, we will discuss
the existing literature that approaches battery safety from a socio-technical perspective to
define the research gap.

A typical battery system (see Figure 1) consists of multiple battery cells that provide
an electric current via a reversible chemical redox reaction. The cells are held in place
by a mechanical construction that also protects the cells from external influences. The
cells are electrically connected, e.g., via a plate, to provide power at the specified voltage
and current, and to allow charging of the cells. A battery management system (BMS) is
integrated to make sure cells are not used outside safe operating conditions, e.g., maximum
flow of current, minimum and maximum voltages, and specific temperature ranges. Based
on measurements, the BMS can calculate the status of the cells, manage (dis)charging,
and shut off the battery when dangerous states are reached. The thermal management
system, often consisting of a passive heat-conducting plate, regulates the temperature of
the cells. Although this configuration is quite typical, a large variety of batteries exist with
differences in chemistry, design, shape, power, cells, cooling solutions, and integration
in applications [5,44,46,52].
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Lithium-ion batteries used for traction, with their typical high energy densities, pro-
vide inherent fire risks due to the chemicals used (high chemical energy, highly-flammable)
and the release of oxygen by internal chemical reactions. If a battery creates more heat than
the system can cool away, it may result in the self-heating of the battery in a process called
Thermal Runaway (TR). In this process, the anode and cathode layers in the cell reach a
short circuit. This releases heat that further stimulates the process, ultimately resulting
in fire. The fire can spread to other cells within the battery pack, a phenomenon called
Thermal Runaway Propagation (TRP). This propagation is the result of heat transport from
a short circuit triggered by the initiating cell or from cell bursting, either at the top or side,
thereby releasing hot and electrically conductive electrolyte.

The initiation of thermal runaway can be the result of mechanical abuse, thermal abuse,
or electrical abuse. Mechanical abuse is the deformation of a cell so that the layers inside
the cell make contact and short-circuit, e.g., via a penetrating object as the result of a vehicle
crash. Thermal abuse is the heating of a cell until internal separators melt, leading to a
short circuit. Electrical abuse can be overcharging, under-discharging, or an external short
circuit. A fourth option is a ‘spontaneous’ internal short circuit, indicating that thermal
runaway cannot always be prevented. A spontaneous short circuit can be the result of
overcharging, undercharging, or aging. The material in the cell repositions, resulting in
the formation of dendrites and cell-layer-penetrating spikes. The triggers of these risks
are flawed design or development, mismatched battery and usage, manufacturing errors,
misuse, and abuse (e.g., fire, car crash).

To prevent TR, TRP, and fires, different strategies can be applied, e.g., by applying
different cathode and anode materials and electrolyte; separator optimization; adding flame
retardant additive; special battery management systems; safety thermal fuses; increased
cooling; thermal barriers; adding fire extinguishers; and increased and improved battery
testing. However, the only way for battery cells to become inherently safe would be
through radical technological innovation, such as the shift towards solid-state cells. The
intense dynamics in the electric mobility sector result in the continuous and intensive
further exploration of new battery chemistries and designs to increase battery safety and
performance, as well as reduce costs [2,5,46].

A significant part of the literature on battery safety focuses on specific cells, mecha-
nisms, or components. Typically, if the scoping is at the system level, the system is defined
either as a battery (e.g., in studies on thermal management, battery management, battery
pack configuration) or as an electric car (e.g., [46,51,53]. A broader scoping is hardly ever
opted for, e.g., looking at the sector, supply chains, or society at large. Stakeholders and
their concerns on battery safety or required actions thereby typically remain out of sight.
There are a few exceptions to this. Scholars who conduct integral safety evaluations of
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batteries or electric cars typically take account of the full product and performance under
different circumstances [13,45,54] or safety and testing standards [51]. Also, policy studies
exist, but these typically focus on the implementation of and transition towards electric cars
and do not devote much attention to battery safety [2,7]. An exception is recent publications
on the circularity of batteries and battery safety at end-of-life, as these typically consider the
supply chain and the roles of policy and stakeholders [55–59]. Further, ref. [60] considers
the full battery value chain but lacks a strong focus on safety. Both [44] and [61] approach
battery safety and the behavior of batteries from different lenses; especially considering [44],
which includes a short mentioning of stakeholders and their roles, and the role of standards
and testing, while [62] focuses on global research, development and demonstration (RD&D),
and policies for the development of battery cells for automotive applications. However, a
more comprehensive outlook on stakeholders involved in the production, use, and waste of
batteries is lacking. Yet, it is these stakeholders, by their preferences and actions, who can
ensure that battery safety innovations and supporting actions are studied, implemented,
and become a success. Therefore, this will be the starting point for this study.

2.2. Research Methodology
2.2.1. General Approach

Moving on to our methodology, this is based on a mixed-method approach: an
exploration of problems and solutions first from a stakeholder perspective, followed by
an engineering perspective—see Figure 2. Below we will discuss the approach of both
parts in more detail. Together, these two approaches allow us to analyze the socio-technical
system around battery safety: what is the problem, who can take action, and what are
possible solutions?
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2.2.2. Stakeholder Analysis

A stakeholder assessment, including a wide variety of relevant stakeholders, can be most
helpful in understanding multi-dimensional problems from different perspectives [63,64].
Also, conducting interviews gave us access to first-hand experience and insight, which is
highly relevant given the lack of understanding and real-life data on the subject. Finally, it
served as an input for the technological exploration of solution directions by revealing design
requirements in relation to potential stakeholder roles.

The subsequent technical part of the research relates these stakeholder findings to the
technical possibility space. It starts with a technical analysis to create an overview of the
failure modes and effects, and to identify critical components, mechanisms, and events.
Both this analysis and the stakeholder findings point at the crucial relevance of battery
packs to ensure battery safety, especially for diverse niche applications. Therefore, it is



Energies 2022, 15, 3323 6 of 22

followed by a conceptual exploration of the potential solutions at the level of battery packs
by a rapid prototyping approach inspired by [29]. It combines thinking in solutions with a
quick test of ideas, thereby offering quick checks for viability and possibilities to iterate
rapidly. It is especially well suited in circumstances of high uncertainty and multiple design
requirements, as it allows for the exploration of several best-guess solutions, and thereby
allows us to explore and narrow down the possibility space of design.

Regarding the stakeholder analysis, the most relevant stakeholders and their roles
and interests were identified by means of literature review. These initial results guided
the purposive sampling process of interviewees. This sampling focused on the most
relevant stakeholders (scoring high on power and interest), while ensuring coverage of
the diversity of stakeholders. Hard-to-reach stakeholders (e.g., officials of the European
Union (EU)) and highly diverse stakeholders (e.g., users) were covered by indirect rep-
resentation (e.g., norm developers working with EU and a consumer organization). In
total, 20 interviews were conducted—see Table 1. The most relevant stakeholder groups
were represented by 2–4 interviewees, which enabled the initial triangulation of the results
and representation of the diversity within stakeholder groups in support of qualitative
exploration [63–65]. The interviews were conducted until saturation occurred, i.e., no new
key themes or insights were gained [65,66].

Table 1. Stakeholder interview samples.

Stakeholder Group # Interviews In-Text Reference

Battery (pack) manufacturers 3 Int # 1–3
Battery market parties 4 Int # 4–7
Vehicle manufacturers and market 3 Int # 8–10
Norm setting and use 2 Int # 11–12
Norm certification 3 Int # 13–15
Technical research 1 Int # 16
Consumer organization 1 Int # 17
Fire safety 3 Int # 18–20

The interviews were semi-structured [67]. After general introductory questions, the
interviews focused on the issue of battery safety, actor roles, and the specific role of
the organization that the interviewee represented. Stakeholders with a more technical
background were also asked technical questions regarding battery safety. The interviews
were processed by taking notes that were shared afterward with the interviewees for
confirmation and consent. The notes were descriptively coded to summarize topics, looking
for similarities and differences. In that way, general themes were inductively derived from
the data [66,68].

The results of both the literature study and interviews were interpreted and repre-
sented in a stakeholder-issue map as well as a stakeholder map based on power and
interest [69]—the latter reflecting which stakeholders can have a strong influence and
interest in influencing ongoing developments regarding battery safety.

2.2.3. Rapid Prototyping Approach

The second part of the research comprised a technical analysis to specify the origin
of the risk and the potential for improvement. First, a Failure Mode, Mechanisms, and
Event Analysis (FMMEA) was conducted [70]. FMMEA analysis and the related fault-tree
analysis—or similar analysis—have already been applied to battery safety [11,13,45,54,71].
This analysis is typically used to assess the safety of a product and its components by
considering the triggers, context, likelihood, and severity of events. It is used to identify
critical components, mechanisms, and events. The FMMEA analysis is conducted for a full
battery pack, drawing on the literature and expert judgement.

As already indicated before, both this analysis and the stakeholder findings point
at the crucial relevance of battery packs to ensure battery safety and prevent thermal
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runaway propagation. Therefore, in the next phase, a rapid prototyping approach was
conducted by following the approach in [29]. It required the design and realization of
incomplete products (prototypes); realization of incomplete models of the real environment
(test environment); and subsequently performing experiments to explore the problem and
learn from the potential solutions.

Promising design directions were identified with reference to designs from the liter-
ature [5,18,72]. Within these directions, nine specific and detailed concept designs were
created. Keeping in mind the problem setting (safety issues and mechanisms), these general
design directions were from the literature, as well as based on practical feasibility (costs,
ease of manufacture, etc.). These were confronted with design requirements in a Pugh
matrix [73], resulting in a selection of the six most promising designs. For these six concept
designs, more specific designs were made and realized as prototypes. Subsequently, these
prototypes were subjected to testing in the lab. Five protocols were developed for the rapid
effectiveness testing of these designs, building on testing literature [15,17,23,43,74–76]. The
prototypes were assessed on both practical criteria (e.g., whether they can be produced,
costs, assembly) as well as on battery safety (e.g., whether they can help prevent short-
circuit between cells, and whether they can prevent cell side rupture and/or thermal
runaway propagation).

For the prototypes, standard 18650 Lithium Nickel Cobalt Aluminum Oxides/ Lithium
Nickel Manganese Cobalt Oxides (NCA/NCM) cells of 2900 mAh capacity were used,
as this chemistry is commonly applied for traction purposes. Some of the tests required
the application of trigger cells in thermal runaway mode that would also meet the test
requirements (e.g., suited for testing in lab; no interference with design solutions; good
representation of use/failures scenarios; reliability) [77]. Special cells, as used by [78,79],
are not freely available and are hard to make. Therefore, we adapted regular cells by
overcharging [44] while disabling the current interrupting devices that release pressure at
the top and interrupt current during the state of overcharging [78]. To initiate cell rupture,
normal cells were sanded sideways by following the procedure in [80].

All tests were conducted in an airtight, steel box that contained an overpressure valve,
an exhaust, and a window for monitoring the experiment, as well as an action camera to
record the cells during the experiment. The prototypes were equipped with heat sensors
and with wiring to overcharge the trigger cell. For positioning the cells in the battery pack
at 2 mm distance between themselves, a small plastic plate with holes was used either at
the top or bottom (see Figure 6).

3. Results
3.1. Stakeholder Analysis

We studied the variety of stakeholders involved in battery safety, including their
interests and (potential) roles. We did so to better understand the (perceived) problem
and potential solutions. This section documents the results from the literature study (sub-
Section 3.1.1), stakeholder interviews (Section 3.1.2), and an analysis of the stakeholder–
issue relationships and (potential) roles based on power and interest (Section 3.1.3).

3.1.1. Stakeholder Overview Based on Literature

The safety risks of batteries might be the result of (in)actions, lack of coordination or
failing quality assurance in the production value chain, (mis)use or damage of batteries, or
how they are handled in the waste processing stage. As such, battery safety is not only a
concern for market parties and users, it is also a matter of public concern, regulation, and
innovation and, as such, involves stakeholders like the EU and national governments, as
well as norm developers and testing centers that affect the different stages of production
and use [10,12,19,81]. The most important stakeholders are identified in Figure 3.
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Most of the required materials are extracted in Asia, some in the USA, and cobalt
mining is done mainly in Congo [60]. The chemical industry usually supplies cell materials.
These materials are used to create components. The next step is cell production by man-
ufacturers like Panasonic/Sanyo, Contemporary Amperex Technology Co. Ltd. (CATL),
BYD Company, LG GEM, Samsung SDI, and Northvolt. Mainly Asian producers serve
the global market [82]. Only recently have some Asian companies opened cell facilities
in Europe. All the manufacturers are responsible for the safe handling and design and
production of cells to meet specifications [83].

Battery pack manufacturers, which are often not the producers of cells, are responsible
for creating battery modules from the cells. Examples of these manufacturers are CATL,
Panasonic, BMZ, Cleantron, and European producers like Kreisel Electric GmbH (Austria),
Johnson Matthey Battery Systems (United Kingdom), and BMZ GmbH (Germany). They
often mention battery safety as an important issue on their websites. The battery pack
manufacturer must consider cell properties as well as the foreseeable use and misuse of
their batteries to ensure safety [84].

The vehicle manufacturers integrate the battery pack into the final product. Vehicle
manufacturers have to consider battery pack design as well as product design to safe-
guard the safe use of the product under all circumstances, including abuse (e.g., vehicle
crashing) [83]. There is a large variety of manufacturers, ranging from large automotive
companies such as BMW and Tesla to small-sized entrepreneurs such as those making
tailored e-bikes. Car manufacturers have implemented numerous measures to ensure safe
operation and have taken precautions for events like crashes. However, the required high
voltage, the high energy content, the high speeds, and the varying conditions increase the
risk in these applications [85]. Some manufacturers have already established strong links
with cell or battery pack manufacturers [10]. Car manufacturers in Europe generally control
the production of battery packs themselves, partly to compensate for their lack of control
over battery cell production [60]. The sector is potentially facing high costs or recall actions,
product liability, and brand image damage [19].

Finally, wholesale traders buy battery cells from cell manufacturers and sell these,
especially to individuals and small battery pack manufacturers. These clients might not
be able to purchase battery cells directly from trusted manufacturers that might put high
requirements on sales volumes and safety requirements.

End-users are confronted with the product over most of its lifetime and in a range
of user practices, e.g., driving, discharging, maintenance, parking, car washing, towing,
and modification. As such, the end-user has a relatively high chance of being exposed to
malfunctioning batteries. Surprisingly, not many empirical studies have been published
about battery-user interaction. Most safety devices in batteries are designed so that users
cannot influence their functionality. Under no circumstances should the user attempt to
repair or modify the battery. Also, users are expected to be aware of and follow up on
the manufacturer’s instructions for proper use [83,85]. However, typically consumers
are not fully informed (e.g., clear performance indicators or tests for battery safety are
lacking for products). Also, consumers find it difficult to understand and evaluate the
given information on battery safety, and they also might become insensitive when the
probabilities of safety events are low [24,86].
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The EU has a potentially strong influence on battery safety through financial and
legislative instruments. EU policy serves several goals: fast diffusion of electric cars
in support of the mobility transition to prevent global warming; economic interest in
capturing part of the battery market; and the public concerns of battery safety. High
expectations of market growth have resulted in EU interest in securing a role in the cell
production of new battery technologies, like solid-state batteries [60]. Policy documents
like the EU battery directive [87] mention the aim of ‘safe and reliable batteries,’ but only
from the perspective of their environmental impact—suggesting that safety is not a strong
concern. EU legislation sets safety rules for products that use batteries. If products fail
to meet these requirements, the EU can ban sales or recall products—as happened with
electric hoverboards [88]. Furthermore, the EU regulates road vehicles, mostly by norm
setting. However, most of the existing standards and regulations impose requirements
that are derived from regulatory documents that were initially intended for combustion-
engine vehicles. There are no unified standards for battery safety [15,89]. Other traction
applications are even less regulated.

National governments can also use financial and legislative instruments and have
some freedom to interpret EU regulation. Specific safety issues and incidents are recognized.
Still, there does not seem to be a substantial concern regarding lithium-ion batteries in
general. Many of the national governments have taken action to benefit from the uptake of
battery electric vehicles, with some explicitly focusing on the battery industry.

Norm and standard-setting organizations guide the process of shaping and formulat-
ing different norms, providing information, and ensuring the periodic evaluation of the
norm. For specific expertise and support, they depend on other relevant stakeholders, like
vehicle producers, battery manufacturers, research institutes (universities, testing centers),
advisory institutions, and monitoring institutions.

There are several norms related to batteries and their applications, especially when
applied in the automotive sector [15,75]. Some voluntary design guidelines have been
constructed specifically for battery pack builders, including IBESA (International Alliance
for Battery and Energy Storage), EUROBAT (Association of European Automotive and
Industrial Battery Manufacturers), and VDA (Verband der Automobilindustrie) guide-
lines [89]. Safety risks still exist for batteries that pass these standards [74]. TRP prevention
is not yet integrated, but under discussion for inclusion in norms.

Certified testing centers like TUV (Technische Überwachungsverein, Germany) and
DEKRA (Deutscher Kraftfahrzeug-Überwachungs-Verein, Netherlands & Germany) test
and certify whether products that are offered meet existing norms and regulations. They
provide advice to manufacturers on which tests are required. A variety of tests are avail-
able [15,75]. As such, they might have a good understanding of the market, norms, and
battery safety—but are restricted in disclosing this information. They don’t have the role or
power to set standards proactively.

3.1.2. Stakeholder Interview Results

Out of 20 interviewees, almost all acknowledged that battery safety is an upcoming
issue in general (19 interviewees), as well as for them or for the company they work for
(15). Furthermore, fire safety is especially considered to be a concern (16), besides electric
safety, the release of toxic gases, and handling safety. Despite the widely shared concerns,
many interviewees had difficulties in defining the issue clearly and mentioned the lack of
understanding by stakeholders in the sector. Interviewees indicated being ‘frustrated about
not knowing’ (int # 8) and described batteries as ‘a black box’ (int # 15).

The stated safety concerns are diverse and relate to different aspects of safety: lack
of data on safety events and causes; (publicly available) data on and judging of the safety
of battery design or battery implementation, especially given the variety of batteries and
applications; the actual (safety) status of the battery; what measures to take to ensure
safety in a battery pack, container, or building; what to do in case batteries catch fire; and
the policy, regulatory, and market aspects of safety. Not surprisingly, concerns are often
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directly related to the role of the interviewee, e.g., a fire department has concerns regarding
exposure to fumes from battery fires (int # 18), while a consumer organization has a concern
about fires from the batteries used within a household (int # 17).

Several interviewees indicated that safety issues are less of a problem for the large
automotive sector (int # 2, # 16, # 17), while situations of particular concern are:

• Storage of large amounts and the large diversity of batteries (e.g., during production,
transport, storage, recycling, or in large-scale non-mobile applications like electricity
grid balancing), which mainly is a concern for market parties and fire safety organiza-
tions (int # 4, # 5, # 6, # 18, # 19).

• Application in other vehicles (e.g., in e-bikes, racing karts, glider planes, boats, other
non-road vehicles, or vehicles made in small batches like motorcycles or scooters) (int
# 2, # 4, # 8, # 9, # 15, # 17).

• Application or adaptation of batteries by individuals or companies without proper
in-depth knowledge (e.g., by resellers, small scale manufacturers, hobbyists, or users
of vehicles for the agricultural or building sector, as it is common practice for users in
these sectors to fix or adapt their equipment at some point in time) (int # 2, # 3, # 10).

• Selection of batteries by consumers, importers, vehicle manufacturers, and battery
producers mainly on price or performance, while neglecting safety (int # 1, # 2, # 4, # 9,
# 12, # 13, # 16, # 18, # 19, # 20).

• The functioning of batteries under exceptional circumstances (e.g., after traffic ac-
cidents or abuse; aging degraded batteries; after exposure to high temperatures or
moisture) (int # 1, # 3, # 5, # 16).

Specific applications that have a strong focus on safety, such as back-up batteries for
telecom towers, show that this can influence the choice of the battery system to be applied
(int # 3).

As many as 12 interviewees indicated that they contributed to the improvement of
battery safety. Most (15) see battery safety as a shared responsibility, something that can only
be realized if multiple stakeholders take up their responsibility. Several emphasized a full
system perspective (# 1, # 2, # 5, # 11, # 12, # 13, # 19) and confirmed the relevance of already
identified stakeholders (Figure 3). If risks are not understood or controlled in all segments
of the supply chain, this might affect the performance of the final product and might result
in risks of liability in case of personal or economic damage. Good safety performance
requires design, safety assessment, proper structuring and controlling of the manufacturing
process, supply chain control (testing incoming and outgoing products, sharing information,
collaborating with suppliers and customers), and certification and performance guarantees.
Vehicle manufacturers (10) and battery producers (14) are frequently mentioned as key
responsible actors for safety. Vehicle manufacturers feel accountable for the safety of the
batteries that they choose to implement, sometimes making them opt for less energy-dense
though slightly safer battery chemistries such as lithium-iron-phosphate batteries.

No less than 15 interviewees see regulation as being the most relevant to ensure and
improve battery safety, especially interviewees with a technical background who perceive
regulation to be the only way to create incentives for safer but more expensive battery
products. Also, it is important to consider the experience that most buyers are strongly
cost-driven, which puts them in the position to work with lower quality batteries despite
their wishes to do otherwise. Norms are highly valued in the market for their potential
contribution: companies that show compliance use this to communicate certain levels of
quality to their clients and clients assume that certified products are safe. Overall, norms
ease the communication issues around the topic and make it easier to do business.

However, current market regulation and normalization do not function well. Several
applications do not require certification, and existing certification falls short in testing
battery safety. Other problems with norm-setting are mentioned as well: that regulation has
difficulty keeping up with the pace of technological development, and that a strict focus on
obligated existing norms reduces the focus on improving beyond the norm—i.e., companies
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cannot receive certification for these extra efforts and, therefore, cannot communicate this
clearly and convincingly to customers.

Some interviewees indicated consumers as key actors for safety, indicating that proper
use and storage behavior influences the safety of the batteries (int # 3, # 15). Other in-
terviewees suggested that the user is of less importance as he/she should not be able to
influence safety to prevent misuse (int # 10, # 16). The user organization (int # 17) has no
strong concerns regarding battery safety. It has been confronted by the issue only recently,
mostly due to e-bikes catching fire. It stresses the importance of the safety of products to be
safeguarded by legislation and norm-setting, as well as informing the user of proper use.

One interviewee signaled a sign of distrust among stakeholders towards Asian battery
manufacturers, due to the lack of proximity and the increase in the number of fire incidents
with batteries—and argued for a more regional battery industry (int # 7). Others related
these risks to the import of components from low-quality, low-cost manufacturers and
unknowledgeable resellers (int # 2, # 3, # 13). Also, the increase in incidents can be attributed,
at least partially, to the increased application of batteries, but accurate data are missing.
Finally, Asian cell manufacturers have significant knowledge of battery production and
battery safety as they also provide high-quality batteries for the large-scale automotive
industry, and a significant part of the scientific literature on battery safety finds its origin
in Asia. One could argue that the responsibility lies with European manufacturers or
importers who ask for the cheapest solutions and do not prioritize, understand, or verify
battery safety (int # 13).

Three interviewees answered technical questions on battery safety based on their
expertise (int # 1, # 16, # 19). They mentioned that the current chemistry and energy density
of lithium-ion batteries is prone to fire risks and that thermal runaway propagation cannot
be entirely prevented for competitive batteries with reasonable price and performance.
Still, preventing thermal runaway is seen as a critical issue for battery safety. Several
interviewees do foresee that new battery chemistries will become available over time, some
of which might be inherently fire-resilient (int # 1, # 3, # 13).

3.1.3. Intermediate Results

The wide variety of stakeholders involved in the issue of battery safety have different
roles and hold different interests, which is reflected in the stakeholder–issue diagram—see
Figure 4.
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Next, we summarized the research results in a power–interest diagram—see Figure 5.
Power is the extent to which stakeholders can act and influence others, and thereby can
change the situation. Interest is the extent to which stakeholders care, whether they feel an
urgency, and whether the issue aligns with the interest of the stakeholder. Based on our
analysis, we differentiated between stakeholders in the value chain, stakeholders involved
in innovation and governance aspects of safety, and broader stakeholder groups that are
present in the societal debate with an interest in the topic.
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Battery safety is a widely shared concern among most stakeholders. However, the
issue does not seem to be urgent enough for stakeholders to be willing to take decisive
immediate action.

The EU and national governments have significant power. They set regulations, in-
fluence norms, and provide financial instruments that affect different stakeholders in the
diagram. However, their interest is dispersed, as they serve multiple and sometimes com-
peting goals—including the aim to push the electric mobility transition; secure production
of new battery technology in the EU; and support RD&D on other battery chemistries with
inherent safety properties.

All manufacturers (cell, battery packs, and vehicle manufacturers) have high power as
they can directly influence design, production, and battery handling by themselves as well
as by influencing value chain partners. Many also show a high interest, as safety issues
might affect their business. Battery pack manufacturers are of particular importance. They
are in direct contact with both suppliers and vehicle manufacturers, and they can select
high-quality cells and can include safety features in the pack design to prevent propagation
in case of thermal runaway, which is an inherent risk to the use of lithium batteries. The
flip side of the coin is that a faulty implementation of the cells in battery packs can cause
safety issues. Due to the smaller size of these companies and their geographic proximity,
communication between vehicle manufacturers and the battery manufacturer might be
easier in comparison to communication with cell manufacturers.

To understand the market and the safety problem, we differentiate between three
groups of vehicle manufacturers. Large automotive industry and suppliers of high-quality
products seem to have less of a safety issue—although battery cells can go into thermal
runaway spontaneously and firefighters do have concerns regarding how to extinguish
fires in electric cars. This large automotive industry has the benefit of extensive knowledge
and means to implement supply chain control, set better requirements, ask performance
guarantees, and collaborate with suppliers. The next group consists of responsible but
smaller manufacturers of a wide variety of applications. They understand the safety issue,
but they don’t have the knowledge or the means to act upon that. They ask for regulation
and proper norm-setting so that the safety of the products they buy is guaranteed while
maintaining a level playing field with competitors. Finally, some producers are cost- and
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performance-driven, they don’t show an active interest in battery safety. Their power
comes from forcing other manufacturers to cut costs, and from the risk that extreme cases
of battery fires might backfire on the whole sector. Their role seems to be closely related to
some wholesale traders.

Firefighter and insurance companies have a strong interest in battery safety but lack
the power to change the batteries or the market. They can proactively contribute to the
issue by gathering better data on fire risks, causes, and impacts. By making these data
public, they put the issue on the societal agenda; and adapting insurance policies for unsafe
batteries or companies might trigger a market response.

End-users who are using the vehicles should have a considerable interest in the topic,
as they are exposed to the safety issues. However, they seem to be mostly unaware and
uninformed of safety issues in products or product handling; or, for now, they prioritize
functionality and cost over safety. If well-organized, end-users would hold significant power
in the market, but our analysis does not show a strong sense of urgency or organization.

3.2. Technical Analysis: Exploring Problem and Possibility Space

The technical part of the research relates the stakeholder findings from Section 4 to
the technical possibility space. First, we analyze the problem by making an inventory of
potential failure modes and effects (Section 3.2.1). Next, we will argue that both this analysis
as well as the stakeholder findings from Section 3.1 point at the crucial relevance of battery
packs to ensure battery safety, especially for diverse niche applications (Section 3.2.2).
Therefore, it is followed by a conceptual exploration of the potential solutions at the level of
battery packs (Section 3.2.3). Finally, we will draw intermediate conclusions (Section 3.2.4).

3.2.1. FMMEA: Identifying Critical Events and Mechanisms

As an initial step, the different elements of the battery system are grouped by gen-
eral function: electrical system, thermal system, information and computing system,
structural system, and the external system [52]. Next, 27 potential combinations of
failure modes, mechanisms, and observed effects have been identified. For each combi-
nation, the Risk Priority Number is qualitatively assessed, based on multiplication of
the likelihood, severity, and inverse detectability of events. This was based on expert
judgement and literature [6,46,52,71,75,80,90,91]. Based on this analysis, we conclude
that priority needs to be given to the following events and mechanisms:

1. Internal short circuits, either as the result of manufacturing defects or wear out. This
can be both an initiator and a consequence of thermal runaway.

2. Extreme heat generation as the result of overstress, including internal short circuits.
This can be both an initiator and a consequence of thermal runaway.

3. Side rupture of battery cell cans occurring due to a single cell reaching thermal
runaway, with the risk of directly propagating to adjacent cells.

4. Malfunctioning of thermal systems, potentially resulting in working temperatures
that are out of range, or as a factor contributing to thermal runaway propagation.

5. Battery management failure, leading to cell abuse or loss of communication of errors.

3.2.2. The Relevance of Battery Packs

The FMMEA analysis identifies the need to prevent thermal runaway. Already signifi-
cant efforts have been made in improving cells. However, due to the inherent flammability,
reactivity, and high-energy density of lithium-ion cells, this can only bring incremental
improvement [8]. Even high-quality battery cells can enter thermal runaway by external
triggers or by a spontaneous short circuit. The only way to come to inherently safe batteries
is to apply other battery chemistries ([91]; int # 1, 3, 13) or to prevent thermal runaway
propagation (TRP) [92]. Here, we will focus on the latter, given our research focuses on
lithium-ion batteries.

The stakeholder analysis revealed the crucial role of battery pack manufacturers in
increasing fire safety. They are in contact with both cell manufacturers as well as vehicle
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manufacturers, and, as such, can influence safety at the level of cells, battery packs, and
vehicle design. Their battery pack designs can potentially contribute to preventing TRP.
However, to be applied these measures need to be practical, low cost, and possibly be
regulated. At the same time, limited attention has been paid to battery pack configuration
in relation to safety [5,12] although [93] took it into account—leaving room for further
improvement. Therefore, we will explore the technical possibility space for battery pack
improvements to prevent TRP.

3.2.3. Exploring the Technical Possibility Space

In the next phase, a rapid prototyping approach was conducted by following the
approach in [29]. It required the design and realization of incomplete products (pro-
totypes); realization of incomplete models of the real environment (test environment);
and subsequently performing the experiment to explore the problem and learn from the
potential solutions.

In line with the design goal, we defined nine design requirements. Five requirements
were related to preventing thermal runaway propagation (e.g., whether they can help
prevent short-circuit between cells, and whether they can prevent cell side rupture and/or
thermal runaway propagation), while the others were related to practical considerations
(e.g., weight, size, costs). Next, nine conceptual ideas for potential solutions were generated.
Each of these ideas was scored on these design requirements in a Pugh matrix. The six best
scoring concepts were selected and realized as prototypes. All prototypes were based on
standard battery cells with modifications at the battery pack level. The prototypes involved
(combinations of) cell level fusing by wire bonding, applying cooling plates, structural
support of cells by plastic holders or isolating sleeves, and applying thermal/electrolyte
barriers between cells (either foam or powder). Next, a test environment was realized to
conduct quick scans on the viability of the prototypes. This included the design of five
test experiments (see Table 2 and Figure 6), realization of the test setup, formalizing a test
procedure, and conducting the experiments. The experiments involved specially prepared
trigger cells in thermal runaway mode or initiating cells showing cell rupture.

Table 2. Test experiments for initial validation of prototypes.

Test # Test How Conducted

T1 Production
feasibility

Expert judgement of production complications, assembly time
and costs based on design. Direct experience based on
prototype production.

T2
Cooling/heating by
convection over a
heat-conducted plate

Computer simulation of heat transport of a cell under TR
conditions (heating energy 91 kJ) to other cells in battery pack;
by conduction through the bottom end of the cell and thermal
body; using Siemens NX software

T3 Short circuit

Internal short circuit testing by enforcing high power through
electrical connection, using Chroma programmable
charge/discharge tester 17208M-6-30; tested at 10-25A and
direct short circuit.

T4 Cell side rupture Visual observation of cell side rupture of single cell/cell in pack.

T5 Thermal Runaway
Propagation (TRP)

Trigger cells integrated in battery pack of 7 cells (2-3-2
configuration), with trigger cells positioned at the side forced
into TR or cell side rupture. Measurement by visual observation
(camera) and measurement of cell temperatures.
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In prototype 1, cell level fusing is applied by ultrasonic wire bonding, similar to what
Tesla uses. This can be applied to different designs, is cost-effective, and can connect
cylindrical cells at the top (both anode and cathode), leaving the bottom side available
for cooling [94]. Tests showed that design and production are challenging, especially to
accurately blow up the fuse. A direct short circuit did result in a disconnection.

In prototype 2, cooling is applied at the anode side by a heat-conducting plate. Under
normal working conditions, this setup enables uniform temperatures between and within
cells and, as such, optimizes lifetime [95,96]. The computer simulation showed that heat is
spread sufficiently, so that heat transfer over the conducting plate of a cell in TR does not
cause TRP. However, experiments with cell-side rupture show heat transfer to the plate is
not sufficient to prevent TRP under these extreme conditions.

Prototypes 3 and 4 focus on mechanical support to prevent cell-side rupture. Prototype
3 is a plastic holder to provide structural support and prevent side rupture, as well as act
as spacer for the cells. The plastic holder is made from ABS-PC by 3D printing. One of the
advantages would be that such a holder comes with low weight and cost. However, the
cells could not be fitted in the housing correctly. Subsequently, an injection molding expert
came with design suggestions that would meet the assembly requirements. However, these
designs could no longer provide integral cell support to the cells, and as such could not
prevent side burst.

In prototype 4, sleeves are applied around each cell (see Figure 6). This should provide
structural support to prevent cell-side rupture, while also improving cell insulation and
allowing for bottom-end cooling. In the test, the sleeve prevented the cell from bursting.
However, after the build-up of pressure, the cell exploded, shooting out its contents via
the top end. In a second experiment, a battery pack was used of all cells equipped with a
sleeve and one trigger cell without a sleeve. The trigger cell erupted, and the adjacent cells
were exposed to the heat and flames. However, all cells stayed cool (~25oC) and there was
no TRP.

In prototypes 5 and 6, barriers were applied between cells, which should block flames,
heat, and the electrolytes of a ruptured cell—and thereby prevent TRP. Initially, multiple
options were considered, but had low scores on design requirements. These included sheets
between cells, fluid cooling, and the application of phase-changing materials. In prototype
5, polyurethane foam insulation was applied. In the test, the foam did not catch fire but lost
its structure, which allowed the flames to spread, thereby resulting in an almost immediate
TRP. In prototype 6, Perlite isolating powder is applied and contained in a house. The test
showed that at TR, the flames immediately spread throughout the battery pack, resulting
in fast TRP.
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3.2.4. Intermediate Results

We applied FMMEA to get a detailed overview of the failures and risks of batteries.
Internal short circuits, extreme heat generation, side rupture, and malfunctioning of thermal
systems or battery management systems are critical risks. They often can contribute to both
thermal runaway initiation as well as propagation.

For the exploratory design, we focused on preventing thermal runaway propagation
in battery packs by low-cost measures. Isolating sleeves and bottom-end cooling plates
showed to be effective in reducing thermal runaway propagation. Cell level fusing based
on wire bonds and plastic holders for structural support were shown to be promising, but
it requires more knowledge and testing to become a successful application. Barriers to
block flames and electrolytes, like foam insulation and isolating powder, were shown to
be ineffective.

The combination of FMMEA and rapid prototyping was found to be very valuable for
arriving at a better understanding of the risks and mechanisms triggering battery safety
events, as well as for exploring multiple solution directions in the design space.

4. Discussion and Conclusions

Lithium-ion batteries have become increasingly applied and play a crucial role in the
transition towards sustainable transport. Battery safety, and more specifically fire safety,
is an upcoming concern in society. There is upcoming literature on battery safety, but so
far this issue has been mainly addressed as a technical issue. The key contribution of this
paper is to fill the gap by operationalizing battery fire safety as a shared responsibility
among stakeholders. The knowledge, actions, and responsibilities are shared among the
stakeholders involved. The characteristics of and the interaction between components,
between manufacturing steps, and with handling influences overall safety performance.
We approach battery fire safety as a socio-technical problem by addressing the questions
about what the concerns and roles of stakeholders are; what the technical safety of batteries
is; and how to improve fire safety by technical measures and stakeholders’ actions.

The stakeholder analysis showed that there are multiple different issues with battery
safety. First, there is a lack of understanding among stakeholders. Furthermore, several fac-
tors contribute to this: the diversity in battery chemistries, design, and application; the lack
of (safety) data on batteries, failure events, and the battery status; the variety of potential
failure mechanisms; and the lack of appropriate, reliable, and understandable safety tests
for batteries. For most stakeholders, battery fire safety is an upcoming issue, although of
modest concern. Our study of power–interest showed pivotal stakeholders: cell and pack
producers, large automotive manufacturers, and national and EU governments with their
regulatory power. Some stakeholders, like the fire brigade and insurance company in our
study, showed a high interest in the topic combined with an increased sense of urgency,
but they lacked the power to influence developments directly. They can attempt to put the
subject on the agenda by collecting data on events, taking concerns to the media, and by
actively cooperating (e.g., in the norm-setting process). The systemic nature of the safety
issues is widely recognized among stakeholders, and most stakeholders expect further
improvements to be realized by introducing higher standards and shared responsibility.

Many stakeholders explicitly differentiate between the market segments. Large auto-
motive manufacturers are committed to electric vehicles and take a high interest in battery
safety for that reason, as they face the risk of expensive call back actions and reputational
risk. It is a challenging market, as cars can crash at high speed and batteries are becoming
more widely applied, while reducing the costs of batteries is seen as crucial. Manufacturers
face the safety challenges by harnessing their knowledge on the topic, by actively cooperat-
ing across the value chain to secure quality and safety aspects, by cell acceptance screening,
and by trying to control battery pack manufacturing.

Other applications include a variety of niche products such as e-bikes, agricultural ap-
paratus, and a wide range of vehicles for recreational use. These markets are being supplied
by small vehicle manufacturers and cell/pack manufacturers that focus on cost reduction.
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Most stakeholders flag these applications as having the highest safety concerns. These
manufacturers do not invest in RD&D or value chain cooperation due to a lack of knowl-
edge, human resources, or strategic (cost-reduction) reasons. It is questionable whether
progressive voluntary norm-setting based on deliberation among market stakeholders can
be an appropriate tool in this setting.

Our technical analysis focused on the exploration of the problem of battery safety as
well as the exploration of the solution space by a rapid prototyping approach. FMMEA
analysis revealed the broad scope of the components, mechanisms, and events that can
trigger a fire in batteries. The essential events and mechanisms include internal short
circuits, extreme heat generation, side rupture of batteries, malfunctioning of thermal
systems, and failing battery management systems. Often these can be a cause as well as
consequence of thermal runaway, and thereby contribute to thermal runaway propagation.
Individual lithium-ion battery cells can never be made entirely safe. Therefore, options to
prevent thermal runaway propagation at the battery pack level become relevant, especially
as the literature states that these options are not yet fully explored. This aligns with
the conclusions of the stakeholder analysis that identified battery pack designers and
manufacturers as having the utmost relevance for safety. Different designs were explored,
and the prototypes were tested by rapid prototyping. This part of the study showed that it
is possible to reduce the risk of thermal runaway propagation through adaptation of battery
pack designs, especially when combinations of isolating sleeves, bottom-end cooling plates,
and cell level fusing seem promising.

Linking these results back to the stakeholder perspectives, we see three logical paths
forward. The first one involves the large automotive industry. Progressive norm-setting
on safety aspects is foreseen and supported by more specific safety tests and RD&D.
Norms will likely focus on required safety levels rather than on specific system designs
or configurations, giving room to battery pack manufacturers and car manufacturers to
apply appropriate packs. The second path relates to other applications in diverse niche
markets. The diversity of actors, battery designs, and applications make it hard to set
universal safety standards, come to successful voluntary regulation, or provide adequate
safety information to end-users. Therefore, top-down regulatory standard setting might be
required. The standard can focus on reducing the risks of thermal runaway propagation in
battery packs. The geographic proximity of several battery pack manufacturers might help
to explore possibilities and come to a set standard. Such a regulatory approach will only
work if it is supported by appropriate tests and sufficient control. The third path relates
to funding of RD&D to further explore the most promising options in order to learn and
disclose safety data by conducting specific RD&D, as well as by supporting research and
test infrastructure. This should more prominently include solutions to battery pack design.

The preference for specific paths and the pace of progress will be highly dependent
on future safety events and the media exposure given to these events. So far, the literature
suggests that governments recognize the considerable potential of electric mobility, both to
reduce environmental impacts as well as to support socio-economic development goals. We
did not find signals—either in the literature or in stakeholder interviews—that governments
feel the need for strict control or to push for stringent norms. A sense of urgency is lacking,
applications are diverse, and the dynamic field of batteries is still developing. The EU
might benefit from changes—like new applications, improved safety, or also new battery
chemistries—and is therefore not likely to stabilize the status and lock in the current
practice. However, besides norm-setting, governments can influence developments in other
ways, e.g., by supporting the creation of specific (testing) infrastructure, by RD&D, and by
supporting data collection and the sharing and providing of information.

We argued for a novel mixed-method approach to study the socio-technical system
of battery safety and came up with suggestions for improvement. Thereby, we aimed
to improve the standard approaches of descriptive case studies in transition studies and
the technology-focused approach in systems engineering. The applied mixed-method
approach allowed for the reconstruction of the problem and exploration of solutions in
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a holistic manner, actively contributing to realistic societal agenda setting. It ensures an
in-depth and balanced exploration of the social and technical aspects, as well as their
(potential) interaction. The rapid prototyping approach offers a quick exploration of the
solution space. As such, it offers a technical reality check that is typically absent in most of
the transition literature. However, such an approach is only indicative. It does not allow for
risk assessment or for broader parametrized testing (e.g., using different materials, different
conditions), and, as such, cannot be considered definitive proof.

With our approach, we were able to identify three realistic paths forward. However,
the true value of the approach does not lie in identifying or prescribing development paths,
but in triggering further deliberation by relevant stakeholders and empowering them with
insight in the problem, potential solutions, and stakeholder roles. As such, it can stimulate
further agenda building and action.
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