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Battery storage systems are becoming an integral part of the energy transition by enabling energy availability
during periods of low renewable energy generation and by providing various grid services. Currently, the most
battery storage systems are deployed in home storage systems (HSSs) and electric vehicles (EVs), and their
growth continues exponentially. However, despite this upside development, there are public concerns about
potential fire risks associated with photovoltaic (PV) home storage systems and EVs. This paper presents a
quantitative analysis comparing statistics of fires occurring in HSS with fires in PV systems, in EV, internal
combustion engine (ICE) vehicles and, general house fires. However, because of a lack of available data, HSS fire
incidents in Germany for 2023 were determined through web crawling, while other probabilities were derived
from already existing research data. The results show a significantly lower probability of an HSS fire compared
with a general house fire. In detail, the findings indicate that the probability of an HSS fire is very low (0.005 %)
and is 50 times lower than for a general house fire. All home appliances have a generally low probability of
catching fire, which is also true for HSS. If compared to other home appliances, HSS share roughly the same
probability of catching fire as tumble dryers. Furthermore, compared with the fire probability of HSS, PV systems
demonstrate an even lower probability, approximately three times lower than that of HSS. The probability of a
traditional ICE vehicle fire (0.089 %) is approximately four times higher than that of an EV fire. The probability
of an HSS catching fire is approximately 18 times lower than an ICE catching fire and four times lower vs. an EV.
These findings provide important insights into the risks and safety aspects of battery storage in the residential
buildings, thus supporting to make informed decisions about integrating of renewable energy systems.

1. Introduction 2023, there were already 1.3 million battery electric cars and more than

900,000 plug-in-hybrids on the roads in Germany, thus recording a 50

To combat climate change and achieve its emission goals, Germany
enacted the Climate Protection Act (KSG; Klimaschutzgesetz) targeting a
65 % reduction in greenhouse gas emissions by 2030 compared with
1990 levels. These targets require significant reductions in the building
and transportation sector [1].

As aresult, the demand for electric vehicles (EVs) and battery storage
systems that are coupled with a photovoltaic (PV) system (home storage
system = HSS) is increasing in Germany. For example, as of October 1,

% year-to-year-increase [1]. This growth is similar for HSSs. In July
2024, there are more than 1.4 million HSSs in Germany. Compared to
the previous year, this number has roughly doubled. The capacity of
German HSSs amounts to 12.4 GWh with an available power capacity of
7.9 GW [2,3]. Consequently, HSS enhance the degree of self-sufficiency
and the self-consumption of a house with electrical energy [4].

Despite this rapid increase in the number of EVs and HSSs, many
Germans have concerns about the safety of this recent technology.
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According to a study by DEVK-insurance, 49 % of respondents believe
that EVs have a higher fire risk than cars with internal combustion en-
gines (ICE). Among the over 55-year-olds, as many as 55 % think that
EVs are more likely to catch fire. Cars with combustion engines, on the
other hand, are only considered a fire risk by 10 % of respondents [5].
Another survey shows that more than half of respondents have concerns
about the fire risk of HSS. Just over half of those surveyed also stated
that an explosion poses a risk with HSS. However, the technology is
generally accepted and 85 % of respondents were somewhat or very
positive about its technology acceptance [6].

Popular science articles also give the impression that battery storage
systems have safety gaps. Recently, there have been more and more
reports of fires and explosions caused by HSS. In October 2023, PV
Magazine reported on an incident in which a 30 kWh ‘Do it yourself’
battery storage system exploded and destroyed an entire residential
building [7]. Several cases were also reported in Germany and Austria at
the end of September 2023. The amount of damage varies per incident
[8]. Various manufacturers are facing those issues and are reacting to
the fire incidents. For example, one manufacturer has put some of its
HSS into a conditioning mode with a maximum available storage ca-
pacity of 70 %. Customers are also being offered the option of replacing
the battery storage systems with comparatively safer lithium iron
phosphate (LFP) battery chemistry storage systems [9]. Another
manufacturer has introduced a replacement program for certain HSS
batteries that can overheat and catch fire [10].

Several studies have investigated the failure mechanisms and causes
of fires in lithium-ion batteries under various operating conditions
[11-13]. Explosion hazards resulting from thermal runaway propaga-
tion have also been widely examined [14-17].

A previous study conducted in 2019 by Fraunhofer ISE [18] provides
limited insights into the fire risk of PV-connected HSS in Germany,
reporting 10 fire incidents among 130,000 registered systems. These
findings were based on data from media reports, police and fire
department records, and insurance company information. However,
given the substantial increase in the number of HSS in Germany in recent
years, as well as advancements in battery chemistry that have improved
safety, there is a significant research gap in the quantitative fire risk
assessment studies focused on HSS and an updated study is necessary.
Furthermore, the increasing adoption of PV systems, HSS, and EVs in
German households highlights the need for a comprehensive quantita-
tive fire risk study comparing the risks associated with these technolo-
gies while also comparing them with general house fires.

As the safety of technology is particularly important at the consumer
level, the main goal of this paper is to quantitatively assess and compare
the probability of fires occurring in HSS with other common fire in-
cidents, such as fires in PV systems, EVs, ICE vehicles, general house
fires, and household appliances. The determined probabilities help to
assess the probability of EV or HSS fires. In addition to the statistical
analysis, the findings of this study also have important practical impli-
cations. Given the low probability of fire incidents in HSS, this research
can help increase public confidence in the safety of these technologies
and promote more informed decision-making. Policymakers could use
these findings as a foundation for developing fire safety regulations and
standards tailored to renewable energy systems, ensuring that adequate
safety measures are in place.

Furthermore, this study highlights the absence and necessity of a
common, publicly available database on fire risks associated with home
storage systems. By demonstrating the value of such data, we hope to
encourage policymakers to establish such a database, which could serve
as a critical resource for future safety improvements, battery design
considerations, and overall energy system integration.

2. Methodology

In the following, the methodologies behind calculation of fire
probabilities of HSS, PV systems, EVs, and general house fires are
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explained. We also look at large storage systems, as some data is avail-
able for these systems, and therefore include them in our comparison.
For HSS, the data was generated by web crawling (see below) because no
other data was available. The data required to calculate all other fire
probabilities were collected from various literature sources. It is also
important to note that the term ‘fire risk’ specifically refers to the
probability or likelihood of fire occurrence in this study. Quantitative
assessment of the severity of fire incidents is out of scope of this study,
but it is qualitatively discussed in the Discussion and limitations section.

In the first step, the number of general residential fires in Germany is
identified. As there is no database for this, the number of fires is
determined using two independent estimation procedures. For reference
these two methods are also presented in detail in a flow chart diagram in
Appendix B. In the first approach, the database for residential fires in the
state of North Rhine Westphalia (NRW) is used for 2021 as the most
populous state [19]. Then the fire incidents are extrapolated based on
the number of residential buildings in NRW and Germany. For the sec-
ond approach, the number of fires in Germany in 2020 in general is used.
As the proportion of residential fires in Germany is not known, this
proportion is derived from other European countries. The proportion of
residential fires is known in 19 European countries [20]. The mean value
of these serves as the basis for the calculation for Germany. Once the
number of fires in residential buildings in Germany has been determined
for both approaches, the mean value of both approaches is calculated.
The fire probability for a residential fire per year is then calculated using
the total number of residential buildings in Germany.

To determine the details of the residential fires, the causes of these
fires are examined. The causes of fires are broken down by percentage
from 2002 to 2022 [21]. This publication looks specifically at electrical
fires and provides a more detailed breakdown of their causes [22]. The
fire probabilities for electronic appliances, including cooling units and
tumble dryers, are calculated as a comparative value. The methodology
used is the same for both appliance categories [22]. In a further step, the
general number of appliances in the corresponding category in Germany
is calculated. The percentage of households in Germany that own the
corresponding electrical appliance is known [23]. The number of
households in Germany thus results in the number of the corresponding
electrical devices per category [24]. The probability of fire per year is
then calculated by dividing the number of fires in the electrical appli-
ance category by the total number in the device category.

After probability of residential or house fires, PV-, EV- and HSS-
related fires are assessed. While these are not part of general house
fires, they are house-experienced fires. For PV-related fires, data is only
available from Fraunhofer ISE from 2013 for the German market [25].
Here, PV-related fire incidents between 1995 and 2012 are investigated
based on literature research and filled-out questionnaires by technical
experts. In addition to several fires caused purely by PV systems,
component-level investigation is also presented. Therefore, using this
comprehensive study as a basis for calculations, the annual fire risk of
PV systems per MW installed capacity is calculated. Assuming a linear
relationship between PV system size and fire risk, this study further
calculates the probability of PV-triggered fire for an average German
household. The methodology of PV fire probability is presented in a flow
chart diagram in Appendix C.

Building upon this foundational study [25], a subsequent investiga-
tion by Moub ET AL. presents a systematic fault tree analysis of reported
PV-triggered fire incidents in Germany and several other countries [26].
Therefore, it is also used in this study to get insights into the component-
level breakdown of fire causes.

Similar to PV, no credible publicly available study on EV-related fires
focused on the German market is available in literature. Multiple studies
have been carried out in countries with higher electric vehicle market
share, such as Norway, Denmark, Netherlands, Finland and Sweden. Even
though discrepancies in the data quality and sampling methods exist in
these sources, Mohd and Martin-Gémez present a very comprehensive
fire risk assessment of these studies, using fault tree analysis [27]. As
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Germany has similar vehicle regulations, standards, weather conditions,
and driving behavior, the weighted average of EV fire risk in these
countries is considered for Germany. The methodology of EV fire
probability is presented in a flow chart diagram in Appendix C. The
authors are aware that there are also studies and data on EV fires from
the UK, USA, and Australia, e.g. [28,29]. For clarity reasons, we choose
not to merge different data sources for EV-fires, since the primary goal of
this study is to evaluate the fire risk of HSS and set it into context with
other daily-life appliances.

In addition, the fire probability of EVs is compared with that of ICE
vehicles and plug-in-hybrid vehicles. For ICE vehicle fires in Germany, a
report from Meifiner is used [30]. On the other hand, for plug-in hybrid
vehicles, Sunpiv compares the fire probability of different vehicle types
per 100,000 vehicles in Norway [31]. For Germany, there are only data
for fires involving ICE vehicles. These were used to determine the
probability of an ICE fire.

The fire probability of large-scale battery storage systems is consid-
ered as a further category. The risk of fire in large-scale battery storage
systems has been tracked and recorded in a database since 2015 [32]. To
compare this data with fire incidents in EVs and HSSs, it’s necessary to
convert the total number of incidents to a relative number of incidents
per capacity per year. To do this, additional sources are used to get the
globally installed power and energy capacity per year [33,34]. The total
fire probability for each year is then calculated by dividing the number
of incidents for that year by the cumulative installed energy capacity for
the same year. Finally, the numbers from 2015 to 2023 are averaged,
achieving the total fire probability of large-scale battery storage systems.

The methodology of HSS fire probability is presented in a flow chart
diagram in Fig. 1. Scientific data on fire incidents involving HSSs is
currently unavailable. Nonetheless, recognizing the growing public
awareness and concern surrounding HSS fires, in this study web
crawlers, specifically Taikwaiker and Neticie/Youscan [35-37], are
employed to gather relevant information from local press or fire
department reports available online. The detailed search strings used in
this study can be found in Appendix B. Subsequently, these search
strings are applied in a manual search process.

To ensure the reliability of the identified incidents, each found report
undergoes a validation process by cross-referencing with independent
sources, such as different news items. Additionally, a meticulous veri-
fication is conducted for each case to ascertain that the fire was caused
by HSS. Fire incidents of Do-It-Yourself HSS and with indication that the
PV system caused the fire are omitted. As an extra layer of validation, 20
rural and urban fire departments in Germany have been contacted,
confirming the absence of indications suggesting a significant number of
unreported cases.

3. Results
3.1. Probability of general house fires

The number of fires is determined by using two independent
methods. The extrapolation of the fire incidents for NRW to entire
Germany in 2022 results in a total of 59,956 fires (see Table 2). Table 1
lists the proportion of fires in 19 European countries that occurred in
houses.

As this statistic does not exist for Germany, the average value for the
19 countries is calculated, resulting in a value of 21.34 %, which is close
to the numbers for the neighboring countries of Belgium, Poland,
France, Denmark and the Czech Republic. For Germany, only the total
number of fires for 2020 is known. In 2020, the fire departments in
Germany were called out to a total of 230,000 fires [11]. Multiplying the
total number by the mean value of the proportions from Table 1 results
in a number of 49,082 fires in residential buildings in Germany in 2020.
The mean value is then calculated from the two independent methods,
resulting in a total of 54,519 fires in residential buildings. Formula (1) is
then used to calculate the probability of residential fire per year.
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Fig. 1. Flow chart diagram of methodology for HSS fire risk. The data evalu-
ation is described in detail in Section 3.5.

Table 1
Share of residential fires in all fire types in 2020 [20].

Country Share of residential fires [%]
Belgium 21.5
Bulgaria 10.1
Croatia 8.1
Cyprus 1.0
Czech Republic 19.5
Denmark 27.5
Estonia 14.9
Finland 21.3
France 28.8
Hungary 30.9
Latvia 5.7
Liechtenstein 33.3
Lithuania 18.0
Poland 24.5
Romania 5.3
Slovakia 6.6
Slovenia 29.4
Sweden 27.7
Ukraine 71.4
Average 21.34
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P( es_res. / year)

This results in a fire probability of 0.28 % per year for residential
buildings in Germany (see Table 2).Statistically, a residential building
suffers from a fire every 357 years.

Fig. 2 shows the causes of fires in residential buildings as a per-
centage [12]. Electricity accounts for the largest share (32 %), followed
by human mishandling. As this publication deals with electrical fires,
these are discussed below. Most electrical fires are caused by electrical
appliances (53 % = Delectrical devices fires,year) (Fig. 3). Cooling units,
tumble dryers, dishwashers, and washing machines account for the
largest share. In the case of electrical installations (26 %), sockets/cables
and distribution boards cause the most fires [13]. Due to the predomi-
nant contribution of cooling units and tumble dryers to the incidence of
electrical fires, an assessment of their respective fire probabilities is
conducted herein. The number of fires per electrical appliance category
in Germany (Dfires,year) is determined using the following Formula (2):

_ nres.fires.year (1 )
Nres buildings

nﬁresyear = Nresidential fires year 'pelecm'city fires.year *Delectrical devices fires year P

fires in each device categorie year (2)

For the number of residential fires per year (Nresidential fires,year) the
value of the residential fires in Germany (average fires in Table 2) is
used. The proportion of house fires caused by electricity (Pelectricity fires,
year) iS shown in Fig. 2. Pelectrical devices fires,year describes the proportion of
electrical fires caused by fires in electrical appliances (53 %). Table 3
shows the proportion (Pires in each device category,year) Of how many fires
were triggered per category (cooling unit or tumble dryer).

The number of fires per category (cooling units and tumble dryers)
can be found in Table 3.

For determination of fire probabilities on electrical appliance level,
the total number of cooling units and tumble dryers in Germany is
missing. Therefore, the average number per appliance per household is
multiplied by the number of households in Germany. With a number of
40.9 million households, this results in 74.6 million cooling units and
17.67 million tumble dryers [14,15]. Formula (3) is used to calculate the
fire probabilities per category of electrical appliances and year.

P(fire in electrical device) = _ Mfiresyear 3

Ndevices in category

This results in a fire probability of 0.0012 % for cooling units and
0.0037 % for tumble dryers per year as described in Table 3.

3.2. Probability of PV fires

The fire incidents assessment presented by LAukamP ET AL. is

M Electricity

M Overheating

M Human Misbehavior
- Open Fire
—— B Sclf-Ignition

M Flammable Work

7

M Arson
M Explosion

M Other and Unknown

Fig. 2. Fire causes in % from 2002 to 2022 in Germany.
(Illustration based on [21].)
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M Electricity Installations
1. Cables / Sockets
2. Distribution Boards
3.  Other Electrical
Installations
4.  Switch Cabinets
M Electric Devices
1. Cooling Units

2. Tumble Dryer

3. Dishwasher

4. Washing Machine
M Other

Fig. 3. Electricity fire causes in % from 2002 to 2022 in Germany.
(Illustration based on [21].)

considered as the basis for this study [25]. Based on these assessments,
180 fire incidents were triggered by PV systems in Germany between
1995 and 2012. Out of those, 157 incidents were recorded between 2005
and 2012. As illustrated in Fig. 4, a clear correlation between the
number of PV fires and the total installed capacity is visible while the
ratio of number of fires and capacity stays constant.

Upon calculation of PV triggered fires per MW installed capacity over
these 8 years, the value ranges from 0.0005 to 0.0018 fires, as presented
in the table below. The weighted average of these eight years is found to
be 0.0016 per MW installed capacity per year in Germany (see Table 4).

Looking at the cumulative installed capacity and the number of in-
stallations in both private and commercial sectors over the last 10 years,
the average size of a PV system in Germany has been around 25 kWp
(Appendix 0) [41]. Here the unit kWp (kilowatt peak) refers to the
maximum power output of a photovoltaic system under standard test
conditions and is commonly used to indicate the capacity of PV system
installations. Assuming a linear relationship between PV system size and
fire risk, the previously calculated annual fire risk per MW can be used
for an average-sized PV system in Germany as follows:

_ 25kWp

= = = 0,
1MprO.OOl6 0.00004 = 0.004%

Given the primary focus of this study on German households, it be-
comes important to calculate the fire risk of PV systems installed for
single and multifamily residences as well. Typically, these installations
range from 2 kWp to 30 kWp in capacity [42]. According to FIGGENER ET
AL., based on the number of systems within this capacity range, the

Table 2
Fire probability for general house fires per year [%].

NRW

Germany

Residential buildings

3,950,000 [38]

19,500,000 [39]

Fires procedure 1 12,291 [19] 59,956
Fires procedure 2 49,082
Average fires 54,519
Fire probability per year [%] 0.28
Table 3
Fire probability in electrical devices.
Cooling units Tumble dryer
Share of device in electrical device fire cause 10 7
[%] (P_fires in each device category,year)
Fires in devices (Nfires year) 925 [22] 648 [22]
Share of the device in the household 1.82 [23] 0.432 [23]
Devices in Germany (Ngecvices in category) 74,600,000 17,670,000
[23,24] [23,24]
Fire probability per year [%] 0.0012 0.0037
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Fig. 4. Increasing number of PV-triggered fires with increasing installed ca-
pacity in Germany.
(Mlustration based on [25,40].)

average size in 2022 is determined to be 9 kWp [43]. Therefore,
assuming the same linear relationship between PV system size and fire
risk, the fire risk for a German household with an average-sized PV
system can be calculated as follows:

_ 9kwp

= K = 0. = 0. 0
1MWp><00016 0.0000144 = 0.0014%

Based on a fault tree analysis of the fire incidents in Germany, Moxp
ET AL. present the contribution of different components as shown in Fig. 5
[26]. The PV module, inverter and connectors triggered around 75 % of
the analyzed fire incidents of PV systems. Literature suggests, that
arcing, overheating, physical damage, manufacturing defects, and
installation errors are the primary causes of fires in PV modules and

Table 4
Probability of PV-triggered fires per MW installed capacity per year in Germany.
Own calculations based on [25,40].

Year Number of Cumulative Yearly PV triggered Weighted
Fire incidents  installed Capacity fires per MW  Average [PV-
[25] [MW] [40] triggered fires/
MW/year]
2005 1 2,056 0.0005 0.0016
2006 4 2,899 0.0014
2007 4 4,170 0.0010
2008 7 6,120 0.0011
2009 18 10,566 0.0017
2010 21 18,006 0.0012
2011 47 25,916 0.0018
2012 55 34,077 0.0016
l PV Module
M Isolator
M Inverter

Combiner box
and fuse

H Cable

H Connector

Fig. 5. Contribution of different components in PV system-triggered fires in
Germany.
(Ilustration based on [26].)

Journal of Energy Storage 122 (2025) 116599

inverters [44]. In the case of connectors, manufacturing and installation
errors are the primary cause of fires. In addition, as the connectors are
prone to physical damage through weathering effects and animal bites,
they can be a source of arcing [26,44].

3.3. Probability of vehicle fires

In this section, the initial fire risk of an electric vehicle (battery
electric vehicle (BEV) and plug-in-hybrid) is discussed, and subse-
quently, it is compared with that of an ICE vehicle.

Due to the lack of credible studies on fires in Germany, a compre-
hensive study presented by Moup anp MAaRTiN-GOMEZ is used here for
further comparative analysis [27]. In the mentioned study, EV fire in-
cidents from different countries are analyzed between 2015 and 2022,
based on the publicly available study and reports. Fire incidents from
South Korea are also considered along with a few European countries,
namely, Denmark, The Netherlands, Norway, Sweden and Finland.
However, as vehicle regulations, standards, weather conditions, and
driving behavior in South Korea are different than that of Germany, a
revised calculation has been performed, excluding South Korea, as
delineated in Appendix G. Considering the weighted average of fire risk
in investigated European countries, it is concluded, that the annual fire
risk of EVs in Germany is 0.021 % per registered EV. Considering the
stock of 2.2 million EVs in Germany in October 2023, this fire risk
projects to around 465 EV fires in Germany in the year 2023 until
October [1].

Further Mowp T AL. present a fault tree analysis of the fire incidents in
Denmark, Netherlands, and Sweden, as the cause of fires are also re-
ported in the publicly available reports of these countries (Fig. 6) [27].
According to this analysis, after ‘Unknown unreported factors’, ‘Vehicle
factors’ and ‘External factors’ are the major factors stemming 42 % of
the EV-triggered fires. ‘Vehicle factors’ encompass the factors relating to
inherent characteristics, conditions, or faults within the battery or other
vehicle components. On the other hand, ‘External factors’ represent el-
ements typically beyond the control of vehicle manufacturers, owners,
or operators, such as animal interference, natural phenomena, and
external building fires.

When it comes to ICE vehicles, according to statistics from the
German Insurance Association (GDV), around 40,000 fires are caused by
ICE vehicles in Germany every year [30]. The KBA publishes that there
are around 45 million ICE vehicles in 2023 [45]. Using these two
numbers, the probability of ICE vehicle fires can be determined as
follows:

40,000 fires

= 2T — 0,
45 million vehicles 0.00089 = 0.089%

To compare the fire risk between electric vehicles with Plug-in-
Hybrids and vehicles with combustion engines, the fire probabilities

¢

Bl Human factors

M Vehicle faults

B Management faults

External factors

l Unknown

Fig. 6. Contribution of different components in EV-triggered fires in Germany.
(Ilustration based on [27].)
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Fig. 7. Fire probability of vehicle categories per year in Norway.
(Ilustration based on [31].)

per year for these vehicle variants for Norway are shown in Fig. 7 [31].
As of October 2023, there are a total of 600,000 battery electric and
plug-in-hybrid vehicles in Norway [27].

The probability of fires in EVs (both BEVs and Plug-in-Hybrids) in
Norway is on average around five times lower than that of a fire in the
combustion variant. ICE vehicles are on average significantly older than
electric vehicles and therefore problems and faults appear more
frequently in these older cars. In addition, faults and problems occur
more frequently than average in first-generation vehicles [31].

3.4. Probability of large-scale storage fires

In the assessment of large-scale storage systems, the BESS Failure
Event Database serves as the main data source, spanning from 2015 to
2023 and documenting a total of 67 recorded cases [32]. The distribu-
tion of incidents across these years is generally uniform, except for an
anomaly in 2018, where all 16 incidents (24 %) were specifically re-
ported in Korea.

BloombergNEF reports 56 GWh of installed energy in 2021 as well as
installed power excluding pump-hydro storage from 2015 to 2023 for
large-scale energy storage systems [33]. It is presumed that these figures
are representative of the broader landscape of large-scale battery storage
systems, given the predominant role of batteries within the overall en-
ergy storage systems [46,47]. Additionally, Murray [34] contributes
data on newly installed energy from 2020 to 2023. Leveraging this in-
formation and the installed capacity of 56 GWh in 2021, cumulative
capacities for the years 2019 to 2023 are derived, resulting in average C-
rates from 0.42 in 2023 to 0.67 in 2019 (see Table 5). The C-rate
(charge/discharge rate) indicates how quickly a battery can be charged
or discharged relative to its total capacity. For example, a C-rate of 1.0
means the battery can be fully charged or discharged in 1 h, while a C-
rate of 0.5 means this process takes 2 h. Adopting a conservative
approach for fire risk evaluation per capacity, the highest C-rate of 0.67

Table 5
Installed global power and energy for battery storage systems [33,34]. (*) marks
estimated values.

Year Power [GW] Energy [GWh] C-Rate [1/h]
2015 4[33] 6* 0.67*

2016 5 [33] 7.5% 0.67*

2017 7 [33] 10.5* 0.67*

2018 10 [33] 15% 0.67*

2019 14 [33] 21 [33,34] 0.67

2020 18 [33] 29 [33,34] 0.62

2021 27 [33] 56 [33] 0.48

2022 44 [33] 99 [33,34] 0.44

2023 72 [33] 173 [33,34] 0.42
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is utilized to estimate energy capacities for 2015 to 2018.

These derived capacities contribute to the calculation of yearly fire
probabilities, which range from 0 % per MWh in 2015, where no in-
cidents were reported, to 0.11 % per MWh in 2018, marked by 16
recorded incidents. The specific numerical breakdown per year is visu-
ally presented in Fig. 8. The average fire risk, therefore, amounts to
0.015 % fire incidents per registered MWh per year.

3.5. Probability of home storage system fires

We define the probability of a fire incident as the number of incidents
for a specific year nincigents,year divided by the total number of installed
HSS nygg for this year (see Formula 4). Our investigation reveals a total
of 6 incidents in the year 2022 and 32 incidents in 2023 up until
November 8th. Out of all the incidents found in Germany in the year
2023, 17 incidents took place in the states NRW and Bavaria, which also
account for 41 % of the national cumulative installed HSS capacity as of
November 1st, 2023. Presentation of such correlation between the state-
wise number of fire incidents and the cumulative installed HSS capac-
ities through Fig. 9 serves as a validation for the identified cases up to a
certain extent.

Extrapolating this data (Formula 5) from 2023 for the entire year of
2023 yields a theoretical estimate of 37.5 incidents. As many HSS have
been installed in 2023 in Germany, we chose the average number of
installed HSS for 2023 as nygg for a fair comparison (Formula 6). This
amounts to 820,919 installed HSS. Applying Formula 4 to these
numbers, we compute a fire probability of 0.0046 % per HSS for 2023.
Despite having validated the data (see methodology), we reduce the
reported accuracy to one significant digit (0.005 %) to account for data
extrapolation for November and December 2023, as well as potentially
unreported fire incidents. This leads to a 20 % margin of error, as even
with 45 potentially reported fire incidents, the value would remain at
0.005 %.

Furthermore, climate conditions in November and December do not
suggest a higher fire incident rate than for the rest of the year. Therefore,
we consider 0.005 % a reliable upper bound for HSS fire probability
given current technology and climate conditions in Germany.

Considering the total number of HSS installations, the 6 incidents for
2022 might be underreported. Due to the higher media awareness, we
concentrate on the incidents that could be found for 2023.

P(HSSﬁre / year) = 7ni"°;‘:e““ye“'. @
HSS
_ Mincident,data 12 months 5
Nincidents year = Tpss mon thxmdy ( )
) 0.12 A
>
Z00.10 A
=
S 0.08 A
§ 0.06 A
3
g 0.04
2
Q
S 0.02 A
=
59 p
0.00 . © = - ~ = - - -
= = = = = Q N N N
o = = = o IS o S g
N N N N Q Q Q Q Q
Year [yyyy]

Fig. 8. Fire risk of large-scale BESS.
(Ilustration based on [32-341].)
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(Ilustration based on [2].)
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Figs. 10 and 11 show a visual representation of the 38 fire incidents
that occurred in 2022 and 2023. The distribution of HSS fire incidents
appears uniform throughout the year, with a subtle suggestion of lower
fire risk during June/July and November/December and January.
However, given the limited sample size, this observed pattern may
potentially be an outlier. Notably, as of the study’s conduct in November
2023, only one incident from December 2022 is included.

For the fire incident distribution for the time of day, Fig. 11 shows a
consistent rise in the number of incidents from the morning to afternoon
(2 pm to 4 pm). This observation shows a strong correlation with the
time period we expect an HSS to reach the state of full charge.

If we compare the fire probabilities of HSS with EV and large battery
storage systems per energy (see Fig. 12), it is noticeable that the fire
probability per MWh of a large battery storage system is significantly
lower (0.015 %, see Appendix D). This is because a large battery storage
system has a significantly higher energy capacity than an HSS or an EV.
Larger battery storage systems tend to have larger power electronic
devices attached. However, there are no clear indications that larger
power electronic devices have a higher fire probability. Therefore, the
probability of a fire caused e.g. by the power electronics is distributed on
a higher total capacity. The fire probabilities per energy capacity for HSS
and EV are calculated as in Formula (7). Results can be seen in Table 6.

P(ﬁre / MWh) - Plxjyear) {HSSﬁre,EVﬁre}
average storage capacitiy

)

To calculate the average size of an HSS/EV battery, the total energy
capacity is divided by the number of systems. The fire probability per
MWh of a home storage system (0.56 %) is slightly lower than that of an
electric vehicle (0.59 %).

Number of Incidents [-]
S = N W A~

R
£22= ¢
Time [Month]

Sep
Oct

Jan
Feb
Mai
Nov
Dec

Fig. 10. Distribution of the fire incidents analyzed in 2022 and 2023 over
the months.
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Table 6
Fire probabilities for HSS and EV fire in %.
HSS EV
Entire energy capacity [GWh] 9.2 [2] 90.82 [1]

Number of systems 1,044,110 [2] 2,210,505 [1]
Average storage capacity [kWh] 8.81 41.08 kWh
P(fire per system per year) [%] 0.005 0.024

P(fire per MWh per year) [%] 0.56 0.59

0.30 1
0.25 A
0.20 A
0.15 A
0.10 A
0.05 A

Fire Probability per Year [%]

House ICE EV  HSS PV Tumble Cooling
fire dryer  unit

Probabilities for single elements

Fig. 13. Comparison of the fire probabilities of all described elements.

Comparing the fire probabilities per system (number) and year
(Fig. 13), it is visible that the probability of a general house fire (not
related to PV or HSS) is significantly higher than that of the other cat-
egories (0.28 % per year). The probability of a HSS fire per year is
approximately 50 times lower (0.005 %). With an EV fire probability of
0.021 % per year, an HSS fire is five times less likely than an EV fire.
Furthermore, the probability of an ICE fire (0.089 %) is approximately
four times higher than that of an EV fire. Comparison of the fire prob-
abilities of all described elements.

The probability of an HSS fire per year (0.005 %) is approximately at
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the same level as that of fires in tumble dryers (0.0037 %). In addition,
the probability of PV fires (0.0014 %) is also in this dimension. Only the
probability of fires in cooling units (0.0012 %) per year is four times
lower than that of a HSS fire. A comparison of the stationary systems
only can be found in Appendix E.

4. Case study

After outlining the fire risk posed by individual systems, it is essential
to aggregate these findings within the context of a typical German
household, which serves as the central focus of this study. For this
purpose, we assume a representative middle to high-income German
household that is eager to contribute to the energy transition. Recog-
nizing the pivotal roles played by PV systems, HSS, and EVs in the en-
ergy transition, such a household may possess one or a combination of
these technologies.

Primarily, each household faces an annual constant fire risk of 0.28
% as elaborated in Section 3.1. Moreover, if the house is equipped with
an average-sized PV system of 9 kWp, it is exposed to an additional fire
probability of 0.0014 %. As explained in Section 3.2, here fire risk for an
average-sized ‘residential PV system’ is considered. Generally, PV sys-
tems are more profitable when used in combination with HSS [48,49].
Therefore, if the household is also equipped with one HSS, it is subjected
to an additional fire probability of 0.005 % (refer to Section 3.5). Finally,
ownership of one EV or one ICE vehicle by the household further raises
the fire risk by 0.0021 % and 0.089 %, respectively, as explained in
Section 3.3. For a better overview, all the fire probabilities are sum-
marized in Table 7 below.

Now by considering these fires as entirely independent events, where
each probability signifies the fire risk associated solely with that specific
system, we can calculate the overall fire risk posed by a combination of
systems using the theorem of ‘multi-event additional probability for
independent events’. According to the theorem, the probability of in-
dependent events A or B occurring is calculated using Formular (8).

P(A or B) = P(A) + P(B)-P(A and B) (8)

Here, the last term ‘P(A and B)’ is the probability of events A and B
occurring at the same time, and therefore it is subtracted from the
addition to avoid double counting. By applying the same approach to the
considered German household equipped with only a PV system, the
annual fire risk faced by the household can be calculated using Formula

(9.
P(House or PV) = P(House) + P(PV) — P(House and PV) ()]

The last term ‘P(House and PV)’ denotes the probability of ‘General
house fire’ and ‘PV-triggered fire’ occurring independently and in the
same year. As this term is very small (3.9 x 10~ %), it can be neglected
in the calculation.

Similarly, for 3 events - ‘A’, ‘B’, and ‘C’, the additional probability is
calculated using Formula (10).

P(AorBorC) =P(A)+P(B)+P(C)—P(Aand B) — P(A and C)

10
—P(Band C) +P(A and B and C) a0

By applying this methodology and ignoring negligible terms, fire risk
is calculated for the considered German household possessing the

Table 7
Annual fire risk faced by a representative German household possessing different
systems.

Residential PV Home Electric ICE
building System Storage Vehicle Vehicle
System
Annual fire 0.28 0.0014 0.005 0.021 0.089

probability
[%]
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combination of different systems. Fig. 14 shows these results firstly as
they are on the left-hand side and secondly enlarged with a cross-
sectional axis on the right-hand side. As it can be seen in the enlarged
view on the right side, primarily, each household faces an annual con-
stant fire risk of 0.28 %. The reference case of owning a house and an ICE
has a fire probability of 0.37 %. In contrast, if the household decides to
own an EV instead, a PV system and an HSS the total annual fire risk
would decrease by 16 % to 0.31 %.

The subtraction of any electrical household appliances decreases the
theoretical risk of a house fire, however on very low margins. For
instance, omitting an EV would reduce the fire probability to 0.29 %.
Additionally, omitting an HSS would lower the probability to 0.28 %.
Finally, omitting a PV system would reduce the fire probability by 0.5 %.
This corresponds to a relatively low decrease in the annual fire
probability.

5. Discussion and limitations

This study encountered several challenges attributed to the absence
of a standardized fire incident reporting system in Germany, particularly
where most states employ broad categorizations for such incidents. To
overcome this information gap, web crawlers were utilized. However, it
is essential to acknowledge the inherent limitation of this approach, as
unreported cases, albeit likely minimal, are anticipated.

A notable constraint in this media-centric research is the growing
polarization of reported HSS fires. This phenomenon has resulted in a
higher incidence of reported cases relative to the number of installed
HSS units in 2023 compared to 2022. As a result of this skew, only the
fire probability for 2023 could be computed, and a direct comparison or
average with the preceding year is unattainable. Additionally, it is
important to recognize the inherent biases and potential inaccuracies in
media information. As each incident has been thoroughly investigated
and filtered as described, the calculated fire probability of HSS in this
study should be seen as the minimum probability.

Moreover, we encountered two additional challenges during the
research process: Firstly, the distribution of responsibilities for pro-
cessing each fire incident between local fire and police departments
contributes to non-uniform data collection practices at the govern-
mental level. This lack of consistency complicates efforts to draw
comprehensive conclusions from available data. Secondly, during our
data collection and validation, we were faced with obstacles due to
Germany’s stringent privacy standards, posing a hindrance to obtaining
a complete and accurate dataset.

Similar to HSS fires, we observed the absence of a standardized fire
incident reporting system for PV-, EV-, and ICE-related fires in Germany.
As a result, the calculation of fire probabilities for these components
relies on foundational studies referenced in the Methodology and Re-
sults sections. The accuracy of our findings is therefore inherently
dependent on the reliability and limitations of these foundational
studies.

Another important limitation of this study is that it focuses solely on
the probability of HSS fires occurring and does not analyze the severity
or potential damage caused by these fires. We acknowledge that the fire
effects of different energy storage and fuel systems—such as burning oil
tanks, gas tanks, or HSS—are not directly comparable. The same applies
to vehicles with different drive types. While we reference comparisons to
other fire incidents, such as house fires or burning appliances like
clothes dryers, we recognize that these comparisons may not fully cap-
ture the differences in fire dynamics, energy content, and possible
consequences.

In particular, we are aware that the severity of an HSS fire is likely to
be significantly higher than that of a burning tumble dryer. Unlike
household appliances, HSS contain stored electrical energy, which can
lead to thermal runaway events, high-temperature fires, and potentially
hazardous gas emissions. This fundamental difference means that even if
the probability of an HSS fire is lower than that of a general house fire,
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Fig. 14. Posed annual fire risk for the considered case study possessing the combination of different systems.

the possible consequences may be more severe.

However, our primary objective is to provide a statistical analysis of
fire probabilities rather than an in-depth examination of fire severity.
These aspects warrant further investigation but are beyond the scope of
this study. In addition, evaluation of the incident reports suggests cor-
relations between the location of the HSS and the damage caused by an
HSS fire as a fire in a lower value compartment of the property seems to
cause lower overall financial losses. Furthermore, feedback from fire
departments suggest that an easily accessible location might be advan-
tageous in case of an HSS fire.

6. Summary and outlook
6.1. Summary

This scientific paper presents a comprehensive quantitative analysis
of fires in HSS in Germany in the context of the increasing importance of
battery storage in the energy industry. The results show a significantly
lower probability of an HSS fire compared to a general house fire.
Studies suggest that vehicles with ICE are more likely to be affected by
fires than electric vehicles. The analysis presented in this paper shows
that the probability of an HSS fire lies even below the EV fire probability.
Moreover, the probability of an HSS fire in 2023 is roughly at a com-
parable level to the probability of a tumble dryer fire. In contrast, the
probability of a fire in a PV system or a refrigerator is lower than that of
an HSS fire. Depending on the initial site of the installation of the HSS, a
potential fire can cause damage higher than of fires caused by cooling
units or tumble dryers. During the last years, there were further im-
provements within the safety aspects of HSS. This might affect future fire
probabilities to further decrease. These findings contribute to a deeper
understanding of the risks of battery storage systems in the domestic
environment and enable a well-founded consideration in the context of
the integration of renewable energy systems.

6.2. Outlook
To address the presented challenges and enhance the reliability of

future research, efforts should be directed towards establishing a more
standardized reporting framework, fostering collaboration between

relevant authorities. As long as there is no data collection standard
developed by the authorities, the media research, as presented in this
study, should be continued, to monitor the fire probabilities in the
coming years. Thereby, due to the longer observation period, more
reliable data could be sourced. Future research should complement our
findings by assessing fire impact severity and potential consequences in
more detail.
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Appendix A. Abbreviations and nomenclature

Table 8
Abbreviations are sorted alphabetically.
BEV Battery electric vehicle
EV Electric vehicle
HSS Home storage system
ICE Internal Combustion Engine
NRW North Rhine-Westphalia
PV Photovoltaic

Appendix B. Flow chart diagram for calculating the house fire probability

Journal of Energy Storage 122 (2025) 116599

Fire incidents in residential
buildings in NRW

Share of residential fires in all fire
types in 19 European countries

v

7

Extrapolating the fires to entire
Germany using the total number of \
residential buildings in Germany

~\

( )
Calculating the average value of the
share of residential fires

.

Multiplying the average share with
the total number of fires in
Germany in the same year

Wy,

Calculating the average value of

this two independent methods
4 J

v
(" Dividing the calculated number of )
residential fire incidents by the
average number of residential
\_ buildings )

10



F. Holting et al. Journal of Energy Storage 122 (2025) 116599

Appendix C. Flow chart diagram for calculating the probability of PV and EV fires
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in Germany between 2005 and Sweden and Finland between 2015
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Appendix D. Search strings

[Energie, Strom, PV, Solar, Photovoltaik, Fotovoltaik, Sonnen]
[Speicher, Batterie, Akku, Zelle, Modul, Wechselrichter, Inverter, Anlage, System, Keller, Garage, Schuppen, Haus]

[Verpuffung, Explosion, Feuer, Brand, Rauch, Schmor, Flamm, Einsatz, Feuerwehr, Feuerloscher, Verletzt, Schaden, Uberhitzung,
Kurzschluss, Defekt]

11
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Appendix E. Comparison of the fire probabilities of all stationay elements
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Appendix F. Cumulative installed PV capacity and number of PV systems in Germany [41]
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Year Installed capacity in MW Number of installed systems Average capacity per system in kWp
2013 36,710 1,449,413 25.33
2014 37,900 1,521,365 24.91
2015 39,224 1,572,922 24.93
2016 40,679 1,622,405 25.07
2017 42,293 1,686,993 25.07
2018 45,207 1,760,396 25.68
2019 48,864 1,863,679 26.22
2020 54,309 2,041,010 26.61
2021 60,027 2,275,897 26.37
2022 67,499 2,665,673 25.32

Appendix G. Number of EV fires per registered EV per year in different countries [27]

Country Year Number of Cumulative number of EV Fires/Registered Weighted Average EV Fires/Reg Weighted Average of EV-related Fires/
Fires registered EV EV EV/year Reg EV/year
Denmark 2018 3 10,541 2.85E-04 6.52E-04 2.11E-04
2019 10 15,205 6.58E-04
2020 18 25,345 7.10E-04
Netherlands 2020 71 270,303 2.63E-04 2.92E-04
2021 118 381,335 3.09E-04
Norway 2016 17 97,532 1.74E-04 9.97E-05
2017 28 138,983 2.01E-04
2018 8 195,351 4.10E-05
2019 18 260,692 6.90E-05
2020 24 340,002 7.06E-05
2021 32 460,734 6.95E-05
2022 24 599,169 4.01E-05
Sweden 2018 8 156,331 5.12E-05 4.96E-05
2019 6 207,904 2.89E-05
2020 20 308,485 6.48E-05
2021 24 452,413 5.30E-05
2022 23 610,716 3.77E-05
Finland 2015 1 1587 6.30E-04 3.04E-04
2016 2 3285 6.09E-04
2017 O 7168 0.00E+00
2018 3 15,499 1.94E-04
2019 3 29,364 1.02E-04

12
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Data availability

Data will be made available on request.
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