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Abstract
The fire danger of lithium ion batteries is currently being discussed
intensively. There are many views, but coordinated or ready-to-use
concepts are still rare, what ultimately led to our investigations. Since the
currently available lithium ion battery systems differ widely in terms of
price, storage density and other technical specifications as well as the
level of intrinsic safety, we think it is difficult if not impossible to develop
a universal fire protection concept for all lithium ion battery systems.
Therefore, we have primarily addressed the issue of fire protection for
stationary lithium ion battery energy storage systems. To develop an
optimized solution for the specific usage of managed stationary storage
systems, it was necessary to carry out a series of experiments.
Test results presented in this paper show that with adequate technical
fire protection, energy storage systems entail a manageable fire risk.
The key to success lies in the combination of earliest possible fire
detection with high-performance aspirating smoke detectors and inertgas fire-fighting installations. For this application detectors are needed
that reliably detect both incipient electric fire and aerosols released
during the electrolyte venting of the battery. High air velocities and gas
dilution require sensitive sensors. Aspirating smoke detectors (ASD)
detect not only any smoke but also escaping aerosols from the battery at
an early stage, thus enabling the reliable detection of impending thermal
runaways even in their development.
A very early flooding of the extinguishing agent prevents the formation of
large quantities of explosive electrolyte-oxygen mixtures and reduces the
development of a first explosion. Thereby it also inhibits the propagation
of the thermal runaway to other cells, prevents secondary fires and by
a long-lasting inertization also reignition.
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Introduction
Since their launch in the early 1990s, lithium ion batteries found their way
into a variety of applications. For example, they are used for stationary
energy storage in Smart Grids. This is an application expected to grow
rapidly due to the increasing expansion of renewable energy production
and the associated decentralization and stabilization needs of such
energy sources.
Lithium ion batteries combine large amounts of chemical energy with
mostly highly flammable electrolytes [1]. Based on the expected
development of battery chemistries, it is estimated that the thirdgeneration batteries currently used and considered here will still be in
service until the middle of the next decade.
To develop a suitable solution for the protection of lithium ion batteries in
managed stationary energy storage systems, several experiments and
tests are necessary concerning both detection and extinguishing
technologies. In this paper a summary of the development of a fire
protection concept for those lithium ion battery storage systems is given
and the results obtained are presented.
Fire hazards in lithium ion battery storage systems
The fire risk assessment forms the basis for the development of
sustainable fire protection concepts, i.e. answering the following
questions: What are the fire hazards? What is their probability of
occurrence? What are the expected effects in each case?
Electric fires are often the cause of major damage and the main cause of
fire in industrial companies. These risks alone require both a reliable
detection and an automatic extinguishing system for safe operation.
For this purpose, suitable solutions are well known today. What remains
is the risk of a thermal runaway, the fire and explosion hazard emanating
from the lithium ion battery itself. Only when this risk is understood,
concepts for achieving the protection objectives can be developed.
To understand the specific fire hazards of lithium ion batteries and their
storage systems we need to understand the battery technology and the
typical course of a thermal runaway [1].
In addition to controlling and monitoring of the charging conditions, the
battery management system also handles the temperature management
during charging and discharging. Thermal runaways are only to be
expected under extreme external influences such as high temperatures
(e.g. fire) or mechanical deformation with a resulting separator defect or
after an internal short circuit due to unrecognized aging (e.g. dendrite
formation).

To identify the specific fire risks associated with batteries and their
storage systems, we need to examine battery technology. Each lithium
ion cell consists of two electrodes, which are composed of a collector and
an active material. Between the electrodes, there is the ion-conducting,
typically flammable electrolyte and the separator, which ensures the
electrical separation of the electrodes. Since batteries combine large
amounts of chemical energy with flammable electrolytes, any damage to
the separator (mechanical or due to high temperatures) leads to a short
circuit with a high probability of thermal runaway.

Fig. 1. Lithium ion battery cell structure.
The filigree design (≈ 30 µm separator thickness), the ever-higher energy
density and ultimately the aging of the battery are the causes of the
danger. If external mechanical forces are excluded, a fire from the battery
cells itself is always due to age-related damage to the separator and
a subsequent internal short circuit. The resulting rise in temperature
causes the usually highly flammable electrolyte to evaporate. As a result,
the internal pressure in the cell builds up until the electrolyte vapor
is released either via a pressure relief valve or through the bursting of the
casing. Without countermeasures an explosive gas-air mixture can build
up. Then only an ignition source is required and there is an explosion-like
combustion.
Development of the fire protection concept
The risk analysis leads to a series of questions. How gets the
development of a thermal runaway visible? How and when can we
recognize a thermal runaway or its development? Can we stop the
spread of fire from cell to cell? Can we extinguish or weaken the fire of
a battery cell?
In order to achieve a particularly safe test procedure optionally under
oxygen reduced atmosphere and to ensure reproducibility, a test box
(volume of 1.4 m3) was set up, which accommodates all the apparatus,

equipment and measuring technology required for the experiments and
can be hermetically sealed.
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Fig. 2. Siemens fire test setup environment.
However, with which method can a cell be forced into thermal runaway
in a reproducible and observable manner? And considering the multitude
of different types of lithium ion battery systems, how can the results
obtained be transferred and applied to achieve a compliant and safe
installation?
Indication on established fire test criteria and methods for large scale fire
and fault condition testing of battery energy storage systems can also be
found in UL 9540A. The propensity of the battery cells to exhibit thermal
runaway was demonstrated by heating the cells with two battery mounts
and integrated ceramic radiant heaters (heating power 2 kW). One was
designed for 18650 round cells, the other for prismatic and pouch cells.
This enables controlled heating of the battery cell at a constant rate of up
to 20 °C per minute

Fig. 3. Cell heating.

The battery cells to be tested were placed with state of charge 100% in
the battery mount that was installed in the test box. In all tests that were
carried out exclusively for fire detection, the test box was inertized with
nitrogen to avoid the formation of explosive oxygen-electrolyte gas
mixtures. The oxygen concentration was ≤ Vol. 10%. The battery cells
were heated until the separator collapsed. The temperature gradient was
chosen so that the battery mount heated up evenly to get a good estimate
of the battery cell temperature. The temperature of the heated carrier side
(controlled variable), the back of the carrier and, in the case of prismatic
and pouch cells, also the back-surface temperature of the cell was
recorded continuously.
During the tests, air was permanently aspirated from the test box and
checked for the presence of aerosol particles by means of an ASD
system. In all test cases with round cells, a typical sensor signal curve
was found, which can be divided into characteristic phases:


Release of invisible electrolyte gas or vapor after opening the
pressure relief valve (venting).



Electrolyte vapor release and gradual “drying-out” of the battery cell
(decreasing smoke signal after venting peak).



Failure of the separator and cell internal short circuit (runaway).

Fig. 4. Example heating up a cell until the separator breaks down.
Associated sensor signal curve of the ASD typical for 18650
round cells.
By using technology with both blue and infrared LED light the ASD can
detect a more complete range of particle size. Blue light is more sensitive
to smaller smoke particles than infrared.

With any of the tested cell chemistries, it was possible to detect the
aerosols produced with the release of invisible electrolyte vapor, and this
before the collapse of the battery separator or final thermal runaway due
to the high sensitivity of the ASD system. With the alarm level, the
detector can indicate the developing thermal runaway in the early phase
of the release of electrolyte vapor. Cell chemistries tested were lithium
cobalt oxide, lithium manganese oxide and lithium nickel manganese
cobalt oxide, the last with different compositions. Different ratios of ASD
blue and IR signals were reliably detected. These arise from fluctuating
particle size distributions.

Fig. 4a. Time aligned Fourier-transform infrared spectroscopy (FTIR)
measurement of gases released during venting of 18650 round
cell and ASD sensor signal curve.
For comparison, when a prismatic cell is heated the sensor signal curve
shows a noticeable increase in aerosol minutes before the venting. This
is due to the aerosols created at the beginning of the pyrolysis phase of
the cell sheathing.

Fig. 5. Heating up a prismatic cell until the separator breaks down.
Associated sensor signal curve of the ASD.

In summary, it was possible to show in all of the detection tests we carried
out that thermal runaways that are associated with cell heating can be
reliably detected by monitoring the escaping electrolyte or aerosols using
suitable ASD technology during their development and minutes before
the actual runaway of the battery.
Propagation of thermal runaway
Based on many documented cases, it is known that thermal runaways
without countermeasures can spread from cell to cell in a complete
battery system and cause large fires. In order to investigate the spread
of thermal runaway in real cell arrangements as well as the measures to
prevent propagation, a test setup was created that enables thermal
runaway in battery modules to be initiated by generating an internal short
circuit. Basic parts of the test setup are:
 Section of an equipped original battery module, directly adjacent to
the penetration device made of a pneumatic cylinder with spike.
 Attachment of temperature sensors in the spaces between the battery
cells

Fig. 6. Penetration device.
Test procedure: A thermal runaway is initiated by penetration of cell 1
with a metal spike once with 20.9 % oxygen concentration the other time
with 11.3 % oxygen concentration (for this battery module). The
temperature development between the battery cells is recorded.
When starting the thermal runaway under normal atmospheric conditions
with 20.9 % oxygen concentration, there is a rapid temperature rise,
which is registered by the sensor between cells 1 and 2, followed by an
even stronger temperature rise between cells 2 and 3 - a clear indication
that the cell 2 gets into a runaway. The repetition of the test after
introducing the inert gas nitrogen with a residual oxygen concentration of
11.3 % shows a now dampened temperature rise, which is registered by
the sensor between cells 1 and 2, and no significant temperature rise
between cells 2 and 3. This is an indication that there was no thermal
runaway in cell 2.

Fig. 7a. Temperature development during propagation test.
Penetration at 20.9 % oxygen concentration leads to complete
propagation of the thermal runaways across all battery cells. The
penetration in a reduced oxygen atmosphere below 11.3 % shows no
spread of the thermal runaway. The limited temperature rise in cell 2 only
leads to the outgassing of the electrolyte and the development of the
thermal runaway is stopped in phase 2 - electrolyte vapor release. Cell 3
has no functional restrictions apart from heavy soiling. Cell 3 is
completely intact.

Fig. 7b. Image after disassembly: Prevention of the spread of the
thermal runaway.
An incipient thermal runaway can be inhibited by the inert gas
atmosphere and the propagation to neighbouring cells can be prevented.
This has also been confirmed with other types of batteries, although the
required inert gas concentration can vary.
Conclusion and outlook
With the test results described, realistic protection objectives for lithium
ion battery storage systems can be defined:


Battery systems, modules and cells must be protected against
external (e. g. electrical) fires.



Depending on the battery configuration, fires must be limited to
individual cells or affected modules.



The spread of the thermal runaway beyond the affected module
must be prevented.



Secondary fires must be prevented.

Thereof indication for a protection concept can be derived. A developing
thermal runaway shall be recognized as early as possible by the
detection of the electrolyte release, which allows the introduction of
extinguishing agent and inert gas respectively in sufficient concentration
into the battery compartment before the separator of the first cell fails.
The battery management system should use the early information about
the outgassing of the battery cell to apply shutdowns that can stop the
development of a runaway due to overcharging.
Considering the multitude of different types of lithium ion battery systems,
the test results obtained cannot be transferred and applied automatically
to achieve a compliant and safe installation. The specific applicability
must be verified individually by means of appropriate tests. With the test
methods and equipment presented in this paper, however, a good
starting point was created for efficient solution finding.
Our protection concept in stationary lithium ion battery energy storage
systems obtained VdS approval. As the next step it is planned to prove
conformity of the protection concept as part of the evaluation of thermal
runaway fire propagation in battery storage systems in compliance with
UL 9540A.
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