Lithium Ion Batteries
Hazard and Use
Assessment - Phase III
FINAL REPORT BY:
R. Thomas Long Jr., P.E., CFEI
Andrew Blum, P.E., CFEI
Exponent, Inc.
Bowie, Maryland USA
November 2016

© 2016 Fire Protection Research Foundation
1 Batterymarch Park, Quincy, MA 02169-7417, USA
Email: foundation@nfpa.org Web: nfpa.org/foundation

This page intentionally blank

—— Page ii ——

FOREWORD
This report is part of a multi-phase research program sponsored largely by the Foundation’s
Property Insurance Research Group (PIRG) to develop guidance for the protection of lithium ion
batteries in storage.
The first two phases of this project addressed a hazard assessment and a large scale flammability
characterization, and were completed in 2013. The latter of these two earlier efforts provided
useful information on the performance of packaged small format batteries in storage. This
indicated that a practical sprinkler protection solution, similar to that used for other common stored
commodities, will be effective.
In order to confirm this finding, a third and final phase of the test program was conducted and the
results are addressed by this report. This consisted of large scale testing (8-24 pallet loads) to
ensure that the proposed sprinkler system will be effective in controlling this specific fire hazard.
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Limitations
At the request of the Fire Protection Research Foundation (FPRF), Exponent has reported on
sprinkler protection of lithium ion (Li-ion) batteries stored in cartons. This report summarizes a
full-scale, reduced-commodity fire test, a large-scale sprinklered fire test and a series of smallerscale tests/evaluations, as reported by FM Global. The scope of services performed during this
assessment of the test data may not adequately address the needs of other users of this report,
and any re-use of this report or its findings, conclusions, or recommendations presented herein
are at the sole risk of the user.
Fire protection recommendations based on FM Global’s reduced-commodity and large-scale test
approach are strictly limited to the test conditions included in this report. The combined effects
(including, but not limited to) of different storage heights, ceiling height, protection system
design, battery density, state-of-charge (SOC), chemistry and battery format are yet to be fully
understood and may not be inferred from these test results alone.
The findings formulated in this review are based on observations and information available at
the time of writing. The findings presented herein are made to a reasonable degree of
engineering certainty. If new data becomes available or there are perceived omissions or
misstatements in this report, we ask that they be brought to our attention as soon as possible so
that we have the opportunity to fully address them.
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Executive Summary
This report summarizes fire tests conducted to determine fire protection guidance for warehouse
storage of cartoned Li-ion batteries. The main methodology for this project consisted of a two
prong approach to analyze the fire hazard of Li-ion batteries in cartons: (1) a comparison of free
burn flammability characteristics of a large-format polymer pouch Li-ion battery to FM Global
standard commodities and previously tested small-format Li-ion batteries in a rack storage
array1,2 and (2) a large-scale fire test to assess the performance of ceiling-level sprinkler
protection on cartoned large-format polymer pouch Li-ion batteries. The goal of the
experimental approach was to maximize the application of the successful large-scale fire test
result.
Additional tasks of this project involved (3) assessing the impact of internal ignition within a
pallet load of batteries versus the external ignition typically used in large-scale fire testing; and
(4) assessing the effectiveness of sprinkler water at suppressing a fire at a later stage of battery
involvement than could be achieved in the large-scale test. These tasks reinforce the sprinkler
protection guidance resulting from the successful large-scale fire test. All data, test
descriptions, data analysis, and figures in this report were provided by FM Global. Exponent
has relied on the FM Global testing report entitled, “Development of Protection
Recommendations for Li-ion Battery Bulk Storage: Sprinklered Fire Test,” as a basis for this
report.3
This project was conducted in partnership with the Property Insurance Research Group (PIRG)
and was in collaboration with the Fire Protection Research Foundation (FPRF). The previous

1

B. Ditch and J. de Vries, "Flammability Characterization of Lithium-ion Batteries in Bulk Storage," FM Global
Technical Report, March 2013.

2

R. Thomas Long Jr., R. T. Long Jr., J. Sutula, and M. Kahn, "Li-ion Batteries Hazard and Use Assessment Phase
IIB: Flammability Characterization of Li-ion Batteries for Storage Protection," Report prepared for the Fire
Protection Research Foundation, 2013.

3

B. Ditch, “Development of Protection Recommendations for Li-ion Battery Bulk Storage: Sprinklered Fire Test,”
FM Global, September 2016.
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two phases of the project included a use and hazard assessment report4 (Phase I) and a series of
reduced-commodity fire tests comparing the flammability characteristics of common Li-ion
batteries/products to FM Global standard commodities (Phase II).1,2 These tests showed that
bulk storage of small-format (2.6 Ah) Li-ion batteries exhibit similar fire growth leading to first
sprinkler operation as other more common cartoned commodities. Further, it was determined
that the time required for involvement of the Li-ion batteries in a fully developed fire is
approximately five minutes. These conclusions provided the basis for sprinkler protection
recommendations for small-format Li-ion batteries in bulk storage, with the goal of suppressing
the fire before the anticipated time of involvement of Li-ion batteries.
The Li-ion batteries available for this project were 20 amp hour (Ah), 3.3 volt (V), polymer
pouch batteries with lithium iron phosphate (LiFePO4) chemistry. The battery dimensions were
approximately 6.0 × 9.0 × 0.3 inches (in.) and the state-of-charge (SOC) was nominally 50%.
Packaging consisted of corrugated containerboard cartons that housed 20 batteries separated by
10 levels of plastic dividers. This packaging and battery layout was consistent with the
previously tested small-format Li-ion polymer batteries.1,2
The free burn flammability characteristics of the 20 Ah Li-ion polymer pouch battery were
tested and compared to those of FM Global’s standard commodities and small-format Li-ion
batteries from Phase II.1,2 The test, referred to as a “reduced-commodity” test, was used to
estimate the fire hazard present at the time of first sprinkler operation in a sprinklered
warehouse fire scenario. Measurements focused on the fire development of each commodity
and the time of battery involvement for the Li-ion batteries during a free-burn rack storage fire
test. The key findings reported by FM Global from these tests when compared to the previous
reduced-commodity tests included:
•

The cartoned 20 Ah large-format battery used in the present study represented a higher
hazard than the previously tested 2.6 Ah small-format cylindrical and polymer pouch
batteries.

4

C. Mikolajczak, M. Kahn, K. White, and R. Long, “Lithium-Ion Batteries Hazard and Use Assessment,” Report
prepared for the Fire Protection Research Foundation, June 2011.
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•

Product packaging (corrugated board containers and plastic dividers) was identified as a
key factor driving the hazard in Li-ion batteries in storage. While the corrugated board
cartons were shown to dominate the initial fire growth, the plastic content within the
cartons was shown to be a driving factor in the overall commodity hazard.

•

Cartoned batteries containing significant quantities of plastics exhibited a similar rapid
increase in the released energy due to involvement of the plastic early in the fire
development.

•

Cartoned batteries containing minimal plastics (such as the small-format cylindrical and
polymer Li-ion batteries tested in Phase 2) exhibited a slower increase in energy release
and a delay in the battery involvement due to heating of the batteries. In this case the
plastic dividers represented a lesser combustible load than the heavy plastic dividers
used for the 20 Ah polymer pouch battery.

The performance of ceiling-level automatic fire sprinkler protection was assessed with a largescale sprinklered fire test. The test evaluated the above mentioned battery type and SOC stored
in cartons in a three-tier high rack storage array at 15 feet (ft.) in height and a ceiling height of
40 ft. Protection was provided by quick-response, pendent sprinklers, having a 165oF rated link
with a K-factor of 22.4 gpm/psi1/2. The key findings reported by FM Global from this large
scale test included:
•

Storage up to 15 ft. under ceiling heights up to 40 ft. can be adequately protected by a
fire sprinkler system comprised of pendent sprinklers having a K-factor of 22.4
gpm/psi½, a nominal 165oF temperature rating and RTI of 50 ft½s½, installed on 10 ft. ×
10 ft. spacing at an operating pressure of 35 psig.

•

Protection guidance established from the large-scale fire test can be reasonably applied
to small-format (such as 2.6 Ah cylindrical and polymer pouch) Li-ion batteries
previously tested for this project.

Two additional tasks were performed to reinforce the sprinkler protection guidance mentioned
above. The first evaluation assessed the likelihood and impact of ignition resulting from
thermal runaway of one or more batteries within a carton. The second analyzed the
effectiveness of sprinkler water at suppressing a fire at a later stage of battery involvement than
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was achieved in the large-scale test. The key findings reported by FM Global from these
additional analyses/tests included:
•

For all small- and large-format Li-ion batteries used in this project, the development of a
rack storage fire leading to sprinkler operation should be similar for both an ignition
scenario where the fire initiates inside or outside of the carton.

•

The sprinkler system used in the large-scale fire test was sufficient to protect against a
fire where the Li-ion batteries were contributing more to the overall fire severity than
occurred in the large-scale test.

1100034.002 - 8444

9

1 Introduction
Lithium ion (Li-ion) batteries have become the dominant rechargeable battery chemistry for
consumer electronics. This chemistry is different from previously popular rechargeable battery
chemistries (e.g., nickel metal hydride, nickel cadmium, and lead acid) in a number of ways.
From a technological standpoint, because of high energy density, Li-ion technology has enabled
or improved entire families of devices, such as laptops, power tools, cameras, and cell phones.
The increased utilization of these devices has led to an influx of the bulk storage of Li-ion
batteries and heightened the need for sprinkler protection options that address the hazards
associated with Li-ion battery bulk storage fires.
Fire challenges associated with the bulk storage of Li-ion batteries are unique given the
presence of a flammable organic electrolyte within the Li-ion battery as compared to the
aqueous electrolytes typically found in other widely used battery types. When exposed to an
external fire, Li-ion batteries can experience thermal runaway reactions resulting in the
combustion of the flammable organics and the potential rupture of the battery. Currently, NFPA
13, Standard for the Installation of Sprinkler Systems (NFPA 13), does not contain specific
research-based sprinkler installation recommendations or protection requirements for Li-ion
batteries. This report summarizes fire tests conducted to help fill that void currently in NFPA
13.

1.1 Project History
This project was conducted in partnership with the Property Insurance Research Group (PIRG)
and was directed through the Fire Protection Research Foundation (FPRF). The previous two
phases of the project included a use and hazard assessment report4 (Phase I) and a series of
reduced-commodity fire tests comparing the flammability characteristics of common Li-ion
batteries/products to FM Global standard commodities (Phase II).1,2 This project, known as
Phase III, included a full-scale fire test to assess the performance of ceiling-level sprinkler
protection on cartoned large-format polymer pouch Li-ion batteries.

1100034.002 - 8444
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1.1.1 Phase I
In 2011, the FPRF conducted a hazard and use assessment of lithium ion (Li-ion) batteries, with
a focus on bulk warehouse storage (known as Phase I). Phase I of this project concluded with a
detailed report describing the hazard assessment of Li-ion batteries.4 A key finding from Phase
I was that the warehouse setting was frequent throughout the entire lifecycle of Li-ion batteries.
In the warehouse setting, several failure modes of Li-ion batteries were identified, including
mechanical abuse, electrical abuse, thermal abuse from an external fire, and internal fault.
However, internal fault is unlikely unless the Li-ion cells are being actively charged while being
stored. Thus, this failure mode is not directly applicable within a large storage warehouse
setting and is outside the scope of the current project. Based on this finding, an external fire
source attacking the stored commodities was selected as the ignition source for future fire tests
in Phase II and this project (Phase III).
Phase I also identified a knowledge gap related to research-based sprinkler protection guidance
for storage of Li-ion batteries. Water-based automatic sprinkler systems are commonly used in
warehouses, therefore, water based suppression was chosen as a starting point for evaluating fire
protection strategies for Li-ion batteries. At the time of project initiation, there is no designated
fire protection suppression strategy for bulk packaged Li-ion cells, larger format Li-ion cells, or
Li-ion cells contained in or packed with other equipment. NFPA 13 does not provide a specific
recommendation for the protection of Li-ion cells or complete batteries, and it is not known if
water is the only appropriate extinguishing medium for Li-ion batteries.

1.1.2 Phase II
In 2013, the FPRF completed the next phase of this program to characterize the flammability of
Li-ion batteries in an attempt to provide the basis for fire protection guidelines of common
small-format battery types in rack storage configurations (known as Phase II). Phase II
extended the work completed in Phase I with the ultimate goal of establishing specific fire
protection guidance for bulk warehouse storage of small-format Li-ion batteries. Phase II was
segmented into two components: Phase IIA and Phase IIB. Phase IIA consisted of a survey of
common Li-ion batteries and storage conditions found in warehouse storage settings. The
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survey gathered data from groups that store batteries, cells, or devices containing batteries or
cells. The primary responders included groups from manufacturing, research, and recycling.
Based on a summary of the responses, several storage details related to Li-ion batteries were
identified. First, the most common form factor was a small cylindrical cell. Second, almost all
of the response groups were engaged in storage of Li-ion cells or batteries. Third, the Li-ion
batteries or cells were typically packaged in cardboard boxes (cartoned). The boxes were
commonly on wood pallets and were wrapped in plastic. Finally, the palletized loads were
stored in a rack storage configuration. Movable racks were more commonly found than fixed
racks, and the shelves were likely to be perforated.
Based on the range of Li-ion cell types, 18650 format cylindrical Li-ion batteries, prismatic Liion polymer batteries, and packaged power tool rechargeable battery packs with cylindrical cells
were identified as the most pertinent for the analysis. These batteries are found in a host of
different commodities, including, but not limited to, portable GPS devices, portable game
players, portable DVD players, portable televisions, portable radios, cellular phones, music
players, electronic readers, notebook computers, cordless headphones, universal remote
controls, cameras, camcorders, two-way radios, rechargeable vacuums, electric razors, electric
toothbrushes, and electric vehicles.
Following the results of Phase IIA, Phase IIB entailed full-scale fire testing of three types of
small-format batteries: 18650 format cylindrical Li-ion batteries, prismatic Li-ion polymer
batteries, and packaged power tool rechargeable battery packs with cylindrical cells. Standard
commodity classification testing typically involves three to four full-scale fire tests of eight or
more pallet loads of the commodity. Due to the inordinate costs of acquiring pallets of Li-ion
batteries, which may contain over 20,000 batteries, a modified approach was executed by FM
Global, known as a “reduced-commodity” test. Phase IIB adopted this modified approach and
benchmarked the flammability of a smaller quantity of cells/packs strategically arranged in a
rack storage configuration against standard commodities in the same configuration and
permitted testing of a reduced amount of commodity. These tests showed that bulk storage of
small-format (2.6 Ah) Li-ion batteries exhibit similar initial fire growth leading to first sprinkler
operation as other more common cartoned commodities. Further, it was determined that the
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time required for involvement of the Li-ion batteries in a fully developed fire is on the order of
five minutes (min). Lastly, it was noted that without full-scale sprinklered testing experience
with Li-ion batteries, protection system performance must preclude Li-ion battery involvement.

1.1.3 Phase III
In 2015, the FPRF embarked on Phase III of the program, the results of which this report
summarizes. The primary objective of this project was to determine the fire protection guidance
for the warehouse storage of cartoned Li-ion batteries. The main methodology for this project
consisted of a two prong approach to analyze the fire hazard of Li-ion batteries in cartons: (1) a
comparison of free burn flammability characteristics of a large-format polymer pouch Li-ion
battery to FM Global standard commodities and small-format Li-ion batteries tested in Phase II
and (2) a large-scale fire test to assess the performance of ceiling-level sprinkler protection on
cartoned large-format polymer pouch Li-ion batteries. The goal of the experimental approach
was to maximize the application of the successful large-scale fire test result. For example,
adequate sprinkler protection established in a large-scale test for this specific battery may be
applied to other Li-ion batteries that are shown in the reduced-commodity evaluation test to
pose a hazard less than or equal to that of the large-format polymer pouch Li-ion battery tested
in this large-scale test.
Additional tasks of this project involved (3) assessing the impact of internal ignition within a
pallet load of batteries versus the external ignition typically used in large-scale fire testing; and
(4) assessing the effectiveness of sprinkler water at suppressing a fire at a later stage of battery
involvement than could be achieved in the large-scale test. These tasks were undertaken to help
reinforce the sprinkler protection guidance resulting from the large-scale fire test. For this
project, all resources associated with conducting Phase III, including full-scale fire testing
described in detail in the remainder of this report, the tests, data compilation, and results, were
generously donated by FM Global.
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2 Commodity Description
This section provides the description of exemplar Li-ion batteries as well as their original
packaging tested during this project.

2.1 Battery Package Description
As received by Exponent, exemplar Li-ion batteries were packaged in a cardboard box
measuring approximately 17 inches (in.) long × 13.5 in. wide × 6.5 in. high, as shown in Figure
1. The total weight of the package including all contents is approximately 27 pounds (lbs.).
The cardboard box itself weighs approximately 1.36 lbs. and is labeled with warnings and
information identifying the commodity type as “UN3480 Lithium Ion Batteries Class 8
Packaging Group II” with a labeled “total quantity of 10.0 kg”.

Figure 1 Cardboard box

Located inside the cardboard box was a sheet of packing material (bubble wrap), a stack of ten
(10) white plastic crates (i.e. dividers), and a total of twenty (20) battery cells, as shown in
Figure 2. The bubble wrap measures approximately 24 in. long × 12 in. wide and weighs 0.04
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lbs. The stack of ten (10) white plastic dividers was approximately 5 in. high, as shown in
Figure 3. Each white plastic divider measures 16.5 inches long × 12.5 inches wide × 7/8 inches
high, weighs approximately 0.39 lbs., and contains two (2) battery cells, as shown in Figure 4.
Fourier transform infrared spectroscopy (FTIR) analysis was performed on the packing
materials and the results indicate that the bubble wrap was polyethylene (PE) and the white
plastic dividers were polystyrene (PS).

Figure 2 Package contents inside the cardboard box

1100034.002 - 8444

15

Figure 3 Stack of ten battery dividers

Figure 4 Battery crate containing two (2) battery cells
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2.2 Battery Cell Characterization
The battery cell was identified as a Li-ion pouch cell that measures approximately 9 inches long
× 6 inches wide × 0.30 inches thick and weighs approximately 1.09 lbs., as shown in Figure 5.
The positive and negative electrodes were 1.75 inches wide and extended approximately 1.25
inches from the battery cell. Based on the manufacturer’s published specification, the nominal
cell capacity was 20 amp hour (Ah) with a 19.6 Ah minimum and the nominal voltage of 3.3
volts (V).5

Figure 5 Li-ion battery cell

Materials analysis was performed to identify the cell chemistry and the components of the
battery cells. An FTIR analysis indicates that the exterior soft foil pouch was coated with
polyester terephthalate (PET). Scanning electron microscopy with energy dispersive X-ray
spectroscopy (SEM/EDS) analysis indicates that the cell chemistry is lithium iron phosphate
(LiFePO4). The battery cell features a stacked electrode design with alternating sheets of anode
and cathode separated by a polymer separator, as shown in Figure 6.

5

APP72161227 - AMP20M1HD Nanophosphate Lithium Ion Prismatic Pouch Cell Datasheet (MD100105-02)
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Figure 6 Battery internal components

2.2.1 Electrical Characterization 1
Exponent conducted a state-of-charge (SOC) analysis using three (3) exemplar battery cells.
Each cell was discharged at a C/10 rate to 2.2 V to measure the as-received capacity. The cell
was then recharged at a C/10 rate to 3.6 volts, and was again discharged to determine the
discharge capacity after full charge. The as-received SOC for the 3 exemplar battery cells was
approximately 50%, as summarized Table 1.
Table 1 Battery As-Received SOC - Electrical Characterization 1
Battery
Cell ID

As-received Discharge
Capacity (Ah)

Discharge capacity after
fully charged (Ah)

As-received
SOC (%)

Expo-1

10.145

20.4305

49.7

Expo-2

10.052

20.3329

49.4

Expo-3

10.009

20.2834

49.3

Average

10.069

20.349

49.5

1100034.002 - 8444

18

Further, Exponent performed an electrolyte mass analysis using the same 3 exemplar battery
cells. As received, the cells were weighed and the alternate current (AC) impedance was
measured to be approximately 1.0 milliohm. The cell pouches were then cut to allow for drying
of the electrolyte solvent under vacuum at 113°F for 12 hours and subsequently at 140°F for 6
hours. After the drying process, the cells were weighed again and the mass loss was
determined. The AC impedance was measured to be greater than 15 ohms after drying,
suggesting that most of the electrolyte mass was removed.
It should be noted that the mass loss (i.e. volatile mass) is expected to constitute the largest
contribution of the electrolyte mass (i.e. electrolyte solvents). While the non-volatile portion of
the electrolyte (most likely including electrolyte co-solvents, salts or LiPF6, and additives) may
not be completely removed during the drying process, the non-volatile mass is expected to be
much less substantial. As such, the mass loss obtained from the drying process is considered to
be a reasonable estimate for the electrolyte mass. The electrolyte mass for the 3 exemplar
battery cells was approximately 8% of the battery cell mass, as summarized in Table 2.
Table 2 Battery Electrolyte Mass - Electrical Characterization 1
Battery Cell
ID

As-received Mass

Dried Mass (g)

Mass Loss (g)

Electrolyte
Mass (%)

Expo-1

1.087 lb.

1.001 lb.

0.087 lb.

8.0

Expo-2

1.086 lb.

0.998 lb.

0.088 lb.

8.1

Expo-3

1.086 lb.

0.998 lb.

0.089 lb.

8.2

Average

1.087 lb.

0.999 lb.

0.088 lb.

8.1

2.2.2 Electrical Characterization 2
In addition to Exponent’s analysis, Tesla Motor (Tesla) concurrently conducted a SOC analysis
using two (2) exemplar battery cells. Each cell was discharged to measure the as-received
capacity. Each cell was discharged at a C/10 rate to 2.3 V to measure the as-received capacity.
The cell was then recharged at C/10 rate to 3.65 V, and was again discharged to determine the
discharge capacity after full charge. The as-received SOC for the 2 exemplar battery cells
analyzed by Tesla was approximately 50%, consistent to Exponent’s findings, as summarized in
Table 3.

1100034.002 - 8444

19

Table 3 Battery As-Received SOC - Characterization 2
Battery Cell ID

As-received Discharge
Capacity (Ah)

Discharge capacity
after fully charged (Ah)

As-received
SOC (%)

Tesla-1

9.884

20.193

49.0

Tesla-2

10.199

20.491

49.8

Average

10.042

20.342

49.4

An electrolyte mass analysis was also performed by Tesla using two additional exemplar battery
cells. As received, the cells were weighed and the internal components were disassembled to
allow for drying of the electrolyte solvent at room temperature (approximately 73°F) for 8 days
under a laboratory fume hood. After the drying process, the cells were weighed again and the
mass loss was determined. The electrolyte mass for the 2 exemplar battery cells was
approximately 7% of the battery cell mass, consistent with Exponent’s findings, as summarized
in Table 4.
Table 4 Battery Electrolyte Mass - Electrical Characterization 2
Battery Cell ID

As-received Mass

Dried Mass

Mass Loss

Electrolyte Mass

Tesla-3

1.073 lb.

1.002 lb.

0.071 lb.

6.6%

Tesla-4

1.083 lb.

1.001 lb.

0.082 lb.

7.5%

Average

1.078 lb.

1.002 lb.

0.076 lb.

7.1%

2.2.3 Electrical Characterization Summary
Exponent and Tesla independently conducted electrical characterization analyses on the
exemplar battery cells, and the results were found to be in agreement. Based on these results,
the battery as-received SOC is determined to be 49.4% on average and the electrolyte mass was
determined to be approximately 0.083 lbs. per cell on average.
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2.3 Battery Package Mass Summary
Based on the measured mass of the components contained within one battery package and the
average electrolyte mass per battery cell, a breakdown for percent of total weight is provided in
Table 5 below.
Table 5 Battery Package Mass Summary
Component per One Package

Weight

Percent of Total Weight

Cardboard Box

1.36 lbs.

5.1 %

Packing Material (Bubble Wrap)

0.04 lbs.

0.1%

10 Plastic Dividers

3.85 lbs.

14.3%

20 Battery Cells (not including electrolyte)

20.04 lbs.

74.3%

Electrolyte of 20 Battery Cells

1.66 lbs.

6.2%

Total Weight per One Package

26.95 lbs.

100%
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3 FM Global Reduced-Commodity Testing
All testing descriptions and data included in this section were extracted from the FM Global
report.3 Refer to Section 3 of the FM Global report for further detail on information presented
in this section.

3.1 Testing Configuration and Setup
A reduced-commodity evaluation test was developed by FM Global to determine the free burn
flammability characteristics of the polymeric Li-ion batteries described previously in a rack
storage configuration. One full-scale free burn fire test was performed to measure the heat
release rate, predict the operation time for sprinkler heads, and evaluate the estimated time of
battery involvement. The test was conducted in a 2 × 1 × 3 high pallet load rack storage array
that represents storage up to 15 ft. tall. The array consisted of a three-tier high, open-frame,
single-row steel rack with only the top two tiers (four pallets total) containing polymeric Li-ion
batteries. The bottom tier of the array was comprised of a non-combustible product (i.e., metal
liner) on a wood pallet. Ignition was achieved using a propane ring burner with a heat release
rate of approximately 45 kW centered in the transverse flue below the second tier test
commodity. In total, 1,120 batteries were stored on each pallet and 4,480 batteries were used in
the reduced-commodity fire test.
The rack and batteries were placed on top of two containment pans to measure mass loss during
testing. Documentation for each test included high definition video, infrared (IR) video, and
still photography. Carbon dioxide (CO2), carbon monoxide (CO), total hydrocarbons (THC),
and depletion of oxygen (O2) were measured in the exhaust. The propane gas flow rate to the
burner was also recorded. In addition, thermocouples (TC) were used to monitor the internal
pallet temperatures during the test.
By utilizing this reduced-commodity evaluation test method, it was possible for FM Global to
perform both this free burn fire test and a full-scale suppression test (described in Section 4)
with the limited number of batteries available.
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3.2 Test Observations
Table 6 summarizes the key events observed by Exponent staff during the reduced-commodity
evaluation test and reported by FM Global.
Table 6 Key Observations

Time
(hr:min:s)

Event

0:00:00

Burner ON

0:01:00

Steady increase in the initial fire growth a nominal peak value of
700 kW with an observed temporary plateau in HRR

0:01:15

Temporary plateau ends with the fire intensity steadily increasing

0:02:30

HRR approximately 2.5 MW while exhibiting another temporary
plateau

0:03:10

Temporary plateau ends with the fire intensity steadily increasing

0:03:54

First product collapse (1 or 2 cartons)

0:05:05

Increase in product collapse, fire at ground level significant

0:05:40

HRR approximately 5.3 MW while exhibiting a more prolonged
plateau

0:06:35

Dripping flames/droplets observed from 3rd level

0:09:30

Large product collapse (approximately 10 cartons); prolonged
HRR plateau ends with the fire intensity increasing

0:10:00

Large-scale product collapse (approximately 30 cartons or more)

0:10:04

Peak HRR measured at approximately 8.75 MW

0:10:04 –
0:13:00

Dip in HRR from peak value

0:13:00 –
0:25:00

Product and base of fire mostly at ground level; HRR steadily
declining as the combustible material is consumed

0:25:00

Viewing ended
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3.3 Testing Results and Commodity Comparison
The convective heat release rate6 measured during this test and previous fire tests of smallformat Li-ion batteries and FM Global standard cartoned commodities is shown in Figure 7. In
addition, the initial 150 seconds (s) convective heat release rates for FM Global standard
commodities and Li-ion battery commodities are shown in Figure 8.
As demonstrated in Figure 7, all the commodities exhibited a similar initial fire development for
approximately the first 45 s of the fire tests. This development is consistent with the flames
spreading vertically along the corrugated board cartons of the flue space in a similar fashion
regardless of the commodity stored within the boxes. After the initial 45 s, the 20 Ah Li-ion
polymer pouch batteries exhibit a higher HRR compared to the small-format cylindrical and
polymer Li-ion batteries and a HRR consistent with that of the power tool packs that were tested
in Phase II.
In Figure 8, the commodities are grouped based on the initial fire development measured during
the first 150 s. The 20 Ah Li-ion polymer pouch batteries (and power tool packs) exhibited
HRR’s similar to that of FM Global’s standard cartoned unexpanded plastic (CUP) commodity;
whereas the small-format cylindrical and polymer Li-ion batteries exhibited similarities to a
Class 2 commodity.

6

As discussed in the Phase II report in more detail, the convective heat release rate was presented because it is

relevant to determine sprinkler activation and the chemical heat release of a Li-ion battery cannot be accurately
measured due to the release of CO2 and O2 in significant quantities during a Li-ion battery fire.
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Figure 7 Convective heat release rates for the 20 Ah Li-ion polymer pouch battery, FM Global
standard commodities and small-format Li-ion battery commodities7 (courtesy of
FM Global)

7

Cylindrical refers to the 18650 form factor batteries with a capacity of 2.6 Ah at 3.7 V that were tested in Phase

II. Prismatic Pouch refers to the batteries with a 2.6 Ah capacity at 3.7 V. Battery Pack contained ten 18650
cylindrical batteries in a robust plastic casing. All small-format batteries were at a nominal 50% SOC.
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Figure 8 Initial convective heat release rates for FM Global standard commodities and Li-ion
battery commodities; grouping based on similarity in growth curve (courtesy of
FM Global)
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3.4 Predicted Sprinkler Response
The methodology for predicting sprinkler response times was previously described in Phase II
of this program.1 Utilizing this same methodology and based on the reduced-commodity fire
test of the 20 Ah Li-ion polymer pouch reported herein, the predicted quick-response sprinkler
link operation times at varying ceiling heights is summarized in Table 7. All commodities were
evaluated at 25-foot and 30-foot ceiling heights, a storage height of 15 ft. and assuming a
sprinkler operation temperature of 165°F. In addition, the 20 Ah Li-ion polymer pouch battery
was also evaluated at 35-foot and 40-foot ceiling heights.8
Table 7 Predicted Quick Response Sprinkler Link Operation Time and Corresponding Fire
Growth Characteristics (data courtesy of FM Global)

Commodity

Link
Operation

Qbe**

Fire Growth

(s)

(kW)

(kW/s)

Ceiling Height

25 ft. (7.6 meter)

Li-ion, 20 Ah Polymer Pouch

37

335

33

43

270

20

Class 2

59

209

15

CUP

43

232

16

Li-ion, small-format

*

Ceiling Height

30 ft. (9.1 meter)

Li-ion, 20 Ah Polymer Pouch

41

480

34

Li-ion, small-format*

77

388

18

Class 2

65

367

24

CUP

52

321

11

Ceiling Height
Li-ion, 20 Ah Polymer Pouch

35 ft. (10.7 meter)
48

Ceiling Height
Li-ion, 20 Ah Polymer Pouch

549

15

40 ft. (12.2 meter)
58

688

11

* Represented as the average of the values from the small-format 2.6 Ah cylindrical and polymer battery tests
conducted in Phase II
8

The higher ceiling height estimates were possible for the 20 Ah battery because of the larger quantity of batteries
available for the reduced-commodity test.
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** Fire size at the time of the predicted sprinkler operation. In a commodity classification test this coincides
with the start of water application

The general agreement9 of the fire growth characteristics supports the assumption that the
cartoned commodities exhibit similar fire development for the first 45 s leading to quick
response sprinkler operation in a three-tier high rack storage array. The operation times of 37,
41, 48, and 58 s for the 20 Ah Li-ion polymer pouch battery demonstrates that the activation of
a sprinkler head will occur while the fire development is in the early stages and while the
packaging dominates the flame spread (as discussed in more detail in Section 3.5).

3.5 Time until Battery Involvement
Battery involvement refers to the time when the batteries are observed to contribute significantly
to the fire severity. Figure 7 presents the convective heat release rate measured during the first
600 s (10 min) of the fire test along with the convective HRR’s of FM Global standard Class 2
and CUP commodities providing a lower and upper threshold value for comparison. Using the
lower and upper threshold values, the time of significant involvement of the 20 Ah polymer
pouch battery can be estimated to occur between 90 and 195 s after ignition. Taking the average
of these values and rounding to the nearest 30 s increment results in a nominal time of battery
involvement of 150 s, under free-burn conditions. When compared to previously tested smallformat Li-ion batteries (which had an estimated time to battery involvement of 5 min), the 20
AH Li-ion polymer pouch battery represents a higher hazard commodity based on the
flammability characteristics leading to first sprinkler operation and time of battery involvement
in the fire.

9

As discussed in the FM Global report, when fire growth rates are nominally within a factor of two and
are nominally within 30% of the average, they are considered equivalent.
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values

4 FM Global Large-Scale Sprinklered Fire Testing
All testing descriptions and data included in this section were extracted from the FM Global
report.3 Refer to Section 4 of the FM Global report for further detail on information presented
in this section.

4.1 Test Configuration
One large-scale fire test was conducted to evaluate the level of protection provided by a ceilingonly sprinkler system. The performance objective was for the ceiling-only sprinkler system to
extinguish a large-scale rack storage fire of 20 Ah Li-ion polymer pouch commodity.
The test was conducted using a three-pallet-high load configuration on an open-frame, doublerow steel rack. The main array was 15 ft. high, was placed under a ceiling height of 40 ft. and
measured approximately 24 ft. × 7.5 ft. wide in a 6 × 2 pallet load arrangement. As shown in
Figure 9, the main array was capped at each end by a pallet load of CUP commodity. In
addition, a single-row target array containing four pallet loads of CUP commodity was located 4
ft. across the aisle on both sides of the main array. In total, 24 pallet loads of Li-ion polymer
pouch batteries were used in this test and included 26,880 batteries.
Sprinkler protection consisted of FM Global approved pendent-type sprinklers with a 165°F
temperature rating, a K-factor of 22.4 gpm/psi½ and were installed 17 inches below the ceiling.
The system was supplied with a nominal operating pressure of 35 psig providing a discharge of
133 gpm per sprinkler. The sprinkler heads were installed at 10 ft. × 10 ft. spacing, resulting in
a sprinkler density of 1.3 gpm/ft2.
Ignition was achieved with two FM Global standard half igniters10 placed 2 ft. east of center in
the center transverse flue space between the uprights of the eastern row of the main array (see
red star in Figure 9), and ignited using a propane torch. Documentation for each test included
high definition video, infrared (IR) video, and still photography. TCs were installed below the
10

76 mm × 76 mm cylinders of rolled cellu-cotton, soaked in 4 oz. of gasoline and sealed in a plastic bag.
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ceiling to measure the ceiling layer temperature as well as embedded into cross-shaped steel
angle attached to the ceiling above the array to measure the steel temperature during the test.
Carbon dioxide (CO2), carbon monoxide (CO), total hydrocarbons (THC), and depletion of
oxygen (O2) were measured in the exhaust. In addition, TCs were used to monitor the internal
pallet load temperatures during the test.

Figure 9 Overall test configuration for large-scale validation tests, plan view (courtesy of FM
Global)
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4.2 Sprinkler Effectiveness Criteria
The passing criteria (i.e. effectiveness of the sprinkler system) for the test included (1) excessive
activation of sprinklers along the perimeter of the test ceiling would constitute a failure; (2) fire
damage should be largely confined to the commodity surrounding the ignition flue (i.e. the fire
should not propagate into the CUP commodity capping the array or spread across the aisle to the
target array); and (3) the maximum allowable ceiling steel temperature is 1,000°F (538°C).

4.3 Large-scale Test Observations
Table 8 summarizes the key events observed by Exponent staff during the large-scale test and
reported by FM Global.
Table 8 Key Observations

Time
(hr:min:s)

Event

0:00:00

Ignition

0:00:30

Fire within the central transverse flue reached the top of the array

0:01:00

Flames extended approximately 5 ft. above the array

0:01:30

The sprinkler centered over the main array operated as flames
were still primarily confined to the main test array (no flame
spread across the aisle to either of the target arrays)

0:02:00

Fire was contained within the main commodity array

0:02:00 0:02:30

Some involvement of the commodity on the first and second tiers
persists

0:40:00

Test terminated

Post Test

Minimal manual fire fighter intervention to extinguish a few minor
deep-seated flames; all three tiers of commodity surrounding the
ignition point were damaged; however, the extent of the fire
damage and the flame spread from the point of ignition was
limited
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4.4 Large-scale Test Results
During the test, one sprinkler operated at 1 min 30 s and extinguished the main fire. Minimal
manual firefighting intervention was necessary at the end of the test to extinguish a few minor,
deep-seated flames. Fire spread remained within the confines of the test array with less than 1
pallet load equivalent consumed. Flames did not jump the aisle to any of the target arrays and
the maximum steel temperature measured above the array was 90oF. After 40 minutes, the test
was terminated. A summary of the test results is provided in Table 9.
Evaluating the large-scale test by the three predetermined passing criteria (no excessive
sprinkler operations, fire damage should be largely confined with no flame spread to the target
arrays, and the maximum allowable ceiling steel temperature of 1,000°F) the test passed all
three criteria, as summarized in Table 10.
Table 9 Summary of Large-scale Tests (courtesy of FM Global)

Data / Observation

Result

Sprinkler Operations

1

Total Chemical Energy Released (mega joules [MJ])

100 ± 5

Consumed Commodity (pallet load equivalent)

<1

Target Jump

No

Maximum Steel Temperature (oF) @ Time

90oF @ 1 min 30 s

Test Termination (min:s)

40:00

Table 10 Summary of Evaluation Criteria for the Large-scale Tests

Evaluation Criteria
Excessive Sprinkler Operations
Fire Confined to Commodity Array / Fire Spreads to Target
o

Maximum Steel Temperature Greater than 1000 F
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Result

Pass / Fail

No

PASS

Yes / No

PASS

No

PASS

5 Additional Tests and Evaluation
All testing descriptions and data included in this section were extracted from the FM Global
report.3 Refer to Section 5 of the FM Global report for further detail on information presented
in this section.
Two additional tests were conducted to address the potential for battery-to-battery fire spread.
The first test evaluated an internal ignition scenario where thermal runaway of a battery
propagates to adjacent batteries and is the ignition source (i.e. the fire originates within the
cartoned commodity, not on the exterior packaging as was tested in the reduced-commodity and
large-scale tests). The second test evaluated the effectiveness of sprinkler protection at
suppressing a fire at a later stage of battery involvement than was achieved in the large-scale
test.

5.1 Internal Ignition Scenario Testing
Four tests were performed to assess an internal ignition scenario where thermal runaway of a
battery propagates to adjacent batteries. A description and the results of these tests have been
summarized in Table 11.
Table 11 Summary of Internal Ignition Scenario Testing

Test

Result

1

Test 1 demonstrated that a single battery heated on top of a metal surface will
result in thermal runaway of the battery. The battery pouch expanded as it was
heated and the severity of the heating resulted in rupture of the seams along the
edges of the battery. An errant propane flame (from the heating source heating the
metal surface) ignited the escaped electrolyte.

2

Test 2 demonstrated that a single battery heated to 650oF via a foil heater fixed to
both sides of the battery will result in thermal runaway of the battery within five
minutes of exposure. The battery pouch expanded; however, the seams did not
rupture and no fire occurred.

3

Test 3 demonstrated that a single battery heated as described in Test 2 but
positioned within a carton of 20 batteries will result in thermal runaway of the
battery and a breach of the seams allowing electrolyte to leak. The restriction of
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the battery to expand during heating while stored within the carton appeared to
cause the breach of the seam when compared to Test 2. However, at the
completion of a 2 hour heating period, thermal runaway occurred in only three
batteries. The originally heated battery was heavily damaged while the batteries
above and below were partially expanded. In addition, the plastic dividers were
only softened and were not charred.

4

Test 4 was a repeat of Test 3 with the addition of a pilot flame positioned on the
outside of the carton to ignite any escaping flammable gases. After an
approximate 1 hour heating time, the ignition of flammable vapors was achieved
and resulted in combustion of all the batteries within the carton with a peak heat
convective HRR of approximately 30 kW.

The key findings reported by FM Global are as follows:
•

Thermal runaway of the polymer pouch battery used in this project does not result in
battery-to-battery propagation within a carton.

•

It is reasonable to assume that thermal runaway of one or more batteries within a single
carton will not propagate to batteries within an adjacent carton.

•

An external fire, possibly initiated by ignition of escaping electrolyte, is necessary to
spread the fire beyond the carton where a thermal runaway occurs.

•

Once an external fire is present, flame propagation along the carton results in a similar
fire development to the external ignition scenario.

•

Based on these tests, and previous tests by other researchers11,12,the conclusion that an
external fire is necessary to propagate battery involvement to adjacent cartons can also
be reasonably applied to hard cased Li-ion batteries, where rupture can be accompanied
by spattered molten aluminum and other ignition sources.

11

H. Webster, "Fire Protection for the Shipment of Lithium Batteries in Aircraft Cargo Compartments," U.S.
Department of Transportation Federal Aviation Administration, DOT/FAA/AR-10/31, November 2010.

12

H. Webster, "Preliminary Full-Scale Tests with Bulk Shipments of Lithium Batteries," FAA Fire Safety
Highlights 2012.
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5.2 Later Stage Suppression Tests
Two intermediate-scale fire tests were performed to evaluate the effectiveness of applied water
from a fire sprinkler at suppressing a battery fire. The water application was delayed to a later
stage of the test, while the batteries were involved. The tests were performed arranging 21
cartons (each containing 20 battery cells) on a pallet: 3 wide × 1 deep × 7 high. A metal liner
was fabricated to fill the remaining portion of the pallet. Water was applied using the water
application apparatus (WAA), which provides a nominal density of 0.30 gpm/ft2.13 Test 1
involved a single pallet load to represent thermal runaway of a carton facing the aisle of a rack
storage arrangement. Test 2 involved two pallet loads to represent thermal runaway of a carton
facing the flue of a rack storage arrangement. For both tests, thermal runaway of a centrally
located battery was induced utilizing foil heaters (the same as described above in Tests 3 and 4
of the Internal Ignition Testing Scenario) while a pilot was positioned 1 inch from the face of
the carton to ignite flammable gases, if any, that escaped. A summary of the two tests are
provided in Table 12 and Table 13.

13

Water applied from the WAA is not equivalent to sprinkler density; however, it should be noted that the 1.3
gpm/ft2 discharge density used in the large-scale sprinkler test was a factor of four greater than that achieved
from the WAA. As a result, suppression in the intermediate-scale test suggests a safety factor already exists in
the large-scale sprinkler test result, in terms of discharge density needed to protect the battery portion of the fire.
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Table 12 Summary of Later Stage Suppression Test 1

Time
(min:s)

Result

00:00

Foil heaters and pilot light turned ON

10:30

Leaking electrolyte observed on the exterior of the carton; no ignition of the
flammable contents within the cartons observed

31:37

The pilot flame was pushed against the cartons (previously at a standoff distance
of 1 inch) and the cartons ignite

34:00

Flames traveled to the top of the pallet load

46:00

A propane torch was used to ignite the lower portion of the carton (which was
saturated with unignited electrolyte)

49:00

Fire spread across the entire face of the pallet load leading to collapse of the center
stack of cartons

50:27

Water application commenced

55:27

Fire suppressed

60:00

Test terminated; a garden hose was used to extinguish a few lingering flames
shielded by the collapsed cartons

Post
Test

Estimated 30% of the batteries showed signs of damage; the majority of damaged
batteries were located in the area adjacent to ignition, i.e., bottom of the center
stack of cartons; minimal damage was observed on the batteries located in the
outer stacks of cartons; the fire was generally contained to the outside portion of
the cartons (towards ignition), including all the carton surfaces on the ignition side
of the pallet load, with minimal penetration to the inside portion of the cartons
(towards the metal liner)

Table 13 Summary of Later Stage Suppression Test 2

Time
(min:s)

Result

00:00

Foil heaters and pilot light turned ON

10:00

Smoke was observed exiting the carton at the penetration for the heater cables

19:00

Leaking electrolyte observed on the exterior of the carton, indicating thermal
runaway; no ignition of the flammable contents within the cartons observed

32:00

The pilot flame was pushed against the cartons (previously at a standoff distance
of 1 inch) and the cartons ignite

38:00

The entire flue area was involved in fire and flames had traveled across the tops of
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the cartons
41:10

Water application commenced

46:10

Fire largely suppressed (leaning stacks impeded the water flow to the remaining
burning surfaces and resulted in a small deep-seated fire that was not extinguished)

60:00

Water was turned off; the fire slowly redeveloped and began to spread along
exposed combustible material

75:00

Test terminated; fire was extinguished with a fire hose stream

Post
Test

Estimated 70% of the batteries showed signs of damage; the most heavily damaged
batteries were located in the area facing the ignition flue, though damaged batteries
were also observed on the backside of the cartons facing the non-combustible
liners

The key findings reported by FM Global for Test 1 are as follows:
•

Water was applied to the fire 25 s after the predicted operation time of a quick-response
sprinkler, 50 min 27 s versus 50 min 2 s.

•

The convective HRR peaked at ~300 kW, before water application, and a total of 25.5
MJ of convective energy was released during the test.

•

The carton surfaces on the ignition side of the pallet load accounted for approximately
65% (16.5 MJ) of the total energy released. Since the wood pallet was not involved in
the fire, the remaining energy was contributed by the plastic dividers and batteries.

•

A maximum temperature of 1,390oF (756oC) was recorded by a TC within the center
stack of cartons at 50 min 25 s after ignition (just prior to water activation). A similar
response was seen for other TCs located within the center stack of cartons.14

•

This spike in temperature coincided with collapse of the center stack, which exposed the
TC to combustion gases, and was likely not related to widespread thermal runaway of
the batteries within the cartons.

•

The remainder of TCs located at the outer stack of cartons recorded peak temperatures
that were nominally consistent with ambient temperature.

14

This spike in temperature coincided with the collapse of the center stack, which exposed the thermocouple to
combustion gases, and was likely not related to widespread thermal runaway of the batteries within the cartons.
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The key findings reported by FM Global for Test 2 are as follows:
•

Water was applied to the fire 2 min 48 s after the predicted operation time of a quickresponse sprinkler, 41 min 10 s versus 38 min 22 s.

•

The convective HRR peaked at ~675 kW, before water application, and a total of 110
MJ of convective energy was released during the test.

•

The carton surfaces on the ignition side of the pallet load account for 45% (49 MJ) of the
total energy released. Since the wood pallet was not involved in the fire, the remaining
energy was contributed by the plastic dividers and batteries.

•

A maximum temperature of 217oF (103oC) was recorded by a TC within the center stack
of cartons at 41 min 4 s after ignition (just prior to water activation).

•

In general, higher temperatures were recorded at the center stack of cartons compared to
the outer stacks. However, all thermocouples measured peak temperatures that were
elevated above ambient temperature.

•

The reduced peak temperatures measured in Suppression Test 2 compared to
Suppression Test 1 is due to the increased stability of the cartons. Without collapse of
the cartons, the thermocouples were not directly exposed to combustion gases.

The combined results of Suppression Test 1 and 2 indicate that heat transfer between cartons is
slow, even in the presence of a large fire. The insulating properties of the cartons and the plastic
dividers effectively inhibit the fire development and delay battery involvement in the fire.
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6 Conclusions
The FM Global report includes specific protection recommendations based on historical FM
protection requirements and the results from the tests described herein. All data, test
descriptions, data analysis, and figures in this report were provided by FM Global.3 Refer to
Section 7, Conclusions of the FM Global report for further details on information presented in
this section.
This project was conducted to determine fire protection guidance for warehouse storage of
cartoned Li-ion batteries by utilizing a unique approach due to the inordinate cost and
limitations of availability associated with the testing of cartoned Li-ion batteries. The combined
effects of different storage height, ceiling height, protection system design, commodity type and
composition are yet to be well understood and should not be inferred from these test results
alone. Additionally, significant changes in the Li-ion battery design and chemistry may require
additional research. The applicable storage conditions evaluated in this project were:
•

Rack storage heights up to 15 ft.;

•

Ceiling heights up to 40 ft.;

•

Bulk-packaged 20 Ah polymer pouch batteries in corrugated board cartons with heavy
plastic dividers at nominally 50% state-of-charge (SOC).

The free burn flammability characteristics of the 20 Ah Li-ion polymer pouch battery were
tested and compared to those of FM Global’s standard commodities and small-format Li-ion
batteries in Phase II. The test, referred to as a “reduced-commodity” test, was used to estimate
the fire hazard present at the time of first sprinkler operation in a sprinklered warehouse fire
scenario. Measurements focused on the fire development of each commodity and the time of
battery involvement for the Li-ion batteries during a free-burn rack storage fire test. The key
findings reported by FM Global from these tests when compared to the previous reducedcommodity tests1,2 included:
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•

The cartoned 20 Ah large-format battery used in the present study represented a higher
hazard than the previously tested 2.6 Ah small-format cylindrical and polymer pouch
batteries.

•

Product packaging (corrugated board containers and plastic dividers) was identified as a
key factor driving the hazard in Li-ion batteries in storage. While the corrugated board
cartons were shown to dominate the initial fire growth, the plastic content within the
cartons was shown to be a driving factor in the overall commodity.

•

Cartoned batteries containing significant quantities of plastics exhibited a similar rapid
increase in the released energy due to involvement of the plastic early in the fire
development.

•

Cartoned batteries containing minimal plastics (such as the small-format cylindrical and
polymer Li-ion batteries tested in Phase 2) exhibited a slower increase in energy release
and a delay in the battery involvement due to heating of the batteries. In this case, the
plastic dividers represented a lesser combustible load than the heavy plastic dividers
used for the 20 Ah polymer pouch battery.

The performance of ceiling-level automatic fire sprinkler protection was assessed with a largescale sprinklered fire test. The tests evaluated the above mentioned battery type and SOC stored
in cartons in a three-tier high rack storage array at 15 feet (ft.) in height and a ceiling height of
40 ft. Protection was provided by quick-response, pendent sprinklers, having a 165oF rated link
with a K-factor of 22.4 gpm/psi1/2. The key findings reported by FM Global from this large
scale test included:
•

Storage up to 15 ft. under ceiling heights up to 40 ft. can be adequately protected by a
fire sprinkler system comprised of pendent sprinklers having a K-factor of 22.4
gpm/psi½, a nominal 165oF temperature rating and RTI of 50 ft½s½, installed on 10 ft. ×
10 ft. spacing at an operating pressure of 35 psig.

•

Protection guidance established from the large-scale fire test can be reasonably applied
to small-format (such as 2.6 Ah cylindrical and polymer pouch) Li-ion batteries
previously tested for this project.
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Two additional tasks were performed to reinforce the sprinkler protection guidance mentioned
above. The first evaluation assessed the likelihood and impact of ignition resulting from
thermal runaway of one or more batteries within a carton. The second analyzed the
effectiveness of sprinkler water at suppressing a fire at a later stage of battery involvement than
was achieved in the large-scale test. The key findings reported by FM Global from these
additional analyses/tests included:
•

For all small- and large-format Li-ion batteries used in this project, the development of a
rack storage fire leading to sprinkler operation should be similar for both an ignition
scenario where the fire initiates inside or outside of the carton.

•

The sprinkler system used in the large-scale fire test was sufficient to protect against a
fire where the Li-ion batteries were contributing more to the overall fire severity than
occurred in the large-scale test.

FM Global also stated that caution should be taken when extending the results of the testing
presented in their report beyond the specific combination of packaging and battery listed.
Changes in the components of the packaging can significantly impact the flammability
characteristics of cartoned Li-ion batteries, such as divider used to separate the batteries within
the cartons. Potential divider materials represent a wide range of fire properties and include
liner board, fiber board, thin or heavy plastic, and expanded foam.15 Even for the same battery,
changing the dividing material can significantly impact the fire hazard. A new flammability
assessment should be conducted when potentially significant changes to the cartoned product
are encountered. For the protection of Li-ion batteries beyond the listed conditions above, FM
Global reported the following:
•

Storage beyond the above listed conditions, including storage height, ceiling height, and
battery characteristics, requires a more robust protection scheme to account for several
unknowns that can negatively affect protection effectiveness, including the contribution
to the fire severity from the Li-ion batteries, flaming projectiles and the SOC. A
recommended protection scheme is detailed as Fire Protection Scheme A per Section

15

M.M. Khan, A. Tewarson, and M. Chaos, "Combustion Characteristics of Materials and Generation of Fire
Products," in SFPE Handbook of Fire Protection Engineering, P. DiNenno, Ed. Quincy, Massachusetts, New
York: Springer, 2016, ch. Section 3, Chapter 4, pp. 1143-1232.
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D.2.2.1 of FM Global Property Loss Prevention Data Sheet 7-29, Ignitable Liquid
Storage in Portable Containers. This protection scheme combines in-rack automatic
sprinklers and horizontal barriers for protection of high-hazard commodities, such as
rack storage of ignitable liquids or level 3 aerosols. This system design is expected to
provide the highest level of protection required for storage of the Li-ion batteries tested
in this project and can be applied to an array of configurations beyond the scope of this
project.
Refer to Section 8, Recommendations of the FM Global report for further details on best
protection recommendations for specific Li-ion battery storage configurations.
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7 Possible Future Work
The following possible future work is suggested (Phase IV) to further understand protection
requirements for bulk packaged Li-ion batteries in rack storage configurations:
•

Perform additional full-scale sprinklered fire suppression tests to validate the results
from the single full-scale fire test performed in this project.

•

Perform additional full-scale sprinklered fire suppression tests to evaluate other Li-ion
battery formats, chemistries, and SOC.

•

Perform additional full-scale sprinklered fire suppression tests of Li-ion batteries to
evaluate varying product heights, ceiling heights, or sprinkler system design criteria
(such as other densities and in-rack sprinklers).

•

Determine the overall effectiveness of reduced-scale testing through additional reducedcommodity tests utilizing other small-format Li-ion battery types with varying levels of
plastics, such as portable computer batteries and other Li-ion designs and chemistries
(such as hard case bulk packaged prismatic format cells).

•

Make final protection system recommendations and fire service overhaul guidelines.
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