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Executive Summary

TheUL 9540A test standadkvelops data on the firand deflagratiorhazards from thermal runawand

its propagation through energy storage systems. The standard provides a systevaatetion othermal
runaway and propagation ienergy storage systemt cell, module, unit, ad installation levelsThe data
from the testing may be used to design fp®tectionmethodsto mitigate against the hazards generated.
Thedata generated from each level of testing is summarizethinle E1

Table E1 ¢ Test Levels in UL 954@A" Edition).

Test level Data developed

Cell Methodology required to initiatetiermal runawayfor testing

Cell surface temperature anset ofgas venting and thermal runaway.
Gascomposition, volumeand explosibility parameters.

Number ofinitiating cellsrequired for propagation of thermal runaway.
Heat smoke, and flammable gaslease rate and totalrelease quantity.
Observations of external flame extension.

Observations of eflagration and debrikazards

Extent of thermal runaway propagation

Heat, smoke, and flammable gas release rates and total release quan
Observations of external flame extension, deflagratiomd debris hazards
and reignition hazards

Thermal exposurdtemperature on adjacent walls, artdrget units; heat
flux to adjacent walls, target units, and egr@sghways)

Evaluation of fire protection method

Fire growth contral

Extent of thermal runawagropagation

Design features related to containment of thermal runaway gases and
that create an explosion hazard

Deflagration protection system

Egress protection

Thermal exposure to adjacent surfaces.

Observations of flaming outside the installatio

Observations of reignitian

Deflagration and debris.

Module

Unit

coplaoowlooe

o

Installation

cooTp

— T oa o

This reportpresentsthe resultsof three installation level tests conductdsttween June 1@nd July 9,
2020 in the UL Large Scale Fire Test Fadilityorthbrook, ll. The installation level test included a meck
up Initiating Energy Storage SysterBpUnit and two Target Units installed within dnternational
Organization for StandardizatiohSQ container outfitted with deflagration protection ventsAll tests
were conducted witlanidenticallithium-ion (li-ion) battery configuration.ThelnitiatingES&Jnit included
nine moduleswith a total capacity of 28.9 kwh. Each magkmodule included nine moekp cells. Each
mockup cell was composed of thirty 186%56on cellsfor an equivalent capacity of 99 Ah in each mock
up cell. TheTarget Unitavere loaded to onehird capacity of the Initiating Unit.
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Test 1 was a baseline performance test and did not utilize any active fire suppression systems. Test
2 included aNovec 123Gystem discharged upon activation of two smoke detectors installed inside the
container. The clean agent systémthis testwas designed foran 8.0 v% concentration dfiovec1230.

Test 3 incorporated a dry pipe water suppression system to provide a uniforgpfbtz delivered spray
density at the top of the ESS unit enclosuiése waterflow was triggered by the activation of arstard
response sprinkler lin&fter a30-second delayo simulatefilling the sprinkler delivery pipe with water

Test 1developed data orhazard developed in the absence of activeentilation orfire suppression
system interventionA partial volume deflagration occurred when the gases generated from the first cell
thermal runaway were ignited 30 seconds after thermal runaway. During the test, propagation of thermal
runaway extended through all modules of thetilting Unit and Left Target Unatithin three hours The
modules of the Front Target Unit did not experience thermal runaway but eecette cell vent
temperature, whichwas the target unit temperature performance criterd/all temperatures exceeded

the performance criteria for combustible construction materid#ammable gases accumulated in the
container as each module experienced thermal runaway. Gas concentrations inside the container
eventuallyaccumulated to 4660 v% in the container, whiakas albve theupper flammability limit (JFL)

of the cell level battery gases.

Test 2 includedNovecl1230, which was deployed one minute after thermal runaway, upon activation of
both installed smoke detectors. Gradual stratification was observed between aruepager layer of
gases and vapors andtir@nsparentupper layer. Within 28 minutes afe initial Novec1230 discharge,
gases accumulated in the upper gas laiggnted and resulted in an unusually slow deflagration with
respect to the characterized burning properties of the battery. gagieflagration occurred inside the
container 44 minutes after the first thermal runaway and 43 minutes afierec1230 dischage.One
module had experienced thermal runaway at the time of the deflagraftatiowing the deflagration, Test

2 developed similarly to Test 1. Thermal runaway was observed in all modules of the Initiating Unit and
Left Target UnitThe modules of the Bnt Target Unit did not experience thermal runaway but did exceed
the target unit temperature performance criterielammable gases accumulated in the container with
each thermal runaway event and exceeded the upper flammability limit of the cell verd.gase

Test 3 utilized a water suppression system above the ESS Rmitsto the activation of the water
suppression system, performance criteria for combustible materials were exceeded on the instrumented
walls. Water applicatioprotected adjacent exposas, as evidenced byeduced temperatures on the
instrumented wallsandtarget units.A deflagration occurred in Tesf& minutes after the first thermal
runaway eventwhile the suppression system was active. Four modules had experienced thermal runaway
at this time. Thermal runaway propagated through the Initiating Unit during waterflow as well as
while waterflow was discontinued. Unlike Test 1 and Test 2, thermal runaway was obsetyad one
module of the Left Target Unit, during the period afteaterflow was discontinued. Furthermore,
temperatures measured on the Front Target Unit coeqblvith the target unit temperature performance
criteria for the duration of the tesfThermal runaway gases accumulated inside the container as additional
modulesexperienced thermal runaway. Gas concentrations inside the container ultimately exceeded the
upper flammability limit for the cell gas mixture.
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1 Introduction

UL published the first edition of UL 9540A in November 2017 [1]. Subsequent battery
energy storage industry demand drove the rapid development of refinements to the
standard, culminating in the publication of ANSI/CAN/UL 9540A, 4" edition in November
2019. UL 9540A is the referenced standard for meeting ESS thermal runaway fire safety
testing requirements specified within NFPA 855, Standard for the Installation of Stationary
Energy Storage Systems [2], the International Fire Code (IFC) [3], the International
Residential Code (IRC) [4], and the New York City Fire Code 3 RCNY 608-01, Outdoor
Stationary Storage Battery Systems [5]. UL 9540A stakeholders include but are not
limited to: the battery energy storage industry, end users of ESS, authorities having
jurisdiction (AHJs), insurers, the fire service, fire protection engineers, and the code and
standards development community.

UL 9540A develops data on the fire and deflagration hazards from thermal runaway and
its propagation through ESSs. The standard provides a systematic evaluation of thermal
runaway and propagation in energy storage systems at cell, module, unit, and installation
levels. The data from the testing enables the design fire and explosion protection methods
to mitigate against the hazards generated. The data generated from each level of testing
is summarized in Table 1.



Table 17 Test levels in UL 9540A.

Test level

Data developed

Cell

o

Methodology required to initiate thermal runaway for testing.

Cell surface temperature at onset of gas venting and thermal
runaway.

Gas composition, volume and explosibility parameters.

Module

e

Number of initiating cells required for propagation of thermal
runaway.

Heat release rate and total heat released.

Smoke release rate and total smoke released.

Flammable gas generation rates and composition.

Observations of external flame extension.

Observations of deflagration and debris hazards.

Unit

@reoooTR TR0 DT

Extent of thermal runaway propagation

Heat release rate and total heat released.

Smoke release rate and total smoke released.

Flammable gas generation rates and composition.

Observations of external flame extension.

Observations of deflagration and debris hazards.

Thermal exposure (temperature on adjacent walls, and target
units; heat flux to adjacent walls, target units, and egress
pathways)

Deflagration and debris.

Observations of reignition.

Installation

cooe|TT

~ o

Evaluation of fire protection method.

Fire growth control.

Extent of thermal runaway propagation.

Design features related to containment of thermal runaway gases
and heat that could create an explosion hazard.

Deflagration protection system.

Egress protection.

Thermal exposure (temperature on adjacent walls, ceiling, and
target units; heat flux to adjacent walls, target units, and egress
pathways)

Observations of flaming outside the installation.

Observations of reignition.

Deflagration and debris.




1.1 Objectives
The test series was conducted with the following objectives:

1. Develop non-proprietary UL 9540A data at installation level with representative li-
ion chemistry battery products undergoing thermal runaway with and without active
fire protection systems.

2. Develop fire service size-up considerations using typical fire service hazard
evaluation equipment under anticipated li-ion ESS thermal runaway use
conditions. Collaboration with the UL Firefighter Safety Research Institute enabled
inclusion of fire service considerations into the design of the test setup and the
development of incident size-up considerations for ESS installation fire incidents.

1.2 Scope

The scope of this investigation was limited to a UL-designed mockup of an outdoor
modular walk-in ESS using one lithium nickel cobalt aluminum oxide (NCA) lithium-ion
cathode chemistry installed in a 20 ft ISO intermodal container.

1.3 Technical Plan

Three tests were planned to pursue the objectives:

1 Test1l7 Li-ion ESS installation without an active fire suppression system
1 Test21 Li-lon ESS installation with a Novec 1230 clean agent system
1 Test 31 Li-lon ESS installation With 0.5 gpm/ft? actual delivered density water

spray



1.4 Glossary

BATTERY ENERGY STORAGE SYSTEM (BESS) i Stationary equipment that receives
electrical energy and then utilizes batteries to store that energy to supply electrical energy
at some future time. The BESS at a minimum consists of one or more modules, including
a power conditioning system (PCS), a battery management system (BMS), and a balance
of plant components [1].

CELL 7 The basic functional electrochemical unit containing an assembly of electrodes,
electrolyte, separators, container, and terminals. It is a source of electrical energy by
direct conversion of chemical energy [1].

DEFLAGRATION i Propagation of a combustion zone at a velocity less than the speed
of sound in the unreacted medium [6].

IMMEDIATELY DANGEROUS TO LIFE OR HEALTH (IDLH) i An atmospheric
concentration of any toxic, corrosive, or asphyxiant substance that poses an immediate
threat to |ife or would interfere wigérdus
atmosphere [7].

MODULE i A subassembly that is a component of a BESS that consists of a group of
cells or electrochemical capacitors connected together in a series and/or parallel
configuration (sometimes referred to as a block) with or without protective devices and
monitoring circuitry [1].

RE-IGNITION T Additional cell thermal runaway(s) in damaged energy storage equipment
that occur a significant amount of time after an initial thermal runaway incident and that
may lead to renewed propagation of thermal runaways and/or ignition of combustible
materials.

THERMAL RUNAWAY i When an electrochemical cell increases its temperature through
self-heating in an uncontrollable fashion. The thermal runaway progresses when the cell&
generation of heat occurs at a higher rate than the heat it can dissipate. This may lead to
fire, explosion, and gas evolution [1].

UNIT i A frame, rack, or enclosure that consists of a functional BESS that includes
components and subassemblies, such as cells, modules, battery management systems,
ventilation devices, and other ancillary equipment [1].

VENTING i Cell venting occurs when sufficient internal pressure is generated, typically
from the vaporization of liquid electrolyte, to operate a safety vent or otherwise rupture a
cell casing/container.

Q



UL 9540A INSTALLATION LEVEL TESTS WITH OUTDOOR LITHIUM-ION ENERGY
STORAGE SYSTEM MOCKUPS

2 Setup

2.1 Energy Storage System Mockup Construction
2.1.1 ISO Container

A standard size 20-ft ISO container was utilized to represent an outdoor, ground mounted
ESS installation. The container measured nominally 8 ft wide, 8 ft high, and 20 ft long.
Modifications were made to the ISO container for deflagration vents as well as clean agent
pressure relief vents, as pictured in Figure 1 and described in the following sections.

19'-17/8"

7'-6 5/16"

Figure 17 ISO Container photo (left) and overall plan view dimensions (right).

Wall Construction

Three different types of wall construction were built up over the container walls, as

detailed in Figure 2. The different wall constructions were designed to enable comparison

of internal and external temperature measurements with thermal imaging, and associated

impact on incident size-up considerations. The three different wall constructions represent

di fferent interior finish configurations ob
commercial ESSs. Figure 3 through Figure 7 illustrate the locations of each wall
construction type within the container.

Steel Container Wall UL 9540A Test Wall Insulated ESS Wall

5/64”

5/64"# 1/211

5/64”" ﬁ Steel 1/2” Plywood
1/2° oS8 3/4"

5/8” 7 ] Gypsum | 1/2" et L |l Gypsum |

Figure 21 Wall construction details, cross-section view.
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Side B

=

Dogble {Partial) | - Init.
Durpiny Target | Unit
upit Unit

Side A
J9pIS

] Deflagration vent
] Live batteries

] Dummy unit area
e (Y [] Expanded metal unit door
T 2EAR Il Steel container wall
] [ UL 9540A wall
Side D [ Insulated ESS wall

Figure 31 Wall construction layout, plan view.

[ ] Deflagration vent

[] Live batteries

] Dummy unit area

[] Expanded metal unit door
I Steel container wall

[ UL 9540A wall

[ Insulated ESS wall

Figure 41 Side A wall construction layout, elevation view.

Side B

[ ] Deflagration vent

[ Live batteries

] Dummy unit area

[] Expanded metal unit door
Il Steel container wall

7 UL 9540A wall

[ Insulated ESS wall

Figure 51 Side B wall construction layout, elevation view.
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Side C

(Partial) Initiating
Target Unit
Unit :

[ ] Deflagration vent

[ Live batteries

] Dummy unit area

[] Expanded metal unit door
Il Steel container wall

7 UL 9540A wall

[ Insulated ESS wall

Figure 61 Side C wall construction layout, elevation view.

Side D

[ Deflagration vent

[ Live batteries

] Dummy unit area

] Expanded metal unit door
Il Steel container wall

[ UL 9540A wall

[ Insulated ESS wall

Figure 71 Side D wall construction layout, elevation view.



UL 9540A INSTALLATION LEVEL TESTS WITH OUTDOOR LITHIUM-ION ENERGY
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Deflagration Vents

Five vents were installed on the container for relief of pressure developed by deflagration.
The size, position, and quantity of vents were determined using NFPA 68, Standard on
Explosion Protection by Deflagration Venting [6]. The properties of the battery gas used
in the calculations were determined from UL 9540A cell level testing and are shown in
Table 2. Four vents were installed symmetrically along the long axis of the container. A
fifth vent was installed in the ceiling of the container, as illustrated in Figure 8 and Figure
9.1 Each vent was 44 in by 69 in with a static activation pressure of 0.5 psig + 0.25 psig.

Side B

Side A
JepIS

e L e

1 Smaller panels shown in the right side of Figure 9 were for clean agent system pressure relief.
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Figure 91 External (left) and internal view (right) of deflagration vents.

Clean Agent Suppression System

The clean agent suppression system was conservatively designed for a Novec 1230
concentration of 8.0 v%, based on minimum agent design concentrations of 6.2 v% to 6.7
v% determined from cup burner tests of battery electrolytes [8]. The clean agent
distributor developed a piping system design to achieve the design concentration of 8.0%
for a 1,216 ft3 protected design volume over a discharge time of 7.5 seconds, per NFPA
2001 requirements [9]. The final measured container volume was 1,169 ft3, resulting in a
delivered concentration of approximately 8.3%. The discharge nozzle (Figure 12), Fike
model #80-124-125-X, was located in the center of the container. The nozzle was
designed with a 360° discharge pattern and was connected with the 1% in schedule 40
steel piping in a layout documented in Figure 10 and Figure 11. One 1 ft? positive pressure
relief vent and one 1 ft? negative pressure relief vent were installed as pictured in Figure
13. The vents were installed to relieve positive and negative pressures imposed by
discharging the clean agent system to prevent damage to the relatively low static
activation pressure deflagration vent panels. The vents were engineered using the Guide
to Estimating Enclosure Pressure and Pressure Relief Vent Area for Applications Using
Clean Agent Fire Extinguishing Systems, 3rd edition [10]. The positive pressure vent was
held closed under approximately 1lb weight loaded in the center of the panel. The
negative pressure vent was pulled closed using a 5lb weight and a cable pulley system,
attached to the center of the panel. The actuation pressures were 0.01 psig and 0.03 psig,
respectively.

——

[ ]

_-

Figure 101 Clean agent piping system to a central discharge nozzle, plan view.
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Figure 1171 Clean agent piping system to a central discharge nozzle, elevation view.

Figure 121 Clean agent discharge nozzle.

Figure 131 Positive pressure relief vent (left) and negative pressure relief vent (right).
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Water Suppression System

The water suppression system was engineered to represent a dry pipe system that
provides a uniform 0.5 gpm/ft? delivered spray density at the elevation of the top of the
ESS unit enclosures, as illustrated in Figure 14. The design density was selected to be
consistent with FDNY ESS permitting requirements. Four open nozzles were utilized
directly above the occupied ESS unit enclosures, as illustrated in Figure 15 and Figure
16. Each nozzle was a Spraying Systems Fulljet 35WSQ nozzle with a wide square spray
pattern (k=1, at 50 psig).

-

"""" Double (Partial) | - Init.
Dummy Target Unit
Unit Unit
" - ’ AN I - |
__________________________ |-

o : ]I ! o [ i
i Double Single | (Partial)

| Dummy Dummy | Target

Unit Unit Unit

i I

Figure 157 Nozzle arrangement above ESS unit enclosures, plan view.
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Figure 161 Location of four water suppression nozzles above ESS unit enclosures.

Waterflow was initiated from the laboratory fire pump after the activation of a 165 °F
standard response sprinkler link and a 30 second delay to simulate pipe filling from a
siamese water connection. Actual water delivery included additional time to fill 65 ft of 1.5
in fire hose and the piping installed in the container. The sprinkler link was positioned in
the center of the room and 6 in below the ceiling. The height was selected to be within
the 1 in to 12 in range specified for smooth, unobstructed ceilings in NFPA 13 [11] and
NFPA 15 [12].

2.1.2 Energy Storage System Units

Inside the ISO container, the mock-up ESS was comprised of three different
configurations: an Initiating Unit, two Target Units, and three dummy units. The Initiating
Unit was filled with cells to its designed capacity and was used to create a condition of
cell-to-cell propagating thermal runaway. Target Units, partially filled with cells, were
placed adjacent to the Initiating Unit to enable the potential for unit-to-unit propagation of
thermal runaway. Dummy units were used as ESS system mock-up visual aids.

Initiating Unit

The Initiating Unit included nine modules, each filled with nine mockup cells consisting of
30 component 18650 cells (Table 3). For these tests, unlike UL 9540A standard tests, the
cells and modules were not electrically connected. Based on the previous cell, module,
and unit test series, this configuration demonstrated the hazards of ESS installations
effectively without requiring additional electrical connections. All cells in the ESS were
charged to 100% state of charge.

@ 12



The enclosures for cells and modules were made of ABS plastic. The module enclosures
had vent holes in the center of the front and back faces to simulate similar vents in energy
storage modules. The structure of the Initiating Unit was constructed from solid sheet
steel panels with perforated steel shelves to support each module. The front of the
Initiating Unit was open to the container. The back and right side of the Initiating Unit was
covered by uninterrupted steel sheets. The left side was covered with expanded steel
sheets. The openings in the expanded steel enabled the communication of hot gases
from the Initiating Unit to the Left Target Unit during testing.

The Initiating Module (Figure 17) was installed in the position third from the bottom in the
Initiating Unit (Figure 18). The numbering convention for the modules was numbered 1 to
9 from bottom to top. The Initiating (Mockup) Cell was located in the center of the Initiating
Module. Within the Initiating (Mockup) Cell, flexible film heaters were wrapped around two
component 18650 cells. One 18650 li-ion cell was heated to initiate the first thermal
runaway event, and the second cell was available for the unlikely occurrence of a
malfunction. The instrumented 18650 cells were heated at a rate of 6 °C/min.

The cell design was characterized by cell level UL 9540A testing. The properties
presented in Table 2 were utilized for installation level performance criteria and
associated hazard analyses.

Table 271 Cell level thermal runaway properties.

Property Measurement
Cell vent temperature 130 °C
Thermal runaway temperature 204 °C
Gas volume 213 L

36.2 v% carbon monoxide;
22.1 v% carbon dioxide;
31.7 v% hydrogen;
10.0 v% hydrocarbons

Hydrocarbon breakdown
7.4 v% methane;
Gas composition 0.92 v% ethylene;
0.61 v% ethane;
0.22 v% propylene;
0.04 v% propane;

0.07 v% C4-hydrocarbons;
0.24 v% benzene,;
0.03 v% toluene;

0.38 v% dimethyl carbonate

Gas LFL 8.9 v%

Gas UFL 40 v%

Gas Pmax 93 psig

Gas burning velocity 35 cm/s
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Table 371 Initiating cell, module, and unit characteristics.

18650

Feature Cell Module Unit
Component
Picture
Capacit 3.2 Ah 99 Ah 891 Ah 8019 Ah
pacity (12 Wh) (356 Wh) (3.2 kWh) (28.9 kwh)
Nominal 36V 36V 36V 36V
Voltage
Weight 45 g 1.7 kg 27.2 kg 225 kg
Quantity of
18650 li-ion 1 30 270 2,430
cells
. . 18 Mmx 65 | 172 mm x 92 mm | 508 mm x 406 mm | 1400 mm x 368
Dimensions
mm X 92 mm X171 mm mm X 610 mm

14
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Figure 171 Initiating Cell (left) and Initiating Module (right) constructed from 18650 cells.
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Target Units

Two Target Units were positioned adjacent to the side and front of the Initiating Unit. The
construction of these units was consistent with the Initiating Unit, except each target unit
was loaded with one third of the cells of the Initiating Unit, equal to 780 total 18650 cells.
For clarity, these uni t s have been marked on dr awi
indicate that they contained li-ion cells. The cells were positioned within the Target Unit
closest to the Initiating Unit. All cells in the Target Units were charged to 100% state of
charge. Although UL 9540A does not require live cells in the target units to evaluate
performance criteria, the cells were included in these tests to exemplify the phenomena
of thermal runaway propagation between neighboring units.

The layouts for the Left Target Unit and Front Target Unit are included in Figure 19 and
Figure 20, respectively.

Vent
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Figure 19171 Left Target Unit layout.
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STORAGE SYSTEM MOCKUPS
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Figure 201 Front Target Unit layout.

Dummy Units

Dummy units (Figure 21) were included adjacent to the Target Units to create realistic
obstructions in the ESS installation as visual aids.
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Per the guidelines of UL 9540A 4™ edition, one complete unit charged to 100% was
positioned as the Initiating Unit. The Initiating Unit was placed in a corner next to two
instrumented walls and two instrumented Target Units. Next to the Target Units, dummy
units were placed to represent realistic obstructions and installation conditions. There was
0 in of spacing between the Initiating Unit and the Left Target Unit, as well as the side
instrumented wall. The Initiating Unit was placed with 3 in of clearance between the unit
and the back instrumented wall. The Front Target Unit was placed across from the
Initiating Unit, separated by a 35 in aisle, as summarized in Table 4. The installation is
described in Figure 22 and pictured in Figure 23.

Details of the Initiating Unit, Targets, and instrumented walls are presented in the
following sections.

Double [Partial) Init.
Doy Target Unit
Uit Unit
W
Q.
(]
Dalble | single: | (Partial)
Bumimy | Dummy: |- Jarget

LIt [ Uit Unit

Figure 221 Initiating unit and target unit spacing.

Table 471 Initiating unit spacing relative to target units and adjacent walls.

Di mensi on Spacing
Ai sl e 35

Unit swviadd t O 0"

Uni t rear to 30

Uni t to uni o"
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Figure 231 Initiating Unit, Left Target Unit, and double dummy unit (left); Front Target
Unit, single dummy unit, and double dummy unit (right).

2.2 Instrumentation

The instrumentation layout is illustrated in Figure 25 through Figure 27 with an
instrumentation key included in Figure 24. Instrumentation was positioned to evaluate UL
9540A performance criteria, to characterize conditions inside the container, to consider
gas detection approaches, to monitor the extent of thermal runaway propagation, and to
provide data to develop firefighter size-up considerations.
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Pressure Transducers
IR View Reference Thermocouples
Gas Temperature Thermocouple Array
Battery Temperature Thermocouples
Wall Temp. Thermocouple Array (plan view)
(» Smoke Detector
© B ] Smoke Obscuration Meter
@@  Gas Measurement Probe
Hydrogen Gas Detector
LEL Gas Detector
Carbon Monoxide Detector

O++++>

000

Heat Flux Gauge

Deflagration Vent

Live Batteries

Dummy Unit Area
Expanded Metal Unit Door

BNz

Figure 2471 Instrumentation key.
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Figure 2571 Container instrumentation plan view.

@ 20



36.00 B
) +

S+ +++ A+ 4

Figure 26 1 Container instrumentation elevation view (long axis).

+ [

+ O [ wll
#+ + =

+

+

+ 00+

+

+

=+

+ _

Ini‘tia;ipg Unit (:: r;l:l}

+ ; Unit
R

ks

Figure 271 Container instrumentation elevation view (short axis).

2.2.1 Container

Instrumentation was installed in the container to assess the conditions inside in terms of
temperature, thermal exposure, pressure, and gas composition.

Thermocouples

Container gas and wall surface temperatures were monitored using three thermocouple
arrays and additional single point thermocouple measurements. Array thermocouples
were 24 American Wire Gauge (AWG) Type K and single thermocouples were 30 AWG
Type K. Wall surface temperatures are reported with 60-second averaging to assist with
interpretation of results.
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One thermocouple array was attached to each instrumented wall, to the side and rear of
the Initiating Unit. The arrays were centered on the Initiating Unit with a thermocouple
located every vertical 6 in from floor to ceiling. The walls instrumented with the
thermocouple arrays were painted flat black to enhance and control emissivity. UL 9540A
utilizes these temperature measurements to evaluate the performance criteria of UL
9540A Section 10.5.1:

AFor BESS units intended for I nstal]l
construction, surface temperature measurements along instrumented
wall surfaces shall not exceed a temperature rise of 97 °C (175 °F) above
ambient. Surface temperature rise is not applicable if the intended
installation is composed completely of noncombustible materials in which
wall assemblies, cables, wiring, and any other combustible materials are
not to be present in the BESS installation. In this case, the report shall

note t hat the i nstallation shall cont ali

The third thermocouple array was installed in the center of container to measure gas
temperatures. Thermocouples were installed every 6 in vertically from floor to ceiling.

Additional pairs of thermocouples were installed coaxially through the thickness of the
wall in four locations on corresponding internal and external surfaces of the container.
These thermocouples were used to compare the difference in thermal conditions from the
interior or exterior of the container, and to serve as reference points for thermal imaging
cameras.

Heat Flux

One Schmidt-Boelter heat flux gauge was installed flush with the surface of each
instrumented wall at the height of the Initiating Module to measure the thermal stress
applied from the ESS to the adjacent wall. Wall surface heat flux measurements are
reported with 60-second averaging.

Figure 281 Schmidt-Boelter heat flux gauge.
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Pressure

Container pressure was measured with two pressure transducers. The pressure
differential between the container and its exterior was measured with a differential
pressure transducer with a range of -100 to 100 Torr (-1.9 to 1.9 psig). The absolute
pressure inside the container was measured by an absolute pressure transducer with a
range of 0 to 15 psia (vacuum to 15.5 Torr-g).

Gas Analysis

A combination of analytical instruments and common industrial gas detectors were used
to characterize the gas composition inside the container, as summarized in Table 5. Gas
samples near the ceiling and floor were extracted from the container and transported by
heated lines to analytical instruments. The sample taken near the ceiling was analyzed
for oxygen, carbon monoxide, carbon dioxide, hydrogen, and total hydrocarbon
concentrations. The sample taken near the floor was analyzed for total hydrocarbon
concentrations to measure the stratification of lighter and heavier than air hydrocarbons.

Common industrial gas detectors included hydrogen detectors, carbon monoxide
detectors, and combustible gas detectors. The industrial gas detectors were selected to
be representative of the types that may be installed in ESS installations; the data from
these meters is intended to represent what may be available for hazard assessment if the
signals are remotely monitored. All three detector types were mounted on the wall
between the Initiating Unit and Front Target Unit. Three combustible gas detectors were
utilized to compare with total hydrocarbon measurements of stratification in the gas layer.

Table 51 Analytical and wall-mounted gas measurement equipment.

Measurement Measurement
Gas : .
Location Principle
Oxygen Ceiling probe Paramagnetic
o . Nondispersive
Carbon dioxide Ceiling probe Infrared (NDIR)
Carbon monoxide Ceiling probe NDIR

Wall-mounted

Carbon monoxide

detector at 1.6 m

Electrochemical

Hydrogen Ceiling probe Palladium-nickel
Wall-mounted
Hydrogen detector at 2.1 m Electrochemical
(ceiling)
Ceiling probe; Flame ionization
Total hydrocarbons floor probe detection (FID)

Combustible gas
(%LEL, methane)

Wall-mounted
detectors at:
0.3 m (floor)

1.6 m (middle)

2.1 m (ceiling)

Catalytic bead




Smoke Measurement
Smoke was measured two ways: smoke obscuration and smoke detection.

Smoke Obscuration

Smoke obscuration was measured at the ceiling adjacent to the smoke detector near the
ESS unit enclosures and 3 ft above the floor below the second smoke detector.
Obscuration was measured with a white light source and photocell receiver with a 3 ft
path between them. Obscuration is calculated as extinction coefficient by:

e Pl
)
where k is the extinction coefficient (m); 10 is the initial clear beam signal received by

the photocell (V); | is the beam signal received by the photocell through the smoke layer
(V); and L is the path length between light source and receiver (m).

Smoke Detection

Two commercially available smoke detectors were installed along the centerline of the

container and evenly spaced at one-third of the lengths of the container. The smoke
detector closer to the Initiating Unit was | ab
Both detectors were combination photoelectric/ionization. Smoke detectors were

incorporated because of their common application as initiating devices for fire alarm and

fire suppression systems.

2.2.2 ESS Units
Initiator

Two 24 ga. Type K thermocouples were installed in each module of the initiating unit; one
was installed on the underside of the lid in the center of the module, and one was installed
inside the front vent opening of the module (Figure 18). Both thermocouples were used
to determine whether thermal runaway had occurred within the module.

Targets

Two 24 ga. Type thermocouples were installed in each module of the target units; one
was installed on the underside of the lid in the center of the module, and one was installed
on the inner side of the module closest to the Initiating Unit (Figure 19, Figure 20). These
thermocouples were used to determine whether thermal runaway had occurred within the
target modules. The thermocouple on the side closest to the Initiating Unit was used to
evaluate the performance criteria within UL 9540A, 4™ edition, Section 10.5.2:

Q



UL 9540A INSTALLATION LEVEL TESTS WITH OUTDOOR LITHIUM-ION ENERGY
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firhe surface temperature of modules within the BESS units adjacent to
the initiating BESS unit shall not exceed the temperature at which

thermally i1initiated cell venting occurs.

Heat flux gauges were installed in each Target Unit at the same elevation (third from the
bottom) as the Initiating Module within the Initiating Unit. Heat flux gauges were positioned
facing towards the Initiating Module. Target heat flux measurements are reported with 60-
second averaging.

Figure 291 Heat flux gauges installed for Left Target Unit (left) and Front Target Unit
(right),

2.2.3 Fire Service Size-up Equipment
Portable Gas Meters
Meter Locations

Fire service portable gas monitors were placed at locations both inside and outside the
container to assess their ability to detect products of thermal runaway and inform fire
service size-up decisions. Four models of meter were used. Table 6 lists these meters,
the labels that will refer to them in this document, and the quantities they measured.
Figure 30 shows the location of the meters in and around the container. Two meters,
labeled Interior Meter 1 and Interior Meter 2, had a sample point located inside of the
container. The sample point was located 48 in above the ground and 36 in inside the
container door, approximately at the standing height of a fire department entry team.
Although the diffusion meter was located inside of the container itself, the pumped meter
was connected to the sample location with a length of 3/8" stainless steel tubing.
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Exterior Meter 3
(h=12in.)

Interior Meter 2
(h =48 in., piped to interior)

}-—36 in.
A

Exterior Meter 1
(h=12in.)

120 in.

Exterior Meter 4
(h=12in.)

Exterior Meter 2
(h=12in.)

Interior Meter 1
(h=48in.)

Figure 301 Fire service portable gas meter locations.

The exterior meters were elevated 12 in above the ground in an effort to simulate
firefighters sampling the vapor clouds traveling along the ground. Exterior Meter 3 was
located on the B-side of the structure, 36 in from the front wall offset 12 in from the B-side
of the container, as indicated in Figure 30. Two meters, one diffusion model and one
pumped model (Exterior Meter 1 and Exterior Meter 2), were placed 36 in offset from the
centerline of the container doors, as shown in Figure 30. The final two meters were placed
120 in back from the centerline of the container doors.

Gas Sensor Technologies

A range of gas sensor technologies commonly utilized by fire service and hazardous
materials personnel were used to monitor the experiments. The technologies used to
instrument the experiments were chosen to represent a wide range of sensor
technologies and manufacturers. The meters containing many of the sensors were typical
multi-gas meters of both pumped and diffusion style. Gas meters are categorized as
either pumped- or diffusion-style meters. The pumped meters included a sampling pump
that can extract a sample from a remote location for analysis. Diffusion style meters
require direct contact with the gas atmosphere to sample. Only the diffusion style meters
were designed to measure hydrogen. The technologies utilized by each meter in this set
of experiments are listed in Table 6.

The breadth of specific gases and measurement ranges for the sensors was chosen to
correlate the conditions inside the ESS to the measurements yielded by fire service
personnel conducting 360-degree size-ups. Additionally, measurements were utilized to
investigate potential cross-sensitivities in the measurements due to the presence of gases
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and vapors released during an ESS thermal runaway event and subsequent mitigation
activities. The following sections provide some technical background on the sensor
technologies and provide some general justification for their inclusion in these
experiments.

Table 67 Gas sensor technologies.

Interior

Interior

Exterior

Exterior

Exterior

bizer Lele Meter 1 | Meter2 | Meter1 | Meter 2 | Meter 3 P4 .
Style Diffusion | Pumped | Diffusion | Pumped | Pumped | Pumped | Diffusion
Measurements
02 X X X X X
CoO X X X X X X
HCN X X X X
H2S X X X X
H2 X X
Volatile Organic
Compounds X
(Photoionization)
LEL (NDIR)* X
LEL (Catalytic Bead) X* X* X* X+ X* X*

* calibrated to LEL of methane gas
*+calibrated to LEL of pentane gas

Electrochemical

Electrochemical sensors generally consist of at least three distinct components. These
components include a sensing electrode, a counter electrode, and an ion conductor
between the two electrodes. The operating principle of electrochemical gas sensors
involves the reduction or oxidation of a target gas at the sensing electrode, which
generates an electric potential or the flow of current through the ion conductor to the
counter electrode. Electrochemical sensors may be the amperometric type, in which the
measurand is the current between the electrodes, or the potentiometric type, in which the
measurand is the electric potential between the two electrodes [13].

To relate the current or electric potential between the electrodes to a specific target gas
concentration, the rate of gas flow to the sensing electrode must be controlled. This is
often achieved using a diffusion film or a pinhole. The flow control mechanism may also
incorporate filters to selectively allow gas species to come in contact with the sensing
electrode. The flow control mechanism is a possible point of failure or source of
uncertainty for electrochemical sensors that have been exposed to atmospheres that
compromise the integrity of the mechanism. Silicon vapors, sulfuric acid gas, and
excessive condensation of water vapor may foul the permeable diffusion film. Additionally,
salt-water spray, basic gases, dust or oil mist, and frozen water may permanently affect
the ability of the sensor to accurately measure gas concentrations.
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Due to the relative simplicity of electrochemical gas sensors and the inability to completely
filler out unwanted gas species, electrochemical sensors often suffer from cross-
sensitivities in which the presence of a non-target gas interferes with the measurement
and indicates an erroneously higher or lower target gas measurement. Table 7 shows
typical cross sensitivities for the gases of interest in this work [14, 15, 16].

Table 771 Typical cross-sensitivities for the electrochemical sensors in these tests.

RAE Systems

Cross-Sensitivity % Gas

Sensor CO I i { HCN I
CO 100% 0% N/A 40%
CO-H Compensated | 100% N/A N/A 1%
i { 1% 100% N/A N/A
HCN 5% 600% 100% N/A
| 20% 20% 30% 100%

MSA

Cross-Sensitivity % Gas

Sensor CO i { HCN I
CO 100% 0% -5% 48%
i { 1% 100% -3% 0%
HCN 0% 400% 100% 0%

Ventis

Cross-Sensitivity % Gas

Sensor CO i { HCN I i
CO 100% 5% 15% 22%
i { 1% 100% -1% 0%
HCN 0% 10% 100% 0%

Electrochemical sensors are a low-cost and low-power option for measuring oxygen
concentration as well as low-level concentrations of toxic gases (on the order of parts per
million (ppm)). These advantages make electrochemical sensors ideal for portable multi-
gas meters used by first responders and HAZMAT personnel. These advantages must
be weighed against the limitations and cross-sensitivities of specific electrochemical
sensors when determining which meters and sensors to use during an emergency
response.
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Catalytic Bead

A catalytic bead sensor is comprised of a small catalytic bead supported by an electrically
conductive wire. The catalyst facilitates combustion of a mixture of gases and vapors at
temperatures significantly lower than would typically be required for combustion. Local
combustion of the gas mixture on the surface of the catalytic bead increases the
temperature of the wire in proportion to the concentration of a specific flammable gas in
the mixture, which affects the electrical conductivity of the wire in a predictable way [17].
Catalytic bead sensors are typically only suitable for measuring the concentration of
flammable gases up to the lower explosive limit (LEL).

Catalytic bead sensors can only provide an accurate assessment of the concentration of
a gas when a single, known flammable gas is present in a mixture. This technology does
not allow for identification and quantification of an unknown gas species or mixture. Most
catalytic bead sensors are calibrated to a specific flammable gas (typically methane,
propane, or pentane) and correction factors are used to convert a measurement from the
calibration basis to the measured gas species basis. Table 8 shows a chart with typical
correction factors for a catalytic bead sensor calibrated with methane [14]. Additionally,
most catalytic bead sensors are affected by elevated gas temperature, and are not
typically used in high temperature environments.

Table 81 Correction factors for a typical catalytic bead LEL sensor calibrated for
Methane.



Compound Lsi::::mf LEL CF
Acetone 45 22
Ammonia 125 08
Benzene 40 25
Carbon monoxide 83 12
Cyclohexane 40 25
Ethanol 59 17
Ethyl acetate 45 22
Hydrogen 83 12
Isobutylene 67 15
Isopropanol 38 26
Leaded gasoline 42 24
Methane 100 1
Methanol 67 15
Methyl ethyl ketone 38 26
n-Butane 63 16
n-Heptane 37 )
n-Hexane 40 25
n-Octane 34 29
n-Pentane 50 2
Phosphine 385 0.26
Propane 63 16
Propene 59 17
Toluene 33 3
Turpentine 34 29

Because the operation of catalytic bead sensors depends on combustion of the sample
gas mixture at the bead surface, this technology is only suitable in oxygen-containing
atmospheres. Additionally, vitiated oxygen conditions and samples with a gas mixture
concentration above the LEL may result in erroneously low measurements. The catalyst
may lose sensitivity due to catalyst poisoning from specific trace gases. Common catalyst
poisons include silicone, halocarbons, and metallo-organic compounds.

Catalytic bead sensors are particularly susceptible to poisoning and inhibitors. Sensor
poisons are chemicals or substances that react directly with the heated catalyst to
permanently damage the sensor. Inhibitors are chemicals that can temporarily affect the
sensitivity of the sensor, and if a mixture of gases is combustible and contains an inhibitor,
the sensor may not be able to detect the combustible gases. Some of the most common
potential inhibitors are halogenated compounds, which include many clean agents that
are available for suppression [18].

Photoionization Detector (PID)

PIDs involve shining an ultraviolet (UV) light through a sample gas. If the photon energy
of the UV light used in the PID is greater than the ionization energy of the target gas
molecules, the molecules are ionized (electrons are ejected from the molecules). The
ejected electrons are collected on charged grids and produce an electric current, which
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is proportional to the amount of gas in the sample [19]. Gases with ionization energies
higher than the lamp photon energy are typically not detected.

PIDs are useful because they are sensitive to volatile organic compounds (VOCs) that
may be flammable or toxic but are not typically measured using a targeted
electrochemical sensor and may detect these compounds at sub-ppm concentrations.
Different UV lamp photon energies allow for either a wider range of gases detected
(higher energy) or a more sensitive detector with a more selective list of possible gases
detected (lower energy). This technology is unable to identify components of an unknown
gas mixture but can indicate the presence and total concentration of VOCs within the
range of ionization energies suitable for the UV lamp. Common compounds expected to
be detected by a 10.6 eV lamp have been tabulated by the manufacturers [20].

Non-Dispersive Infrared (NDIR)

NDIR sensors consist of a polychromatic light source, a detector, and a filter to selectively
allow light with a specific band of wavelengths through to the detector. As infrared light
interacts with gas molecules, a portion of the light is absorbed by the molecules, resulting
in vibrations that increase the temperature of the gas. The amount of infrared light
absorbed by the gas sample is directly proportional to the concentration of the target gas
in the sample [21].

Specific chemical bonds absorb a unique wavelength of light in the infrared spectrum.
The carbon dioxide covalent bonds absorb infrared light at 4.26 microns, and the carbon-
hydrogen covalent bond common in hydrocarbons has a strong absorption peak from 3.3-
3.5 microns. Detectors designed to measure concentrations of each of these gases
incorporate a filter to allow light in these wavelength ranges to the detector.

NDIR detectors designed to measure hydrocarbon concentrations are not selective and
are incapable of identifying specific gas species. Two advantages of NDIR sensors for
LEL monitoring over catalytic bead sensors are that the sample gas atmosphere is not
required to contain oxygen, and the sensor may be able to measure flammable gas
concentrations above the LEL.

Solid-State (Metal-oxide Semiconductor)

Solid-state sensors, also known as metal-oxide semiconductor sensors, are comprised
of a thin layer of metal oxide on the surface of a non-conductor. The semiconductor layer
connects two electrodes. In normal ambient air, electrons in the metal oxide are attracted
toward oxygen, which is adsorbed at the surface of the semiconductor. This effectively
results in no current flow through the semiconductor.

When a target gas from the atmosphere is present at the sensing surface, some of the
absorbed oxygen is reduced by the target gas molecules, which frees up electrons in the
semiconductor. These free electrons effectively decrease the electrical resistance and
allow current flow. The electrical resistance of the semiconductor varies logarithmically
with the gas concentration [22].
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This technology is sensitive but inherently non-specific, and cannot be used to identify
the components in an unknown gas mixture. The sensitivity of the semiconductor sensor
may be affected by humidity and temperature. This technology can only be used in an
atmosphere with oxygen, and vitiated conditions may result in erroneous readings.
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Video Cameras

Thermal imaging and high-definition (HD) cameras were located both inside and outside
the container to monitor test conditions and capture visual cues for fire service size-up
considerations. Figure 31 and Figure 32 show the camera locations on the interior and
exterior of the container, respectively. The cameras are numbered according to the
convention in Table 9.

AD Corner
(14)

_ ,9\ Side A IR* (5)
Side D IR / = Y,

|j :
¥ : Side A (6)
North Bird’s '_4
Eye IR (13) ,
/ North Bird’s
Eye (12)

Side B

Legend

> HD Camera
N

N

Figure 311 Exterior camera locations.
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Figure 321 Interior camera locations.

Table 97 Camera numbering and locations.

Legend

-
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=
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IR Camera
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N
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s
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~ HD Camera
N
N

Number | Type Location
1 HD Interior container, view of Initiating Unit
2 HD Inside container, view of meters
3 HD 2 ft above floor in doorway
4 HD 6 ft above floor in doorway
Floor level, inside doorway, view of
5* IR o ;
Initiating Unit
6 HD Side A (front)
7 HD Side C (rear)
8 HD Side B (left)
9 IR Side B (left)
10 HD Side D (right)
11 IR Side D (right)
12 HD A-Bcorner (fr oreye,
13 IR A-Bcorner (fr oreye,
14 IR Side C

HD cameras used in the experiments were HD-SDI CCTV cameras. In all three
experiments, two HD cameras were placed on the interior of the container with views of
the Initiating Module and the inside face of the door of the container. Two cameras were
mounted to the outside of the container doors to view through glass-covered holes,
located 2 ft and 6 ft above the floor. These two cameras captured views of the floor and
ceiling. An additional six HD cameras were located on the laboratory floor to obtain views

of each side of the exterior of the container, at locations shown in Figure 31.

Fire service thermal imaging cameras were co-located with the D-side and A-D side
b i r-ayé exterior cameras. In Test 1, a third thermal imaging camera was co-located
with the B-side exterior camera. In Tests 2 and 3, this third IR camera was moved to a
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location at floor level inside the doorway of the container, directed toward the Initiating
Unit. The fire service thermal imaging cameras used were Bullard Model T3Xs.

FLIR model t450sc instrument-grade thermal imaging cameras were also used to
measure the infrared thermal signature of the exterior of the container. One of these
cameras was located on the C-side of the structure. In Test 1, the second camera was
located on the A-side of the structure, co-located with the exterior HD camera. This
camera was moved during Tests 2 and 3 to be co-located with the exterior HD camera
on the B-side.



3 Procedure

Prior to each test, each analytical gas instrument was field calibrated. Every fire service
gas meter and commercial gas detector was bump tested with appropriate calibration
gases. New smoke detectors and commercial gas detectors were installed for each test.

Each test began by energizing a flexible film heater installed on one component 18650
cell within each mock-up cell. Power was automatically controlled to provide 6 °C/min of
temperature rise on the initiating component cell surface. Heating continued at this rate
until thermal runaway was observed, at which point the heater was de-energized.

Thermal runaway behavior was confirmed by a rapid increase in cell surface temperature
exceeding 10 °C/s to a maximum temperature in excess of 500 °C for the 18650 cell at
100% state of charge. In contrast, cell venting was marked by temperature fluctuation on
the cell surface of less than 10 °C within five seconds as the cell safety vent operates and
relieves electrolyte vapor pressure within the cell case.

Following the initial thermal runaway event, thermal runaway propagation behavior of the
ESS was monitored until actions were required to activate suppression systems. In Test
2, the Novec 1230 system was discharged with a solenoid valve upon activation of both
smoke detectors installed in the container. In Test 3, the water suppression system was
activated following the actuation of a 165 °F standard response sprinkler link and a 30
second delay to simulate pipe filling from a Siamese water connection. In Test 1, no
suppression systems were utilized. After the deployment of suppression systems, as
applicable, the behavior of the ESS was observed until test termination. While observing
test progression, propagation of thermal runaway to additional modules in the Initiating
Unit and Target Units was monitored. Thermal runaway behavior in these modules was
marked by an immediate temperature increase of more than 400 °C and sustained
temperatures above 300 °C. When thermal runaway activity subsided or module
temperatures began decreasing, test termination procedures were initiated.

To begin test termination procedures, a carbon dioxide system was used to mitigate
potential deflagration hazards. The system discharged 41 kg of COzin order to develop
a concentration of 62 v% CO: (less than 8.0 v% O2 when including battery gas) before
the doors were allowed to be opened. The operation of the system was verified before
conducting the test series. Evaluation of this laboratory safety provision is outside the
scope of this report. Following the deployment of the carbon dioxide system, the container
doors were opened remotely utilizing electrically operated winches. Once the deflagration
hazard was mitigated, manual extinguishment, overhaul, and disposal were conducted.
This procedure was utilized for all three tests.
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4 Results

4.1 Test 17 Li-lon ESS Installation without Fire Suppression System
Test 1 was conducted on June 19, 2020, at 9:40 AM Central time.
4.1.1 Timeline

Figure 33 through Figure 35 show a visual sequence of the most significant events that
occurred during Test 1.? Test 1 began when the flexible film heaters installed inside the
Initiating Module were energized to begin heating. Power was automatically controlled to
provide 6 °C/min of temperature rise on the initiating 18650 component cell surface. After
23 minutes and 43 seconds, venting of the heated cell was detected. Thermal runaway
within the mockup Initiating Cell occurred 2 minutes and 39 seconds later, at 26 minutes
and 22 seconds of test time. Smoke was first seen venting from the Initiating Module 15
seconds after thermal runaway. Within 30 seconds of thermal runaway, all of the wall-
mounted gas detectors alarmed and an off-gas plume reached from the Initiating Module
to the ceiling, as shown by Figure 33.

2 A more detailed visual timeline is provided in Appendix A.
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00:26:53 (TR + 00:00:31) 00:26:53 (TR + 00:00:31)

Doors opened by deflagration Doors closed

0:26:53 (TR + 00:00:31) 0:33:57 (TR + 00:07:35)
Figure 331 Sequence of events in Test 1 leading up to 34 minutes of test time.

Thirty-one seconds after thermal runaway, the gas plume ignited at the initiating module
and a partial volume deflagration® occurred inside the container.

Pressure generated by the deflagration exerted sufficient force to open the latched
container doors but did not operate any of the deflagration pressure relief panels. Gas
continued to vent from the Initiating Module and burn, which also caused ignition of the
plastic faces of the modules in the Initiating Unit. Seven minutes and 35 seconds after
thermal runaway, the doors were manually closed to re-establish the integrity of the
container envelope. Smoke and combustion products accumulated with the doors closed,
vitiating the flames. Flaming subsided within one minute and 25 seconds of the door
closing. Without any further flaming inside the container, thermal runaway propagated to
all modules in the Initiating Unit and to all modules in the Left Target Unit within two hours
and 50 minutes of the first thermal runaway. Smoke and gases escaped a wiring conduit
at the floor level. Unpiloted ignition of this escaping gas was observed several times
during this three hour period, an example of which is shown in Figure 34.

| Combustible materials ignited | Flaming subsides |

3 A partial volume deflagration is the deflagration of a flammable mixture that occupies
only a part of total confined volume.
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“pi. ‘. -

o o —

00:35:22 (TR + 00:09:00)
CO2 system discharge

" 00:34:22 (TR + 00:08:00)
ntermittent flaming from conduit

01:13:40 (TR + 00:47:18) 03:21:51 (TR + 02:55:29)
Figure 341 Sequence of events in test 1 from 34 to 194 minutes of test time.

The CO2 system used as part of test termination procedures was discharged two hours
and 55 minutes after the first thermal runaway. When the CO: system finished
discharging, the container doors were immediately opened remotely using an electrically
operated winch. Hot combustible materials ignited, but no further thermal runaways
occurred. Final extinguishment was performed.

Door opened Ignition of combustibles

i

03:28:13 (03:01:51) © 03:29:03 (03:02:41)

Figure 351 Sequence of events in test 1 from 194 to 209 minutes of test time.
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4.1.2 Comparison of Test 1 Results to UL 9540A Performance Metrics

Table 107 Test 1 performance .

Ref. UL 9540A Performance Metric Assessment
AFor BESS wunits intended fo
combustible construction, surface temperature measurements
along instrumented wall surfaces shall not exceed a
temperature rise of 97 °C (175AF) above ambi

AThe surface temperature of

10.5.2 | adjacent to the initiating BESS unit shall not exceed the | Not compliant
temperature at which thermally initiated cell venting occu r s ¢
AThe fire spread on the cabl

10.5.1 Not compliant

10.5.3 | extend horizontally beyond the initiating BESS enclosure N/A
di mensions. 0
10.5.4nThere shall be no flaming o No_t
compliant*
AThere i s no observation of

10.5.5 | of deflagration unless mitigated by an engineered deflagration | Compliant®
protection system. o0

AHeat flux in the center of .
10561 1ot exceed 1.3 kWim2. o Not compliant
AThere shall be -mgrotiorowithnghe mittating

10.5.7 | unit after the installation test had been concluded and the | Compliant
sprinkler operation was disc
A The deflagration pressure relief vents successfully prevented overpressure and
maintained integrity of the ISO container.

Thermal Exposure to Walls

All measurement locations on both the rear and side instrumented walls exceeded
temperature performance criteria for combustible construction, as illustrated in Figure 36
and Figure 37. Except for the bottom locations 6 in and 12 in off the floor, all measurement
locations exceeded the temperature performance criteria within 20 minutes of the first
thermal runaway event. Measurement locations on the rear wall directly behind the
Initiating Unit exceeded temperature performance criteria by nearly 400 °C. Measurement
locations on the side wall exceeded temperature performance criteria by 100 °C. The
difference in measurement magnitude is explained by the construction of the ESS. The
module had vent openings symmetrically on the front and back of the module, which
resulted in hot gases impinging directly on the back panel of the ESS unit. This back
surface was hotter than the shielded side panel and emitted greater radiation toward the
instrumented wall.
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Temperatures measured on the rear wall spiked after the carbon dioxide system
discharge during the test termination procedures. The doors of the container were
remotely opened immediately after carbon dioxide system discharge, resulting in an influx
of fresh air into the container. Increased oxygen in the container supported reignition of
combustible materials in the Initiating Unit and Left Target Unit, as documented in Figure
43 in the next section, Thermal Exposure to ESS Targets.
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Figure 36 1 Rear wall temperatures measured during Test 1.

UL 9540A does not include a performance criterion based on incident heat flux to
combustible materials. This data offers insight into the magnitude and duration of
exposure and ignition risk to combustible materials. The rear wall exceeds 12.5 kW/m?
for the majority of the test, representing a critical threshold for ignition risk to combustible
structures according to NFPA 80A [23]. The instrumented side wall received less incident
heat flux due to the shielded unit design.
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Figure 371 Side wall temperatures measured in Test 1.
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Figure 381 Incident heat fluxes to rear and side walls measured in Test 1.

During overhaul of the test, the ESS units were moved aside to reveal the condition of the
instrumented walls, as shown in Figure 39. The paper coatings were burned off both walls.
Both walls were charred. The plywood layer beneath the gypsum board on the side wall
was smoldering with damage penetrating to the bare steel behind the plywood.

Figure 391 Thermal damage to walls photographed during test termination and overhaul
after Test 1.
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Thermal Exposure to ESS Targets

Both measurement locations in all target modules of the Left Target Unit exceeded the
cell vent temperature (130 °C), and therefore the ESS was not compliant with the Target
Unit temperature performance criteria. All modules of the Left Target Unit exceeded the
cell vent temperature within 30 minutes of the first thermal runaway event, except for the
bottom module (Module 1), as displayed in Figure 40.

Each target module of the Left Target Unit experienced thermal runaway during the test.
Thermal runaway behavior is marked in Figure 40 by an immediate temperature increase
of more than 400 °C, and a sustained temperature above 300 °C.
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800 LeftUnitMod2Vent
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LeftUnitMod7Center

200 )
LeftUnitMod7Vent
100 LeftUnitMod8Center
0 LeftUnitMod8Vent
0 25 50 75 100 125 150 175 200 225 LeftUnitMod9 Center

Time (min) | T Vent Temperature (130C)

Figure 401 Temperatures measured in Left Target Unit during Test 1.

Cell vent temperature was exceeded in five Front Target Unit modules, two hours after
thermal runaway. None of the modules in the Front Target Unit experienced any thermal
runaways.
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Figure 41717 Temperatures measured in Front Target Unit during Test 1

Figure 42 shows that less heat flux was imposed on the Front Target Unit than the Left
Target Unit. Heat flux exposure was likely less for the Front Target Unit because of the
separation distance provided by the aisle. The Left Target Unit experienced incident heat
fluxes above the critical heat flux for ignition to many combustible materials, 12.5 kW/m?2.
Heat flux measured at the Front Target Unit remained below 12.5 kW/m? for the test
duration.
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Figure 421 Incident heat flux measured in Front and Left Target Units during Test 1.

Flaming Outside the Test Room

Intermittent flaming of gases escaping from an instrumentation cable conduit in the
container wall was observed, as pictured in Figure 43. The intermittent flaming is an
indication the gas mixture that accumulated inside the container lacked sufficient oxygen
for complete combustion and may have been above the upper flammability limit (UFL).

Figure 431 Flaming outside the test container through cable conduit in Test 1.

Explosion Hazards

A partial volume deflagration occurred in the container 31 seconds after the first thermal
runaway event. At the moment of this event, only the mockup Initiating Cell had
undergone thermal runaway. The hydrocarbon concentration measured by the FID
analyzers at the ceiling and the floor were both less than 0.5 v% at the time of the
deflagration. The combustible gas detector at the floor registered 50% LEL.

Potential sources of ignition included hot materials from the modules that experienced
thermal runaway, and electrical components of wall-mounted gas detectors. Pressure
generated by the deflagration was sufficient to open both latched doors to the container,
as pictured in Figure 33. The force exerted was sufficient to unlatch and open the doors
but did not rupture the deflagration vents. The force exerted on the container doors is
estimated to have been 2300 Ibf to 6900 Ibf, based upon the deflagration vent panel
operation pressure specifications [24].

Egress Path Heat Flux

Measurements for egress path heat flux were taken from the heat flux gauge installed in
the Front Target Unit, across the aisle from the Initiating Unit. UL 9540A prescribes this
heat flux gauge be installed in the middle of the potential egress pathway, but the Front
Target Unit measurement acted as a proxy for this test series. Heat flux measurements
in Test 1 were noncompliant to the 1.3 kW/m? criteria for over two hours, as plotted in
Figure 44. Heat flux was measured between 1 and 3 kW/m? from the time thermal
runaway propagated outside the Initiating Module until the end of the test, with excursions
as high as 5 kW/m?2.
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Figure 441 Heat flux measured in the egress path for Test 1.

Reignition Caused by Post-Test Thermal Runaways

Test termination safety procedures included discharging carbon dioxide gas for inerting
the gas mixture inside the container immediately before opening the container doors. No
thermal runaway events occurred after this test termination procedure. Because no
additional thermal runaway events occurred, Test 1 complied with the UL 9540A, 4%
edition, performance criteria for reignition.

While not considered re-ignition, opening the doors increased oxygen in the container,
and notably enabled ignition of hot combustible materials in the Initiating Unit and Left
Target Unit. A sequence of photos that capture the additional flaming are shown in Figure
45.

[03:28:21] [03:29:03] [03:29:26] [03:56:40] [03:57:00]

Figure 4571 Sequence of reignition during overhaul of Test 1 (test time 03:29:21 to
03:57:00).
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A photo of the reignited mass of combustibles and cells is documented in Figure 46, which
also illustrates the extent of thermal damage in Initiating, Left, and Front Target Units. All
cells and most module materials were consumed in the Initiating and Left Target Units.
The Front Target Unit shows soot deposition and some melting of module materials.

Melted gas detectors positioned in the aisle demonstrated the thermal stress imposed on
adjacent exposures.

Figure 46 1 Re-ignited fire observed during overhaul of Test 1 (four hours after test start).
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4.1.3 Thermal Runaway Propagation

Only one cell experienced thermal runaway before the partial volume deflagration
occurred. The remainder of cells in the Initiating Module did not undergo thermal runaway
until after the doors were closed again on the container, as illustrated in Figure 47. The
remaining cells in the Initiating Module experienced thermal runaway within 30 seconds
of each other.
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Figure 471 Thermal runaway propagation within the Initiating Module in Test 1.

Figure 48 shows temperatures measured inside the Initiating Unit modules, which were
analyzed to determine times and locations of thermal runaway propagation. Thermal
runaway behavior in the Initiating Unit is marked in Figure 48 by an immediate
temperature increase of more than 400 °C and a sustained temperature above 300 °C.
Thermal runaway propagated module-to-module through all modules in the Initiating Unit
and Left Target Unit. Upward thermal runaway propagation occurred at a rate of two to
10 minutes between events. Downward thermal runaway propagation also occurred with
approximately one hour between thermal runaways. Propagation times and locations are
summarized in Table 11 to aid in interpreting the data shown in Figure 48. Figure 46
above and Figure 49 below illustrate the extent of damage to the Initiating Unit. Most
enclosure materials were consumed, and all cells experienced thermal runaway.

No thermal runaway behavior was observed in the Front Target Unit.
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Figure 481 Temperatures measured throughout the Initiating Unit during Test 1.
Table 117 Thermal runaway propagation times for Test 1.

Test Time T|me_:r§|nce Location Test Time T|me_:r§|nce Location
00:26:22 00:00:00 InitUnitMod3 | 01:13:37 00:47:15 InitUnitMod7
00:40:26 00:14:04 InitUnitMod5 | 01:15:10 00:48:48 LeftUnitMod8
00:46:57 00:20:35 LeftUnitMod4 | 01:22:57 00:56:35 InitUnitMod8
00:49:04 00:22:42 InitUnitMod4 | 01:25:48 00:59:26 InitUnitMod9
00:55:47 00:29:25 LeftUnitMod5 | 01:28:46 01:02:24 LeftUnitMod9
00:57:26 00:31:04 LeftUnitMod3 | 01:54:53 01:28:31 InitUnitMod2
00:58:41 00:32:19 LeftUnitMod6 | 02:08:06 01:41:44 LeftUnitMod2
01:00:55 00:34:33 InitUnitMod6 | 03:13:48 02:47:26 LeftUnitMod1
01:04:26 00:38:04 LeftUntMod7 | 03:14:04 02:47:42 InitUnitMod1
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Figure 491 Condition of Initiating Unit after Test 1.
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4.1.4 Test Conditions Inside ISO Container

Gas Temperature

Gas temperatures measured in the center of the container increased rapidly when the
container doors were shut after the partial volume deflagration. Once the container
became under ventilated, flaming subsided and temperatures decreased. As more
modules underwent thermal runaway, hot gases were vented from the modules into the
container, resulting in temperatures ranging from 50 °C at the floor to 200 °C near the
ceiling, as documented in Figure 50.
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Figure 501 Container gas temperatures measured during Test 1.

Temperatures observed in the container between 60 in and 90 in exceeded the cell vent

temperature, 130 °C. Temperatures at the ceiling approached the cell thermal runaway
temperature, 204 °C.



Gas Concentrations

There was no indication of cell venting with the gas measurement instruments. After
thermal runaway in the Initiating Cell, hydrocarbons were measured first and were
followed by an increase in carbon monoxide and carbon dioxide concentrations, as shown
in Figure 51. Hydrogen was not measured initially, though this is limited by a 0.4%
concentration threshold applied within the meter.
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Figure 511 Gases measured in the container from thermal runaway through propagation
of thermal runaway to other modules in Test 14.

Following the partial volume deflagration, flaming combustion was observed at the
Initiating Unit. After the container doors were closed, carbon dioxide concentration
increased while oxygen concentration decreased. The container became under ventilated
and flaming subsided. Battery gases accumulated as thermal runaway propagated
through the Initiating Module and adjacent modules. Step-like increases in gas
concentrations are observed in Figure 51 as thermal runaway propagated through groups
of cells. Carbon dioxide volume concentration increased the fastest, followed by carbon
monoxide. Hydrogen was first measured above the 0.4% threshold at 47 minutes, 20
minutes after the first thermal runaway event.

4 Gases are presented without 30 second averaging.
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Between 60 and 90 minutes, a quasi-steady state condition was reached, as illustrated in
Figure 52. Carbon dioxide, carbon monoxide, and hydrogen were all measured between
10 v% and 15 v%. At these concentrations, the atmosphere inside the container was
comprised of 401 60 v% battery gas. Oxygen concentrations during this period were
measured between 7 v% and 8 v%, corresponding to approximately 40% ambient air
concentration by volume in the container. The upper flammability limit (UFL) of the battery
gas is 40 v%, as was determined by ASTM E681 [25] during UL 9540A cell level testing.
The majority of thermal runaway propagation activity subsided after 90 minutes. Between
90 minutes and 130 minutes, fresh air replaced battery gases as they leaked from the
container, as illustrated by Figure 52. Increases in battery gas components were
measured again near 130 minutes and 190 minutes, corresponding to thermal runaway
events in Module 2 and Module 1. The decreasing concentration of battery gas and
increasing concentration of oxygen demonstrates significant potential for flammable
mixtures and a subsequent deflagration hazard. When the carbon dioxide system was
discharged during test termination procedures, carbon dioxide concentration displaced
other major gas components and enabled remote opening of the container doors with
minimal risk of deflagration.
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Figure 521 Gas conditions measured in the container for the duration of Test 1°.

5 Dashed portions are linearly interpolated for periods of equipment maintenance or adjustment between
measurement ranges. Gases are presented with 30 second averaging.
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Post-Test

Thermal damage was limited primarily to the proximity of the Initiating and Left Target
Units. The oriented strand board underneath the gypsum board and adjacent to the
Initiating Unit was charred through its full thickness, as pictured in Figure 53. Some paper
pyrolyzed off the gypsum wall board in a larger area, but most other apparent damage is
actually soot deposition. All surfaces experienced heavy soot deposition, with the thickest
layer of soot observed on the floor.

Figure 531 Condition of container after Test 1 overhaul.

4.1.5 Smoke and Gas Detector Activation
Smoke Detectors

Neither smoke detector alarmed prior to the partial volume deflagration. The smoke
detector nearest the Initiating Unit alarmed 46 seconds after the first thermal runaway
event. The smoke detector located further from the Initiating Unit alarmed one second
later. Figure 54 shows the thickness of the smoke layer at the time of smoke detector
activation.

Figure 541 Smoke layer condition upon activation of both smoke detectors in Test 1.

After thermal runaway, smoke obscuration increased at the ceiling level, as measured by
the smoke meter near the ceiling (Figure 55). Smoke obscuration increased at the ceiling
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level following ignition. When the door was closed after the deflagration, smoke
obscuration continued to increase at the ceiling until flaming subsided. As the smoke layer
lowered, obscuration was measured at the lower instrument location. A sharp spike is
observed near 36 minutes when thermal runaway propagates through the Initiating
Module and the container is filled with thermal runaway gases and particulate.
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Figure 551 Extinction coefficient measurements made by smoke obscuration meter for
Test 1 from the beginning of the test through the propagation of thermal runaway to
additional modules.

Carbon Monoxide Detector

The carbon monoxide detector alarmed 20 seconds after the first thermal runaway event.
This short response time was likely because of the proximity to the Initiating Unit.

Combustible Gas Detectors

All three combustible gas detectors responded within 30 seconds of the first thermal
runaway event, as summarized in Table 12. Initial responses occurred in the order of
proximity to the Initiating Module.

Table 127 Combustible gas detector response summary for Test 1.

Location Time of First _ Time of 25% LEL . _
Response Limited Duration Sustained Duration
Ceiling TR + 27s TR+20min 22 s
Middle TR + 26s TR+22min32s
Floor TR + 20s TR + 22s (13s duration) TR+22min10s
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The scales of the primary and secondary axes of Figure 57 have been adjusted to
compare the general responses of the two types of instruments because direct
comparison of Flame lonization Detection (FID) total hydrocarbon measurements with
combustible gas detector measurements are not possible. The FID was calibrated with
propane; the combustible gas detectors were calibrated with methane; and the gas
mixture they both measured was comprised of many hydrocarbon elements.

FID-based total hydrocarbon (THC) measurements are plotted from O to 2% based on 0O
to 100% LEL of the calibration gas (propane). Catalytic bead-based combustible gas
detector measurements are plotted from 0 to 100% LEL. The commercial combustible
gas detectors all respond within 20 seconds of the FID hydrocarbon measurements, as
shown in Figure 56. Both instruments show a similar magnitude response to gas mixtures
they measured, as demonstrated in Figure 56 and Figure 57.
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Figure 56 1 Total hydrocarbon concentration compared with commercial combustible
gas detector response immediately after thermal runaway in Test 1 (test time 00:25:00 to
00:30:00).
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Figure 571 Total hydrocarbon concentration compared with commercial combustible
gas detector response in Test 1 (test time 00:25:00 to 00:50:00).

After the doors were closed following the partial volume deflagration, battery gas began
to accumulate in the container. The THC analyzer near the ceiling, combustible gas
detector at the ceiling, and the combustible gas detector in the middle of the wall all
responded to the gas accumulation within seconds of each other after the doors were
closed, as shown in Figure 57. All three instruments measured similar conditions in the
upper half of the container.®

The combustible gas detector response at the floor level was delayed by three minutes
after the door was closed. This delay was likely due to lighter hydrocarbon accumulation
at the ceiling that steadily progressed downward.

6 The product installation manual for the combustible gas detector recommends installing at the half height

of the wall, or 1.6 m (5.25 ft) from the floor.
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Hydrogen Detector

The electrochemical hydrogen detector responded 20 minutes before the palladium-
nickel hydrogen analyzer, as illustrated in Figure 58. The analytical hydrogen analyzer
had a 0.4% measurement threshold, which prevents a comparison of response times.
Furthermore, the electrochemical hydrogen detector had unspecified cross sensitivities.
The proportional response of the electrochemical hydrogen detector, as compared with
measurement from the Nondispersive infrared (NDIR) carbon monoxide analyzer,
indicated cross sensitivity to carbon monoxide, as shown in Figure 58.

For the period between ignition and underventilation, hydrogen was likely consumed by
flaming combustion as battery gases vented from the Initiating Module. Based on the
carbon monoxide measurement and the palladium-nickel sensor measurement, it is likely
hydrogen concentration was below 0.4 v% until after 45 minutes.
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4.1.6 Fire Suppression System Operation

Active fire suppression systems were not deployed in Test 1.
4.1.7 Fire Service Size-up Equipment

Thermal Imaging

Changes in the exterior thermal imaging views of the container closely followed the
changes in exterior wall temperatures shown in Figure 59. Figure 60 shows the changes
in the thermal signature over the first two hours of Test 1. Prior to the partial volume
deflagration, the increase in exterior thermal signature was negligible. The bare metal
(right) side of the container began to show visible changes in exterior thermal imaging
views within 30 seconds of the partial volume deflagration, and it continued to increase
to a steady state, which was maintained for the duration of the test. Exterior surface
temperatures on the uninsulated wall indicated this steady state was reached 90 minutes
after test start, with temperatures of 150 °C and 210 °C at 2 ft and 6 ft, respectively.
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Figure 591 Wall surface temperatures during Test 1. Vertical lines denote events
corresponding to the images in the figure below.
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Figure 601 Changes in thermal imaging view over the course of Test 1. Left column
shows B-side of the container (insulated wall construction) and right column shows D-
side of container (bare metal construction).

Changes in thermal signature on the insulated B side of the container followed the trend
of exterior surface temperatures. Figure 59 shows that while interior surface temperatures
on the insulated side of the container began to increase at the same time as those on the
uninsulated side of the container, exterior surface temperatures on the insulated side
lagged behind. Exterior surface temperatures on the insulated side of the container slowly
began to increase approximately 50 minutes after test start to steady temperatures of
approximately 100 °C and 120 °C at 2 ft and 6 ft, respectively. This slower increase in
exterior surface temperatures compared to the uninsulated side of the container resulted
in less distinct visual changes in thermal signature on the insulated wall throughout the
test, as shown in Figure 60.

The insulated wall construction did not immediately indicate an exterior temperature
increase in response to the flaming that accompanied the partial volume deflagration. By
the end of the test, the uninsulated deflagration vents were the primary area of the
insulated wall where there was a visible change in thermal signature.

Figure 59 and Figure 60 show that uninsulated wall sections closely mirrored changes in
the interior thermal environment, while insulated wall sections did not immediately reflect
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changes in interior temperatures. This can be further visualized in Figure 61, which shows
the temperature difference between the interior and exterior wall surfaces of the container
over the course of the experiment. The temperature difference between the inside and
outside surface of the uninsulated wall section on the B-side was typically less than 25
°C for the duration of the test. In contrast, the temperature differential between the inside
and outside surfaces of the insulated wall section steadily increased over the course of
the test. At the 6 ft measurement location, the temperature differential between the inside
and outside surface reached 100 °C at several points throughout the test.
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The insulated wall section adjacent to the Initiating Module showed an increase in thermal
signature earlier than the insulated wall section between the deflagration panels. The
insulted wall section adjacent to the Initiating Module received greater thermal input from
the Initiating Unit and indicated the general location of the thermal runaway event. The
insulated wall section between the deflagration panels did not indicate the temperature
increase inside the compartment as quickly. Figure 62 shows a hot spot developing on
the insulated wall behind the Initiating Unit 23 minutes after the initial thermal runaway;
the region between the deflagration vents did not show an increased thermal signature at
that time.

Figure 621 View of left side (B-side) of container 23 minutes after the initial thermal
runaway (50 minutes after test start).

As thermal runaway propagated through the Initiating Module and released hot gases
within the container, a visible vapor cloud began to form on the exterior of the container.
Figure 63 shows regular and thermal imaging camera views of the container and vapor
cloud over the course of the test. The vapor cloud began to form 38 minutes into the test
after a period of significant exhaust from the container. This cloud primarily clung close
to the laboratory floor, although more buoyant gases were also observed over the course
of the experiment.

The size of the cloud fluctuated over the course of the test, growing as additional modules
went into thermal runaway and shrinking as exterior vapors were exhausted from the
laboratory. Although the peak size of the cloud is difficult to assess in enclosed laboratory
conditions, the period of peak cloud size corresponded to the period in which interior gas
concentrations were at their peak, 607 90 minutes after the start of the test. After this peak
period, the cloud gradually dissipated as thermal runaway activity inside the container
subsided. The vapor cloud was visible to the naked eye, but it could not be distinguished
in thermal imaging camera (TIC) views. Vapor was readily observed venting from the
clean agent pressure relief vents, around the container door seams, and other small
leakage points. The primary features of the TIC views during the period in which the vapor
cloud was present were the elevated temperatures of uninsulated surfaces of the
container and the bright colored (hot) gases exhausting through the roof vent of the
container, as shown in Figure 63.
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Figure 631 Vapor cloud formation and development in standard (left) and thermal
imaging (right) camera views during Test 1.

Portable Gas Meters

Portable gas meters inside the container first indicated an increase in combustible gas
concentrations seven minutes after thermal runaway in the Initiating Unit (24 minutes after
test start). This was consistent with the time that gas measurement instrumentation
indicated an increase in carbon monoxide, carbon dioxide, and hydrocarbons (as
described in Section 4.1.4 1 Gas Concentrations). Prior to the partial volume deflagration,
there was no increase in hydrogen concentration or LEL measured at the location of the
two interior meters.

After the container doors were closed following the partial volume deflagration, the interior
meters began to measure an increase in flammable gas measurements. Figure 64 shows
the flammable gas measurement, expressed as a percentage of the lower explosive limit
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(LEL) of their respective calibration gases (either pentane or methane) at all fire service
gas meter locations. The interior diffusion style meter (Interior Meter 1) was the first
interior meter to indicate an increase in flammable gas concentration after the container
doors were closed. The peak value measured by Interior Meter 1 was 83% of LEL, 26
minutes after the initial thermal runaway event, before steadily decreasing to zero
approximately 71 minutes after the first thermal runaway event. The highest LEL
measurements were recorded after thermal runaway had started to propagate to target
modules. Additionally, this period of elevated LEL measurement aligned with the period
in which gas measurement instrumentation indicated elevated measurements of
hydrogen and hydrocarbon gases.
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Figure 641 LEL measurements from portable gas meters in Test 1.

Combustible gas measurements greater than 0% of LEL were recorded by both exterior
meters located 3 ft back from the door on the A-side and 1 ft from the B-side of the
container, respectively. Exterior meters first indicated a sustained increase in LEL in the
period following thermal runaway propagation to the additional modules in the Initiating
Unit and Left Target Unit. The LEL measured by exterior meters in this period varied over
time and between meters. The Exterior Meter 3 (located 1 ft offset from the B-side)
recorded a peak of 75% of the LEL while both meters on the A-side recorded peaks of
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5% of the LEL. Exterior Meter 4 was located 10 ft back from the A-side of the container
and did not measure any elevated flammable gas concentrations during the test.

Interior Meter 1 and Exterior Meter 1 (located 3 ft offset from the A-side) were equipped
to measure hydrogen gas (Hz2). The hydrogen concentrations measured inside the
container began to increase 33 minutes after test start, at the same time the doors were
closed, as plotted in Figure 65. The concentation measured at the interior location rose
almost immediately to the measurement limit of the diffusion meter (1,000 ppm). The
concentration remained at this level for the duration of the test. The hydrogen
concentration measured by Exterior Meter 1 began to increase seven minutes after
Interior Meter 1, 40 minutes after test start. The hydrogen measurement on Exterior Meter
1 aligned with carbon monoxide concentration measurements in the same meter. Both
meters registered hydrogen gas concentration increases prior to the increase measured
by gas measurement instrumentation within the container. The gas measurement
instrumentation did not indicate the presence of hydrogen until approximately 46 minutes
after test start. It is possible this discrepancy was a result of cross-sensitivites between
hydrogen and carbon monoxide in the portable gas meters. Additionally, 1,000 ppm of
hydrogen fell below the measurement threshold of the analytical hydrogen sensor (4,000

ppm).
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Figure 65717 Hydrogen gas concentration measured by Interior Meter 1 and Exterior Meter
lin Test 1.
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The peak hydrogen gas concentration recorded by Exterior Meter 1 was 890 ppm 60
minutes after test start. This corresponded to the time the scientfic measurement
equipment indicated hydrogen concentrations within the container were also approaching
their maximum. The peak hydrogen gas concentration measured by the gas
measurement instrumentation was above 12% (120,000 ppm), two orders of magnitude
greater than the upper measurement threshold of the portable gas meters used in Test
1. Following the peak, the hydrogen gas concentrations on the exterior of the container
decreased to negligible values 180 minutes after test start.

In addition to flammable gases, portable gas meters on the interior and exterior of the
container measured elevated concentrations of carbon monoxide (CO) and hydrogen
cyanide (HCN). Figure 66 shows the CO concentration measured by each of the fire
service gas meters as a function of time. CO concentrations at both portable gas
measurement locations within the container immediately began to increase after thermal
runaway, and increased at a more rapid rate once the container doors were closed. Within
nine minutes of the first cell venting, both meters had reached the upper threshold of their
measurement capability (2,000 ppm) and remained at this limit for the duration of the test.
This trend was consistent with the data recorded by gas measurement instrumentation in
the container, which recorded CO concentrations several orders of magnitude higher than
the peak CO concentrations measured within the container by the fire service meters.
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Figure 66 1 Carbon monoxide (CO) concentration measured by fire service portable gas
meters in Test 1.

The CO concentration measured by meters outside the container first began to increase
after a persistent vapor cloud began to form, 14 minutes after the Initiating Cell thermal
runaway. The carbon monoxide concentrations measured outside the container
fluctuated with the size of the vapor cloud over the course of the test, increasing as
additional modules went into thermal runaway and decreasing as battery gases
dissipated. Exterior CO concentrations increased to the saturation limit (2,000 ppm), a
peak at 60 minutes corresponding to the beginning of the period in which gas
measurement instrumentation measured peak CO concentrations within the container.
The peak CO concentrations inside and outside the container exceeded the threshold for
IDLH conditions, 1,200 ppm [26, 7].

Exterior Meter 4, located 10 ft offset from the A-side of the container, did not record time
history data and is not shown in Figure 66. A video analysis of the gas concentrations
measured by this meter indicated the CO concentrations followed a similar trend to the
meters located closer to the container, but the magnitude of the peak CO concentrations
was lower. The peak CO concentration recorded by this meter was 534 ppm.

The hydrogen cyanide (HCN) concentrations measured inside and outside the container
followed a similar trend to the CO concentrations. The pumped style meters are cross
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sensitive to hydrogen measurement as indicated in Table 7, but HCN was likely produced
during the thermal decomposition of polyacrylonitrile component of the ABS plastic that
made up the cell and module enclosures [27]. HCN is typically not measured in toxicity
assessments of battery gas [28, 29, 30], but has been measured in low concentrations
during vehicle fires [31], likely also due to polymeric material content.

HCN measured by Interior Meter 1 first began to increase after the doors were closed
and reached the upper threshold of the measurement capability of the meter six minutes
after thermal runaway, as illustrated in Figure 67. The meter then experienced a sensor
error. The HCN measurements recorded by the exterior meters first began to increase
seven minutes after the first thermal runaway event in parallel with the initial increase in
exterior CO concentrations and the formation of the vapor cloud. The peak HCN
concentrations measured by the meter on side A exceeded the upper limit of the
measurement capability of the meter and the immediately dangerous to life or health
(IDLH) concentration for HCN (50 ppm). The B-side meter indicated lower HCN
concentrations, measuring a peak value of 16 ppm. Elevated concentrations of HCN were
observed following propagation of thermal runaway to target modules until the end of the
test. Critically, each of the HCN sensors used by these meters have listed cross-
sensitivities with other gases, particularly CO and H2S, so it was not possible to decouple
HCN concentration from CO concentration.
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Figure 67 1 Hydrogen cyanide (HCN) concentration measured by fire service portable gas
meters in Test 1.

Other gases measured by the portable gas meters included hydrogen sulfide (H2S),
oxygen (Oz2), and volatile organic compounds (VOCSs). Hydrogen sulfide was measured
in concentrations less than 20 ppm at all three meters capable of measuring H2S, as
shown in Figure 68. H2S was first measured by Interior Meter 2 just prior to the doors
closing, at the same time portable gas meters indicated an increase in CO, flammable
gases, and HCN in the container. The exterior meters on the A and B sides measured
concentrations of H2S later in the test. The peak exterior H2S concentration was
measured 60 minutes after test start, matching the time at which peak exterior CO and
HCN concentrations were observed and interior gas concentrations plateaued.
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Figure 681 Hydrogen sulfide (H2S) concentration measured by fire service portable gas
meters in Test 1.

Oxygen concentrations measured by interior Meter 1 began to decrease after the
container door was closed, which mirrored the increase in concentration for products of
thermal runaway. Figure 69 shows the oxygen concentration in the container decreased
to a minimum value of 0% approximately 100 minutes after test start. This contrasts with
the oxygen concentration measured by the gas measurement instrumentation, which
indicated a minimum value of approximately 5 v%, although the minimum value in both
cases was observed 100 minutes after test start. Oxygen concentrations outside of the
container, including Exterior Meter 4, remained at ambient concentration for the duration
of the test, with the exception of a few brief decreases as thermal runaway started to
propagate through the Initiating Unit.
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Figure 691 Oxygen (O;) concentration measured by fire service portable gas meters in
Test 1.

Volatile organic compound (VOC) concentration was measured by the pumped meter on
the A-side of the container. VOC concentrations followed a similar trend to the other
exterior gas concentrations and increased as thermal runaway propagated to the target
modules. The VOC concentration exceeded the upper limit of the measurement capability
of the meter (100 ppm) 60 minutes after test start, which aligned with the peak exterior
CO, HCN, and H2S concentrations. The VOC concentration dropped to zero 100 minutes
after test start.



UL 9540A INSTALLATION LEVEL TESTS WITH OUTDOOR LITHIUM-ION ENERGY
STORAGE SYSTEM MOCKUPS

s ,,,'0°°~\ 2\
& & o““’z&@
SN
&L \o"’\o\} & @
G S S
NP S S
100
E‘ 80 -
Q.
e
c 601
)
=
©
|-
t 40
()
O
5
O 201
0 an T T T T
0 20 40 60 80 100 120
Time (min)

—ll- Exterior Meter 2, A Side (Pumped)

Figure 701 Volatile organic compound (VOC) concentration measured by fire service
portable gas meters in Test 1.
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4.2 Test 271 Li-lon ESS Installation with Novec 1230 Clean Agent System
Test 2 was conducted on June 25, 2020, at 9:05 AM Central time.
4.2.1 Timeline

Figure 71 through Figure 72 show a visual sequence of the most significant events that
occurred during Test 2.7 Test 2 began when flexible film heaters installed inside the
initiating module were energized to begin heating. Power was automatically controlled to
provide 6 °C/min of temperature rise on the initiating 18650 component cell surface. After
22 minutes and 30 seconds, venting of the heated cell was detected by temperature
measurements. Thermal runaway of the Initiating Cell occurred five minutes and 39
seconds later, at 28 minutes and nine seconds of test time. Smoke was first seen venting
from the Initiating Module one second later. Within 30 seconds of the first thermal runaway
event, thermal runaway occurred in another cell of the Initiating Module, the carbon
monoxide detector was saturated with 250 ppm CO, and all three combustible gas
detectors responded. The first smoke detector alarmed 53 seconds after thermal
runaway, and the second smoke detector alarmed two seconds later. The activation of
both smoke detectors triggered the release of Novec 1230 to a designed concentration
of 8 v%.

Seven minutes after the Novec 1230 discharge, thermal runaway propagation was
observed through the remainder of the Initiating Module. For 27 minutes after Novec 1230
discharge, stratification developed between the upper gas layer and the lower gas and
vapor layer. Ignition occurred in the upper gas layer, and flaming did not penetrate the
lower layer, at 56 minutes and 41 seconds of test time, 28 minutes and 32 seconds after
the first thermal runaway. Flames flashed from the tops of the units to the ceiling, and
shortly thereafter appeared to come from a flammable gas mixture accumulated within
the top of the unit enclosures. Flaming ceased within 30 seconds.

7 A more detailed visual timeline is provided in Appendix B: Detailed Visual Timeline of Test 2 Events.
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Figure 717 Sequence of events in Test 2 leading up to 57 minutes of test time.

Sixteen minutes after the ignition of gases in the upper layer, flammable gases
reaccumulated and a deflagration occurred. At the time of this event, only one module
had undergone thermal runaway. Pressure generated by the deflagration caused the
operation of the top and one side of the deflagration vent panels. Flaming was observed
at the vent locations as shown in the top left of Figure 72.

Two minutes after the deflagration, thermal runaway began to propagate upward through
the Initiating Unit, starting with Module 4. Three minutes and 30 seconds later, the first
response of the commercial hydrogen detector was recorded. Thermal runaway was
observed in the Left Target Unit for the first time one hour and one minute after the
initiating thermal runaway event. Thermal runaway continued to propagate upward
through both units with one to 12 minutes between events. Thermal runaway was coupled
with a release of gas and smoke from the container.

Starting at two hours and 17 minutes, unpiloted and intermittent ignition of gases occurred
at a floor level wiring conduit.

One hour and 54 minutes after the first thermal runaway event, thermal runaway had
propagated to the top module in both the Initiating Unit and the Left Target Unit. Fifteen
minutes later, one door of the container was opened remotely to simulate fire department
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response to an event in which thermal runaway activity had appeared to subside. A plume
of smoke and gas were vented from the container and flashover of the container contents
occurred within 21 seconds of opening the door. The flashover behavior continued for
approximately 30 seconds, at which point gas measurements indicate that accumulated
flammable gases were consumed and flaming was limited to the remaining solid
combustible materials. Two minutes after flaming subsided, the bottom two modules of
the Initiating Unit experienced thermal runaway. Thermal runaway had propagated
through all modules of the Initiating Unit within two hours and 13 minutes of the initial cell
thermal runaway.

Smoke plume emitted with

Deflagration thermal runaway activit

01:12:48 (TR + 00:44:39) 01:29:20 (TR + 01:01:11)
_Flashover after door opened | Doors closed

2:37:57 (TR + 02:09:48) 3:05:41 (TR + 02:37:32)
Figure 727 Sequence of events in Test 2 from 72 to 185 minutes of test time.

Intermittent hose stream application suppressed the remainder of flaming materials.
During the period of intermittent hose stream application, thermal runaway was observed
in Module 2 in the Left Target Unit, below the elevation of the Initiating Module. Thirty
minutes after the door was opened, the door was manually closed. The carbon dioxide
system was discharged one minute later to mitigate explosion hazards for test termination
procedures. Thermal runaway occurred in the bottom module of the Left Target Unit
nearly 28 minutes after the discharge of the carbon dioxide system. Thermal runaway
had propagated through all modules of the Left Target Unit within three hours and six
minutes of the first thermal runaway event in the Initiating Unit, and within two hours and
six minutes of the first thermal runaway event in the Left Target Unit.
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The doors remained closed for another hour and a half before overhaul procedures
began. No further thermal runaway activity or flaming occurred. Thermal runaway
behavior was never observed within the Front Target Unit.

4.2.2 Comparison of Test 2 Results to UL 9540A Performance Metrics

Table 137 Test 2 Performance

Ref. UL 9540A Performance Metric Assessment
For BESS units intended for installation in locations with
combustible construction, surface temperature measurements
along instrumented wall surfaces shall not exceed a
temperature rise of 97 °C (175 °F) above ambient. Surface
temperature rise is not applicable if the intended installation is
composed completely of noncombustible materials in which
wall assemblies, cables, wiring, and any other combustible
materials are not to be present in the BESS installation. In this
case, the report shall note that the installation shall contain no
combustible materials.

The surface temperature of modules within the BESS units
10.5.2 | adjacent to the initiating BESS unit shall not exceed the | Not compliant
temperature at which thermally initiated cell venting occurs.
The fire spread on the cables in the flame indicator shall not

10.5.1 Not compliant

10.5.3 | extend horizontally beyond the initiating BESS enclosure N/A
dimensions.
10.5.4 | There shall be no flaming outside the test room. Not compliant

There is no observation of detonation. There is no observation ‘
10.5.5 | of deflagration unless mitigated by an engineered deflagration | Compliant®
protection system.

Heat flux in the center of the accessible means of egress shall
not exceed 1.3 KW/m?.

There shall be no observation of re-ignition within the initiating
10.5.7 | unit after the installation test had been concluded and the | Not compliant
sprinkler operation was discontinued.
A The deflagration venting successfully vented overpressure, potentially preventing
dangerous loss of integrity/rupture of the ISO container.

10.5.6 Not compliant

Thermal Exposure to Walls

Most temperature measurement locations on both the rear- and side-instrumented walls
exceeded the temperature performance criteria within 30 minutes after the propagation
of thermal runaway outside the Initiating Unit, as illustrated in Figure 73 and Figure 74.
As with Test 1, the temperatures measured on the rear wall exceeded the side wall
because hot battery gases impinged directly on the rear panel of the Initiating Unit
enclosure. Despite an initial difference in temperature development, potentially due to
Novec 1230 inhibiting the flaming combustion of battery off-gas, the peak temperatures
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observed on the instrumented walls were consistent with Test 1. Novec 1230 did not
prevent noncompliant temperature rise results.
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Figure 731 Rear wall temperatures measured during Test 2.
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Figure 741 Side wall temperatures measured during Test 2,

During manual water application, wall surface temperatures on both walls dropped from
flashover temperatures above 600 °C to an average of 100 °C in two minutes, as shown
in Figure 73. Intermittent manual water application resulted in average rear wall
temperature flucuations between 90 °C and 160 °C, and side wall temperature flucuations
between 100 °C and 145 °C. When manual water application was discontinued and the
doors were closed, the carbon dioxide system was discharged. The carbon dioxide
system discharge, meant only to reduce deflagration hazards, did not have any
observable impact on wall surface temperatures. The rear wall surface temperatures
continued to rise for an additional two hours after the doors were closed and the carbon
dioxide system was discharged. Propagation of thermal runaway to an additional module
was observed after carbon dioxide system discharge, which further contributed to
temperature rise on both instrumented walls. After thermal runaway activity was
complete, wall surface temperatures on the rear wall stabalized and temperatures on the
side wall temperatures gradually decreased.

UL 9540A does not include a performance criterion based on incident heat flux to
combustible materials. Heat flux measured in Test 2 offers insight into the magnitude and
duration of exposure and subsequent ignition risk to combustible materials. Heat flux
measured on rear wall was less than 12.5 kW/m?, a critical threshold for ignition risk to
combustible structures according to NFPA 80A [23], until 150 minutes. Manual water
application caused a rapid increase in the heat flux at the rear wall. Rear wall heat flux
fluctuated between 20 kW/m? and 65 kW/m? until water application was terminated, likely
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due to gas turbulence induced by the hose stream and phase change of suppression
water. After carbon dioxide system discharge, heat flux at the rear wall was between 20
kW/m? and 35 kW/m? for two hours. The instrumented side wall heat flux was less than
12.5 kW/m? for the duration of Test 2. Side wall heat flux was not as significantly impacted
as the rear wall by the gas ignition after the doors were opened, or manual water
application, which may have been due to its shielded location.
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Figure 75171 Incident heat flux measured to rear and side walls during Test 2.

Thermal Exposure to ESS Targets

All temperature measurements in all target modules of the Left Target Unit exceeded the
cell vent temperature, 130 °C. Therefore, temperature measurements demonstrated the
ESS configuration was not compliant with the Target Unit temperature performance
criteria. Most modules of the Left Target Unit exceeded the cell vent temperature within
60 minutes of ignition (90 minutes from the first thermal runaway event), as displayed in
Figure 76. Novec 1230 may have impacted initial hazard development by preventing an
early ignition, but the Target Unit temperatures developed to the same magnitudes as
Test 1 over the duration of Test 2.
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Figure 76 1 Temperatures measured in Left Target Unit during Test 2.

All target modules in the Left Target Unit experienced thermal runaway during the test.
Thermal runaway behavior is marked in Figure 76 by an immediate temperature increase
of more than 400 °C and a sustained temperature above 300 °C. Seven modules
experienced thermal runaway before the doors of the container were opened. One
module experienced thermal runaway after doors were opened and manual water
application began. One final module experienced thermal runaway after the doors of the
container were closed and the carbon dioxide system was discharged. Figure 77
illustrates the extent of extent of damage to the Left Target Unit.

@ 81



Figure 771 Condition of Left Target Unit after Test 2.

Before the container doors were opened and the accumulated gases ignited, three
modules in the Front Target Unit were noncompliant with the target unit temperature
performance criteria, as shown in Figure 78. Once the doors were opened and the
container experienced flashover and the container was subjected to manual water
application, cell vent temperature was exceeded in all nine Front Target Unit modules, as
documented in Figure 79.

None of the modules in the Front Target Unit experienced any thermal runaways in Test
2.










































































































































































































































































































































































































































