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UL Standard for Safety for Test Method for Evaluating Thermal Runaway Fire Propagation in Battery
Energy Storage Systems, ANSI/CAN/UL 9540A

Fifth Edition,

Dated March 12, 2025

Summary of Topics

This Fifth Edition of ANSI/CAN/UL 9450A, Standard for Test Method for Evaluating Thermal
Runaway Fire Propagation in Battery Energy Storage Systems dated March 12, 2025, includes the
following changes in requirements:

— Clgrified sample rest times after conditioning and charging: 7.2.2, 8.1.2,.and 9.1

-Co
- Rej

- Re

- Ad

- Ad

— Clarified charging method for cells:7.2.1 and 7.2.4

- Re
7.3.1

]
Test: 8.2.14, 8.2.15, 9.2.23, 9.2.24, and10313

s at Unit

9.

rrected standard reference in 9.1.12: 3.2

blaced reference to UL 1685 with UL 2556: 3.2 and 10.2.2:

ped option for continuous thermal ramp until-thermal runaway: 7.3.1.5.

pled NFPA 855 for applicable codes: 1.2'and 3.2

7-7.3.1.10.

— Clgrified report if using a battery system as the BESS unit for testing: 7.7.1.

— Clagrified establishing cell to cell propagation in the test method in 8.2: 8.2.3 — 8|

- Re

- Re

vised Module Level Performance Criteria: 8.5.1.

vised Residential Unit Level Testing to remove the.usage of the NFPA 286 tes
replgced with test wall: 9.1.2, Figure 9.3, 9.2.6, 9.4.2,/9.4.3, 9.5.1, 9.5.2, and 10.3.3.

vised location of thermocouples during cell testing and thermal ramp option}

t room and

vised requirements to allow the use of Gardon heat flux gauge, revised samp

ling rate

for heat flux and wall temperature, and added floor mounted residential system exceptions:
6.3,6.4,9.2.15, 9.2.17 - 9.2.20, 10.3.5, 10.3.6, 10.3.8 — 10.3.10.

— Revised egress path heat flux measurements for non-residential outdoor wall mount
systems: 9.5.1 and 9.5.5.

— Removed noncombustible construction exception and clarified outdoor flame exception:

4.16,

9.1.1, 9.1.6, 9.2.19, 9.3.2, 9.6.1 - 9.6.5, 9.7.1, and Table 9.1.

— Added test method for lead acid and nickel cadmium batteries: 3.2, 7.3.1.4, 7.3.3.1-7.3.3.8,

7.6.1,

7.6.2, Table 7.1, 7.7.3, and 7.10.1 — 7.10.4.

— Revised flow battery requirements: 5.4.3,7.1.1,7.1.2, Section 7.3.2, 7.7.2, 7.9.1, 9.9.1 -

9.9.4,

9.10.1, and 9.11.1.
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— Removed statement about installation in residential dwelling units.

— Added test procedure for high temperature batteries: 7.1.3,7.3.4.1-7.3.4.4,7.4.1,7.7.4,
7.11.1,8.3.1-8.3.5, 8.4.2, 8.6.1, 9.1.3, 9.1.4, 10.2.3, 10.2.4, Figure 10.3, 10.9.1 — 10.9.10,

10.10.1, 10.11.1 - 10.11.3

— Added deflagration considerations to Annex A: A3.3.1.

— Clarified residential and non-residential use definition, revised test set-ups for the module
and unit level testing, added to the module, unit, and installation level test reports: 8.4.1,

9.5.2,

9.7.3, 10.4.1, and 10.7.1.

- Cla
9.1.2,

— Adq
defin

— ReV

— ReV
10.1.1

rified wording for cell, module and unit failure methodologies: 7.3.1.2, 8.2)8; Ji.2. 14,

and 9.1.8.

Jed a definition for “thermal runaway propagation” and revised the*‘thermal
tion: 4.16 and 4.19

yunaway”

ised the module surface temperature measurement range’9.7.3, Table 9.1, and 10.5.2.

ised requirements to align with the code on “Residential Use”: 1.2, 3.2, 4.15,
[, 10.1.2, and A2.3.2.

— ReV
9.2.1,

ised Unit Level Indoor and Outdoor Tests: 4.2, 9.1.1, 9.1.2, Figure 9.2, Figure

4.17,

9.3,9.1.9,

9.2.5,9.2.6, 9.2.22, 9.2.25, 9.3.1, 9.5.1, 9.5(2, 9.7.3, Table 9.1, 10.3.12, 10.5.6, A

2.5.2.2,

and A

— ReV

The new andl revised requirements are substantially in accordance with Proposal(s) on this s

September 2

All rights re|
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without prior

ULSE provid
but not limitg

2.5.3.2.

ised Installation Level Tests: 10.5.7 and A3.3.1

9, 2023, June 28, 2024, October 4, 2024, and December 20, 2024.

served. No part of.this publication may be reproduced, stored in a retrieval
n any form by.any means, electronic, mechanical photocopying, recording, ¢
permission of ULSE Inc. (ULSE).

es this(Standard "as is" without warranty of any kind, either expressed or implig
d to, the implied warranties of merchantability or fitness for any purpose.
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inability to use this Standard, even if ULSE or an authorized ULSE representative has been advised of the
possibility of such damage. In no event shall ULSE's liability for any damage ever exceed the price paid for
this Standard, regardless of the form of the claim.

Users of the electronic versions of UL's Standards for Safety agree to defend, indemnify, and hold ULSE
harmless from and against any loss, expense, liability, damage, claim, or judgment (including reasonable
attorney's fees) resulting from any error or deviation introduced while purchaser is storing an electronic
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ANSI/CAN/UL 9540A:2025

Standard for Test Method for Evaluating Thermal Runaway Fire Propagation
in Battery Energy Storage Systems

First Edition — November, 2017
Second Edition — January, 2018
Third Edition — June, 2018
Fourth Edition — November, 2019

Fifth Edition
March 12,2025

This ANSI/CAN/UL Safety Standard consists of the Fifth Edition.

The most recent designation<eof ANSI/UL 9540A as an American Nationa
Standard (ANSI) occurred op\March 12, 2025. ANSI approval for a standard does
hot include the Cover Rage, Transmittal Pages, Title Page, Preface or SCQ
Foreword.

This Standard has been designated as a National Standard of Canada (NSC) or
March 12, 2025.

© 2025 ULSE Inc. All rights reserved.
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Preface

This is the Fifth Edition of the ANSI/CAN/UL 9540A, Standard for Test Method for Evaluating Thermal
Runaway Fire Propagation in Battery Energy Storage Systems.

ULSE is accredited by the American National Standards Institute (ANSI) and the Standards Council of
Canada (SCC) as a Standards Development Organization (SDO).

This Standard has been developed in compliance with the requirements of ANSI and SCC for
accreditation of a Standards Development Organization.
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ce with the requirements of ANSI and SCC for accreditation of a Standards [
n. In the event that no revisions are issued for a period of four yeafs from
action to revise, reaffirm, or withdraw the standard shall be initiated.

hnd B, identified as Informative, is for information purposes only.

there are two official languages, English and French. All safety warnings must
. Attention is drawn to the possibility that some Canadian authorities may requi
d/or installation instructions to be in both official languages.

dition joint American National Standard and National Standard of Canada is b3
bdes, the Fourth Edition of UL 9540A.

br proposals for revisions on any part of the Standard may be submitted at any tim
Ibmitted via a Proposal Request in the, Collaborative Standards Development Sys
s.ul.com.

ds for Safety are copyrighted:by ULSE Inc. Neither a printed nor electronic copy g
Itered in any way. All of-our Standards and all copyrights, ownerships, and righ
ards shall remain the solé"and exclusive property of ULSE Inc.

of the Standard.has been formally approved by the Technical Committee (TQ
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INTRODUCTION
1 Scope

1.1 The test methodology in this Standard determines the capability of a battery technology to undergo
thermal runaway and then evaluates the fire and explosion hazard characteristics of those battery energy
storage systems that have demonstrated a capability to undergo thermal runaway.

1.2 The data generated will be used to support the manufacturer’s installation instructions with regards
to separation between individual battery energy storage systems and determine the fire and explosion
protection required for an installation of a battery energy storage system intended for installation,
operation afid maintenance in accordance with:

a) The Standard for the Installation of Stationary Energy Storage Systems, NFPA 855;
b) The National Electrical Code, NFPA 70;

c) The Fire Code, NFPA 1;

d) The Standard for Energy Storage Systems and Equipment, UL 9540;

e) The Canadian Electrical Code, Part |, Safety Standard for Electrical Installations, CSA C22.1;
f) The General Requirements — Canadian Electrical Code, Part Il, CSA C22.2 No. 0;
g) The National Electrical Safety Code, IEEE C2;

h) The International Fire Code, ICC IFC;

i) The International Residential Code, ICE4RC; and

j) Other codes affecting energy storage systems.

1.3 Fire protection requirements not related to battery energy storage system equipment ar¢ covered by
appropriatefinstallation codes.

1.4 See Figure 1.1 for a schematic of the test sequence in this Standard. See Annex A whicH explains:
a) The purpose-ofthe tests included in this Standard;

b) Explanation of individual tests; and

c) Inferpretation and application of the results.

Copyright Underwriters Laboratories Inc.
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Figure 1.1
Schematic of Test Sequence
REPORTED INFORMATION
Coll desi PERFORMANCE:
+  Cell design
+  Thermal ?unaway methodology + Thermal runaway cannot be induced in the cell.
Cell Level Test ® « Cell surface temperature at gas venting . The cell vent gas is nonflammable in air in accordance
+  Cell surface temperature at thermal runaway with ASTM E918.
« Gas composition and LFL, Burning velocity,
Pmax
NO FURTHER TESTING
REQUIRED
N
REPORTED INFORMATION
] PERFORMANCE:
*  Module design .
«  Heat release rate +  The effects of thermal runaway aré contairfed by the
Module Leve] Test ® +  Gas generation and composition module design. .
+  External flaming and flying debris hazards + Cell vent gas (based upon the cell level tegt) is
\_/\ nonflammable.
NO FURTHER TESTING
REQUIRED
REPORTED INFORMATION
+ BESS design PERFORMANCE:
*  Heat releasg rate o + Target BESS temperature less than cell sufface temperature
Unit Level Tlest © + Gas generation and_ composition at gas venting, and meets heat flux limits fqr means of egress.
+ Deflagration and flying debris hazards + Temperature increase of target walls less thhan 97°C (175°F).
+  Target BESS and wall surface temperature + No explosion hazards exhibited by product|
*  Heat flux at target walls, BESS and + No flaming beyond outer dimensions of BESS
means of egress unit (indoor, wall mount).
+ Reignition
NO FURTHER TESTING
REQUIRED
REPORTED INFORWATION PERFORMANGE:
« Fire protéction equipment Target BESS temperature less than gas vent temperature
+  TargetBESS and wall surface temperature measured in cell level test. . .
Installation Levlel Test ¢ + fBas\generation and composition Temperature increase of target walls less than 97°C (175°F).
nstaflation Level Tes . (Deflagration and flying debris hazards The flame indicator shall not propagate flafnes beyond the
+ Heat flux at target walls width of the initiating BESS.
+ Reignition No flaming outside the test room, and mejts heat flux
\_/\ limits for means of egress.
su3069d

@ See Section 7

b See Section 8|

¢ See Section 9.
4 See Section 10.
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2 Units of

2.1

Measurement

from Sl to IP units of the requirement.

3 Normati

3.1

ve References

interpreted as referring to the latest edition of that code or standard.

3.2 The following model codes or standards are referenced in this Standard.

Values stated without parentheses are the requirement. Values in parentheses are a soft conversion

Any undated reference to a code or standard appearing in the requirements of this Standard shall be

ASHRAE 34
ASTM D93,
ASTM D384

ASTM E504
Flash Point

ASTM E91
Temperatur

CSA C221,
CSA C22.2

EN 15967,
Gases and

ICCIFC, In
ICCIRC, In

IEEE 1635
Stationary A

, Designation and Safety Classification of Refrigerants
Standard Test Methods for Flash Point by Pensky-Martens Closed Cup_ \Tester
8, Standard Test Methods for Flash Point by Small Scale ClosedCup Tester

, Standard Test Method for Selection and Use of ASTM Standards for the Detg
of Chemicals by Closed Cup Methods

8, Standard Practice for Determining Limits of/Flammability of Chemicals
b and Pressure

Canadian Electrical Code, Part | Safety Standard for Electrical Installations
No. 0, General Requirements — Canadian Electrical Code, Part Il

Determination of Maximum Explosion Pressure and the Maximum Rate of Pres
Vapours

ernational Fire Code(IFC)
ernational Residential Code

ASHRAE{Guide 21, Guide for the Ventilation and Thermal Management of
pplications

brmination of

at Elevated

sure Rise of

Batteries for

IEEE C2, N.

htional Electrical Safety Code (NESC)

ISO 817, Refrigerants — Designation and Safety Classification

NFPA 1, Fire Code

NFPA 2, Hydrogen Technologies Code

NFPA 68, Standard on Explosion Protection by Deflagration Venting

NFPA 69, Standard on Explosion Prevention Systems

NFPA 70, National Electrical Code
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NFPA 101, Life Safety Code

NFPA 220, Standard on Types of Building Construction

NFPA 855, Installation of Stationary Energy Storage Systems

UL 746A, Polymeric Materials — Short Term Property Evaluations

UL 864, Control Units and Accessories for Fire Alarm Systems

UL 1973, Ba

tteries for Use in Stationary and Motive Auxiliary Power Applications

UL 2556, Wi
UL 9540, En
UL 2591, Ba
4 Glossary

4.1 Forthe

4.2 BATTH
energy and f{
BESS, at a
managemern

a)IN
whicli
propa

b) TA
and/q
BES{
instru

NOTE: For flow|

4.3 BATTE

re and Cable Test Methods
ergy Storage Systems and Equipment

ftery Cell Separators

purpose of these requirements, the following definitions apply.

RY ENERGY STORAGE SYSTEM (BESS) —. Stationary equipment that receiv
hen utilizes batteries to store that energy to,supply electrical energy at some futu
minimum consists of one or more modules, a power conditioning system (P
t system (BMS) and balance of plant components.

TIATING BATTERY ENERGY STORAGE SYSTEM UNIT (INITIATING BESS) -
has been equipped with resistance heaters in order to create the cell to cell therr
gation necessary for the instaltation level test (Section 9).

RGET BATTERY ENERGY STORAGE SYSTEM UNIT (TARGET BESS) — Th
r rack hardware that, physically supports and/or contains the components that
5. The target BESS unit does not contain energy storage components but serve
mentation to measure the thermal exposure from the initiating BESS.

battery systems'the energy is stored within one or more electrolyte storage tanks.

RY-SYSTEM — Is a component of a BESS and consists of one or more modules

rack configu

es electrical
re time. The
CS), battery

A\ BESS unit
nal runaway

e enclosure
comprise a
s to enable

ypically in a

ration, controls such as the BMS and components that make up the system suc

h as cooling

systems, disconnects and protection devices.

4.4 CELL - 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.

4.5 CELL, INITIATING — The cell that is faulted through thermal, electrical or mechanical means, in order
to establish a thermal runaway condition.

46 DUT-

Device under test.

4.7 ELECTRICAL RESISTANCE HEATERS - Devices that convert electrical energy supplied from a
laboratory source into thermal energy.
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4.8 END OF DISCHARGE VOLTAGE (EODV) — The manufacturer's specified minimum voltage level
during discharge.

4.9 ENERGY RESERVOIR — The solution which stores the active energy in the flow battery energy
storage system. This can be in the form of one electrolyte, two electrolytes, or one electrolyte with solid

metal particles.

410 FLEXIBLE FILM HEATERS - Electrical resistance heaters of a film, tape or otherwise thin sheet like

construction that easily conform to the surface of cells.

4.1

FLOW BATTERY — A battery technology that stores its active materials in the form of one or more

electrolytes
the electroly

NOTE 1: Thred

NOTE 2: Unlik

412 MAX
cell case af
runaway of

413 MOD
electrochen
referred to g

414 MON
electrolyte,
of a commo

4.15 NON
in4.17.

416 OPE
for the parK
local buildin

417 RESI
and townho

(with or without solid metal particles) within one or more storage tanks, and wn
tes are transferred between the reactor (battery stacks) and the storage tanks:

commercially available flow battery technologies are zinc air, zinc bromine and vanadium.redox.

b a fuel cell system, a flow battery is a closed system and has no net consumption of fuel

MUM SURFACE TEMPERATURE END POINT - The final holdtemperature meg
fer conducting the thermal ramp when using the external<heater method to ach
he cell.

ULE — A subassembly that is a component of a"BESS that consists of a grou
ical capacitors connected together either in a series and/or parallel configuration
s a block) with or without protective devices and monitoring circuitry.

OBLOC — A battery design with a common case containing one or more ir
b vent or pressure relief valve assembly, intercell connections and hardware. A typ
N monobloc battery is an SLI lead.acid battery.

-RESIDENTIAL USE — Equipment intended for use on or in structures other than t
N PARKING GARAGE — A parking structure with openings on two or more sides
ing or storage ©f motor vehicles, designed to provide natural ventilation in acc

[y code requirements.

DENTIAL'USE — Equipment suitable for use on or in detached one- and two-fani
ises.

n operating,

sured on the
eve thermal

p of cells or
(sometimes

ternal cells,
ical example

hose defined

that is used
brdance with

ily dwellings

418 STAT
a percentag

E OF CHARGE (SOC) — The available capacity in a BESS, pack, module or cell expressed as

e of rated capacity.

419 THERMAL RUNAWAY — The incident when an electrochemical cell increases its temperature
through self-heating in an uncontrollable fashion. The thermal runaway progresses when the cell's
generation of heat is at a higher rate than the heat it can dissipate. This may lead to fire, and/or explosion,
and/or gas evolution.

4.20 THERMAL RUNAWAY PROPAGATION — The transfer of energy released from one or more cells

undergoing thermal runaway that induces thermal runaway of other cell(s) without any additional initiating
mechanism(s).
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4.21 UNIT — A frame, rack or enclosure that consists of a functional BESS which includes components
and subassemblies such a cells, modules, battery management systems, ventilation devices and other
ancillary equipment.

CONSTRUCTION

5 General

5.1 Cell

5.1.1 The cells associated with the BESS that were tested shall be documented in the test report,

including cel
cell electrica

5.1.2 The
BESS comp

5.1.3 Refe

5.2 Module

5.2.1
including the
contents ang

5.2.2 The module documentation included in the test\report shall indicate if the modules ass

the BESS ca
5.2.3 Refe
5.3 Battery

5.3.1 The
UL 9540 ang

5.3.2 ForH
in the test re
and physica
components

The modules associated with the BESS that were testéd shall be documented in the

chemistry (e.g. NMC, LFP), the physical format of the cell (i.e. prismatic, cylindr
rating in capacity and nominal voltage, the overall dimensions of the cell, and wei

cell documentation included in the test report shall indicate if the cells~associa
y with UL 1973.

to 7.7.1 for further details to be included in the cell level test report.

generic (e.g., metallic or nonmetallic) enclosure.material, the general layout of
the electrical configuration of the cells in the modules and the modules in the BES

mply with UL 1973.
to 8.4 for further details to be in¢luded in the module level test report.
Y energy storage system unit

BESS unit documentation included in the test report shall indicate the units that
include the manufacturer, model, electrical ratings, and energy capacity of all BE{

ESS unitsgforwhich UL 9540 compliance cannot be determined, the documentat
port shalljinclude the number of modules in the BESS, electrical configuration of
layout*of the modules in the BESS, battery management system (BMS) and

cal, pouch),
ght.

ed with the

test report,
the module
bS.

ociated with

comply with
5S.

on included
the module,
other major
metallic or

of\the BESS. The BESS enclosure overall dimensions and generic (e.g.,

pial tiead far tha Amalaciiras abholl ha Ao maamtad MNas s fcon

nonmetallic)lm

Ataria o dina—rnan—tha
ratcralr aSCUTUT T ChoioSurc—orai ot GoTUmeTtC U oDt PCTaumyg—apoTrT—aiC— oo

iguration of

the BESS (e.g. the power conditioning system is external to the BESS enclosure), a battery system(s) can
be tested as representative of the BESS. It shall be documented as to whether the battery system
complies with UL 1973 in addition to the overall BESS compliance to UL 9540.

533

the BESS shall be noted in the test report.

If applicable, the details of any fire detection and suppression systems that are an integral part of

5.3.4 Refer to 9.7, 10.4 and 10.7 for further details to be included in the unit level and if applicable,
installation level test reports.
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5.4 Flow Batteries

5.4.1 For flow batteries, the report will cover the chemistry (e.g. vanadium redox, zinc bromine, etc.), a
generic description of the electrolyte(s), the overall dimensions of the individual stack as well as the
electrical rating in capacity and nominal voltage of the cell stack. The report will also include information on
the complete flow battery system including the manufacturer's name and model number of the system, the
electrical rating in volts and rated storage capacity in Ah or Wh, the number of cells and stacks in the
system, and the maximum volume of electrolyte(s) for the system.

5.4.2 The flow battery documentation included in the test report shall indicate if the flow battery system

complies with UL 1973.

5.4.3 See|7.7.2 for further details to be included in the flow battery cell level test report’and 9.10 for
further detalils to be included in the flow battery unit level test report.

PERFORMANCE

6 General

6.1 The tests in this Standard are extreme abuse conditions conducted on electrochermical energy
storage devices that can result in fires, explosions, smoke, off gassing of flammable and toxic materials,
exposure tq toxic and corrosive liquids, and potential exposure to hazardous voltages and electrical
energy. Seg Annex B for recommended testing practices.

6.2 At the| conclusion of testing, samples shall be discharged in accordance with the manufacturer's
specifications. All samples shall be disposed of in ac¢ordance with local regulations.

6.3 Tempd
60 seconds
thermocoup
documenteq
but not aver

6.4 When

ratures on parts and surfaces shall\be measured continuously, taking the averag
le wire unless noted otherwisge ih the specific test. The maximum of these averg

for each thermocouple lecation. Cell surface temperatures shall be measured
Aged over every 60 seconds as the other temperature measurements are.

heat flux measurements are taken, they shall be measured continuously, taking

e over every

through the test with a thermogouple junction formed from 24-gauge or smaller, Type-K

ges shall be
continuously,

the average

over every B0-second interval. The maximum of these averages shall be documented for|each gauge
location.

7 Cell Level

7.1 Genenal

7.1.1  This portion of the test establishes effective methods for forcing a cell into thermal runaway in a

repeatable manner. These methods shall be used at the module, unit and installation level of testing.
During this portion of the testing, the vent gas composition shall be gathered and analyzed and cell
temperatures shall be monitored to determine the temperature when the cell vents and to verify that
thermal runaway as defined in this Standard, has occurred.

7.1.2 For flow batteries, the test procedures in this Standard are based on the premise that flow batteries
have their energy stored separately from their stacks. This gives such systems the ability to shut off the
flow of electrolyte to control any type of failure and prevent it from propagating into a thermal runaway. The
ability of flow batteries to detect a failure and shut down the flow of electrolyte is covered by the
construction and test requirements of UL 1973. The test procedures in this Standard evaluate thermal and
explosive risks associated with the stored electrolyte(s) as a result of abnormal conditions and exposure to
fire. It also evaluates the risks associated with membrane failures that can result in mixing of electrolytes.
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NOTE: Some flow battery technologies emit explosive gas at a rate which can be controlled. The test procedures in this Standard do
not address electrolysis or corrosion driven gas evolution rates.

7.1.3 High temperature batteries such as sodium beta or other molten salt batteries operate at
temperatures in a range of 260 °C to 600 °C (500 °F to 1112 °F) and would not be readily impacted by a
thermal ramp test. These batteries shall be tested in accordance with 7.3.4 instead.

7.2 Sample

7.21

Cell samples shall be conditioned, prior to testing, through charge and discharge cycles for a

minimum of 2 cycles using a manufacturer specified methodology to verify that the cells are functional.

Each cycle s

hall-be-defined-as-a-charge-t0-100-%-SOC-and-thento-an-end-of discharge-volt

age (EODV)

specified by
accordance

7.2.2 The q
fully chargeqg

7.2.3 Prior
charged con

7.2.4 Cells
manner that

7.3 Determination of thermal runaway methodology

the cell manufacturer. During conditioning the ambient temperature shall be\m)
vith 7.3.1.1.

voltage and allowed to rest for a minimum of 1 hour before the start.of the test.

to initiating the test, the cell voltage shall be measured and recerded. If the cell is
dition, the cell shall be charged again as noted in 7.2.2 andtthis value shall be recg

with flexible laminate casings and prismatic cells shall be constrained during f{
simulates the constraint in the BESS module to prévent excessive swelling during

7.3.1 Gen

7.3.1.1

Ampbient indoor laboratory conditiops shall be 25 5 °C (77 £9 °F) and 50 25 9
initiation of the test.

ral

aintained in

ells to be tested shall be charged to 100 % SOC or to the manufacturer’s specifjcation for a

not in a fully
rded.

he test in a
the test.

b RH at the

7.3.1.2 The propensity of the cell to_éexhibit thermal runaway shall be demonstrated by hegting the cell

with externa
safety featur
rate of 4 °C
be placed cg
maintained.

representati

In cases wh
methods sha

ly applied flexible film heaters that cover as much of the cell case as possible with
es or terminals, fer.consistent heating of the internal cell electrode assembly. A h
7.2 °F) to 7 °C((12°6 °F) per minute shall be applied to the cell surface. A thermo
ntrally under'the heater(s) to verify that the heating ramp rate of the heater(s) is a
[The cell surface temperature shall be determined by a separate thermocouple
e position to ensure measurement of the cell surface which is least influenced by
bre flexible film heaters do not cause the cell to exhibit thermal runaway, one of t
ILbe*émployed as needed until the cell exhibits thermal runaway:

but covering
eating ramp
couple shall
chieved and
placed in a
the heater.
he following

a) Electrical stress on the cell (e.g. overcharge of a cell or an external short-circuit on a cell or over-

disch

arge of a cell or other method based on cell chemistry and design);

b) Alternate heating method (e.g. conductive heat in another form including partial coverage of the
cell with thin film heaters, the use of cartridge heaters inserted between the cells, the use of
ceramic heaters or heated plates on the battery module, or convective heat of the battery through
the use of an oven or other method); or

¢) Mechanical abuse such as nail penetration or other failure modes that result in an internal short-

circui

t.

Exception No. 1: The heating rate of 4 °C (7.2 °F) to 7 °C (12.6 °F) per minute may not apply when an
electrical stress in (a) is used for causing thermal runaway in a cell.
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Exception No. 2: The heating rate can be greater than 4 °C (7.2 °F) to 7 °C (12.6 °F) per minute based on
the heating method or device used in (b).

7.3.1.3 With reference to 7.3.1.2, when using another cell abuse method to initiate thermal runaway, the
details of that method shall be documented. See the Cell Failure Methods Appendix in UL 1973 for various
cell abuse test methods that can be utilized.

7.3.1.4 With reference to 7.3.1.2, in the case of monobloc batteries such as lead acid or nickel cadmium,
the monobloc battery can be treated as an individual cell for this testing. See 7.3.3 for an alternative

method for t

7.3.1.5 B¢
temperature
condition. F
melting tem
(DSC) data
this hold pd
point tempe
until therma

Exception:
ramp can bg

7.3.1.6 Iff
thermal run
heater, ano
external hed
7.3.1.5 shal

7.3.1.7 Ds
upon a revi
continuousl|
thermocoup
At minimum|

a)u
in7.]

b) C
tem

esting vented and valve regulated lead acid and nickel cadmium (Ni-Cd).

at which internal short circuiting within the cell will occur that could lead to adther
or Li-ion cells, the surface temperature hold point shall be at least 5 °C (9 2kE)gre
perature of the cell separator material as determined from differential.scanning
of the separator in accordance with UL 2591 (UL 746A). Thermal ruhaway may
int temperature range is reached. However, if thermal runaway is-not achieved
Fature after a period of 4 hours, the cell heating rate according to 2.8.1.2 shall be
runaway occurs or it is demonstrated that thermal runaway is\not achievable by h

f the separator information is not available or at the/manufacturer’s discretion,
b conducted continuously without a hold point until thérmal runaway.

he cell is susceptible to thermal runaway by, external heating, the cell shall be
away has occurred. If the cell is not susceptible to thermal runaway by heatin
her method included in 7.3.1.2 shall be;émployed. See 7.3.1.7 — 7.3.1.11. If u

be used.

termination of a maximum surface temperature end point criteria shall be deve
ew of cell design and chemistry. The cell’'s exterior surface temperature shall b

through the cell test withya thermocouple junction formed from 24-gauge or sm
le wire. The location(s) of thermocouple(s) shall be determined during a constru
, thermocouples shallbe placed at the following locations on the cell (see also 7.3

B.1.2;

bl surface near the heater to measure the temperature of the cell surface and to
erature of the cell surface at the time of venting. This thermocouple shall not bg

the h

fore beglnnlng the test, a surface femperature shall—be determined to apph

oximate the
mal runaway
ater than the
calorimetry
pccur before
at this hold
eestablished
eating.

the thermal
heated until

j with a film
5ing another

ting method, the temperature ramp and\maximum surface temperature outlined in 7.3.1.2 and

oped based
e measured
aller, Type-K
ction review.
1.8):

nder the heater\that is placed on the cell surface to measure the surface heating fate as noted

measure the
e covered by

eater; and

c) Cell vent area (if any) to indicate the time when the cell vents. Based on the cell design, this
thermocouple location may be the same as (b) above.

7.3.1.8 With reference to 7.3.1.7, the specific locations in (a) — (c) may not be achievable based on the
cell design. Therefore, additional or alternate thermocouple locations shall be selected to measure heater
ramp rate, cell surface temperature, and to identify the time of cell venting and the cell surface
temperature at the time of venting.

7.3.1.9 The thermocouple locations referenced in 7.3.1.7 and 7.3.1.8 shall not interfere with the cell
operation for charging, discharging or the thermal runaway behavior of the cell. All thermocouple locations
shall be documented.
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7.3.1.10 The temperature and the time at which the cell vents due to internal pressure rise prior to
thermal runway shall be documented. If using the other cell abuse methods, the thermocouples shall be
located at the same locations on the cells as noted in 7.3.1.7 or 7.3.1.8, as applicable.

7.3.1.11 The temperature at the onset of thermal runaway shall be documented. Onset of thermal
runaway shall be determined by the point at which the rate of change of the surface temperature of the cell
exceeds that of the externally applied heat input if utilizing the external heater method. As defined in 4.19,
thermal runaway is a condition where there is heating of the cell in an uncontrolled manner and should not
be confused with overheating leading to venting only. Cell venting may occur first, but it is necessary to
continue heating when using the heater method until thermal runaway occurs. With other stress methods,
it will be necessary to continue applying the stress such as mechanical or electrical stress until onset of
thermal rungway—occurs—See-Figure—/1foran-llusirative-example-of-a-temperature—curve—4f a cell that
has underggne thermal runaway. If there is a transitory temperature dip during the cell ventipg, the heat
input may nged to be increased to bring it back to the heating rate range.

Figure 7.1

lllustrative Example of a Thermal Runaway Temperature Curve

300

800 £
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600 V4
Themal Runaway
500 3
S
©
5 400 ® Separator
© Failure/Internal
‘é ¢ Short Gircuit
2

200

100

0 5 10 15 20 25 30 35

Time [min]

su3433a

7.3.1.12 When using methods other than the heater method, the stresses (i.e. electrical or mechanical)
shall be applied to the cell until thermal runaway occurs. Thermal runaway as defined in 4.19, is
considered to have occurred, regardless of the method of stress chosen, when there is a rapid increase in
temperature as shown in Figure 7.1 and should not be confused with simple overheating leading to
venting.

7.3.1.13 If the cell exhibits thermal runaway behavior (using any method), 3 additional samples shall be
tested using the same method and exhibit thermal runaway to demonstrate repeatability. The vent
temperature and thermal runaway onset temperatures shall be averaged over the tested samples
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(excluding the gas vent capture sample). This average temperature shall be used to establish the
temperature limits for the other test levels of this Standard.

7.3.2 Flow battery thermal runaway determination tests (cell level test)
7.3.2.1 General

7.3.2.1.1 For flow battery technology, the propensity for thermal runaway shall be demonstrated by
testing the energy reservoir according to the test methods of 7.3.2.1.2 or 7.3.2.1.3 as applicable to the flow
battery technology to determine if the electrolytes are flammable. To conduct the testing of 7.3.2.1.2 and
7.3.2.1.3, a small representative flow battery test cell may be used to charge small quantities of electrolyte

sufficient fgr testing purposes.

W—I—W_f_e €st shall be conducted in_a fume hood i1 Sped
manufacturer’s instructions for the test equipment.

NOTE 1: Som
Also, some flo
the test area
equipment be

NOTE 2: The §

73212 1
determine fi
upon the vi
guidance o
viscosities 3
used. The H
test methog
materials to
selected ba
test shall be
flammabilityj
recorded fo
recorded an
on charged
natural mec|
including ¢
implemente

Exception: §
coatings in §

b test equipment or test fixtures may off gas toxic vapors when heated above 200 °C (392 °F) due t
battery technologies may potentially off gas small amounts of toxic vapors during this testing. It is red
be well ventilated or that testing be conducted under a laboratory hood and that ‘appropriate per:
vorn.

elected test method may have additional requirements to provide a draft-free environment if tested in a

'he flammability of the electrolytes shall be determined-based upon a suitable te
ammability. There are several methods that can be'used and the method of chg
scosity of the liquid and its anticipated flash point‘temperature range. ASTM Ef
 choosing the appropriate test method. For.liquids with anticipated higher flas
t or below 9.5 x 10® m?/s (9.5 cSt) at 25 2C (77 °F), ASTM D3828 or ASTM
eating rate shall be permitted to be as lew'as 4 °C (7.2 °F) per minute unless th

prevent their chemical reaction with.the test solution. The volumes of solution te
5ed upon what is practical for the, solution and required for the test to determine
continued to a maximum solution temperature of 200 °C (392 °F) or sufficient
of the liquid within the boundaries of the test method. The flash point tempera
I each electrolyte tested. If no flashpoint is observed (i.e. no ignition occurs),
d the testing can be concluded at this point. The flashpoint determination shall b
electrolytes representing a fully charged state (100 % SOC). If discharging can

bnducting the “flashpoint testing immediately after charging the electrolyts
d.

bhould-a test method require a heating rate resulting in a temperature exceeding th
he'test instrument, the heating rate shall be 4 °C (7.2 °F).

ified in the

their coatings.
ommended that
onal protective

fume hood.

5t method to
ice is based
b02 provides
hpoints and
DO3 shall be
e applicable

specifies a higher rate. All components used in the test apparatus shall bg of suitable

sted shall be
results. The
0 determine
ure shall be
this shall be
e conducted
bccur due to

hanisms such as ‘exposure to air over time, means to mitigate discharging as much as possible

s, shall be

e limit of the

7.3.2.1.3 For flow battery systems with two electrolytes, the flammability of the liquid electrolytes shall be
demonstrated by subjecting each electrolyte to the appropriate test method outlined in 7.3.2.1.2. If a flash
point has been observed in 7.3.2.1.2, the propensity for thermal runaway shall be demonstrated by the test
methods of 7.3.2.2.2 and comparing the temperatures recorded with the flash point temperature
determined from 7.3.2.1.2.

7.3.2.2 Flow battery systems with two electrolytes

7.3.2.2.1 For flow battery systems with two electrolytes, the flammability of the liquid electrolytes shall be
demonstrated by subjecting each charged electrolyte to the appropriate test method outlined in 7.3.2.1.2.
If a flash point has been observed in 7.3.2.1.2, the propensity for thermal runaway shall additionally be
demonstrated by the test methods of 7.3.2.2.2 and comparing the temperatures recorded during that test
with the flash point temperature determined from 7.3.2.1.2.
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7.3.2.2.2 The temperature increase possible due to a flow battery failure from a breakdown in the
separation membrane where there are two electrolytes shall be demonstrated by charging the energy
reservoirs in a test flow battery cell assembly to 100 % SOC, and then directly mixing an even amount of
the two charged electrolyte materials in a closed container within approximately 1 minute. The amount of
each electrolyte to be mixed shall not be less than 1.0 L of electrolyte. The closed container to be used for
this test shall be sufficient to hold the total mixed quantity of electrolyte and shall be made of suitable
materials to prevent a chemical reaction with the electrolyte mixture. The mixed solution temperature shall
be measured continuously during the test. The test shall conclude when the temperature of the solution
stabilizes for a minimum of 1 hour. The maximum mixing temperature of the sample shall be recorded and

compared wi

NOTE: The me
circulating pum

7.3.2.2.3 In
subjected tg
reservoir rec

7.3.2.3 Flog

7.3.23.1 H

appropriate {est method of 7.3.2.1.2 is conducted to determine the-flash point temperature. Th

tested shall
system. If a
demonstrate
energy resel

th the flash point temperature results from 7.3.2.1.2.

addition, a test battery representative of the two electrolyte flow battery,syst
a unit level test in accordance with 9.9 and comparing the temperatures of
orded during those tests with the flash point temperature determinedifrom 7.3.2.1.

w battery systems with one electrolyte

agnetic stirrer,

em shall be
the energy

NS

or flow battery technologies with one active electrolyte Containing solid metal particles the

contain the rated concentration of metal particles present in the electrolyte of a fi
flash point has been observed in 7.3.2.1.2, the propensity for thermal runaw

b electrolyte
Ully charged
ay shall be

d by the flow battery module level test methods-of 9.9 and comparing the temperatures of the

voir recorded during those tests with the flashspoint temperature determined from |

/.3.2.1.2.

7.3.3 Vented and valve regulated lead acid and-Ni-Cd battery thermal runaway determination tests

7.3.3.1 Ver
Thermal Rur
3 samples o
can be drive

7.3.3.2  Pri
discharged g

7.3.3.3 Du
wall by the n
The DUT un

ted and valve regulated lead acid and Ni-Cd batteries shall be subjected to the
away Test of Appendix H of Ui 1973 and as noted 7.3.3.2 - 7.3.3.8. This testis ¢

Overcharge
bnducted on

f a single cell or multi-cell'monobloc battery and is intended to determine if the cgll or battery

N into thermal runaway.

br to testing, testing the samples shall be conditioned in accordance to 7.
own to their specified end of discharge condition.

ing thetest, the samples shall be installed in an alcove painted black and separa

P and then

ted from the

pinimum separation distances recommended by the manufacturer for the end use

clearance dit

application.
minimum

der est shall be surrounded by target cells or batteries spaced to represent the
3 i ifi tteries may

be either discharged samples or just the external casing of the cells or batteries.

7.3.3.4 Temperatures on the DUT case, the target cells or batteries and adjacent walls shall be
measured during the test and the maximum measured temperatures shall be recorded.

7.3.3.5 During testing, the samples are draped in a single layer of cheesecloth indicator. Temperatures
on the casing are monitored. The cheesecloth indicator shall be untreated cotton cloth running 26 — 28
m?/kg with a count of 28 — 32 threads in either direction within a 6.45 cm? (1 in?) area.

7.3.3.6 During the test, temperatures on the cell or battery casings were measured and recorded.
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7.3.3.7 The cells/batteries are to be charged at the maximum charging current at constant current
charging until the maximum voltage as noted below in (a) and (b) is reached. The charging is then

continued at constant voltage charging for 168 hours.

a) 2.50 V/cell for VLA and VRLA cells and batteries; or

b) 1.67 V/cell for nickel-cadmium cells and batteries.

7.3.3.8 Aft

er testing, the samples shall be examined for evidence of fire or explosion.

7.3.4 High temperature battery thermal runaway determination tests

7.3.4.1
charge. A

located in the center of the long side of the cell and the other two spaced evenly and located ¢
al thermal couple. The cells shall be heated to the manufacturer’'s “specifie¢d operating

of the cen
temperature
the cell shal

7.3.4.2 Th
Overcharge
the limit set
a result of

manufacturer’s operating specifications shall be continued after this point.

Exception N

heater contiol cannot be maintained after the cell reaches thermal runaway.

Exception N
suchasas
shall be use

7.3.4.3 When the cell surface temperature has returned to steady state, the external he

stopped anq
the casing 4
be examine

7.3.4.4 Wi
three succe
less than 5-

The cell shall be charged in accordance with the manufacturer’s specifications tov(l

inimum of three thermocouples shall be placed on the external surface ofthe

prior to failing the cell and shall remain heated throughout the test, The open circ
be monitored during the test. A total of four cell samples are to bésubjected to th

method in the Annex for Cell Failure Methods of UL 1973, until the cell voltage
by the cell manufacturer. The charging shall be stopped at this point and the cell’g
he overcharge shall be observed. The external fieating of the cell in accorda

0. 1: Heating of the cell may also be discontinued after the charging has been s

0. 2: If thermal runaway cannot be achieved through overcharging the cells, of|
nort circuit or nail penetration test.as outlined in the Annex for Cell Failure Method
d to try to achieve thermal ruhaway.

the cell shall be allowed to cool to room temperature and examined for evidence
nd release of internal active materials. The location of any rupture as the result of
H and documented.

th reference to 7.3.4.3, steady state temperature is considered to have been ac
ssivesreadings, taken at intervals of 10 % of the previously elapsed duration of the
minute intervals, indicates no increase.

0 % state of
cell with one
n either side

Lit voltage of
s test.

e fully charged cells shall be charged using the chargingemethod outlined in the Single Cell

drops below
behavior as
hce with the

fopped if the

her methods
s of UL 1973

hting can be
of rupture of
the test shall

hieved when
test, but not

7.4 Cell vent gas composition test

7.4.1

Cell vent gas shall be generated and captured by forcing a cell into thermal runaway with the

methodology developed in 7.3, inside a pressure vessel, which is large enough to accommodate cells, but
not so large as to influence measurement of the gas composition. An 82-L (21.7-gallon) pressure vessel is
recommended for this purpose for most sizes of commercially available cells. The test shall be initiated
with an initial condition of atmospheric pressure and less than 1 % oxygen by volume. The initial
atmospheric conditions prior to testing shall be noted.

Exception: High temperature batteries such as sodium beta and molten salt batteries typically are
hermetically sealed and do not have vents or weakened areas to relieve pressure in the way cells such as
lithium ion cells do. Upon failure, the casings may rupture and leak molten liquid or other internal contents
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of the cell. Therefore, there is no vent gas to collect so gas collection in accordance with this clause is not
required.

7.4.2 Cell vent gas composition shall be determined using Gas Chromatography (GC) with detection
techniques for quantifying component gases or equivalent gas analysis techniques, to identify
hydrocarbon gases that represent an ignition or explosion hazard as well as other additional gases
requested to be measured. Hydrogen gas shall be measured with a sensor capable of measuring in
excess of 30 % by volume. The initial atmospheric conditions prior to testing shall be noted.

7.4.3 Upon determination of the cell vent gas composition per 7.4.2, the lower flammability limit of the
cell vent gas shall be determined on samples of the synthetically replicated gas mixture in accordance with

ASTM E918 tcbt;lly dt bUth dlllbicl It dlld bU” VA It tclllpclatwca.

7.4.4 The pynthetically replicated gas mixture shall be used to determine gas burning velocity in
accordance with the Method of Test for Burning Velocity Measurement of Flammable.Gases Annex in ISO
817.

7.4.5 The synthetically replicated gas mixture shall be used to determine Bj,,, in accordamce with EN
15967.

7.5 Off gas composition for flow battery systems

7.51 Theq
test method

ff gas composition from the flow battery testing of 7:3.2 shall be determined by copducting the

the off gassd
7.3.2.2.2 as
flammability
temperature

7.5.2 The
energy rese
gas that can

of 7.3.2.1.2 in a closed container and capturingythe off gasses generated, and |
s generated at vent openings and vent ducts>during the overcharge and short circ

y collecting
uit testing of

applicable to the flow battery technology.*Composition of these captured gases and their

limit shall be determined through the smethods outlined in 7.4.2 and 7.4.3 at b
and the maximum temperature measured.

bolume of flammable gases. measured during the testing shall be scaled to th
voir for the intended flow.battery system in order to determine the potential totd
be produced by the system under a fault condition that leads to off gassing. This

pbth ambient

E maximum
| flammable
information

shall be provided in the report.

7.6 Off gas composition(forvented and valve regulated lead acid and Ni-Cd batteries

7.6.1 The
into thermal
vessel as n
collection ve|

ell vent gas-composition test of 7.4 shall be conducted on a cell or monobloc battery driven
runaway.on a separate sample. If unable to capture the gas with the samples in the pressure
pted in the 7.4 method, the gas shall be captured from the vent/valve assembly to a gas
5sel.

Exception: Instead of the off gas testing outlined in 7.4, the combustible off gas composition from vented
and valve regulated lead acid and Ni-Cd batteries under a thermal runaway condition may be determined
through applicable calculations in accordance with IEEE 1635/ASHRAE Guide 21. The calculated off
gassing can be determined in accordance with the values in Table 7.1. If using this calculation method, the
LFL, burning velocity and P,,,, properties of the vented gas will be based upon the following Hydrogen gas
properties in (a) — (c). The total volume of hydrogen in m® that is off gassed is determined using the
calculated H, rate from the formulas above for a time period of 168 hours.

a) 4 % volume in air LFL;
b) 317 cm/s burning velocity; and

¢) 7.9 £ 0.3 bar for P, .
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Table 7.1
Off Gassing Calculations
Off gassing formula based upon test values used
Battery type
Calculation using C, (m%/s) Calculation Using P45 (m%/s)

VLA, lead-calcium and pure lead Hprate = 1.99 x 1079 x n; x Cq Horate = 1.53 x 107 x n, x Py

VLA, lead-antimony, EOL Ho.rate = 3.98 x 10° x n, x Cgq Horate = 1.02 x 10 x n, x Py

VLA, lead-selenium, EOL Ho-rate = 5.47 x 1079 x ng x Cg Horate = 1.40 x 107 x ng x Pyg

VLA, lead-selenium, EOL AsHg rae =8.83 x 10"% x n, x Cgq AsHj rate =2.25 x 1012 x ny x Py

VLA, lead-selenium, EOL SbHg.rae = 1.02 x 1073 x n; x Cg SbHj.rate = 2.60 x 107" x n, x Py

VRLA, AGM Horate = 1.54 x 1070 x 0, x Cq Ho.rate = 3.86 x 108 1, x P45

VRLA, gel Ho-rate = 4.48 x 10719 x ng x Cg Horate = 1.12 xAQ L% rf, % P45

Ni-Cd, sintergd/PBE, pocket, fiber Hyrate = 3.50 x 10° x n, x Cs -

Ni-Cd, foamefl/PBE Hp.rate = 6.61 x 1079 x n; x Cg -

Ni-Cd, partially recombinant Horate = 1.74 x 1070 x 0, x Cg -

H,.rate — The Hydrogen gas release rate in m%/s at standard sea level atmospheric pressure .and, 25 °C (77 °F)

AsHs_ . — The arsine gas release rate in m%/s at standard sea level atmospheric pressureand 25 °C (77 °F)

SbH;_ate — The stibine gas release rate in m®/s at standard sea level atmospheric pressdre and 25 °C (77 °F)

VLA — Vented lead acid

EOL - End of|Life (considered worse case off gassing stage)

VRLA - Valve regulated lead acid

PBE — Plastiq Bonded Electrode

n. — Number ¢f cells in device under test

P45 — Is the 1% minute kW/cell rating of a lead-acid cell to 167V at 25 °C (77 °F)

Cg — Is the 8 hour ampere-hour rating of a lead-acid cell'to 1.75 V at 25 °C (77 °F)

Cs — Is the 5 hour ampere-hour rating of a NiCd cgllte 1.0 V at 20 °C (68 °F)

NOTE: Lead fcid batteries may also off gas/,S towards the end of thermal runaway, but there is no calculation for this

determination]. The methods of 7.4 may be used if the volume of H,S off gassed is requested.
7.6.2 The |volume of hydrogen gas measured during the testing or calculated, shall be prgvided in the
report. Thig value can tbe~utilized in the end use to determine the suitable deflagratipn/explosion
protection.
NOTE 1: Annei A outlines the approach to addressing the off gassing data to aid in determining the need for deflagfation/explosion
protection and|to inform that design in accordance with NFPA 68 and NFPA 69. Information on explosion control{addressing the
unique propertfesifor hydrogen can be found in the Hydrogen Explosion Control Annex of NFPA 2.

NOTE 2: The ICC IFC, NFPA 1 and NFPA 855 require that installations of these types of batteries be provided with ventilation in
accordance with those codes.

7.7 Cellle

7.7.1 The

vel test report

report on cell level testing shall include the following:

a) Cell manufacturer name and cell model number;

b) Cell details per 5.1 (and whether UL 1973 compliant);

c¢) The rated energy storage capacity of the cell (e.g. Ampere-hours);

d) Voltage and current obtained during conditioning of the cell;
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7.7.2

7.7.3

determination testing shall include the following:

Copyright Underwriters Laboratories Inc.

e) Open-circuit voltage of the cell at initiation of test;
f) Methods attempted and used to initiate thermal runaway;

g) Surface temperature at which gases are first vented and the average temperature of the
samples tested excluding the gas collection sample;

h) Surface temperature (and location of maximum temperature) prior to thermal runaway and
average temperature of the samples tested excluding the gas collection sample;

i) Flammable gas generation and composition measurements;

j) Thedowerflammabilitylimit-ofthe-cell-vent-gas;

k) Burning velocity of the cell vent gas; and

1) Pndx Of the cell vent gas.

The report on flow battery thermal runaway determination testing shalldfniclude the following:

a) Flgw battery system manufacturer name and model number (andWwhether UL 1973 compliant);
b) Celll stack details per 5.4;
c) Elgctrolyte(s) composition;
d) Elgctrolyte quantities used for testing (flashpoint t€st and mixing test if applicable);
e) WIether or not a flashpoint was determined:;

f) Flagh point temperatures determined for:€ach charged electrolyte (if applicable);

g) Temperature of the mixed charged-electrolytes (two electrolyte system if applicable);land

h) Flammable off gas generation.and composition measurements.

The |report on vented<and valve regulated lead acid and Ni-Cd battery thermal runaway

a) Cdll or monoblec'manufacturer name and cell model number;
b) Cqll or battery details per 5.1 (and whether UL 1973 compliant);

c) Engergy storage technology (and whether UL 9540 compliant) if known;

d) The rated energy storage capacity of the cell or battery (e.g. Ampere-hours);
e) Voltage and current obtained during conditioning of the cell or battery;

f) Open-circuit voltage of the cell or battery at initiation and end of test;

g) Overvoltage charge parameters used to initiate thermal runaway;

h) Surface temperature at which gases are first vented and the average temperature of the
samples tested excluding the gas collection sample;

i) Surface temperature (and location of maximum temperature) prior to thermal runaway and
average temperature of the samples tested excluding the gas collection sample;

j) Flammable gas generation and composition measurements if gas is captured per 7.4;
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7.74

following:

7.8 Perfoimance — céll:level test

7.8.1

Exception: The calculated value for total volume of hydrogen per the Exception to 7.6.1.

k) The lower flammability limit of the cell or battery vent gas;

[) Burning velocity (S,) of the cell or battery vent gas;

m) P.ax Of the cell or battery vent gas,

n) Separation distance from the initiating cell or battery to target walls;

0) Separation distance from the initiating cell or battery to target cell or battery;

p) The maximum wall surface and target cell or battery temperatures achieved during

the Ipcation of the measuring thermocouple.

The

a) Cell manufacturer name, cell chemistry and cell model number;

b) Cell details per 5.1 (and whether UL 1973 compliant);

c) TH

d) Vg

e) Open-circuit voltage of the cell at initiation and end-of test;

f) O
meth

g) Surface temperature (and location of maximum temperature) prior to thermal

aver;
h)E

i) TH
docU

Mod

report on high temperature battery thermal runaway determination testing shal

e nominal voltage and rated energy storage capacity of the'cell (e.g. Ampere-hou

Itage, temperature and current obtained during cofiditioning of the cell;

ervoltage charge parameters used to “initiate thermal runaway or details of
od(s) per exception of 7.3.4.2 used to.ifiitiate thermal runaway;

age temperature of the samples'iested;
idence of rupture or explosion of the cell shall be documented; and

e location of casing rupture and evidence of emission of molten active matg
mented.

Lile leveltesting in Section 8 is not required if the following performance conditions

the test and

include the

other failure

unaway and

rial shall be

are met:

a)Th

ermal runaway cannot be induced in the cell; and

b) The cell vent gas does not present a flammability hazard when mixed with any volume of air, as
determined in accordance with ASTM E918 at both ambient and vent temperatures.

7.9 Performance — flow battery thermal runaway determination tests

7.91

Copyright Underwriters Laboratories Inc.

For flow batteries, no further testing is required if the following performance conditions are met
during the flow battery thermal runaway determination test:

a) The electrolyte(s) subjected to the test method in accordance with 7.3.2.1.2 do not ignite; and

b) For flow battery systems with two electrolytes, the maximum temperature of the mixed solution
measured in accordance with 7.3.2.2.2 is lower than 200 °C (392 °F).
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7.10 Perfo

rmance — vented and valve regulated lead acid and Ni-Cd thermal runaway

determination tests

7.10.1

For vented and valve regulated lead acid and Ni-Cd batteries, no further testing (i.e. unit level and

installation level) is required if thermal runaway cannot be induced in the cell or monobloc battery during
the vented and valve regulated lead acid and Ni-Cd battery thermal runaway determination test.

7.10.2 Surface temperature measurements on wall surfaces shall not exceed 97 °C (175 °F) of

temperature

rise above ambient.

7.10.3 Temperatures on the surface of the target battery cases shall not exceed the temperature rating of

the casing
whichever is

7.10.4 The|
smallest anti

711 Perfo
7111 For
level) is req
cell casing a

8 Module
8.1

8.1.1 Mody
minimum of
Each cycle s
discharged

conditioning

8.1.2 The module to be testéd)shall be charged to 100 % SOC or to the manufacturer’s spe

a fully charg

8.1.3 Prior
recorded. If
8.1.2 and thi

Samplg

ateria
less.

with Impact) or the maximum temperature specification 1or snort terr

cipated installation room or area.

rmance — High temperature battery thermal runaway determination tests
high temperature batteries, no further testing (i.e. module level, unit level and
ired if thermal runaway cannot be induced in the cell erthere is no evidence of ru

hd emission of cell internal contents.

_evel

le samples shall be conditioned, prior to testing, through charge and discharge
P cycles, using a manufacturer.specified methodology to verify that the module i
hall be defined as a charge t6/400 % SOC and allowed to rest a maximum of 8 ho

the ambient temperature-and conditions shall be maintained in accordance with 8

pd voltage and allowed to rest for a minimum of 1 hour before the start of the test.

to initiatitig the test, the module voltage shall be measured at the module te
he module is not in a fully charged condition, the module shall be charged again
5 value shall be recorded.

h operation,

results from the thermal runaway determination test can be scaled in-accordamce with the

installation
pture of the

cycles for a
5 functional.
irs and then

o an end of discharge-\voltage (EODV) specified by the module manufactiyirer. During

2.1.

cification for

rminals and
as noted in

8.1.4 Electronics and software controls such as the battery management system (BMS) are not relied

upon for this
8.2 Testm

8.2.1
of the test.

testing.

ethod

Ambient indoor laboratory conditions shall be 25 £5 °C (77 £9 °F) and 50 25 % RH at the initiation

8.2.2 The test shall be conducted under a smoke collection hood that is sized appropriately to collect the
gasses generated from the module.

8.2.3 The weight of the module shall be recorded before and after testing is completed to determine
weight loss unless the module is consumed by fire, which shall be indicated in the report.
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8.2.4 The number of cells within the module that are forced into thermal runaway can be one or multiple
cells and is dependent upon the energy contained within the individual cells and the design of the module.
The results of the cell test and the design of the module shall inform the approach taken with the goal to
achieve cell to cell thermal runaway propagation within the module. The location of the cell(s) forced into
thermal runaway shall be selected to present the greatest thermal exposure to adjacent cells that are not
forced into thermal runaway. Factors to be taken into consideration shall include selecting locations within
the module where heat transfer is maximized to other cells, cooling by ventilation is restricted or limited,
and thermal sensors, detection and suppression discharge points are remote.

8.2.5 With reference to 8.2.4, a sufficient number of cells shall be forced into thermal runaway to create a
condition of cell to cell thermal runaway propagation within the module. Cell to cell thermal runaway
propagation-occurs-when—3 iti initiati j vgy during the
test. If non-ipitiating cells only opagation. If
thermal runaway propagation is not achieved, the test shall be repeated with additional cells forced into
thermal runaway. For example, module designs with a cell capacity larger than 10 Ah may nged no more
than 3 cells| forced into thermal runaway, and module designs with a cell capacityless than 10 Ah may
need no mgre than the equivalent of 30 Ah of cells forced into thermal runaway. Temperatdres shall be
measured dn the initiating cells and nearby non-initiating cells to determine_cell to cell therfnal runaway
propagation|. If cell to cell thermal runaway propagation is not achieved with additional initiating cells, then
it can be defermined that thermal runaway propagation is not possible.

NOTE: To estgblish a cell to cell thermal runaway propagation event within a moddle, it may be necessary to remgve any thermal
insulator or elgctrical insulation between the heater and the initiating cell(s) to.allow for placement of the heater without significantly
altering the degign of the module. See Figure 8.1.

Figure-81

Fxample of Initiating Cell in a Module Using a Flexible Film or External Heater

/-c /—B /—B /-c

su5217
A — Initiating cell

B — Heater (shown in red) with thermal insulator or electrical insulation removed, as necessary, to accommodate heater placement

C — Thermal insulator or electrical insulation between cells (shown in blue)
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https://ulnorm.com/api/?name=UL 9540A 2025.pdf

30 ANSI/CAN/UL 9540A MARCH 12, 2025

8.2.6 With reference to 8.2.5, temperatures shall be measured on the initiating cells and nearby non-
initiating cells to determine thermal runaway propagation. Temperatures shall also be measured on the
exterior surface of the module enclosure in the area closest to the initiating cell location(s).

8.2.7 The methodology used for initiating thermal runaway in accordance with 7.3 shall be used to
initiate thermal runaway within the module.

8.2.8 With reference to 8.2.7, occurrence of thermal runaway shall be verified by sustained temperature
above the cell surface temperature at the onset of thermal runaway, as determined in 7.3.1.11.

8.2.9 The module shall be placed on top of a noncombustible horizontal surface with the module
orientation répresentative of its intended final instaltation. ..., |

8.2.10 The
consumptior

chemical heat release rate of the module in thermal runaway shall be measured with oxygen

calorimetry.

8.2.11 The|chemical heat release rate shall be measured for the duration of the test. See 8.2.[12.

8.2.12 The
paramagnet
velocity prob
heat release
8.2.13.

chemical heat release rate shall be measured by a measurement system cor

e, and a Type K thermocouple. The instrumentation shall be located in the exhaug
rate calorimeter at a location that minimizes the influence of bends or exhaust d

sisting of a

c oxygen analyzer, non-dispersive infrared carbon dioxide and carbon monoxidle analyzer,

t duct of the
evices. See

8.2.13 With reference to 8.2.12, calculate the chemical fieat release rate at each of the flows ps follows:
1-¢ X ) Mg, A o
HRR, = |E|x ¢ — (E., — E) x X —=2 < x — x (1 = Xj x X,
t ¢ co ) 2 X02 1 + ¢ w (a_ 1) Ma ( HgO) O3
In which:
HRR{ = total heat release rate, as a function of time (kW)
E = Net heat released'for complete combustion per unit of oxygen consumed (adjusted for oxygen
contgined within cell'ehemistry, 13,100 kJ/kg)
Eco ¥ Net heat@eleased for complete combustion per unit of oxygen consumed, for JO (adjusted
for oqygen_contained within cell chemistry, 17,600 kJ/kg)
@ = Qxygen depletion factor (non-dimensional), where:

- ch:n)g * [1 = Xeo, —Xeo] — X, x [1 ‘Xc?og]
ch;g * [1=Xo, = Xeo, - Xeol

¢

Xco = Measured mole fraction of CO in exhaust flow (non-dimensional)

XC02

= Measured mole fraction of CO, in exhaust flow (non-dimensional)

X°co, = Measured mole fraction of CO, in incoming air (non-dimensional)

X°h,0 = Measured mole fraction of H,O in incoming air (non-dimensional)

Xo, = Measured mole fraction of O, in exhaust flow (non-dimensional)
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X0,

= Measured mole fraction of O, in incoming air (non-dimensional)

a = Combustion expansion factor (non-dimensional; normally a value of 1.105)

M, =
Mo,

me =

Molecular weight of incoming and exhaust air (29 kg/kmol)
= Molecular weight of oxygen (32 kg/kmol)

Mass flow rate in exhaust duct (kg/s), in which:

|Ap
C x ?

7,

or

f(Re

L

Axk,

* A‘p
7 (Re)

T

[

. =26.54 %

Fit

Drifice plate coefficient (in kg"?m'2K"2)

Pressure drop across orifice plate or bidirectional prohe, (Pa)
Combustion gas temperature at orifice plate or biditectional probe (K)
Cross sectional area of the duct (m?)

\Velocity profile shape factor (non-dimensional)

= Reynolds number correction (non“dimensional)

8.2.14 The¢ hydrocarbon content of the,vent gas shall be measured using flame ionizatiq

Hydrogen g
exposure td

anticipated contaminants;*such as a palladium-nickel thin-film solid state sens

n detection.

bs shall be measured with afi appropriate sensor for the anticipated range of gas as well as for

br. This may

require mulliple sensors to cover.a‘wider range of concentrations depending on the anticipated cell off gas.

8.2.15 At

composition
minimum re
Velocity ang
release rate

the request of the BESS manufacturer, the hydrocarbon components of th
may additionally be measured using a Fourier-Transform Infrared Spectron
solution af21*cm™ and a path length of at least 2 m (6.6 feet), or an equivalent g
tempgrature measurements respectively shall be obtained in the exhaust duc
calofimeter using equipment specified in 8.2.12.

e vent gas
heter with a
as analyzer.
of the heat

8.2.16 TheTight Transmission in the exhaust duct of the heat release rate calorimeter shall be measured
using a white light source and photo detector for the duration of the test, and the smoke release rate shall
be calculated. See 8.2.17.

8.2.17 Sm

Where:

oke release rate shall be calculated as follows:

-2

_ |4 1
SRR=12.303 (B)Logm( 5 )

SRR = Smoke release rate (m?/s)

V = Volumetric exhaust duct flow rate (m?/s)
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D = duct diameter (m)

I, = Light transmission signal of clear (pre-test) beam (V)

| = Light transmission signal during test (V)

8.3 Module test method for high temperature batteries

8.3.1

The module test procedure as outlined in 8.2 shall be modified as noted in 8.3.2 — 8.3.5. During the

test, the module shall be placed on top of a noncombustible horizontal surface with the module orientation
representative of its intended final installation.

8.3.2 The module shall be fully charged prior to testing and heated to the manufacturer’s specified
operating teperatures. The module shall be provided with electrical connections to thecell(s) to be failed
in order to oyercharge the cell(s).
8.3.3 The ¢ell failure test method as outlined in 7.3.4 shall be conducted onzatleast one cgll within the
module. Durjng the test, the voltage of the cell(s) being failed as well as temperatures on the failed cell(s)
and surrounging cells shall be monitored and documented. The voltage of\the module shall be monitored
during the teft.
8.3.4 Thermocouples shall be placed on the external casing ofihe module to monitor any bfeakdown of
thermal insylation in the module case. The chemical heat release rate, smoke release rgte and gas
measurements are not conducted.
8.3.5 The results of the cell(s) failure shall be observediand documented.
8.4 Module level test report
8.4.1 The report on module level testing shall include the following:

a) Mgdule manufacturer name and model number (and whether UL 1973 compliant);

b) Number of cells in module;

¢) Mgdule configuration with cells in series and parallel;

d) Mq@dule consiruction features per 5.2;

e) Madulewoltage corresponding to the tested SOC;

f) Thermal runaway. initiation method used inr‘lnr‘ling number and locations of cells for initiating

thermal runaway;

g) Heat release rate versus time data;

h) Fla

i) Pea

mmable gas generation and composition data;

k smoke release rate and total smoke release data.

j) Observation(s) of flying debris or explosive discharge of gases;

k) Observation(s) of sparks, electrical arcs, or other electrical events;

I) Identification/location of cells(s) that exhibited thermal runaway within the module;
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m) Locations and visual estimations of flame extension and duration from the module shall be
documented;

n) M

o) Vi

odule weight loss based on measurements per 8.2.3;

deo of the test; and

p) Cell level test report summary.

8.4.2 The report on the high temperature battery module level testing of 8.3 shall include the following:

a)M
b) N
c)M
d) M
e)M

f) O

method(s) per exception of 7.3.4.2 used to initiate thermal runaway, including
locations of cells for initiating thermal runaway;

g)O
h) O
i) Ide

j) Ld
docU

k) M
1) Vid

8.5 Perfoimance at module level testing

8.5.1 Unit

during the rIoduIe level test:

a) Vgntgas is nonflammable as determined by the cell level test:

odule manufacturer name and model number (and whether UL 1973 compliant);

imber of cells in module;

bdule configuration with cells in series and parallel;

bdule construction features per 5.2;

bdule voltage corresponding to the tested SOC at start and end of test;

ervoltage charge parameters used to initiate thermal runaway or details of

bservation(s) of flying debris, module enclosure rupture or explosive discharge of g
bservation(s) of sparks, electrical arcs, or other electrical events;
ntification/location of cells(s) that exhibited thermal runaway within the module;

cations and visual estimations ,of flame extension and duration from the mod
mented;

hximum temperature measured on module case; and

eo of the test.

other failure
humber and

ases;

ule shall be

level testing in Section 9 is not required if all of the following performance conditjons are met

b) There is no spread of flame outside of the module; and

c) The module exterior surface temperature does not exceed the cell venting temperature as
measured adjacent to the initiating cell where the greatest thermal exposure is anticipated.

8.6 Performance at high temperature module level testing

8.6.1 Unit level testing in Section 9 is not required if the following performance conditions are met during
the module level test:

a) Thermal runaway is contained by module design; and
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b) There was no leakage of hazardous materials, rupture of the module casing or explosion with
flying debris.

9 Unit Level

9.1 Sample and test configuration

9.1.1 The unit level test shall be conducted with BESS units installed as described in the manufacturer's
instructions and this section. Test configurations may include the following:

a) Indoor floor mounted non-residential use BESS;

b) Ing
c) Ou
d) O(
e) Indg
f) Ind
g) Oy
h) Ou
i) Ro
j) Ro
k) Op

9.1.2 The |
in cell to cell
adjacent tar
installations
outdoor groy
separation d
such tests fd
potential tes

Exception:

oor floor mounted residential use BESS;

tdoor ground mounted non-residential use BESS;
tdoor ground mounted residential use BESS;

oor wall mounted non-residential use BESS;

bor wall mounted residential use BESS;

tdoor wall mounted non-residential use BESS;
tdoor wall mounted residential use BESS;

pftop non-residential use BESS;

pftop residential use BESS; and

en parking garage non-residential use BESS installations.

nit level test requires one initiating BESS unit, in which a thermal runaway condit
thermal runaway propagation in accordance with the module level testin 8.2.4 is i
jet BESS units representative of an installation. Tests conducted for indoor flg
for residential BESS\may be considered representative of both indoor floor m

on resulting
hitiated, and
or mounted
ounted and

nd mounted installations. Tests shall be conducted indoors with fire propagation hazards and

istances between initiating and target units representative of the installation. Th
r residentigdhBESS may be considered to also represent an outdoor installation. §
configurations are shown in Figure 9.1, Figure 9.2, and Figure 9.3.

[esting can be conducted outdoors for outdoor only installations if there are t

controls and

e results of
Fxamples of

he following

environmental conditions in 'nlzmn'

a) Wind screens are utilized with a maximum wind speed maintained at < 12 mph;

b) Th

e temperature range is within 10 °C to 40 °C (50 °F to 104 °F);

¢) The humidity is < 90 % RH;

d) Th
e) Th

ere is sufficient light to observe the testing;

ere is no precipitation during the testing;

f) There is control of vegetation and combustibles in the test area to prevent any impact on the
testing and to prevent inadvertent fire spread from the test area; and
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g) There are protection mechanisms in place to prevent inadvertent access by unauthorized
persons in the test area and to prevent exposure of persons to any hazards as a result of testing.

9.1.3 For outdoor non-residential use High Temperature Batteries installed in a container, the unit level
test is waived as there is no additional information to be collected at the unit level for this technology when
it is utilized for outdoor use only. Instead, the installation level test shall be conducted in accordance with
10.9.

9.1.4 For installations, where the high temperature battery modules are not installed on racks but rather
within separate compartments within the container, the module is considered the test unit for the test of
10.9. See 10.2.3 and 10.2.4.

9.1.5 Depending upon the configuration and design of the BESS (e.g. the BESS is compos&d of multiple
separate pdrts within separate enclosures), this testing to determine fire characterizatien ‘can be done at
the battery |system level. The suitability of this approach shall be determined based upon the overall
design of tHe BESS and an analysis of the battery system as representative of the overall BESS for fire
characterizgtion concerns.

9.1.6 Where the manufacturer’s instructions indicate that the BESS.can”be installed outdloors and in
open parking garages less than 3 m (10 feet) from the means of egress or other exposures,|testing shall
be conductgd as described in this Section.
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Figure 9.1

Examples of Indoor Floor Mounted BESS Test Arrangements

Instrumented Instrumented
* Wall Section * * Wall Section *
< om < om
Initiating BESS | p Target BESS Initiating BESS | p Target BESS
- C |«  Unit — Unit - C |« Unit — Unit
25
5%
‘r\ s B . Ep L s B .
85 =
T s
o9 Ly L —uw — L
52
- |/ e [\ 3 Y
4 Instrumented
Wall Seetion
G H
- <_Targ et BESS ) Target I_3ESS
Unit Unit
su3070
Left: ayout of BESS units of two or more rows. Right: Layout of BESS units of a single ow.

A = Separation fistance between the initiating BESS unit and instrumented wall section behind the initiating BESS uni{.
B = Separation fistance between the target BESS unit andinstrumented wall section behind the target BESS unit.
C = Separation distance between the initiating BESS unitand instrumented wall section to the side of the initiating BESS unit.
D = Separation distance between initiating BESS. ufiif'and target BESS unit.

E = Separation fistance between initiating BESS)unit and target BESS unit or instrumented wall section.
F = Separation fistance between target BESS unit and target BESS unit or instrumented wall section.

G = Separation [distance between target, BESS unit and instrumented wall section.

H = Separation distance between target BESS units.
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Figure 9.2
Example of Outdoor Ground Mounted Residential Use BESS Test Arrangement

Eave

X X X XX

Wall| |x

X BESS )
— D —p Optional
Installation

substrate

% i

SIDE VIEW

su3474b

X — Denotes typical thermocouple locations, specific positions dependent on'installation details.
D — Distance of ESS from external wall.

Figure 9.3
Example of Wall Mounted BESS Test Arrangement

Eave or ceiling

Wall

Optional
Installation
substrate

% %,
SIDE VIEW

su3476b

X — Denotes typical thermocouple locations, specific positions dependent on installation details.
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9.1.7 The initiating BESS unit shall contain components representative of a BESS unit in a complete
installation. Combustible components that interconnect the initiating and target BESS units shall be
included.

9.1.8 Target BESS units shall include the outer cabinet (if part of the design), racking, module
enclosures, and components that retain cells components. The target BESS units may also include one
live, populated module at the location of the highest anticipated temperature in the enclosure. The
remaining target BESS unit module enclosures do not need to contain cells.

9.1.9 The initiating BESS unit shall be brought to the maximum operating state of charge (MOSOC) in
accordance with the manufacturer’s specifications and allowed to rest for a minimum of 1 hour at room

ambient befgre-the-startof thetest:

9.1.10 Prigr to initiating the test, the voltage of the initiating module shall be measured_and|recorded. If
the voltage qrop is greater than 0.1 % of the fully charged voltage of the module, then the initjating BESS
shall be chafged again as noted in 9.1.9 and the voltage of the initiating BESS shall be recorded.

9.1.11 If a BESS unit includes an integral fire suppression system, there is an-option of providing this with
the DUT. If the BESS unit is provided with an optional integral fire suppression system, the gystem shall
not be provided on the DUT.

9.1.12 Elegtronics and software controls such as the battery management system (BMS) in the BESS
are not reliedl upon for this testing. This does not include a fire 'suppression control in accordance with UL
864 that is external to the BESS, but provided as part of an infegral fire suppression system per 9.1.11.

9.2 Test method - Indoor floor mounted BESS units

9.2.1 During an indoor test, the test room enwironment shall be controlled to prevent drafts that may
affect test rgsults. At the start of the test, the room ambient temperature shall not be less{than 10 °C
(50 °F) nor more than 32 °C (90 °F).

9.2.2 Any access door(s) or panels.on the initiating BESS unit and adjacent target BESS upits shall be
closed, latched and locked at thetkeginning and duration of the test.

9.2.3 The ipitiating BESS Unit'shall be positioned adjacent to two instrumented wall sections.

9.2.4 Instrymented-wall sections shall extend not less than 0.49 m (1.6 feet) horizontally |beyond the
exterior of the targe{'BESS units.

9.2.5 Instrumented wall sections shall be at least 0.61-m (2-feet) taller than the BESS unit|height, and

not less than 2.13 m (7 feet) in height above the floor.

9.2.6 The surface of the instrumented wall sections shall be covered with gypsum wall board and painted
flat black. An incremental visual reference shall be provided on the instrumented wall sections for scale so
that flame extension can be accurately measured if applicable. The gypsum wall board shall be 13-mm
(1/2-inch) thick at minimum.

9.2.7 The initiating BESS unit shall be centered underneath an appropriately sized smoke collection
hood of an oxygen consumption calorimeter.

9.2.8 The light transmission in the calorimeter's exhaust duct shall be measured using a white light
source and photo detector for the duration of the test, and the smoke release rate shall be calculated as
described in 8.2.17.
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9.2.9 The chemical and convective heat release rates shall be measured for the duration of the test,
using the methodologies specified in 8.2.13 and 9.2.12, respectively.

9.2.10 With reference to 9.2.9, the heat release rate measurement system shall be calibrated using an
atomized heptane diffusion burner. The calibration shall be performed using flows of 3.8, 7.6, 11.4 and
15.2 L/min (1, 2, 3 and 4 gpm) of heptane.

9.2.11 With reference to 9.2.9, the convective heat release rate shall be measured using thermopile, a
velocity probe, and a Type K thermocouple, located in the exhaust system of the exhaust duct. See 9.2.12.

9.2.12 With reference to 9.2.9, the convective heat release rate shall be calculated using the following

equation:
T
292
HRR. =1 433322 /c dr
c e Te P
To
Where:

HRR. = The convective heat release rate (kW)

V, =|The exhaust velocity (m/s)

A = The exhaust duct cross sectional area (m?)

T, = [The temperature at the location where exhaust velocity is measured (K)
353.p2/T, = The density of air at the velocity measurement location (kg/m?3)
T, = [The ambient temperature (K) inthe test room

T = The thermopile temperature\(K)

T
/c*pdT=AO(T— T +A, /2T =T +A,/3(T° =T +A, /AT -
To

C, = Specific heat ofair (kJ/kg-K), given as Cp =Ag+ AT+ AT +A5T , Where:

A, =|0:9950

A, =-5.29933E-05
A, = 3.21022E-07
Az =-1.22004E-10

9.2.13 The physical spacing between BESS units (both initiating and target) and adjacent walls shall be
representative of the intended installation as noted in 9.1.

9.2.14 Separation distances shall be specified by the manufacturer for distance between:
a) The BESS units and the instrumented wall sections; and

b) Adjacent BESS units.
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9.2.15 Wall surface temperatures shall be measured in vertical array(s) at 152-mm (6-inch) intervals for
the full height of the instrumented wall sections using No. 24-gauge or smaller, Type-K exposed junction
thermocouples. The thermocouples for measuring the temperature on wall surfaces shall be horizontally
positioned in the wall locations anticipated to receive the greatest thermal exposure from the initiating
BESS unit. Temperatures shall be measured continuously, averaging over every 60-second interval per
6.3. The maximum of these averages shall be documented for each thermocouple location.

9.2.16 Thermocouples shall be secured to gypsum surfaces by the use of staples placed over the
insulated portion of the wires. The thermocouple tip shall be depressed into the gypsum so as to be flush
with the gypsum surface at the point of measurement and held in thermal contact with the surface at that
point by the use of pressure-sensitive paper tape.

9.2.17 HeJt flux shall be measured with the sensing element of at least two water—cooI(Ld Schmidt-
Boelter or Gardon gauges at the surface of each instrumented wall as follows in (a) — (c){He&at flux shall be
measured continuously, averaging over every 60-second interval per 6.4. The maximum:of thege averages
shall be doclimented for each gauge location.

a) Bath are collinear with the vertical thermocouple array;

b) Or
runay

c) O
prop4

Exception: I
gauge is req

e is positioned at the elevation estimated to receive the greatest heat flux due to
vay of the initiating module; and

e is positioned at the elevation estimated to receive jthe greatest heat flux duri
gation of thermal runaway within the initiating BESS unit.

(b) and (c) are deemed to be at the same location based on a construction revig
Lired.

the thermal

ng potential

w, only one

9.2.18 Hedt flux shall be measured with the sehsing element of at least two water-cool¢d Schmidt-

Boelter or G
unit as folloy
interval per ¢

a) Or
runay

b) Or
thern

Exception: If
gauge may 4

ardon gauges at the surface of each adjacent target BESS unit that faces the init|
Vs in (@) and (b). Heat flux shall*be measured continuously, averaging over ever

e is positioned at the elevation estimated to receive the greatest heat flux due to
vay of the initiating module within the initiating BESS; and

e is positioned\at the elevation estimated to receive the greatest surface heat flu
al runaway ofithe initiating BESS.

(a) and’(b) are deemed to be at the same location based on a construction revig
e installed on the target unit for the measurement.

).4. The maximum of these averages shall be documented for each gauge location.

ating BESS
60-second

the thermal

X due to the

w, only one

9.2.19 For BESS intended for installation outdoors or in open parking garages covered by 9.1.6, heat
flux shall be measured with the sensing element of at least one water-cooled Schmidt-Boelter or Gardon
gauge positioned at the mid height of the initiating unit at the minimum horizontal distance from the BESS
specified by the manufacturer or the point where the majority of off-gas venting is expected from the
initiating unit. Heat flux shall be measured continuously, averaging over every 60-second interval per 6.4.

9.2.20 No. 24-gauge or smaller, Type-K exposed junction thermocouples shall be installed to measure
the temperature of the surface proximate to the cells and between the cells and exposed face of the
initiating module. Each non-initiating module enclosure within the initiating BESS unit shall be
instrumented with at least one No. 24-gauge or smaller Type-K thermocouple(s) to provide data to monitor
the thermal conditions within non-initiating modules. Additional thermocouples shall be placed to account
for convoluted enclosure interior geometries. Temperatures shall be measured continuously, averaging
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over every 60-second interval per 6.3. The maximum of these averages shall be documented for each
thermocouple location.

9.2.21 For residential use BESS, the DUT shall be covered with a single layer of cheese cloth ignition
indicator. The cheesecloth shall be untreated cotton cloth running 26 — 28 m?/kg with a count of 28 — 32
threads in either direction within a 6.45 cm? (1 in?) area.

9.2.22 Cell to cell thermal runaway propagation in accordance with the module level test in 8.2.4 shall be
established within a single module in the initiating BESS unit:

a) The position of the module shall be selected to present the greatest thermal exposure to

adjagent-meodules—{e-g—above—belowlaterally) based-on-theresulisfrom-the-medyle level test;

and

b) The setup (i.e. type, quantity and positioning) of equipment for initiating thermal rupaway in the
modyle shall be the same as that used to initiate and propagate thermal runaway withih the module
level test (Section 8).

9.2.23 The composition, velocity and temperature of the initiating BESS unit vent gages shall be
measured within the calorimeter’s exhaust duct as outlined in 8.2.12. The_hydrocarbon content of the vent
gas shall e measured using flame ionization detection. Hydrogem' gas shall be measured with a
palladium-n|ckel thin-film solid state analyzer. Composition, velocity’and temperature instrumentation shall
be collocated with heat release rate calorimetry instrumentation:

9.2.24 At [the request of the BESS manufacturer, the“hydrocarbon content of the vent gas may
additionally poe measured using a Fourier-Transform Infrared Spectrometer with a minimum rgsolution of 1
cm™ and a path length of at least 2.0 m (6.6 feet), or.€quivalent gas analyzer.

9.2.25 The test shall be terminated if:

a) There are three consecutive temperature readings measured inside each module within the
initiating BESS unit that are determined to be falling over 15-minute intervals;

b) The modules return to @ temperature less than 60 °C (140 °F);
c) The fire propagates\to adjacent units or to adjacent walls;
d) Acondition hazardous to test staff or the test facility requires mitigation; or

e) Flaming outside the test room is observed.

9.2.26 For residential use systems, the gas collection data gathered in 9.2 shall be compared to the
smallest room installation specified by the manufacturer to determine if the flammable gas collected
exceeds 25 % LFL in air.

9.3 Test method — Outdoor ground mounted units

9.3.1 Outdoor ground mounted non-residential use BESS being evaluated for installation in close
proximity to buildings and structures shall use the test method described in 9.2. If intended for outdoor use
only installations, including rooftop installations, the smoke release rate, the convective and chemical heat
release rate and content, velocity and temperature of the released vent gases need not be measured.

9.3.2 Outdoor ground mounted residential use BESS being evaluated for installation in close proximity to
buildings and structures shall use the test method described in 9.2 except as noted in 9.3.3 and 9.3.4. If
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intended for outdoor use only installations, the smoke release rate, the convective and chemical heat
release rate and content, velocity, and temperature of the released vent gases need not be measured.

9.3.3 Test samples shall be installed as shown in Figure 9.2 in proximity to an instrumented wall section
that is 3.66-m (12-feet) tall with a 0.3-m (1-foot) wide horizontal soffit (undersurface of the eave shown in
Figure 9.2). The sample shall be mounted on a support substrate and spaced from the wall in accordance
with the minimum separation distances specified by the manufacturer. The wall and soffit shall be
constructed with 19.05-mm (3/4-inch) plywood installed on wood studs and painted flat black. The
instrumented wall shall extend not less than 0.49-m (1.6-feet) horizontally beyond the exterior of the target
BESS units. The No. 24-gauge or smaller, Type-K exposed junction thermocouple array on the walls as

noted in 9.2.15 shall extend to the surface of the soffit as shown in Figure 9.2.

Exception: If the manufacturer requires installation against non-flammable material, the-{€s{ setup may
include manlifacturer recommended backing material between the unit and plywood wall.

9.3.4 Target BESS shall be installed on each side of the initiating BESS  in‘accordange with the
manufacturer's installation specifications. The physical spacing between BESS. Units (both initiating and
target) shall pe the minimum separation distances specified by the manufacturer.

9.4 Test Mpthod - Indoor wall mounted units

9.4.1 Testing of indoor wall mounted BESS shall be in accordance with Section 9.2, except|as modified
in this section. See Figure 9.3.

9.4.2 BESS$ intended for wall mount installations shall-only be tested using instrumented wall sections
not less tharn 2.44 m (8 feet) in height and width, and with a 0.3-m (1-foot) wide horizontal ceiling as shown
in Figure 9.3. The walls and ceiling shall be constructed with gypsum wall board installed on{wood studs
and painted| flat black. The gypsum wall board shall be 13-mm (1/2-inch) thick at minimum. The
instrumented wall shall extend not less than 0.49-m (1.6-feet) horizontally beyond the exterior pf the target
BESS units.|The No. 24-gauge or smaller, Type-K exposed junction thermocouple array on the walls shall
extend to the surface of the ceiling as shown in Figure 9.3.

9.4.3 When BESS are tested in accordance with 9.4.2, the initiating BESS unit shall be pogitioned with
the center Igcated 1.22-m (4-feet) above the floor or at a height in accordance with the manufacturer’s
installation instructions, and-halfway between adjacent walls.

9.4.4 Target BESS shall be installed on the wall on each side of the initiating BESS, at the game height
above the flpor as {the initiating BESS. The physical spacing between BESS units (both initiating and
target) shall pe theminimum separation distances specified by the manufacturer.

9.4.5 The wall on which the initiating and target BESS units are mounted shall be instfrumented in
accordance with 9.2.

9.4.6 The gas collection methods shall be in accordance with 9.2. For residential use systems, the gas
collection data gathered in 9.2 shall be compared to the smallest room installation specified by the
manufacturer to determine if the flammable gas collected exceeds 25 % LFL in air.

9.4.7 For residential use BESS, the DUT shall be covered with a single layer of cheese cloth ignition
indicator. The cheesecloth shall be untreated cotton cloth running 26 — 28 m?/kg with a count of 28 — 32
threads in either direction within a 6.45 cm? (1 in?) area.
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9.5 Test Method — Outdoor wall mounted units

9.5.1 Testing of outdoor wall mounted residential and non-residential BESS shall be in accordance with
9.2, except as modified in this section. See Figure 9.3. If intended for outdoor use only wall mount
installations, the smoke release rate, the convective and chemical heat release rate; and the content,
velocity and temperature of the released vent gases need not be measured. Heat flux measurements for
the accessible means of egress or in front of the BESS shall be measured in accordance with 9.2.19.

9.5.2 Test samples shall be mounted on an instrumented wall section that is a minimum of 3.66-m (12-
feet) tall with a 0.3-m (1-foot) wide horizontal soffit (undersurface of the eave shown in Figure 9.3. The wall
and soffit shall be constructed with 19.05-mm (3/4-inch) plywood installed on wood studs and painted flat

black. An optionat-substrateof-+3=mm (1/’2-i||bh) or-+6=mm (Slla'illbh) exteriorgypstm-sheathing shall be
permitted tq be installed on the plywood. The instrumented wall shall extend not less that[0.49-m (1.6-
feet) horizontally beyond the exterior of the target BESS units. The No. 24-gauge.6rysmaller, Type-K

exposed jur
soffit as shqg

Exception:
include marn

9.5.3 The
(4-feet) abo

9.54 Targ

above the floor as the initiating BESS. The physical spacing between BESS units (both i

ction thermocouple array on the walls as noted in 9.2.15 shall extend_toithe s
wn in Figure 9.3.

f the manufacturer requires installation against non-flammable ‘material, the tes
ufacturer recommended backing material between the unit andplywood wall.

nitiating BESS unit shall be positioned on the instrumented wall, with its center loc
e the floor, and halfway between wall edges.

bt BESS shall be installed on the wall on each.side of the initiating BESS, at the

irface of the

t setup may

ated 1.22-m

same height
hitiating and

target) shallfbe the minimum separation distances spec€ified by the manufacturer.

9.5.5 The wall on which the initiating and target’BESS units are mounted, and the soffit in the case of
residential Yse BESS, shall be instrumented in accordance with 9.2.

9.5.6 For fesidential use BESS, the:DWT shall be covered with a single layer of cheese tloth ignition
indicator. The cheesecloth shall be Untreated cotton cloth running 26 — 28 m?/kg with a count of 28 — 32
threads in elther direction within a 6.45 cm? (1 in?) area .

9.6 Rooftpp and open parking garage installations

9.6.1 Testing of BESS-intended for non-residential use rooftop or open parking garage instdllations shall
be in accordance with’9.2.

9.6.2 If intended for rooftop and open parking garage use only installations, the smoke relepse rate, the

convective and chemical heat release rate and content, velocity, and temperature of the released vent
gases need not be measured.

9.6.3 BESS intended for installation on combustible roofs shall be mounted on constructed with 13-mm
(1/2-inch) gypsum wall board painted flat black, or the mounting surface recommended by the
manufacturer, also painted flat black.

9.6.4 Temperatures on the surface of the combustible roof assembly shall be measured under the center
of the BESS and in horizontal array(s) at 152-mm (6-inch) intervals for a minimum 1 m (3.3 feet) from the
edge of the initiating BESS unit using No. 24-gauge or smaller, Type-K exposed junction thermocouples.
The thermocouples for measuring the temperature on roof surfaces shall be positioned in the roof
locations anticipated to receive the greatest thermal exposure from the initiating BESS unit.
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9.6.5 If the BESS is intended to be installed on combustible roof assemblies beneath PV panels,
combustible materials, or other obstructions, the test shall be conducted with the ESS mounted
underneath the obstructions, as specified by the manufacturer. The type of overhead obstruction used in
the test shall be that which is anticipated to provide the greatest fire challenge. The vertical distances
between the rooftop and the ESS, and between the ESS and the overhead obstruction shall be the
minimum specified by the manufacturer. The overhead obstruction shall extend horizontally a minimum
2 m (6.6 feet) in all directions from the edges of the target BESS, unless lesser distances are specified by
the manufacturer’s installation instructions.

9.7 Unit level test report

9.7.1 The neportontheunittevettesting-shattidentify the-typeof instattationbeingtested,asfollows:
a) Indoor floor mounted non-residential use BESS;
b) Indoor floor mounted residential use BESS;
¢) Odtdoor ground mounted non-residential use BESS;
d) Odtdoor ground mounted residential use BESS;
e) Indoor wall mounted non-residential use BESS;
f) Indpor wall mounted residential use BESS;
g) Odtdoor wall mounted non-residential use BESS;
h) Odtdoor wall mounted residential use BESS;
i) Rooftop installed non-residential use BESS; or

j) Opén parking garage installed nonxtesidential use BESS.

9.7.2 With reference to 9.7.1, if testing is intended to represent more than one installation type, this shall
be noted in the report.

9.7.3 The report shall include.the following, as applicable:
a) Unjit manufacturer name and model number (and whether UL 9540 compliant);

b) NUmber of-modules in the initiating BESS unit;

¢) Theconstruction of the initiating BESS unit per 5.3;

d) Fire protection features/detection/suppression systems within unit;
e) Module voltage(s) corresponding to the tested SOC;

f) The thermal runaway initiation method used;

g) Location of the initiating module within the BESS unit;

h) Diagram and dimensions of the test setup including mounting location of the initiating and target
BESS units, and the locations of walls, ceilings, soffits as applicable, and thermocouples;

i) Observation of any flaming outside the initiating BESS enclosure and the maximum flame
extension;
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j) Ch

emical and convective heat release rate versus time data;

k) Separation distances from the initiating BESS unit to target walls (e.g. distances A and C in
Figure 9.1) and target heat flux gauges;

I) Separation distances from the initiating BESS unit to target BESS units (e.g. distances D and H in
Figure 9.1);

m) The maximum wall surface and target BESS temperatures achieved during the test and the
location of the measuring thermocouple;

NOTE: The maximum target BESS temperature is averaged over 60 seconds.

n) T
mou

o) Th

he maximum ceiling or soffit surface temperatures achieved during the indoor ©r,
nted test and the location of the measuring thermocouple;

e maximum incident heat flux on target wall surfaces and target BESS units;

p) The maximum incident heat flux on target ceiling or soffit surfaces achieved during

outd
q) G
r) Pe

s)In

bor wall mounted test;
Bs generation and composition data if conducted indoors;
ak smoke release rate and total smoke release data if.conducted indoors;

Hication of the activation of integral fire protection systems and if activated the timg

at which activation occurred;

t) Of
deflg

u)O
v) O

w) O

x) PH

servation of flying debris or explosive discharge of gases unless mitigated by arn
gration protection system;

bservation of re-ignition(s) from thermal runaway events;
bservation(s) of sparks, electrical arcs, or other electrical events;
bservations of the damage'to:

1) The initiating-BESS unit;

2) Target BESS units;

3) Adjacent walls, ceilings, or soffits;

otos and video of the test;

outdoor wall

the indoor or

into the test

engineered

y) If the test is terminated in accordance with 9.2.25, the circumstances of the termination; and

z) Module level test report summary and cell level test report summary.

9.8 Performance at unit level testing

9.8.1
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Table 9.1
Unit Level Performance Criteria
Installation Performance Criteria
Non-Residential Installations
Indoor Floor | a) Flaming outside the initiating BESS unit is not observed;
Mounted
ounte b) Surface temperatures of modules® within the target BESS units adjacent to the initiating BESS unit do not
exceed the temperature at which thermally initiated cell venting occurs, as determined in 7.3.1.10;
c) Surface temperature measurements on wall surfaces do not exceed 97 °C (175 °F) of temperature rise
above ambient;
d) Explosion hazards are not observed, including deflagration or detonation.
Outdoor a) Surface temperatures of modules® within the target BESS units adjacent to the initiating BES$ unit do not
Ground exceed the temperature at which thermally initiated cell venting occurs, as determined in 7.371.10;
Mounted" o . .
ounted b) For BESS units intended for installation near exposures, surface temperature measuremients pn wall
surfaces do not exceed 97 °C (175 °F) of temperature rise above ambient;
c) Explosion hazards are not observed, including deflagration or detonation; and
d) Heat flux measured at the minimum distance to a means of egress? spe€ified by the manufacurer shall not
exceed 1.3 kW/m?.
Indoor Wall | a) Flaming outside the initiating BESS unit is not observed;
Mounted N s .
ounte b) Surface temperatures of modules® within the target BESS upits'adjacent to the initiating BES$ unit do not
exceed the temperature at which thermally initiated cell ventifg occurs, as determined in 7.3.1.10;
c) Surface temperature measurements on wall surfaces do’not exceed 97 °C (175 °F) of temperature rise
above ambient; and
d) Explosion hazards are not observed, including deflagration or detonation.
Outdoor a) Surface temperatures of modules® within the'target BESS units adjacent to the initiating BES$ unit do not
Wall exceed the temperature at which thermally initiated cell venting occurs, as determined in 7.3.1.10;
M
ounted b) Surface temperature measurements anwall surfaces do not exceed 97 °C (175 °F) of temperature rise
above ambient;
c) Explosion hazards are not observed, including deflagration or detonation; and
d) Heat flux measured at the finimum distance to a means of egress? specified by the manufacturer shall not
exceed 1.3 kW/m?.
Rooftop and | a) Surface temperatures of modules® within the target BESS units adjacent to the initiating BES$ unit do not
Open exceed the temperature at which thermally initiated cell venting occurs, as determined in 7.3.1.10;
g:}?;lngs b) Surface temperature measurements on wall surfaces do not exceed 97 °C (175 °F) of temperature rise
9 above ambient;
c) For BESS units intended for installation on combustible roof constructions, surface temperatute
measurements on roof surfaces do not exceed 97 °C (175 °F) temperature rise above ambient per 9.6.5;
d) EXplosion hazards are not observed, including deflagration or detonation; and
e) For BESS units intended for installation in open parking garages, heat flux measured at the digtance from
the BESS to the means of egress? shall not exceed 1.3 kKW/m?
Residential Installations
Indoor Floor | a) Charring or ignition of the cheesecloth indicator is not observed;
Mounted b) Surface temperatures of modules® within the target BESS units adjacent to the initiating BESS unit do not
exceed the temperature at which thermally initiated cell venting occurs, as determined in 7.3.1.10;
c) Surface temperature measurements on wall surfaces do not exceed 97 °C (175 °F) of temperature rise
above ambient;
d) Explosion hazards are not observed, including deflagration or detonation; and
e) The concentration of flammable gas does not exceed 25 % LFL in air for the smallest specified room

installation size.
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Table 9.1 Continued
Installation Performance Criteria
Outdoor a) Flaming outside the initiating BESS unit is not observed.
d
,\Gﬂgouunqed b) Surface temperatures of modules® within the target BESS units adjacent to the initiating BESS unit do not
exceed the temperature at which thermally initiated cell venting occurs, as determined in 7.3.1.10;
c) For BESS units intended for near exposures, surface temperature measurements on wall surfaces do not
exceed 97 °C (175 °F) of temperature rise above ambient;
d) Explosion hazards are not observed, including deflagration or detonation; and
e) Heat flux measured at the minimum distance to a means of egress® shall not exceed 1.3 kW/m?.
Indoor Wall a) Flaming outside the. inifi:ﬂ'ing BESS unitis notohserved as demonstrated hy no. flaming orch rring of the
Mounted cheesecloth indicator;
b) Surface temperatures of modules® within the target BESS units adjacent to the initiatifg, BESS unit do not
exceed the temperature at which thermally initiated cell venting occurs, as determined,in 7.3.11.10;
c) Surface temperature measurements on wall surfaces do not exceed 97 °C (175.°F) of tempefature rise
above ambient;
d) Explosion hazards are not observed, including deflagration or detonatiof;yand
e) The concentration of flammable gas does not exceed 25 % LFL for the smallest intended room installation
size.
Outdoor a) Charring or ignition of the cheesecloth indicator is not obseryed;
Wall - . . s .
Msunted b) Surface temperatures of modules® within the target BESS units adjacent to the initiating BESS unit do not
exceed the temperature at which thermally initiated cell venting occurs, as determined in 7.3./1.10;
c) Surface temperature measurements on wall surfaces'do not exceed 97 °C (175 °F) of tempefature rise
above ambient;
d) Explosion hazards are not observed, including-deflagration or detonation; and
e) Heat flux measured at the minimum distance to a means of egress? shall not exceed 1.3 kW/m?2.
) Outdoor installation near exposures are those that are Igeatéd at < 3.48 m (10 feet) from buildings, lot lines that cah be built
upon, public ways, stored combustible materials, high piled stock, hazardous materials and other exposure hazards fgs defined in
the codes.
2) Accessible means of egress is defined in NFPAM04 and the IFC and is essentially a continuous and unobstructed way of travel
for persons that provides an access to a safe area-
%) The surfacd temperature of the modules is‘averaged over 60 seconds.
9.9 Flow battery unit tests
9.9.1 For those flowbattery systems that do not meet the performance criteria of 7.9, unit leyel test using

a test batte
the smoke d

y representative of the complete flow battery system but at a scale small enoug
ollection hood of the calorimeter.

h to fit under

9.9.2 The fest flow battery system shall be subjected to each of the following tests while monitoring the
temperature of the electrolyte at a location in the fluid system that is anticipated to be the hottest. Where
test data is not already available from UL 1973 testing, the test methods referenced below shall be applied
and incorporated into this test Standard:

a) The Overcharge Test in accordance with the Performance Electrical Tests of UL 1973;

b) The High Rate Charge test in accordance with the Performance Electrical Tests of UL 1973; and

¢) The Short Circuit Test in accordance with the Performance Electrical Tests of UL 1973.

NOTE: The electrolyte from the outlet of the stacks or within the stacks would be an appropriate location for sampling the
temperature during these tests.
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9.9.3 If the temperatures of the electrolytes during the tests of 9.9.2 do not exceed the flashpoint
temperature determined in 7.3.2.1.2 the testing is concluded at the unit level. If the temperatures of the
electrolytes during the tests of 9.9.2 exceed the flashpoint temperature determined during 7.3.2.1.2, the
flow battery system is considered noncompliant and would need to be revised and retested.

9.9.4 The volume of flammable gases measured during the testing shall be scaled to the maximum
energy reservoir for the intended flow battery system in order to determine the potential total flammable
gas that can be produced by the system under a fault condition that leads to off gassing. This information
shall be provided in the report. The gas data collected can be scaled to the largest representative system.

9.10 Flow battery unit level test report

9.10.1 Thelreport on flow battery unit testing shall include the following:
a) Flgw battery system manufacturer name and model number (and whether UL 4973 compliant);
b) System Cell stack details per 5.4;
c) Engrgy storage technology (and whether UL 9540 compliant);
d) The rated energy storage capacity of the flow battery (e.g. Ampere-hours or Watt-hours);
e) Elgctrolyte(s) composition and maximum quantity in theSystems;
f) Test cell stack details per 5.4;
g) Electrolyte quantities in the representative test flow battery system;
h) Maximum charge voltage and charge current during the overcharge test;

i) External short circuit resistance applied and maximum short-circuit current measuref during the
short|circuit test;

j) Flash point temperatures determined for each charged electrolyte (if applicable);
k) Mgximum electrolyte temperature measured during the overcharge tests;

1) Makimum electrolytejtemperature measured during the short circuit test;

m) Mpaximum electrolyte temperature measured during the High Rate Charge test;

n) Volumetof*gas measured with representative test flow battery system and scaled vglume of gas
based.on full-size flow battery system;

0) Observation(s) of flying debris or explosive discharge of gases;
p) Observation(s) of sparks, electrical arcs, or other electrical events; and

q) Video of the test.
9.11 Flow battery unit level performance criteria

9.11.1 The flow battery performance level criteria is met if:

a) The flash point temperature(s) measured in the test of 7.3.2.1.2 exceed the maximum
temperature measured on the energy reservoir during each of the tests of 9.9.2 by at least 5 °C
(9 °F); and
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b) For flow battery systems with two electrolytes, the flash point temperature(s) measured in the
test of 7.3.2.1.2 exceed the maximum temperature of the mixed solution measured in accordance
with 7.3.2.2.2 by at least 5 °C (9 °F).

10

10.1

10.1.1

Installation Level

General

The installation level test method assesses the effectiveness of the fire and explosion mitigation

methods for the BESS in its intended installation. The installation level testing does not apply to residential
use BESS. However, units intended to be installed in residential occupancies other than detached one or

two-family d
sprinkler eff

a) T4
fire d

b) T¢

othef

com

10.1.2 Ins
as defined i

10.2 Sam

10.2.1
separation

10.2.2 Afl
representat
at a distanc
BESS, then

10.2.3 The test installation-set up for outdoor non-residential use high temperature batteries

container sH

10.2.4 An
rather than

in Figure 10

bctiveness.

st Method 1 — "Effectiveness of sprinklers" is used to evaluate the effectiveness

st Method 2 — "Effectiveness of fire protection plan" is used to @valuate the effg

The samples (initiating BESS and target, BESS) and their preparation for testir

wellings and townnhouses shall be permitted to pertorm the installation level test

rotection and explosion mitigation methods installed in accordance with,€ode reqy

fire and explosion mitigation methods (e.g., gaseousagents, water m
bination systems).

allation level testing is not appropriate for units only intended for outdoor use or re
n4.17.

ble

istances from walls, shall be identicalto that used for the unit level test in Section

ame indicator consisting of a cable tray with fire rated cables that complies with
ve of the installation per the-manufacturer's specifications shall be deployed abo
b specified by end-use installation. If the installation requires that cabling be install
the flame indicator is not heeded. See Figure 10.1 and Figure 10.2.

all be in accardance with the manufacture’s specified installation layout within the

examplé of a test layout where the BESS modules are installed within separate cq
bs multiple modules on a rack with the module considered as an individual test u
3.

o determine

5 of sprinkler
irements.

ctiveness of
st systems,

sidential use

g, including
0.

L 2556 and
e the BESS
ed below the

installed in a
container.

mpartments
nit, is shown
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Figure 10.1

Example of Arrangement for Effectiveness of Sprinklers Test

Instrumented

* Wall Section *
<C [aa]
Flame Indicator | ) )
(optional)
D
- C
Initiating Target BESS
BESS Unit _I Unit
—~— ] A
- .
S
58| —uw O O
IS %) 'S
2=
. _%
G
| [
Target BESS H Target BESS
Unit Unit
Sprinkler(System
O O
Open Doorway
su3071a
A = Separation fistance'between the initiating BESS unit and instrumented wall section behind the initiating BESS uni{.
B = Separation Histance between the target BESS unit and instrumented wall section behind the target BESS unit.
C = Separation iritigt i iritigt bS unit.

D = Separation distance between initiating BESS unit and target BESS unit.

E = Separation distance between initiating BESS unit and target BESS unit.

F = Separation distance between target BESS unit and target BESS unit.

G = Separation distance between target BESS unit and instrumented wall section.

H = Separation distance between target BESS units.

See Figure 10.2 for an example of the location of a flame indicating unit above the BESS.
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A = Distance o
B = Distance b
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Figure 10.2
Example of Flame Indicating Unit above BESS

Flame Indicator

su3072

Initiating BESS Unit

the flame indicator above the BESS.

tween centerlines of initiating BESS unit and flame indigator.
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Figure 10.3

Example of High Temperature Battery Container System Modules Located in Compartments with

X — Denotes tyq

Copyright Underwriters Laboratories Inc.

Interior Wall Partitions

Target BESS
: Module :

Target BESS
Module

Initiating BESS
Module

Target BESS
Module

su5218

BESS

SIDE VIEW

ical thermocouple locations; specific positions dependent on installation details.

Container Enclosure FRONT VIEW (e.g. 6 partitions) \
Installation
------ Partition Wall subsfrate
XX X X X X Xi
Wall XE Installation
Xy~ substrate
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10.3 Test method 1 — Effectiveness of sprinklers

10.3.1  For BESS units with a height of 2.44 m (8 feet) or less, the test shall be conducted ina 6.10 x 6.10
x 3.05-m (20 x 20 x 10-feet) high test room with one open 1.22 x 2.13-m (4 x 7-feet) high doorway or a
room representative of the installation configuration as specified by the manufacturer. The largest test
room anticipated by the manufacturer for BESS deployments, including footprint and ceiling height, shall
be tested. For BESS units taller than 2.44 m (8 feet), the ceiling height shall be increased to be at least
0.61-m (2-feet) higher than the BESS units under test. The explosion mitigation methods shall be installed

in the test in

stallation in accordance with the manufacturer's specifications.

10.3.2 The test room shall be fitted with four sprinklers at 3.05-m (10-feet) spacing in the center of the

test room. T
(200 °F), a

specificatior
specificatior

10.3.3 Wa
flat black. T

10.3.4 Thd
instrumente)
units in the 1

10.3.5 Ten
unit shall bg
mm (6-inch
measured ¢
shall be dog

10.3.6 Ins
mm (6-inch
exposed ju
positioned i
BESS unit.
6.3. The ma

nominal K-factor of 5.6, and sprinkler water density of 12.22 L/m?/min (0.3 gpri/t]
s for the sprinklers with other densities, ratings and K-factors are indicated in'th
s, those shall be used for the installation test instead. See Figure 10.1.

Is shall be constructed with gypsum wall board. Instrumented wall'sections sha
ne gypsum wall board shall be 13-mm (1/2-inch) thick at minimum:

b initiating BESS unit shall be positioned at manufacturer’specified distances frg
d walls and target BESS units. For example, Figure 10.1%'shows a potential lay
est room.

hperature measurements at the ceiling locations,directly above the initiating and

collected by an array of thermocouples located 25-mm (1-inch) below the ceiling
intervals using No. 24-gauge Type-K expaésed junction thermocouples. Temperat
pbntinuously, averaging over every 60-second interval per 6.3. The maximum of theg
umented for each thermocouple location.

rumented wall surface temperature measurements shall be collected in a vertical

nction thermocouples to,'measure wall surface temperatures. Thermocoupl
h the wall locations anticipated to receive the greatest thermal exposure from
Temperatures shallbe measured continuously, averaging over every 60-second
ximum of these-averages shall be documented for each thermocouple location.

10.3.7 Thermocouples-for wall surface temperature measurements shall be secured to gyps

by the use
depressed i
held in thern

of staples’ placed over the insulated portion of the wires. The thermocouple
hto the*gypsum so as to be flush with the gypsum surface at the point of meas
hal'Cehtact with the surface at that point by the use of pressure-sensitive paper tag

ing of 93 °C
). If different
e installation

| be painted

m test room
but of BESS

target BESS
and at 152-
Lires shall be
se averages

array at 152-

intervals for the full height,of the instrumented wall sections using No. 24-gauge Type-K

es shall be
the initiating
interval per

um surfaces
tip shall be
iIrement and
e.

10.3.8 Heat flux shall be measured with the sensing element of at least two water-cooled Schmidt-
Boelter or Gardon gauges at the surface of each instrumented wall as follows in (a) — (c). Heat flux shall be
measured continuously, averaging over every 60-second interval per 6.4. The maximum of these averages
shall be documented for each gauge location.

a) Both are collinear with the vertical thermocouple array;

b) One is positioned at the elevation estimated to receive the greatest heat flux due to the thermal
runaway of the initiating module; and

c) One is positioned at the elevation estimated to receive the greatest heat flux during potential
propagation of thermal runaway within the initiating BESS unit.
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10.3.9 Heat flux shall be measured with at least two sensing water-cooled Schmidt-Boelter or Gardon
gauges at the surface of each adjacent target BESS unit that faces the initiating BESS unit as follows in (a)
and (b). Heat flux shall be measured continuously, averaging over every 60-second interval per 6.4. The

maximum of

these averages shall be documented for each gauge location.

a) One is positioned at the elevation estimated to receive the greatest heat flux due to the thermal
runaway of the initiating module within the initiating BESS; and

b) One is positioned at the elevation estimated to receive the greatest surface heat flux due to the
thermal runaway of the initiating BESS.

Exception: If (a) and (b) are deemed to be at the same location based on a construction review, only one

gauge may 4

10.3.10 Th
Boelter or G
off-gas venti
flux shall be
these averag

10.3.11 No
the surface
located at p
minimum of
provide datz
may be plac

10.3.12 CHd
created with

a) O
buildi
stock

b) Th
modd
level

10.3.13 Th
request of th
accordance

e installed on the target unit for the measurement.

e heat flux shall be measured with the sensing element of at least one water-cool
brdon gauge positioned at the mid height of the initiating unit or the pojntiwhere th
ng is expected from the initiating unit in the center of the accessible,means of €

es shall be documented.

. 24-gauge or smaller Type-K exposed junction thermocauples shall be installed
femperature of module enclosures within target BESS/ units. Three thermocoup
ositions on the exterior of each module enclosure).nearest to the initiating B
two, No. 24-gauge or smaller Type-K thermocouples shall be placed within eac

to monitor the thermal conditions within non-initiating modules. Additional thg
pd to account for convoluted enclosure interior geometries.

Il to cell thermal runaway propagation”in accordance with the module level t
n a single module in the initiating BESS unit:

Ltdoor installation near exposures are those that are located at < 3.48 m (1
ngs, lot lines that can be:Built upon, public ways, stored combustible materials
, hazardous materials and other exposure hazards as defined in the codes.

e setup (i.e. type, quantity and positioning) of equipment for initiating thermal run
le shall be the same as that used to initiate and propagate thermal runaway within
test (Section 8).

e composition of BESS unit vent gases shall be measured as outlined in 9.
e BESS manufacturer, the hydrocarbon content may additionally be measured a
with'9.2.24. The gas composition sampling port shall be located in the ceiling jet

ed Schmidt-
e majority of
gress. Heat

measured continuously, averaging over every 60-second interval’ per 6.4. The maximum of

to measure
les shall be
ESS unit. A
h module to
rmocouples

pst shall be

feet) from
, high piled

away in the
the module

p.23. At the
5 outlined in
, 25-mm (1-

inch) below the-eeiting-

10.3.14 Th

e test shall be terminated if:

a) Temperatures measured inside each module of the initiating BESS return to below the cell vent
temperature;

b) Th

e fire propagates to adjacent units or to adjacent walls; or

¢) A condition hazardous to test staff or the test facility requires mitigation.

10.3.15 The initiating unit shall be under observation for 24 h after conclusion of the installation test to

determine th
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10.4 Installation level test report — Test method 1 — Effectiveness of sprinklers

10.4.1  The report on installation level testing shall include the following:

a) Unit manufacturer name and model number (and whether compliant with UL 9540);

b) Number of modules in the initiating BESS unit;

¢) The construction of the initiating BESS unit per 5.3;

d)M

e) Tt

odule voltage(s) of initiating BESS corresponding to the tested SOC;

f) Di

unitg, and the locations of walls and ceilings;

g) Lacation of initiating module within the BESS unit;

4o Il HIGT LT dlooal ol
C UiclriTiar turiavay mimiuadurt et iou ustTu,

hgram and dimensions of the test setup including location of the initiating and

target BESS

h) S¢paration distances from the initiating BESS unit to (e.g. distances A and C in Figufe 10.1);

i) Se

j) Di

k) M

) Digtance of fire spread within the flame indicator;

bximum temperature at the ceiling;

paration distances from the initiating BESS unit to target BESS units (e.g. distancgs D and E in
Figure 10.1);

stances of the flame indicator (if used) with respect to the BESS (e.g. distances A and B in
Figure 10.2);

m) The maximum wall surface and target BESS unit temperatures achieved during the test and the

locafion of the measuring thermocouple;
n) The maximum incident heat flux on target wall surfaces and target BESS units;
0) Voltages of initiating BESS;

p) Total number of sprinklers that operated and length of time the sprinklers operatg

test;

q)G
r) O

hs gengration and composition data, if measured;

servation of flaming outside of the test room;

d during the

s) Observation of flying debris or explosive discharge of gases;

t) Observation of re-ignition(s) from thermal runaway events;

u) Observations of the damage to:

1) The initiating BESS unit;
2) Target BESS units; and

3) Adjacent walls;

v) Photos and video of the test;

w) Fire protection features/detection/suppression systems within unit;
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x) Sprinkler K-factor, RTI, manufacturer and model, number of sprinklers and layout;
y) If the test is terminated in accordance with 10.3.14, the circumstances of the termination; and
z) Unit level test report summary, module level test report summary, and cell level test report
summary.

10.5 Performance — Test method 1 — Effectiveness of sprinklers

10.5.1 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) abo

ve ambient. Surface temperature rise is not applicable if the intended installation i

s composed

completely
combustible
the installatiq

10.5.2 The|
shall not ex
7.3.1.10.

NOTE: The surf

10.5.3 The
initiating BE

10.5.4 The

10.5.5 The

pf noncombustible materials in which wall assemblies, cables, wiring ahd
materials are not to be present in the BESS installation. In this case, the repert:sh
n shall contain no combustible materials.

surface temperature of modules within the BESS units adjacent tothe initiating
ceed the temperature at which thermally initiated cell venting)occurs, as dg

ace temperature of the modules is averaged over 60 seconds.

fire spread on the cables in the flame indicator shall not extend horizontally
BS enclosure dimensions.

re shall be no flaming outside the test room:

Fe is no observation of detonation. There is no observation of deflagration unless

an engineergd deflagration protection system.

10.5.6 Hegt flux measured at the minjimum distance specified by the manufacturer to a mea

shall not exd|

10.5.7 Obg
and the sprir]

10.5.8 An
considered 1

10.6 Testn

eed 1.3 kW/m?.

ervation of re-ignition*within the initiating unit after the installation test had bee
kler operation was.discontinued shall be recorded.

nstallatiomlevel test that does not meet the applicable performance criteria not
oncompliant and would need to be revised and retested.

hethod 2 — Effectiveness of fire protection plan

any other
all note that

BESS unit
termined in

beyond the

mitigated by

hs of egress

h concluded

ed above is

10.6.1

The test method 2 test set-up and test procedures are identical to that in 10.3, except instead of

the sprinkler system set up of 10.3.2, the room shall be fitted with the specified fire protection and
explosion mitigation equipment representative of a planned installation for the tested BESS system.

10.7

10.7.1 The
a) Th
b) Fir

report on installation level testing shall include the following:
e report information in 10.4.1 (a) — (u), (y) and (z), and (v) if applicable;

e protection features/detection/suppression systems within installation; and

Installation level test report — Test method 2 — Effectiveness of fire protection plan

c) Length of time of operation of the clean agent, or other suppression system in addition to any
sprinklers used.
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10.8 Performance - Test method 2 — Effectiveness of fire protection plan

10.8.1 See 10.5 for performance criteria.
10.9 Test method — Installation level test for high temperature battery container system BESS for
outdoor non-residential use

10.9.1 Samples and test configurations are in accordance with the intended installation as outlined in
10.2.3 and 10.2.4 by using a representative container assembly with an installed high temperature battery
initiating unit surrounded by target units in accordance with the manufacturer’s specified layout. The BESS
container shall include the outer cabinet (if part of the design), partitions, and components that retain the

units as wel
fire protecti
intended to
should be in

equipment
enclosures

10.9.2 Thd
accordance
installation.
10.2.4 is sh
heated to th

10.9.3 Thd

manufacturer’s specified operating temperature. The initiating module shall be provided w

connections
at the modu

10.9.4 Thd
During the t
of the surro
also monito

10.9.5 Ten
inch) interva
exposed jur

bn systems intended to be installed in the container. Any wiring within the~co
be installed above the units or along them horizontally, that can be a source o
cluded in the container for the test. Equipment mounted to openings in the 'Contai
impact air flow and therefore test results, should be included in the installation®for the

buch as a power conditioning/conversion system or switchgear, can’ be represe
br other simulation means for temperature measurement purposes.

b container shall include one initiating BESS unit in which an internal fire

with the module level test is initiated, and adjacent target BESS units represer]
An example of a test configuration where the module 'is considered the unit as
own in Figure 10.3. The target BESS unit enclosures do not need to contain

e manufacturer’s specified operating temperature.

to the cell(s) that will be forced intg thermal runaway using the overcharging me
e level test.

b cell failure test method -outlined in 7.3.4 shall be conducted within the initia
pst, the voltage and temperatures of the cell(s) being forced into failure as well a
inding cells shall be monitored and documented. The voltage of the initiating mo
ed during the test.

hperatures of\partitioned wall surfaces shall be measured in vertical array(s) a
Is for the/Afull'height of the instrumented wall sections using No. 24-gauge or sm
ction thermocouples. The thermocouples used in measuring the temperature on

tainer either
fire spread,
er that may
est. Internal
nted by their

condition in
tative of the
described in
cells nor be

e initiating BESS unit shall be fully chafged prior to testing and shall be hg¢ated to the

ith electrical
thod applied

ing module.
5 the voltage
Hule shall be

152-mm (6
aller, Type-K
vall surfaces

shall be hotlizontally positioned in the wall locations anticipated to receive the greatest thernmpal exposure
from the initjJating/BESS module.

10.9.6 Thermocouples shall be placed on the external casing of the module to monitor any breakdown of
thermal insulation in the module case. The smoke release rate, the convective and chemical heat release
rate and content, velocity and temperature of the released vent gases need not be measured.

10.9.7 No. 24-gauge or smaller, Type-K exposed junction thermocouples shall be installed to measure
the temperature of the surface proximate to the cells and between the cells and exposed face of the
initiating module. Each non-initiating module enclosure shall be instrumented with at least one No. 24-
gauge or smaller Type-K thermocouple(s) to provide data to monitor the thermal conditions within non-
initiating modules. Additional thermocouples shall be placed to account for convoluted enclosure interior
geometries.

10.9.8 The installation shall include any exposures representing major components (e.g. battery system
racks, power conditioning system, HVAC, etc.) installed within the container system. Temperatures shall
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