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electrical abuse (internal or external short circuit), experienced during each type of test. As battery system design/technology
advances, the level of risk will likely also be affected.

In summary, there is some level of risk that every facility will assume in conducting these tests, so each lab must establish
its own safety procedures and determine its own risk tolerance. More data will help make decisions that can mitigate risks
to personnel and reduce the chance of additional loss in the event of a total system failure.

1. SCOPE

The special risks associated with conducting crash tests on E-vehicles can be divided into two main categories: (1) thermal
activity inside the battery (resulting from electrical or mechanical abuse) may lead to energetic emission of harmful and/or

flammable gases, thermal runaway, and potentially fire; and (2) the risk of electrocution. Procedures to ensure protection
from all types of risk must be integrated into the entire crash test process. This SAE Information Report is intended to
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2013.
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Conference, 2011-0
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S.,Bang, H.J., Sun, Y.K.,, and Prakas, J. “A Review ef\Li-lon Cell Chemisitries an
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] Their Potential Use

in Hybrid Electric Vehicles.” J. Ind. Eng. Chem., Vol. 12, No. 1, 2006, 12-38.
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Journal of Power so

V., and Ross, P.N. Jr. “Thermal Stability of LiRFs Salt and Li-lon Battery Electrolyt¢s Containing LiPFe.”
irces, 161, 2006, 573-579.

3. DEFINITIONS
3.1 BMS

Battery management system.
3.2 E-VEHICLE
A vehicle with an eldctrified drivetrainisuch as EVs, HEVs, and PHEVs.
33 EV

Electric vehicle.

34 HV
High voltage.
3.5 HEV

Hybrid electric vehicle.
3.6 INERT BATTERY

A battery that has the same physical properties as an HV battery pack (dimensions, stiffness, weight), but with no active
chemistry (no electrical or thermal risk).
3.7 LI-ION

Lithium-ion battery.
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3.8 MSD

Manual service disconnect.

3.9 PHEV

Plug-in hybrid electric vehicle.

3.10 PPE

Personal protective equipment.

3.11 SDS

Safety data sheet.

3.12 THERMAL RU
A situation where an
4. MITIGATION OFH

4.1 General

It is recommended
systems such as the
procedures in a HV
the OEM or HV batt
This will be discussg

4.2 Personal Protgctive Equipment (PPE)

PPE for electrical ha
personnel. Recomm

[ ]
insulating gloveg
pressure test be
HV insulated tog

Face shield.

Class 0 HV glovégs with protectors. These gloves should be replaced periodically (CFR 29 part 191(

NAWAY
increase in temperature changes the conditions in a way that causes-a further incn

ELECTRICAL SHOCK RISK (ELECTROCUTION)

nat any personnel working with a HV system in a.vehicle should have basic HV

“SAE basic hybrid and electrical vehicle safety’class. Knowledge regarding PP
setting is vital in protecting yourself and yourdfacility. Key laboratory personnel s
ery final assembler regarding their specific'battery so that knowledge is transferr
d in detail below.

pards is required when working with a HV system. The work should be done in vie
bnded safety equipment inCludes, but is not limited to:

to be electrically tested on an interval of 6 months) and should undergo a visual
fore each use.

Is.

ease in temperature.

raining on E-vehicle
E and internal safety
hould be advised by
bd to the test facility.

w of other laboratory

.137 requires rubber
nspection and glove

Self-contained b

HV rescue hooks-

J

Electrical shock-resistant footwear.

reathing apparatus (SCBA).

Protective coverall.

fluoro-organics, and hydrogen fluoride (HF).

Gas detection warning device: flammable hydrocarbons, carbon dioxide (COz2), carbon monoxide (CO), hydrogen (Hz),
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Table 1 - Reference table for applicable PPE standards

Standard ID

Similar Std

Explanation

Equipment

\%/

CLC/TS 50354]
2003

klasse 2

exposure to an electrical arc.

ASTM F1506 Flame-resistant garment labeled with an Coverall
arc energy rating, ATPV.
ASTM F1956 IEC 61482-1-2 | Protective clothing against the thermal Coverall
hazards of an electric arc.
EN 1149 Electrostatic properties. Jacket, pants
EN 1149
EN 13034 type 6 Garments that provide a limited protection | Jacket, pants
against liquid chemicals.
EN 136 Respiratory protective devices; full face Respiratory
masks. protection
EN 140 Respiratory protective devices; half masks | Respiratory
and quarter masks. protection
EN 14387 Respiratory protective devices. Gas Respiratory
filter(s) and combined filter. protection
20 EN 166 Eye and face protection: Eye protection,
e.g., glasses,
1;. (e : visor/screen
", B 155 4 guard
EN 170 UV protection. Eye protection,
e.g., glasses,
visor/screen
guard
EN 470-1 ISO 11611 Rrotective clothing for use in welding and | Jacket
@/ allied processes. General requirements.
& BEN 471 High-visibility warning clothing. Jacket, pants
EN 531 SO 11612 Protective clothing for workers exposed to | Jacket, pants,
& heat. bas- and mid-
e layer clothing
EN ISO 15090 Fire shoes suitable for fire rescue, fire Boots
HI3 suppression. General Type 2
R2A requirements and antistatic properties.
R.T.Cl
ENTISO 17249 Safety footwear with resistance to chain Boots
saw cutting.
EN ISO 20345 Safety footwear standards. A+ FO + E + Boots
S5 P + waterproof
HRO resistance to hot contact of outsole
SB toe protection.
ENV 50354 IEC 61482-1-2 | Protection against electric arc. Electrical Bas- and mid-
:‘?-;,5-_‘."?- — arc test methods for material and layer clothing
awssse| | T garments, for use by workers at risk of
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Standard ID

Similar Std

Explanation

IEC 61482-1-2 ENV 50354 Protective clothing against the thermal Jacket, pants,
é hazards of an electric arc. coverall
IEC 61482-2:
2009
;; IEC-60903 Electrical insulating gloves. Gloves
|EC-60003:2002
ISO 11611 EN 470 Protective clothing for use in welding and
gf_= allied pracesses General requirements
| ENISO 1161
b IO 11612 EN 531 Protective clothing for workers exposed‘to
& heat.

Equipment

4.3 Vehicle Receiying Inspection

HV battery specificgtions should be discussed with the OEM or final battepy assembler before any
overview should inclide the following:

testing begins. This

The areas spec
place should the

Battery State of
Proper procedur

fied per your safety protocol. Fire extinguishers,-HV mats, forklift with insulated
re be an event, etc.

Charge (SOC) and battery health diagnostic procedures should be verified befd
es (as provided by manufacturer) should: be used if required to charge and dischg

The HV sub-components are reviewed and identified. Primary focus should address areas that wi

with the impacte|

d area. Secondary focus will include other HV systems not in direct area of impac

forks, safe meeting
re any work begins.
rge the HV battery.

| be in direct contact
. All HV lines should

be located and rjoted in case of emergency.removal of the vehicle.

The manual sery
access to the M

ice disconnect (MSD),'if applicable, location is identified. It is recommended that g
BD be removed priorto testing.

ny parts that impede

First responder lpcations are identified and reviewed with the entire safety team.

Identify which p3rts of the'system are energized at each position of the key/ignition switch.

Define expected| post-test conditions of HV system, as well as the procedure used to verify the H
compromised state.

/ battery is in a non-

Other vehicle or HV system features or risks the laboratory personnel should be aware of when prepping the vehicle,
conducting the test, or any post-test inspection or handling of the vehicle or battery system.

4.4 Vehicle Preparation

It is recommended that before any vehicle preparation work begins, the 12 V battery and the MSD are disconnected. An
HV monitoring system is installed on the outside of the vehicle for use in assessing/monitoring electrical isolation per FMVSS
305. Care should be taken to ensure no fluids (coolant, brake, etc.) are removed during the preparation processes that are
required for the HV system to operate correctly. Prior to test time the 12 V battery and the MSD must be reconnected, and
the HV battery system again verified to ensure the battery SOC is correct for testing.

4.5 Pre-Crash Measurements

When performing pre-crash measurements all applicable PPE should be in place and ready for use.
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Pre-crash measurements should be taken after completion of the vehicle preparation process (after the MSD is
reconnected), and immediately prior to the dynamic test. Precautions should be made to avoid unintended power
transmission to the tires and accidental propulsion of the vehicle (could include measures to disable linkages, block shift
lever, etc.). Ensure that the test vehicle is in “ready-to-drive” mode, where the battery is connected to the vehicle propulsion
system and voltage is being supplied to the electric/hybrid drive. Measurements are then taken in accordance with FMVSS
305 (or equivalent standard/regulation) from the HV monitoring system which has been mounted on the outside of the
vehicle. The HV monitoring system measurements should at a minimum include the drive side (downstream) of the safety
switch utilized in the electric/hybrid drive system. It is recommended that the battery side (upstream) of the safety switch is
also measured, which may require specific OEM equipment and software. These measurements provide a baseline for an
isolation check of the battery and the drive system if the safety switch were to open during the crash event.

It is recommended that baseline temperature (inside the battery pack) is recorded at this time. This can include, but is not
limited to, the use of thermocouples, IR thermometers, and/or thermal cameras. A visual inspection of any accessible areas

of the battery can al
components/electrol

4.6 Post-Crash M
Approach every pos

Immediately followin
until the stability of t

HV monitoring systein should be measured and compared to the pre-crash values. Calculations shall b

an isolation value. If

plan shall be activat¢d (see Section 7).

Post-crash temperature values should be compared to the pre-crash baseline measurements. If the

temperature (beyong
the test facility shoul

A visual inspection
before the dynamig
components, and an
follow its emergency

After all measureme
removed/disconnect

5. MITIGATION O
EMISSION, AN

5.1 General

50 DE periormed. 1This mspectorn snould 10CUs on any nems/1quias that mignt pe
yte after the test.

basurements
-crash vehicle with all applicable PPE in place and extreme caution.

g the dynamic event, post-crash measurements need to be taken. Extreme cad
ne HV system can be confirmed. In accordance with FMVSS\305, post-crash me

any of these measurements confirm a loss of vehiclefisolation, the test facility’s

expectations) or battery temperature is above the recommended limits supplied
d follow their emergency response plan for a potential thermal runaway condition

bf the area around the HV system should be conducted, and should focus on a

event. This can include noticeable venting of gasses, unusual odors, any
y other potential safety hazards:»Upon discovery of any unexpected safety hazard,
response plan.

bd, unless advised otherwise by the manufacturer regarding battery system manz

- RISKS ASSOCIATED WITH THERMAL ACTIVITY (THERMAL RUNAWAY,
D/OR FIRE RISK)

For this discussion, {he‘term “E-vehicles” is used to denote all vehicles having complete or partial ele

confused for battery

tion should be used
Asurements from the
performed to obtain
mergency response

e is any increase in
by the manufacturer,

Ny items not present
liquids, broken HV
he laboratory should

hts are complete, and Stability of the vehicle is confirmed, the auxiliary battery ang the MSD should be

gement.

HAZARDOUS GAS

ctric battery powered

drivetrain (i.e., EV, HEV, PHEV). Also, only li-ion batteries are mentioned as this technology is mos

commonly used for

E-vehicle applications, and countermeasures designed for these will have significant carryover to other systems. Insofar as
the battery pack is the source of concern regarding thermal runaway propagation, energetic release of harmful gases, and/or
fire, it is the primary focus for this section.

As would be expected, there is greater variability in system level performance with full vehicle crash tests than in individual
component level tests. Similarly, battery system performance in a crash environment is dependent on the level of variability
among its individual components. Each battery system, each battery chemistry, and—in some sense—each individual cell
within a battery system has its own characteristics and may not respond precisely the same under a given mechanical
abuse or short circuit condition. Considering the potential for variability in crash test input conditions (test speed, impact
location, track conditions, etc.), variation in vehicle structures (particularly in pre-production phase), and battery systems
variability, and given the potential risk that catastrophic failure could result—a margin of safety must be established before
crashing a fully or partially charged E-vehicle inside of an enclosed crash test lab. Safety protocol outlined in this report is
based on the following priorities:
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o First: Personnel safety.

e Second: Facility protection.
e Third: Onboard instrumentation, test dummies, data acquisition system, cameras, etc.

5.2 Battery System Properties

There are numerous configurations and chemistries represented in current li-ion batteries, with more variations to come as

technology continues to progress. It is beyond the scope of this report to attempt a summary of these systems or their
specific properties, or how each will respond to a given abuse condition. Subsequently, the discussion here is limited to

defining the type of information that will be useful in protecting a laboratory and its personnel.

e An SDS (safety
chemical (i.e., e
the constituent
constituent salt

be emitted from

Information aboy
configuration of
a critical failure
short circuit disc
runaway conditid

Configuration of
connected to ea

One of the critical ta
safely in the event o
such a procedure to
and also have a mead
are:

Increase in temg
Smoke or other
Electrolyte leakd
Observable phys

e Increased levels

data sheet, formerly MSDS) must be provided to the lab prior to receipt of any.
ectrolyte). Information about the chemistry of the battery such as the flash paint ¢
solvents (e.g., alkyd carbonates—EC, PC, DMC, DEC, EMC, or othef)organ
e.g., LiPFs) will provide the basic information to assess what type of flammable
Any ruptured, burning, or venting battery cells.

t the electric capacity and characteristics of the battery cells and'the system of int
he cell-strings will help to assess the amount of thermal energy that can be gene
such as a battery pack external, battery pack internal, module external, cell ext
narge). The heat generated in such a failure is often the-sgurce which may push th
n.

the battery pack (number of parallel or series:connected cell-strings and how
ch other) can also be of use in assessing risk potential.

bks before performing charged E-vehicle-fests is to develop procedures that prepa
f a critical failure (leakage, energetic release of harmful gases, and/or fire) of the
be considered, the lab must become familiar with the potential risks (electrical, ch
ns to safely detect the level of risk'at each point in the process. Typical risk indicat
erature.

inordinary odors;

ge.

ical damage (such as deformation, puncture).

otentially hazardous
f the electrolyte and
ic species) and the
hnd toxic gases may

prest, and the overall
rated in the event of
bernal, or cell internal
e battery into thermal

are the cell-strings

re the lab to respond

battery system. For
emical, and thermal)
brs for li-ion batteries

af-carbon monoxide and possibly hydrogen fluoride.

Of these, rising temperature is currently considered to be the preferred sign of potential risk, as it can be detected early and
is also quite easy to monitor remotely (without exposing personnel to possible danger). Ideally, the temperature should be
monitored remotely (from safe area) through the vehicle’s battery management system (BMS). At a minimum, however,
thermocouples should be installed by the OEM to monitor temperature change within the battery pack. The number and
placement of thermocouples should provide test personnel with the earliest possible warning of thermal instability within the
batter pack. The data should then be transmitted remotely to a safe area where it can be monitored post-crash for any
thermal activity.

In addition to temperature change, it is also recommended to monitor closely for visible smoke or odors. It may also be
helpful to monitor changes in carbon monoxide and hydrogen fluoride levels, as both can reach harmful concentrations
during critical failure of a li-ion battery. Gas analysis equipment is available commercially for these gases.
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6. RISKMITIGATION TESTS

6.1 General

When considering whether to conduct live E-vehicle crash testing (especially in an enclosed lab), the level of risk that is
acceptable must be determined (tolerance for some level of risk that a thermal event may result). A thorough risk analysis
and cost/benefit may need to be conducted for the test vehicle under consideration before determining if the risk is
reasonable. In some instances, the facility’s insurance coverage may require certain countermeasures be in place prior to
testing. If the risk tolerance is zero, then the crash testing should be rejected on these vehicles until destructive performance
data can be provided to support the zero risk policy. To establish confidence in the system to be tested, it is strongly
recommended that each test mode be evaluated independently.

6.2 Inert Battery Vehicle Crash Tests (Generally Conducted During Development Phase)

To understand the e
should be conducte
battery pack (dimen
observations can be
e Integrity of the b
Relative margin

Integrity of the b
battery attachmg

Acceleration pul
Access to the M

Safe location to
made. Also dete

Effect of crash o
transmission to

e Verify emergeng

The inert battery cra

Verify battery tefnperature and electrical measurement process, and train technical staff.

nvironment in which the battery must survive during a vehicle crash test, each targ
l with an “inert” battery installed. The “inert” battery should mimic the physical

made:
bttery mounting system.
pf safety against battery pack intrusion/deformation offeredby the existing vehicle

httery case to withstand crash acceleration, and loads,generated by relative move
nt points within the vehicle structure.

5e the battery pack sees in each crash mode.
SD, if applicable, following the crash.

mount an external junction box with which pre- and post-test battery electrical
rmine safe routing of the patch cables between the junction box and the battery p

h accelerator and shift lever linkages so effective precautions can be made again
he tires during a test or during test setup.

y responseprocedures (dry runs during inert tests).

5h teststcan be repeated as needed until a sufficient margin of safety is achieved

6.3 Battery Comp

bted crash test mode
broperties of a “live”

sions, weight, stiffness, etc.) but contain no active chemistry. During these’ crash tests, the following

structure.

ment/deformation of

ntegrity tests will be
hck.

st unintended power

brient and Sub-System Tests

Based on the conditions the battery will be subjected to in a crash, component level battery tests should be conducted to
establish a satisfactory margin of safety for the battery pack and for the configuration of cells contained within.

Component functional tests should be considered based on industry standard tests, or on the observations made during
the “inert” battery vehicle crash tests or by use of validated CAE crash simulation models—whichever is more severe.
Criteria for these tests will generally require that the battery system remain stable, that the structural integrity of the pack is
sufficiently maintained, and that there is no leakage. Typical functional tests may include:

e Mechanical shock in each direction of each mutually perpendicular axis.

Mechanical crush (dynamic).

e Puncture/pierce test (dynamic).
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