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Lithium ion batteries are a proven technology for automotive applications and their continued use in the future
electric vehicle fleet is undeniable. In addition to battery performance and durability, battery safety is
paramount to ensure confidence and widespread adoption of electromobility in our society. This comprehensive
review aims at presenting the various international standards and regulations for safety testing of lithium ion
batteries in automotive applications under various abusive environments. Safety tests are presented and
analysed including mechanical, electrical, environmental and hazards of chemical nature. The intention of this

review is compiling the most relevant standards and regulations to identify shortcomings and areas for future

improvement.

1. Introduction

Reducing carbon dioxide emissions is a major driving force for the
displacement of traditional internal combustion engines (ICE) based
on fossil fuels by "greener" and more efficient alternatives. In this
context, various measures within the policy framework are being
established internationally to accelerate the development and adoption
of vehicles based on alternative fuels. Based on these efforts, it is
expected that the electrification of transport will make up a significant
share of the near future automotive fleet [1]. According to the Report
"Competitiveness of the EU Automotive Industry in Electric Vehicles"
published in 2012 [2] the European Union (EU-27) will reach 14.8
million new light duty vehicle registrations (passenger cars and light
commercial vehicles) by 2020, of which 7% will be electric vehicles
(including Battery Electric Vehicles, BEVs, plug-in Hybrid Vehicles,
PHEVs and Fuel Cell Vehicles, FCV). This market share is foreseen to
rise to 31% by 2030 with Europe, Japan and U.S. expected to be
leading markets. Other studies considering moderate policy support
and technical advancement present 5—10% of the market share in the
2025-2030 time frame [3]. Global registrations of FCVs will still be
under 1% in 2030, thus battery driven vehicles will dominate the EV
market in the near future.

In 1991 Sony launched the first commercial lithium ion batteries
(LIBs) [4]. Since then it has emerged as the dominant energy storage
technology used in most consumer electronics (e.g. cell phones,
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notebooks) [5]. Moreover, LIBs are used to power several electric
vehicles available on the market, e.g. BMWi3, Tesla Model S, Nissan
Leaf, Mitsubishi iMiEV, Chevrolet Volt, Renault Zoe. The widespread
deployment of this technology is reinforced by its relatively high
specific energy and power density and its progressive cost reduction,
with estimations from ~ 800 $ kW h™! per pack in 2010 down to
~ 248 $ kW h™1 by 2030 (for a 21 kW h BEV) [6] based on the current
chemistries. Predictions assume that by 2020, LIBs will be used in
65% of the total EV systems, surpassing other technologies, including
NiMH [7].

Many battery standards and regulations have been specifically
developed to facilitate and regulate battery use in EVs. At this stage
it is useful to differentiate between standards and regulations.
Standards are in principle voluntary documents, drafted by non-
governmental  organisations such as the  International
Electrotechnical Commission (IEC), the International Organisation
for Standardisation (ISO), the Society of Automotive Engineers
International (SAE) at international level and the European
Committee for Standardisation (CEN) and European Committee for
Electrotechnical Standardisation (CENELEC) at European level.
Standards can also be issued by National bodies (e.g. British
Standards Institution (BSI), Japanese Industrial Standards
Committee (JISC)) or regional organisations. Regulations, on the other
hand, are issued by governmental authorities and have the force of law.
For road vehicles, the most relevant regulations are type approval
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regulations issued by the United Nations Economic Commission for
Europe (UNECE). These regulations define uniform technical prescrip-
tions for wheeled vehicles, their parts and equipments, and state
conditions for reciprocal recognition of type approvals by several
countries. In the USA, the National Highway Traffic Safety
Administration (NHTSA) issues regulations via the Federal Motor
Vehicle Safety Standards (FMVSS), setting minimum safety perfor-
mance requirements for motor vehicles or items of motor vehicle
equipment.

Standards may be referred to by laws and regulations. For several
technical domains, Europe now follows the so-called New Legislative
Framework (NLF) adopted in July 2008, which built on the "New
Approach”, where directives only mention essential requirements,
while technical details are specified in harmonized European standards
referred to in these directives. Conformance to these standards
subsequently implies conformity to the essential requirements of the
directive. The NLF is used for example in the Low Voltage Directive,
but not yet for road vehicles, for which UNECE type approval
regulations are used. The Motor Vehicle Type Approval (EC
Directives) allows national type approvals and subsequently ensures
recognition of this approval in other EU member states, i.e. if one
vehicle is type approved in one member state, it is allowed to be sold in
any other member state.

In 2012, EU and US standards organisations agreed a Transatlantic
Cooperation on Standards for Electric Vehicles to avoid proliferation of
conflicting electric vehicle and battery safety standards. The coopera-
tion sets the basis towards harmonisation and alignment of standards
in the field of electromobility [8]. The need for such harmonisation of
battery standards for automotive applications has been acknowledged
by others who suggest that performance and safety can hence be
improved [9].

Battery safety standards and regulations call for testing in abusive
conditions. In these situations (e.g. overcharging, short circuit, physical
deformation in a vehicle crash) exothermic reactions may be triggered
(e.g. temperature rise of hundreds of degrees within seconds [10])
leading to thermal runaway. This can lead to the heating up of
neighbouring cells within a module, which — if sufficient heat is
generated — can lead to a chain reaction and propagation [11,12],
and in a worst case scenario, develop into fire and explosion [13-15].
Most of the time LIBs behave as foreseen during their lifetime.
However a number of highly publicized LIB safety events have led to
hazardous situations making the evaluation of battery safety a key
aspect in battery development. Events such as laptop fires [16],
smoking cell phones [17], airplane incidents [18-21], the GM Volt
fires [22], ground impacts leading to safety events on Tesla Model S
[23], although scarce, reach the media much easier than events with
established technologies (i.e. internal combustion engine vehicle fires).
Such events have led to withdrawal of products from the market (e.g.
Apple removed lithium ion power packs from their PowerBook 5300
line [24], CPSC and EV Global Motors Company announced the recall
of 2000 batteries in their electric bicycles [25]) which may generate an
increased concern from the general public towards lithium ion
technologies in general. The link between safety related events and
the market uptake of battery driven EVs is of concern to battery
producers, vehicle original equipment manufacturers (OEMs) and
transportation policy makers.

The objective of this review is to compile the most relevant
standards and regulations dealing with abuse testing of LIBs. Safety
risks specific to LIBs are summarized (Section 2). Test methods in
these standards and regulations are classified according to the nature of
the misuse conditions applicable (Section 3). Test parameters and
conditions used in test methods are compared — commonalities and
differences are highlighted (Section 3). Relevant forthcoming standards
and regulation are listed (Section 4). Stemming from these compar-
isons, conclusions are drawn identifying areas for improvement with
respect to the relevance and fitness for purpose of existing tests for
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Table 1
List of typical components in lithium ion batteries (LIBs).

Cathode
Anode

LMO, LCO, NCA, NMC, LFP, ECPs

Graphitic carbons, Hard carbons, Synthetic graphite,
LTO, Tin-based alloys, Silicon-based alloys

LiPF,, LiClOy, LiAsFs, LiCF3S0s, LiBF,

DMC, EC, DEC, PC, y-GBL, RTIL's

HMPN, TMP, TFP

PEO, PAN, PVDF, PMMA, PTFE

PVDF, SBR, Glass Fibre, CMC, ACM

Polypropylene, Polyethylene, Cellulosic paper,
Nonwoven fabrics, Ceramic

Electrolyte salts
Electrolyte solvents
Flame retardants
Gel precursor
Binder

Separator

LMO: Lithium Manganese Oxide, LCO: Lithium Cobalt Oxide, NCA: Lithium Nickel
Cobalt Aluminium Oxide, NMC: Lithium Nickel Manganese Cobalt Oxide, LFP: Lithium
Iron Phosphate, ECPs: Electronic Conducting Polymers, LTO: Lithium Titanate, PVDF:
Polyvinylidene Fluoride, SBR: Styrene Butadiene Rubber, CMC: Carboxymethyl
Cellulose, ACM: acrylate-type copolymer, RTIL's: Room Temperature Ionic Liquids,
DMC: Dimethyl Carbonate, EC: Ethylene Carbonate, DEC: Diethyl Carbonate, PC:
Propylene Carbonate, y-GBL: gamma-Butyrolactone, HMPN: hexamethoxycyclotripho-
sphazene, TMP: trimethyl phosphate, TFP: tris(2,2,2-trifluoroethyl)phosphate, PEO:
Polyethylene Oxide, PAN: Polyacrylonitrile, PMMA: Poly Methyl Methacrylate, PTFE:
Polytetrafluoroethylene.

electric vehicles (Section 5). Shortcomings and suggestions for future
development are also identified (Section 5).

2. Safety issues and challenges related to lithium ion
batteries

2.1. Battery materials and components

LIBs are rechargeable energy storage devices where Li ions move
between the anode and cathode, which are electrically separated by a
membrane. All components are fully soaked in an electrolyte. During
charging, lithium ions move from the cathode towards the anode and in
the discharge cycle the ions travel back. The electrons move via the
external electrical circuit and lithium ions and solvent molecules travel
within the electrolyte. When the battery is charged, the Solid
Electrolyte Interface (SEI) is formed. This passivation layer, Li*
conducting and electronically insulating, is paramount for optimum
battery performance as it allows Li intercalation and prevents further
electrolyte decomposition [26,27].

As the risks associated with a certain battery technology depend
highly on the cell constituents, it is important to consider all relevant
components from a safety perspective. Table 1 summarizes typical
components found in LIBs. A relatively high number of materials have
been used in cathodes, including lithium manganese oxide (LMO),
lithium cobalt oxide (LCO), lithium nickel cobalt aluminium oxide
(NCA), lithium nickel manganese cobalt oxide (NMC) or olivine type
materials, such as lithium iron phosphate (LFP). The latter has
appeared as one of the safest chemistries due to its thermal stability
and non-toxicity [28,29]. On the other hand the energy density in LFP
batteries is lower compared to LCO alternatives, which have less
desirable behaviour when a thermal event occurs [30,31].

Regarding the anode, carbon is commonly used in LIBs. It can
reversibly accommodate significant amounts of lithium providing a
theoretical capacity of 372 mAh g™ (LiCs). More recently, lithium
titanate (LTO) has attracted considerable attention due to its long cycle
life without significant structural changes upon cycling [32,33] and its
increased safety in terms of thermal stability and high potential which
prevents dendrite formation [30] at the cost of a comparatively lower
voltage [30].

Electrolytes used in LIBs are mainly based on aprotic organic
solvents, often highly flammable [34]. The most commonly used
electrolytes are mixtures of various carbonates (e.g. propylene carbo-
nate) and a dissolved salt (e.g. lithium hexafluorophosphate (LiPFg)).
In the event of thermal runaway, the electrolyte decomposes leading to
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the formation of gases. Consequently, significant overpressure is
generated in the cell, which will eventually lead to venting and/or
rupture. A major hazard is the presence of fluorinated compounds in
the electrolyte, leading to the release of toxic and corrosive hydrogen
fluoride (HF). Since some gases generated in such events are toxic
[35,36] and may potentially cause severe harm to individuals in the
surroundings, immediate medical attention is required after exposure
to vented gases [16]. In order to reduce the flammability of these
electrolytes various flame retardant additives have been explored giving
rise to the concept of “non-flammable electrolytes” (e.g. Phosphate
solvents [37], phosphazene derivatives [38,39], room temperature
ionic liquids [40,41]). Safety performance of LIBs can be improved
using alternative electrolytes such as more thermally stable, high
flashpoint electrolytes [42] or room temperature ionic liquids
(RTILs) [40,41], which show promise due to their low volatility, with
virtually no vapour pressure (ca. 100 pPa at 298 K for 1-butyl-3-
methylimidazolium hexafluorophosphate [43] compared with 3 kPa
at 298 K for H,O [44]), high flame resistance, thermal and chemical
stability together with a wide window of electrochemical stability [45].
Electrolytes in the solid/gel form (solid polymer electrolytes), can also
be utilized. On one hand their ionic conductivity is much lower than in
liquid systems, but on the other hand their safety is improved (e.g.
lower reactivity versus lithium, absence of risk of electrolyte release)
[46,47].

The binder is essential for enabling electrode fabrication. Initially,
most of the anodes were obtained by utilizing polyvinylidene fluoride
(PVDF), however the current trend is to use styrene butadiene rubber
(SBR), which yields more flexible electrodes, higher binding ability
with a small amount of binder, larger battery capacity and higher
cyclability [48]. SBR is unsuitable for the cathodes, which are prone to
oxidation and consequently PVDF is still used. Electrode preparation
with PVDF requires N-methyl pyrrolidone (NMP) for dissolution with a
consequent toxicity concern. Water - soluble binders (e.g. carboxy-
methyl cellulose, CMC) are preferred from an environmental perspec-
tive. More recently, the highly flexible acrylate-type copolymer (ACM)
has started to be used in some prismatic batteries [48].

The separator is a key element for preventing the electrical contact
between electrodes while allowing ion transport [49]. Currently, thin
microporous polyolefin membranes made of polyethylene (PE), poly-
propylene (PP), or laminates of both (e.g. PP/PE/PP [50]) are mostly
used. In a hazardous situation when a temperature above the melting
point of PE is reached (135 °C), PE will melt, whereas PP (melting
point of 165 °C) will maintain its integrity. As the polymer melts, its
pores are blocked resulting in an insulating layer, effectively shutting
down the cell and providing a degree of protection against short circuit
and overcharge [49]. Alternatively separators based on ceramic mate-
rials have also shown high-temperature stability, good chemical
resistance, and wettability [51].

It is clear that many aspects influence the safety of LIBs and the
evaluation of all battery design parameters (e.g. electrode material,
particle size [52], separator) is needed in order to optimise safety.
Furthermore, in order to achieve a safe system for a particular
application a compromise in the selection of cell components with
respect to safety, performance and cost is essential.

2.2. Battery cell and pack design

Industry experts estimate that between one in 10 million [11] or
one in 40 million [34] cells fail during normal operation, if proper
quality control is in place. Despite the low probability, the risk is not
trivial and the consequences cannot be neglected. For this reason,
efforts to improve the safety of the batteries are taken along the whole
electric vehicle manufacturing chain [31], from safer components (see
Section 2.1), smarter energy management [53] and battery manage-
ment systems (BMS), and smarter vehicle designs (e.g. installation of
battery pack away from crush zones [31] and other safety related
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installation considerations [54]. An additional parameter influencing
battery safety is cell design [16]). Vehicle manufacturers utilize
prismatic (e.g. VW, Audi, Porsche, Citroen, Peugeot, Fiat), pouch
(e.g. Mini, Mercedes, Renault) or cylindrical cells (e.g. Tesla).
Cylindrical cells are cheap to manufacture, have good mechanical
stability and high energy density. However, they have low packing
efficiency [55]. They do not swell during operation, but when pressure
builds up expulsion of the jelly roll (layers of anode/separator/cathode
rolled up and inserted into a hollow cylinder casing) can occur [56].
Prismatic cells are mechanically robust with high packing efficiency,
however, they have slightly lower energy density and are more
expensive [55]. In case of pressure build up, the generated gases are
released via the safety vent. When the opening of the safety vent is too
small, or when it is clogged it can hinder the escape of gas. This
situation can lead to rupture or explosion of the cell [16]. Soft pouch
cells have a higher energy density than the other two designs, their
fabrication cost is not very high, and they are much lighter. However, at
system level this can be reversed due to the stronger mechanical
constructions needed for their protection. They are prone to swelling
during operation (e.g. ageing, exposure to > 60 °C [56]) and have no
designated venting mechanism. In case of venting, gases are not
directed towards a safety valve, as all the sealing points in the pouch
cell impose small resistance to high pressure. Consequently, the release
of gases occurs with smaller energy than for the other assemblies. The
unconstrained nature of the pouch cells may be more effective
preventing a thermal runaway reaction compared to cell designs where
electrodes are forced to maintain close contact [57]. Additionally,
pouch cells exhibit smaller internal temperature gradients compared to
prismatic assemblies [55].

Another aspect associated to battery safety relates to the fact that
cells within a pack exhibit non-uniform properties upon cycling.
Consequently, there may be some unbalances (e.g. voltage variations
between cells) that may trigger a safety hazard.

Battery ageing also needs to be evaluated. Battery cells degrade
both by undergoing charge-discharge cycles and by time (calendar
ageing). The application and safety of “second life” automotive
batteries should be considered. In this application, decommissioned
vehicle traction batteries may be used for stationary storage (e.g.
electric grid support).

A final relevant aspect is the design of the battery pack. For
example, standards such as SAE J2289:2008 [58] describe that
material vented from the battery should not be directed into the
passenger compartment where it may pose a hazard to passengers.

3. Relevant standards and regulations: abuse testing of
lithium ion batteries for automotive applications

Lithium ion batteries must pass a series of safety tests to be certified
for use in a particular application (e.g. portable electronics or auto-
motive). Safety tests are described in international, national and
regional standards, typically developed based upon pre-normative
research and experience from industry, academia and regulatory
bodies. These tests are performed to understand and identify potential
battery weak points and vulnerabilities when the battery experiences
real-life off-normal conditions and to determine how the battery will
behave under severe abusive conditions, such as a car crash or thermal
shock. In these situations, thermal runaway can develop. Other causes
of a thermal runaway can be the presence of microscopic particles from
manufacturing or impurities, which can pierce the separator creating
an internal short circuit. Therefore, a thermal runaway can be initiated
by both external and internal stimuli. The consequences that thermal
runaway produces vary depending on several factors, including: state of
charge (SOC), charging/discharging rate, cell-type, cell history, cath-
ode/anode material, electrolyte composition, etc. [59].

Many tests presented in this review are devoted to the evaluation of
the consequences of a short circuit, which might be followed by thermal
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runaway, as this is one of the scenarios that may create a great risk,
both for the vehicle occupants and first aid responders. In some tests
the short circuit is induced externally, such as in the case of crush,
penetration and drop tests, however other tests aim at inducing the
short circuit internally. The development of tests representative of an
internal short circuit is quite controversial due to the difficulty in
emulating a true internal short circuit in a testing environment. For
this reason, there is a lack of consensus regarding the "fit for purpose"
of internal short circuit tests currently described in existing standards.
There is little knowledge on how an internal short circuit within a
battery pack develops. Most of the scientific literature refer to small
batteries or cells [57,60], and analogous data at pack or full vehicle
level is scarce due to the high cost of the tests and to the fact that the
information is in most of the cases proprietary to the testing bodies or
the OEM.

Table 2 presents a summary of the most frequently required abuse
tests as described in international standards and regulations related to
electric vehicles based on lithium ion technologies. Abuse tests are
classified according to the nature of the misuse: mechanical, electrical,
environmental and chemical. Tests that appear in only few standards or
regulations will be mentioned but not explained in detail. In some
circumstances, upon agreement between the manufacturer and the
customer, the standard or regulation allows certain flexibility in the test
conditions. The tests can be performed at various system levels: cell
(C), module (M), pack (P) and vehicle (V). In general we will refer to
the device under test (DUT). Definitions for each level follow SAE
J2464:2009 [61] and can be summarized as:

o Cell (C): energy storage device composed of at least one cathode and
one anode, and other necessary electrochemical and structural
components.

Module (M): grouping of interconnected cells in series and/or
parallel into a single unit.

Pack (P): interconnected modules including all auxiliary subsystems
for mechanical support, thermal management and electronic con-
trol.

In general, standards and regulations set pass/fail requirements for
each test. For example, UN/ECE-R100.02 [62], ISO 12405-3, UL 2580
[63] set "no fire", "no explosion", "no rupture", and "no leakage" as
acceptance criteria for tests under reasonable foreseeable misuse (e.g.
vibration, thermal shock, external short circuit), whereas the pass/fail
criterion for fire resistance is "no explosion" only. Specific to auto-
motive applications, the response of a technology to an abusive
condition can be classified according to the EUCAR hazard levels
[64,65]: from level O (no effect, system maintains its functionality) to
level 7 (explosion, mechanical disintegration of the system). Battery
and car manufacturers often utilize this classification to evaluate the
response of a RESS to an abusive condition. For example, a level 3 or
lower usually represents an acceptable level of performance.

Direct comparison of the value of each testing parameters should be
performed prudently. Differences in test parameters may be rationa-
lised by differences in the scope and purpose of the tests. For particular
tests of interest the reader is advised to consult the reference texts
directly.

3.1. Mechanical tests

3.1.1. Mechanical shock test

The mechanical shock test aims at evaluating the robustness of a
battery in situation of sudden acceleration and/or deceleration of a
vehicle. During the test a DUT is exposed to shock forces defined in
terms of acceleration and shock duration adapted to different condi-
tions; from normal in-use driving, driving at high speed over a
kerbstone [67], to vehicle crash [62,65,72]. There is a great diversity
in the test conditions (direction, peak acceleration, duration, state of
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charge) in the various standards and regulations, as summarized in
Table 3. To facilitate the comparison between the various parameters
please refer to Fig. 1. Standards SAE J2464:2009 and SAE J2929:2013
[61,66] follow UN 38.3:2015 transportation regulation [76], and
require the most stringent conditions of all the standards and regula-
tions evaluated, in terms of peak acceleration (150g) for cells of <
0.5 kg. For heavier systems the conditions are eased [61,66].

Interestingly, ISO 12405 part 1:2011 and part 2:2012 [67,68], UL
2580:2013 [63] and ISO 62660-2:2011 [70] (which follow ISO 16750-
3:2003 [77]) have the same requirements (500 ms2 (~ 51 g) and
6 ms) despite the fact that the test levels are different (P, P, C and C,
respectively, see Table 3). It is reasonable to assume that the impact
and outcome of the test is dependent on the DUT size, and that the test
conditions should be dimensioned to each level.

Under the recently published ISO 12405-3:2014 [69], an optional
mechanical shock test is included compared to parts 1 and 2 [67,68],
adopting the shock parameters used by UN/ECE-R100.02:2013 [62].
This regulation specifies test parameters for batteries to be installed in
road vehicles of categories M;-N;, M»-N, and M3-N3' with varying
acceleration profiles depending on orientation and vehicle type. A
higher shock level and/or longer duration can be applied to the DUT if
recommended by the manufacturer.

FreedomCAR and USABC standards [65,72] divide the shock test
into low-level (no damage to the DUT) and mid-level (DUT may be
inoperable after test). While all considered standards and regulations
require a half-sine wave, FreedomCAR and USABC allow also other
pulse shapes which would simulate actual decelerations more accu-
rately. Also deviations from the specified shock parameters may be
requested by the manufacturer. These two standards [65,72], as well as
UN/ECE-R100.02:2013 [62], present significantly higher shock dura-
tions (ranging 55-120 ms) compared to the other standards (<
20 ms), presumably imposing harder conditions on the DUT.

Mechanical shock testing can also be performed at vehicle level, as
mentioned in UN/ECE-R100.02:2013 [62], SAE J2929:2013 [66] and
ISO 12405-3:2014 [69]. For UN/ECE-R100.02:2013 [62], batteries
installed in a vehicle that has already been successfully subjected to
vehicle crash testing in accordance with UN/ECE-R12:2012 — Annex 3
[78] for protection of the driver against the steering mechanism in the
event of impact, with UN/ECE-R94:2012 — Annex 3 for frontal
collision [79] and with UN/ECE-R95:2011 — Annex 4 for lateral
collision [80] are considered to be compliant. SAE J2929:2013 [66]
follows requirements described in FMVSS 305:2011 [81] (or equivalent
regulation depending on the geographical region applicable to vehicle
front, rear and side crash testing). Similarly ISO 12405-3:2014 [69]
requires following relevant national or regional regulations on vehicle
crash tests.

According to the FP7 project EVERSAFE [82], the majority of real
world crashes show acceleration values below 20-30g for frontal and
side impacts with durations lower than 100 ms, and accelerations
significantly lower ( < 12g) in the case of rear impacts. However, when
the aim of the test is to evaluate worst case scenarios, the parameters
would need to be more stringent, particularly for standards and
regulations investigating vehicle crash scenarios. For example, full-
width barrier crash test (56 km h™*) develops shock peaks up to 55¢
[83], only ISO 12405 part 1:2011 and part 2:2012 [67,68] approximate
this value at pack level. Based on these examples, comparability of test
conditions performed at vehicle level and component level would
require deep evaluation. Another aspect pointed out by the project

1 Vehicles designed for the carriage of passengers: (M;: < 8 seats in addition to the
driver’s seat, M,: > 8 seats in addition to the driver’s seat, mass < 5 tonnes. e.g. small
buses and minibuses, M3: > 8 seats in addition to the driver’s seat and a maximum mass
> 5 tonnes. e.g. large buses) and vehicles designed and constructed for the carriage of
goods: (N;: having a maximum mass < 3.5 tonnes. e.g. light vans and trucks, N»: having
a mass between 3.5 and 12 tonnes e.g. mid-sized vans and trucks, and Nj: exceeding 12
tonnes. e.g. heavy vans and trucks).
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Fig. 1. Comparison of peak acceleration and shock duration for various standards and % © %‘ e % *E
regulations. ® - E 8 S
= 23 - = g
ZR] E o
= «©
EVERSAFE [82] is that the shock parameters defined in the standards % 9 § - g
. . . — = S
and regulations are extracted from conventional car testing, however - cg o B =) i
. . . . . . [ = <
the accelerations experienced by the battery in the vehicle installation z & & 5
might be different for EVs. Investigations in this respect would be g :;
g
highly desirable to evaluate whether specific requirements for electric 2 S 5
2 £y & E
i i Pt =
vehicles need to be imposed. o ~ E &~ 45 g% <
a = ©SE =82 | & g
= = ° ° £ g
3.1.2. Drop test = g 2
. . . . . . =}
This test simulates a situation when a battery is being removed 5 s g
from or installed in an electric vehicle and accidentally drops. Table 4 T oal E 5
shows the requirements for surface type, drop height and SOC. During €7 gy E g
the test the DUT is let fall onto a rigid flat surface (e.g. concrete floor E é g g £ |
[63,73]) or onto a cylindrical object made of steel [65,72]. The shape of a 2 by Z E
. . . . . <
this cylindrical object is supposed to represent a telephone pole or a © E E
similar object. Alternatively, it is also possible to perform a horizontal g _ e E
impact of equivalent velocity as described in SAE J2464:2009 [61] or § D B f:} 5
USABC:1999 [72]. The fall height varies considerably in the various 2 N EE 8
standards (from 1m [63] up to 10 m [65,72]). Consequently, the - s =z
outcome of the test can be expected to vary. 5 r;;’] g
~— 171
Systems intended to be removed from the vehicle for charging (or ;Icr €2 4 @
g 3
replacement/swapping) are required to perform this test in UL ; g [:L é 2
2580:2013 [63]. In this case, the test has to be repeated three times 2] - =8
. . . . . . =]
(on the same item) as the likelihood of dropping the battery is higher . . S, ?
. . . ©
than if the battery does not need to be removed from the vehicle. This E g n E 2 5
. . . . . . — 2 E"9 ok e L
scenario seems very plausible, however, the drop test is not included in 3| g 2895 < 5
various automotive battery regulations and standards, such as UN/ = -% f 2 é ,§ 5‘ o
o * wn 2
ECE-R100.02:2013 [62], ISO 12405-1: 2011, ISO 12405-2:2012, ISO E £ g . =3¢ g 2 E £
28¢
12405-3:2014 [67-69] and ISO 62660-2:2011 [70]. £ 2| o g EEESE g%
2|78 ~3 SEBEE zg
< - S 5 8 0 g 2
3.1.3. Penetration test g 5 £ 8Z2E2 § &
In this test, both mechanical and electrical damage is induced in the = b LR k- é f s
battery. A sharp steel rod — the 'nail' — is forced through the battery at a ':g’ '; E £ a © £ 32
certain constant speed, generally 8 cms™! [65,72,74]. Although the E 22 B § 2 ::
~—~ = 2 v I -~
consequence of the test is a short circuit, this short circuit is IS % é 8 g' £ fg
mechanically induced. For this reason, the penetration test is usually 3 & s 33
. Sy . - . - . Q2
classified within the mechanical tests and not within electrical tests. As = < . g E
the nail penetrates through the cells and the integrity of the separator 8 g §| 2| ~ o S,’ g “5:2
and electrodes is compromised, short circuits are created and conse- g = & g @
quently heat is released. Multiple electrode layers are in electrical E 8 z
contact, together with the shorting occurring on the nail, so relatively ‘g e G % =3
important damage occurs in a short period of time. Additionally, due to E 2 oe S % %a '§ 2 g 'E
= 2
the fact that the deformation is localized in a relatively small area, the S| %% g SE % % E Z i—d
. . . . . .. = < ~ -~
heat dissipation is quite limited. +E ,i;g o £ < % = 3:; ) 525
Depending on the test level (cell, module or pack), the depth of = M ) g E é E E E S © é = %
penetration and the dimension of the nail vary as described in many of g & £ 3
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_ o™ the standards (see Table 5). In most cases, a 3 mm diameter rod is
= g » required at cell level and a 20 mm diameter rod is required at module
g oY o ;:% se or pack level. The depth of penetration is at least through the entire cell
« B O 8 = ~ for cell level testing and through cells or 100 mm (whichever is greater)
:E 8 2 S for module or pack testing [61,65,72,74,75]. In all cases the rod
) Z remains in place during the post-test observation period (e.g. 1h).
_ 5 For FreedomCAR:2005 [65] this is not explicitly mentioned.
= % 2 g The usefulness of this test is questioned by many in the research
® = oS e E community [57,84], for three main reasons: first the test is not fully
o ?‘, © gg g representative of an event that would likely occur in a real - situation
‘E = ™ g = (e.g. a sharp object penetrating inside the battery compartment within
= a vehicle), second it has been proven that the test does not represent a
o spontaneous internal short circuit [57,85,86] and finally there are
= _ many parameters that can strongly affect the outcome of the test, for
g 23S example: nail speed, nail dimension and SOC of the battery [60,87,88].
5 E Furthermore, it is uncertain as to the influence the quality and
* composition of the nail material may have on the outcome of the test
ﬁ &) e and standards and regulations do not provide guidance on this. For all
c =) _E’ the reasons mentioned above it seems comprehensible that this test is
_5 ) o s not included in many of the automotive standards and regulations as
g n =8 - E displayed in Table 5.
B .
«|= S = 3.1.4. Immersion test
2 % ™ E ﬁ The immersion test has been developed to simulate a situation
g g g where a battery is submerged or where battery assemblies installed in
8 3 i the underbody of the vehicle are partially flooded. In order to perform
El this test, the (fully charged) battery is completely submerged in salt
g _ ‘;{ water with a composition similar to seawater (e.g. 5 wt% NaCl (aq.)) at
:‘ 8 2 25 °C for a period of at least 1-2 h or until any visible effects (e.g.
= _:, bubbling) have stopped [61,63,65,66,72,73] (see Table 6). The immer-
o E sion into other liquids, such as engine coolant or fuel, is also
5 S & recommended in FreedomCAR:2005 [65].
'g E _ z In the latest version of ISO 12405, part 3 published in 2014 [69],
& *g R} i the water immersion test is newly introduced (not included in parts 1
E é % g and 2 [67,68]). Unfortunately, the test is not described in much detail
= % g and it is merely pointing out that the consequence of the test is a short
= f,» circuit with hazardous gases possibly being released.
a é It is important to evaluate the frequency or likelihood of an electric
§ E ; vehicle exposed to a flood situation. For example in the Netherlands
2 E 53; around 700-800 car accidents per year result in vehicles flooded in a
ge K] ditch or canal [89]. Around 1200 to 1500 vehicles end up submerged in
- é water in the United States every year [90]. Additionally, there are quite
-5 : frequent situations where hurricanes or storms cause numerous
i g' i S vehicles to be submerged. Just to mention some examples, up to
= § E g 250,000 cars were destroyed in Hurricane Sandy in 2012 [91] and
E 7; o8 2 several incidents involving EVs occurred (e.g. 16 submerged Fisker
S % 2y g Karma’s in Hurricane Sandy leading to fire [92]). Another example
% E | o e where moisture led to a fire event was the BAE Systems HybriDrive
= 5-'; S g incident [93]. Based on these incidents, it seems that the performance
= =18 8 2 of the test would be of relevance, however many of the standards and
-§ g g regulations do not include this test (see Table 6).
g -
@ = = E = é 3.1.5. Crush/crash test
3 g a 2% g3 &‘ai In this test, the applied crush force emulates a vehicle accident or any
s g =% S®ET = external load force that may damage the battery enclosure and cause its
8 = © gCER | & deformation. In the crush test, also referred to as battery enclosure
§ g - @ = g integrity test [66], an electrically insulated plate usually textured or ribbed
E g [62,65,72] is pressed down onto the battery until a certain compression is
g E ) :::- 3 reached (e.g. crush to 85% of initial dimension and after 5 min continue
_;' % § E ‘g" § crushing up to 50% of initial dimension [61,65,72,75]) or until an abrupt
‘g 2 e S *é g 5 % voltage drop is obs?rved (e.g. reduction by 1/3 of original cell voltage
E 2 Eo|S25RES % [70]). Two standardized crush surfaces are normally used, type A and type
£ ] 22l E 5 E £ 3; Z B whose characteristics and dimensions are displayed in Fig. 2. Typically,
s ‘g 'E £ E ;.: - EE g = for cell level testing (cylindrical or prismatic), type B crushing bar (as
= » f; E g E ég 5 & § é described in IEC 62660-2:2011 [70]) is used. For module or pack
£ & é assemblies crushing plate type A is generally recommended.
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Table 6

Test conditions for the immersion test at cell (C), module (M) and pack (P) level.

China

India

Korea

USA

EU and
further

countries”

International

Region of

applicability

QC/T

AIS-

FreedomCAR [65] KMVSS 18-3 [73]

USABC

UL 2580 [63]

UN/ECE-
R100.02 [62]

IEC
62660-2
(3) [70,71]

ISO ISO 12405-3 [69]

12405-1
(2) [67,68]

Immersion

743 [75]

048
[74]

[72]

J2929 [66]

J2464 [61]

parameters

CMP

MP

MP
5 wt% NaCl

MP

Level (C, M, P)

0.6 M NacCl

Nominal composition of sea water

Clear or salty water

5 wt% NaCl

Immersion Fluid
Temperature (°C)
Immersion time

25 + 5

25 + 2 + 5% of reading

25
> 2 h or until any visible reactions have

25 + 5
> 1h or until any

visible reactions

25 + 2
Not specified

25 5
> 2 h or until any visible

1h

stopped

reactions have stopped

have stopped
Max. operating

Max. operating
range of a vehicle
or 80% SOC

100

> 50% normal
operating range (HP)

Max. SOC at normal

95-100

SOC (% rated

SOC

capacity)

operation (HE)

HP: High power applications. HE: high energy applications.

*Norway, Russia, Ukraine, Croatia, Serbia, Belarus, Kazakhstan, Turkey, Azerbaijan, Tunisia, South Africa, Australia, New Zealand, Japan, South Korea, Thailand and Malaysia.
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a)

Radius 75 mm

>
Spacing 30 mm

b)

Crushing tool: Crushing tool:

Semicircular bar Hemisphere

Cylindrical cell Prismatic cell

—- . Crushing direction IEC

Fig. 2. Crushing plate a) type A and b) type B. Reprint from IEC 62660-2 ed.1.0
Copyright © 2010 IEC Geneva, Switzerland. www.iec.ch.® ® “The author thanks the
International Electrotechnical Commission (IEC) for permission to reproduce
Information from its International Standard IEC 62660-2 ed.1.0 (2010). All such
extracts are copyright of IEC, Geneva, Switzerland. All rights reserved. Further
information on the IEC is available from www.iec.ch. IEC has no responsibility for the
placement and context in which the extracts and contents are reproduced by the author,
nor is IEC in any way responsible for the other content or accuracy therein”.

Guidance on crush plate position is missing in most of the cases.
SAE J2464:2009 [61] requires the test to be performed at the most
vulnerable location to include the main cell area, whereas UN/ECE-
R100.02:2013 [62] allows the manufacturer together with the technical
service (e.g. certified testing body) to decide the plate position taking
into consideration the direction of the travel of the DUT relative to its
installation in the vehicle.

Some standards indicate that the force to be applied in the crush test
has to be limited to 1000 times the weight of the battery [61,65,70,72]
whereas others have a fixed force (e.g. 100 kN [62,63,66]) ( Table 7),
independent of the size of the battery to be tested. The implementation
of the first option might lead to some issues testing traction batteries. As
pointed out by Wech et. al. [94] maximum forces of less than 1000 times
the battery weight might not be sufficient to achieve the required
compression (e.g. 50% of battery dimension [61,65,72,75]). This would
be the case for pack level testing following USABC:1999 [72],
FreedomCAR:2005 [65] and SAE J2464:2009 [61]. For example, in
the case of the small battery (24 kg, 0.8 kW h) of the Mercedes-Benz
S400 HYBRID , only 11% deformation would be achievable [94].
Applying this requirement to a full HEV battery pack with 1.5—
3kWh, or to an EV battery pack with 15-35 kW h, having weights
ranging from 50 to 200 kg, would require a minimal load of 500—
2000 kN. This is an unrealistic scenario, as maximum loads rarely
exceed 200 kN based on crash test simulations [94].

Another aspect that can raise some concern is the comparability of
results between tests performed at component and vehicle level.
Investigations of real world accident scenarios on occurrence of defor-
mations in selected positions of the vehicle, together with simulations on
fuel cell vehicles equipped with a compressed hydrogen storage system
lead to the conclusion that maximum contact loads are usually <
100 kN [95]. Applied crush force on the DUT at component and vehicle
level might not be comparable as in the latter case the battery has extra


http://www.iec.ch
http://www.iec.ch
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protection provided by the chassis and battery enclosure. Additionally, o =
there could be some disagreement centred around the fact that real = S =
world accidents have a dynamic nature, that is the battery is moving 5 °‘§
towards the impact zone, which is different from component level tests
where the crush plate moves towards a static battery. Various published =)
investigations have shown discrepancies between current standards and s & . -
regulations and dynamic crash tests, and hence the authors of these E g = E 5
investigations recommend appropriate modifications to the tests in- %ﬁ § &
cluded in the regulatory framework [94,96].
The crush test can also be performed at vehicle level, the so-called &
Crash test. Electric vehicles shall comply with the crash safety 8§ =
requirements as for conventional vehicles. In Europe, vehicles have E 2 %
to pass the tests defined by the UNECE: steering mechanism, front é
impact, and side impact tests from UN/ECE-R12:2012, UN/ECE-
R94:2012 and UN/ECE-R95:2011 [78-80] as described in UN/ECE- £E=
R100.02:2013 [62]. In the USA, vehicles need to comply with the test -§ =
defined in the Federal Motor Vehicle Safety Standards, such as frontal g ﬁ -
rigid barrier, a side moving deformable barrier, a rear rigid barrier and =© ~ E s S e
a rear deformable barrier according to FMVSS 305:2011 [81]. - =g :? - E*
Following the crush test, a roll over test, is performed in some cases. & A S
This is the case for SAE J2929:2013 [66], described in Section 4.1.f % '%
(Table 7). § g :%
3.1.6. Rollover test :: g o é
This test, also referred to as rotation test, simulates overturn of a = *E g 2 §
vehicle that might occur in an accident. Comparison of the different test = ﬁ S g 2
parameters is presented in Table 8. In order to perform the test, the % ~ A %‘; § g
battery pack or module is slowly rotated (e.g. 6° s™*) for one complete : - & 2
revolution (360°) in order to evaluate the presence of any leak (e.g. = DE § é §
battery electrolyte, coolant liquid) or venting. Then, the DUT is rotated fg g _”:1
in 90° increments for another full rotation staying at each position for E
one hour [61,63,65,72,74]. ) &
The rollover test is usually performed after crash tests such as . gy z
described in FMVSS 305:2011 [81] or after a crush test as described in % z g‘ i
SAE J2929:2013 [66]. In relation to the Korean standards, rollover &% = > TE
testing is not part of Article 18-3, discussed in this review, but part of = -:‘:: E’
Article 91 (fuel system). The need for this testing is supported by the S g g - g
fact that around 220,000 light motor vehicles sustain rollover crashes R3gS 2:
in the US annually, which accounts for almost a third of all highway e E 5
vehicle occupant fatalities [97]. Despite this fact, the rollover test is not E) e 5:;
included in various relevant standards and regulations, such as UN/ k)
ECE-R100.02:2013 [62]. I E
It is interesting to point out the discrepancy between standards with g2 _ =
respect to the applicability of the rollover test for certain types of = Q@ :g
battery chemistry: while UL 2580:2013 [63] mentions specifically that g g g
flooded lead acid batteries are not subjected to this test, AIS-048:2009 Té' 2
[74], on the contrary, states that the test is applicable only for flooded = '% E é s 2 g
lead acid batteries. BlE|Q £E EZX 8|7
£l 2|8 ~ 23 S%%|¢%
3.1.7. Vibration test g - 5 ;;% I g & %
Although vibration occurs in any driving environment under normal oy ) S o = g
operating conditions, because it may be considered abusive to the E i )
battery, almost all of the standards and regulations evaluated in this =3 ;»5 DT - g §
review include a vibration test. The purpose of this test is to evaluate the 2 83 ; E f = 2 =
effect of long-term vibration profiles — representative of driving — on the é 2 - % S 3 -_§ g g
battery, both in terms of the durability and in terms of identification of = @ " 3 E s
design flaws. The vibration profiles vary quite considerably over a wide :@ 2 =g g :‘;’ E
range of frequencies and amplitudes (see Table 9). In order to facilitate g g ‘é & _ g g E
the comparison of the various vibration parameters, Fig. 3a and b :Z E’ ” é 55 2z g Z é
display the sine wave and random profiles used in the evaluated g '-§ % é E’% § _‘S % 5
standards and regulations. Sine swept testing is commonly used to ‘g % E | § =} '§ 2
identify product resonances, while random vibration simulates everyday E - =& E § 'E E B £ %9
life scenarios that a DUT would experience [98,99]. £ s ;; =) - E g E; E & %
The vibration profiles in standards and regulations are derived w% s 2 = '% g% % E < % @E
from generic measurements from conventional vehicles at locations = o En E gE = ko == § £ ? =
appropriate for mounting traction batteries in EVs. In fact, there are gd £
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Sine wave profile

a)
SAE J2929 (<12 kg)
75
N
w
E
[
92 50
=
o
K
[T}
o
9
<
25
SAE 12929 ( >12 kg)
USABC
FreedomCAR
. .....0 —> UN/ECE-R100.02 (C, M, P) (€M, P)
0 50 100 150 200 250
Frequency (Hz)
b) Random profile
IEC62660-2(3)(C)
20 UL 2580(C)
15
S USABC
:’* FreedomCAR
b (C,M,P)
£ SAE J2929
2 (M, P)
a UL 2580(M, P)
5
1SO 12405-1(2,3)
(P)
0 <
1 10 100 1000 10000
Frequency (Hz)

Fig. 3. Vibration profiles for the various standards and regulations requiring: a) sine
wave profile and b) random profile.

very few works published on vibration profiles designed specifically to
EVs and HEVs. Work published by Hooper et. al. pointed out that
many of the vibration profiles described in the standards represent a
short term abuse rather than a mechanical durability test to represent a
battery life. Additionally it is suggested that battery packs may be
exposed to vibration loads outside the range evaluated in existing
standards [100].

Vibration test profiles in standards are adapted in most cases from UN
38.3:2015 [76], IEC 60068-2-64:1993 [101] or SAE J2380:2009 [102].
The vibration profile described in UN 38.3:2015 replicates vibrations
during transport. This test is not considered relevant for the evaluation of
battery resilience to vibration during driving conditions, since test
conditions are not representative of the position of the battery and its
fixture in the vehicle. For this reason the transport regulation is not
discussed in detail in this review. Despite this, UN 38.3:2015 testing is
provided as an alternative within SAE J2929:2013. On the other hand,
standard IEC 60068-2-64:1993 [101] has been taken as the basis for IEC
62660-2(3):2011(2013): [70,71], ISO 12405-1(2):2011(2012) [67,68] and
UL 2580:2013 [63]. It defines different test conditions for battery pack
testing (up to 200 Hz) and for the electronic devices of the battery pack
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(cell level testing, up to 2000 Hz) due to the difference in mass of the DUT.

Lastly, SAE J2380:2009 [102] is also widely used to define random
vibration profiles. Actually this standard is the basis for SAE
J2929:2013 [66], UL 2580:2013 [63] (module and pack level only),
USABC:1999 [72] and related FreedomCAR:2005 [65] standards and it
reflects rough-road measurements at locations where traction batteries
are likely to be installed in EVs/HEVs, equivalent to 100,000 miles
usage.

Interestingly, ISO 12405 part 1 and 2 [67,68] are to our knowledge
the only standards, that require vibration testing at different ambient
temperature conditions, namely at + 25 °C, + 75 °C and — 40 °C. The
combined effect of vibration and temperature could certainly be
relevant during in-use situations. However, a malfunction of the
cooling and/or heating unit of the vehicle is required to observe such
extreme temperatures.

Fig. 3a highlights how regulation UN/ECE-R100.02:2013 [62]
requires significantly milder requirements compared to the other
standards. Additionally, this regulation is one of the few documents
that require performing the test in only one axis (vertical axis), whereas
other standards require testing in two or three axes.

Vehicle level testing can also be performed as mentioned in SAE
J2929:2013 [66] under conditions defined by the testing body.

3.2. Electrical tests

In this section the series of abusive tests to evaluate the electrical
safety of the devices will be presented: external short circuit or short
circuit protection test, internal short circuit test and overcharge/over
discharge protection tests. Some other standards, which do not
describe abusive tests, but still of relevance to electrical safety are also
mentioned: general electrical functional safety requirements of elec-
trically propelled road vehicles are specified in the international
standard ISO 6469 series. Part 1 of this standard particularly covers
the Rechargeable Energy Storage System (RESS) safety specification
[103], while part 3 deals with general protection against electric shock
[104] and part 4 deals with post-crash safety requirements, aimed at
the protection of persons inside and outside the vehicle [105]. ISO
17409:2015 [106], deals with the safety of the electric vehicle during
conductive charging. This document, which was initially part of the IEC
61851:2010 [107] series, focuses on electrical risks. Another document
for wireless charging, ISO 19363 [108], is in an earlier stage of
development (preparatory stage).

3.2.1. External short circuit test

The purpose of this test is to evaluate the safety performance of a
DUT when applying an external short circuit. The test can evaluate the
activation of the overcurrent protection device or the ability of cells to
withstand the current without reaching a hazardous situation (e.g.
thermal runaway, explosion, fire). The main risk factors are heat
generation at cell level (thermal runaway [109]) and arcing which
may damage circuitry or may lead to reduced isolation resistance.

The most relevant test parameters are presented in Table 10.
During the test a low resistance element (e.g. 5 mQ [62,70,72],
20 mQ [63,68] or 100 mQ [67]) is connected externally across the
battery terminals in less than one second and maintained for a defined
period of time (e.g. 10 min). As a consequence, current flows through
the system until an overcurrent protection device — if present — limits
the current [72]. Typically fuses, circuit breakers (passive elements)
and contactors (active elements) are used to protect against over-
currents at module or pack level. At cell level, built in current
interruption devices (CID) or positive thermal coefficient (PTC) devices
can be used, which disconnect the internal current collector from its
terminal or limit the passage of current if the inside pressure and/or
temperature reach a certain limit. All these protection devices have a
time characteristic (e.g. for circuit breaker IEC 60898-1:2015 [110]) of
how quickly they limit or interrupt the current. The higher the current,
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the faster they are typically able to interrupt it. If the current is not high
enough (e.g. at low SOC) or if it drops quickly [111] the current may be
not interrupted, potentially creating a hazardous situations. Therefore,
standards require a hard short circuit when the external resistance is
minimal [62,70,72] or a soft short circuit when the external resistance
is comparable with of the internal resistance of the DUT. In this case,
the soft short circuit will assure that the response of the cell is
evaluated, rather than that of the protection device [61].

As mentioned, standards require a fixed external resistance irre-
spective of the size of the DUT. However, the initial short circuit
current is influenced by the size of the DUT [112,113] as well as by its
type of connection (i.e. parallel, serial or a combination thereof).
Consequently, applying the same external resistance to DUTs having
different sizes and types of connection, may result in not necessarily
comparable initial short circuit currents per cell. Therefore some
standards indicate for hard short conditions, that the external resis-
tance needs to be much smaller than the DUT DC impedance [61] or 1/
10 of the minimum resistance of the cell/module for systems with less
than 0.9 mQ V! system voltage + 0.1 mQ internal resistance [74], as
the initial short circuit current depends on the internal resistance of the
DUT. For soft short conditions, when the external short circuit
resistance is higher than that of the DUT, the initial short circuit
current is governed primarily by the external resistance, therefore
resulting in initial short circuit currents independent of the size of the
RESS.

Temperature affects the internal resistance of a battery, i.e. the rate
of electrochemical reactions and transport; therefore a higher initial
current can be generated at elevated temperature, which creates more
heat. Moreover the higher the temperature, the closer the DUT
temperature is to the onset temperature of thermal runaway. At low
temperature, the activation of the protecting device (e.g. fuse, circuit
breaker) can be inhibited, or the time to interruption may increase.
Only UN 38.3:2015 and UL 1642:2007 require a short circuit test to be
performed at a temperature higher than room temperature (55 + 5 °C)
[76,114]. Standards and regulations specific to electric vehicle applica-
tions (Table 10) do not require increased temperature testing.
However, it may be considered reasonable that the short circuit test
needs to be performed at temperatures higher than room temperature,
which are likely to be reached during driving or when the cooling
system is malfunctioning. In addition, none of the standards and
regulations considers low temperature as a safety problem, where
dendrite formation is prone to occur.

Another parameter that influences greatly the outcome of the
test is the SOC. The worst case is achieved at high SOC, as the
initial short circuit current created is maximum [112] and the onset
temperature of thermal runaway is lowest [115]. Consequently,
most of the standards require testing at 100% of the rated capacity
(Table 10), however in the case of UN/ECE-R100.02:2013 [62], the
test can be performed at 50% SOC (or above) of the maximum
operating SOC value.

3.2.2. Internal short circuit test

Standardisation of the internal short circuit (ISC) test is under
development, and no regulation dealing with batteries for automotive
applications requires this test. The occurrence of internal short circuits,
one of the main concerns for battery manufacturers, potentially leads to
venting, thermal runaway, along with sparking which can ignite the
electrolyte vapours escaping from the cell [57,116]. The generation of
these internal shorts can be triggered by manufacturing imperfections,
presence of impurities in the cells, dendritic growth of lithium etc. [57]
and leads to most of in-field safety incidents [117]. Multiple internal
short circuits scenarios are possible (e.g. electrical contact of cathode/
anode, aluminium current collector/copper current collector, aluminium
current collector/anode) each with a different contact resistance [117].

As mentioned previously, mechanical nail penetration tests aim at
investigating the effects of an internal short circuit, however some
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works suggest that nail penetration is not representative of real field
situations [57,118]. For this reason, various alternative tests have been
developed in order to represent a more realistic scenario; however
these tests have not been widely implemented in the legislative land-
scape. We will summarize here three of the most relevant tests:

3.2.2.1. Separator shutdown integrity test. The purpose of this test is
to evaluate the efficiency of the shutdown separator at high
temperatures and the possible failure propagation within cells
connected in series (in a module) as described in SAE J2464:2009
[61]. In this test the cell shall be heated to a temperature slightly above
the shutdown temperature (i.e. = 5 °C). For detailed explanation on
how to measure the shutdown temperature, please refer to the
standard. Once the temperature is stable for 10 min, a voltage above
(or equal to) 20V is applied at a maximum current of 1 C and
maintained for 30 min (or until separator failure).

3.2.2.2. Forced internal short circuit or nickel particle test. The
international standards IEC 62133-2:2017 [119] and IEC 62660-
3:2016 [71] provide detailed instructions for the internal short
circuit test for cylindrical and prismatic type cells. The test, which is
performed at two temperatures, +10+2 °C and + 45+2 °C, requires the
disassembly, insertion of an L-shaped nickel particle (e.g. between
positive coated area and negative coated area, between positive
active material and separator) and reassembly of the cell. A short
circuit is subsequently induced with a pressing machine at a speed of

0.1 mmst

This test has obvious drawbacks due to the need to manipulate the
cell. As an alternative, the particle could be introduced during the
manufacturing process.

3.2.2.3. Blunt rod indentation test. Another ISC variation, also
referred to as Indentation-Induced ISC (IIISC) was developed by
Underwriters Laboratories and NASA [120]. It entails the application
of a mechanical force to the cell/battery, using a blunt rod instead of a
sharp one, in order to deform the most outer electrode layers and
eventually create a short circuit. The rod speed applied is several orders
of magnitude lower than that used for the penetration tests
(0.01 cms™! vs. 8 cm s7Y).

Overall, it can be concluded that these alternative tests exhibit
uncertainties and difficulties, mostly from a practical point of view.
Researchers are still actively looking for ways to evaluate the ISC
hazard in a more realistic and practical way, allowing successful
implementation of these tests in future automotive safety tests.
Alternative approach taken by some battery manufacturers consists
on designing systems where cell to cell propagation is hindered or
designing packs able to contain a potential thermal runway within.

3.2.3. Overcharge/overdischarge test

In order to evaluate the functionality of the overcharge/over-
discharge protection system, the battery is charged or discharged
beyond the limits recommended by the manufacturer, situations that
could occur due to a charger failure, for example. The relevance of the
test is underlined by the fact that almost all evaluated standards and
regulations (with the exception of overdischarge in AIS-048:2009 [74])
require its application. A summary of test parameters is presented in
Table 11.

The main safety risks during overcharge are the decomposition of
the electrolyte [109,121], cathode and anode breakdown, exothermic
decomposition of the SEI layer, separator degradation, and the Li
plating [122], which can lead to self-heating of the battery and thermal
runaway. Also fluorinated binders, such as polyvinilidene fluoride
(PVDF), have been found to react exothermically with lithiated carbon
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g« B if sufficient temperature is reached (e.g. 200 °C [60]). Factors affecting
E 5% the outcome of the test are amongst others, the charging rate and the
S °F finally reached SOC.
For the overcharge test, a controlled current is applied to the
g 9% T battery (e.g. 1/3 I,° -rate) up to a set charge limit (e.g. 200% SOC
£ <ob [61,62,70,72], 110% SOC [63], 130% [67]) or until the tested-device
automatically) interrupts or limits the charging. ough most of the
(automatically) interrupts or limits the charging. Although t of th
s 25 standards provide a general description for all types of energy storage
] — . . .
5 % ® devices, others describe specific tests for EVs, HEVs and PHEV
M % applications (e.g. charging rate at 5 I; [123] for HEV and 1 I for
BEV [70,71]). Some other standards recommend much lower C-rate
e.g. in - : s rate in - .02:
= (e.g. C/10 in AIS-048:2009 [74], C/3 rat UN/ECE-R100.02:2013
= g g =8 [62]). Tobishima et al. showed that cells overcharged at low rates did
” g 25 o £ not show any venting whereas those cells overcharged at a 2C rate did
S 2 = .
g g - E = E o & E [124]. Golubkov et al. showed that NCA cells with SOC < 100% had a
E é = é g 5 'g é ] thermal runaway onset temperature in the range 136—160 °C, whereas
& =
§ a B % g E = G overcharged cells (SOC > 100%) showed much lower onset tempera-
= s . .
& = E% = S i Z 2 8 e tures (ranging 65—-80 °C). Although serious events occur at cell level
b % é h ki S _% with significant overcharge (e.g. 2 times the rated capacity), repeated
P % S S charge/discharge cycling at moderate overcharge (110% SOC) can also
- w . . .
B S % lead to internal short and failure of the cell in only 10 cycles [125].
() . .
Q 5 Q Q = To address another scenario of great importance, an over-
< . . . .
% < —; discharge (or forced discharge) test is generally required. Safety
P g risks during overdischarge are polarity reversal leading to oxidation
o _ g of the anode current collector (Copper) and to plating on the cathode
5 § 3 2 side. Even minor over-discharge may cause dendrite formation and
El finally short circuit [126]. During the overdischarge test, a fully
o 5 ‘;{ charged battery is discharged (e.g. 1C rate for 1.5h [65], C/3 rate)
« S g g % S until the tested-device interrupts or limits the discharging [62]. The
" =
R ks 228 £ = great variability in test parameters found in the various evaluated
B © = L2« g b=l .
s 2 g 8o g g documents (Table 11) can lead to the conclusion that the outcome of
2 g S Zabi 5 i i
g8 S > 8 I 3 the tests might be dependent on the standard or regulation followed.
2] - . . . . . .
E ] Mg =3 _o:) B z For this reason harmonisation of testing parameters is required to
L
> g 5 1 f 3 =3 i allow comparable testing.
g = BisEg E
g > £ EE=< 2
S 3 8 E, 2z § éi 3.3. Environmental tests
o =5 2 Environmental testing aims at evaluating the safety performance of
& E a system under conditions of temperature change, such as an accident
S s V°> scenario involving fire, or extreme weather exposure in certain
e e ~ S g geographic areas. In this section, the most common environmental
— =} e
= é) & tests, thermal stability, thermal shock, overheat and extreme cold
2 ' g temperature and fire tests are described.
3 |8s- £
e 3% i
e ; RS 2 3.3.1. Thermal stability test
= = -~ . e
= g & This test evaluates the stability of a battery at an elevated
ii Té E temperature to identify the temperature where thermal runway begins.
AR 9&3 k= Té TEvs é g For this test, the temperature of the cell is increased sequentially in
g E E ) N @ E e E s 2 5 °C steps with a holding time of 30 min at each incremental step, until
= 5 £ . .
bt -E 2 = Eo § 5 5 5 E "§ the temperature reaches 200 °C [65,72] above the maximum operating
= = . .
-§ @ § c = 3 = & M temperature of the battery (or until a catastrophic event occurs such as
E 50 5 é venting or major damage to the DUT). For modules and packs, the
= 2 2% = . . N
S _ - 28 g 2 increments of temperature are set to 10 °C with a longer holding time
£ < Ez2cs TE £ of 120 min [65,72]. Standard SAE J2464:2009 [61] has a higher
® § o Té, g,% £ & § 3 threshold temperature of 300 °C above the maximum operating
+ = ]

3 a = g E EE B é g' < temperature. These tests require a second execution in order to refine
g 9 P é% < g 3 g the exact start temperature of the thermal event. During the second
>z q . o . . .

E « £ g 3 execution, the temperature is increased in 2 °C increments and held for

S =< = a minimum of one hour at each incremental step [61,65,72].
5
*’E . o = Some other standards evaluate the performance of the system at
“E 2w ;» © 5 - E ~ | £ elevated temperature, not aiming at reaching thermal runaway, but at the
=] P - @
SleEE: (g By o fgif)S
=S558 |[S_%f 8 0§ E58E| -
: § ~g°€ s Eﬁ S % 3 5 "; E oo 8 g 2The current It represents the discharge current in amperes during one hour
..—s Z | 2 & 8 g s & "5 A 2 8 S discharge and C is the measured capacity of a battery pack (or a cell): It (A) = Cn
e Z (Ah)/1 (h); n is the time base (hours) for which the rated capacity is declared.
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Fig. 4. Examples of fuel fire test set ups: a) wire mesh screen (copied from UL 1642 [112]) and b) grating table (copied from UN/ECE-R34 [127]). Copyright © Underwriters

Laboratories Inc. UL 1642, 4th edition, 2007.

assessment of the thermal stability of the DUT at this temperature.
Examples include ISO 62660-2:2011 (High temperature endurance test)
[70], QC/T 743:2006 (heat test) [75] and KMVSS18-3:2009 (Heat
exposure test) [73] as they require placing the battery in a chamber and
increasing the temperature to only 130 °C, 85 °C and 80 °C, respectively.

Although it seems that both variants of the test provide useful
insight into the safety of the energy storage system, they are not widely
required as can be seen in Table 12.

3.3.2. Thermal shock test

This test is designed to evaluate changes in the integrity of the DUT
arising from expansion and contraction of cell components upon
exposure to extreme and sudden changes in temperature (e.g. the
vehicle is entering or exiting a heated garage, during transport [63])
and potential consequences of such changes. During a thermal shock the
DUT is exposed to two temperature limits and held at each temperature
limit for a specified period of time. The thermal shock tests described in
standards have different maximum temperature limits (see Table 13).
ISO 12405-1:2011 [67], ISO 12405-2:2012 [68], IEC 62660-2:2011 [70]
and UL 2580:2013 [63] have set the highest upper limit at +85 °C, while
the lowest upper limit is set at +60 °C in UN/ECE-R100.02:2013 [62].
The lower temperature limit is — 40 °C in all the cases.

Noteworthy is that amongst all the documents evaluated, only UN/
ECE-R100.02:2013 [62] permits operation of the protection devices
during this test. In the other standards the protection device is
disabled, which imposes harder testing conditions.

1447

3.3.3. Overheat test

The overheat test, also referred to as rapid charge/discharge,
cycling without thermal management, single point thermal control
system failure, over-temperature protection test, aims at evaluating
the effect of temperature control failure or failure of other protection
features against internal overheating during operation. Test para-
meters required in this test are displayed in Table 14.

For this test, a fully charged DUT, whose active thermal control
system (e.g. cooling system) is disabled, is cycled (e.g. 20 cycles with no
resting period between charge and discharge [61,66]). As a conse-
quence, the temperature of the DUT will increase. According to some
standards, the test must be performed in a closed volume in order to
evaluate the flammability of any materials being released from the
battery during the test [61,65,66,72]. In this case, a spark source has to
be present to ignite any potentially flammable gases or vapours from
the DUT or, alternatively, a gas concentration measuring device can be
utilized as suggested by SAE J2929:2013 [66].

In the case of UN/ECE-R100.02:2013 [62], the test is stopped when
either: (a) the DUT interrupts the charging/discharging to prevent
temperature increase, (b) the temperature of the DUT is stable (i.e.
variation < 4 °C in 2 h) or (c) there is evidence of DUT damage (e.g.
electrolyte leakage, rupture, fire or explosion).

3.3.4. Extreme cold temperature test

The rationale behind this test is the effect of possible exposure of
the DUT to low temperatures (e.g. vehicle parked in a cold environ-
ment). At low temperatures, the electrolyte has poor ionic conductivity
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and the anode experiences high over-potentials [127] with can lead to
dendrite formation. Metallic plating can be a safety concern because
growing dendrites could short circuit the cell. Despite these issues, only
one standard deals with this topic. USABC:1999 [72] describes a
matrix for charging at the normal primary charge rate for the specific
system and discharging at 1C down to various DOD's (depths of
discharge): 20, 50, 60, 80, 100% at the following temperatures: — 40,
- 20, 0 and 25 °C [72]. The liquid coolant is present, but not circulating
during the test. The test shall be stopped if abnormal conditions (e.g.
voltage, temperature) or physical damage to the DUT becomes evident.

3.3.5. Fire test

The objective of the fire test is to expose a battery or a vehicle to a
fire and assess the risk of explosion. The source of the fire can be spilled
fuel either from the vehicle itself or a nearby vehicle. This test it is often
termed Fuel fire test but can be also called: Radiant heat, Projectile
fire, External fire simulation, Exposure to simulated vehicle fire, High-
temperature hazard or Fire resistance test. Table 15 displays test
parameters. Three types of the test are described:

i) Radiant-heat test: the battery (e.g. > 80% SOC [72], 100% SOC
[61,65]) is placed inside a cylindrical metallic fixture, which is
externally heated by means of radiant heat (e.g. quartz lamps, tube
furnace and conveyor mechanism). A temperature of 890 °C shall
be reached in less than 90s and held for 10 min. Hazardous
substance monitoring (e.g. EPA Methods TO-15 [128] and TO-17
[129]) is performed by sampling of combustion products to
determine the possible presence of hazardous gas species released
during the test [61,65].

Projectile test: in this case the DUT, exposed to a uniform fire, is
surrounded by a steel wire mesh screen in a way that no part of an
exploding cell or battery can penetrate through the mesh (e.g.
0.25 mm diameter wire and grid density of 6—7 wires cm ™)
(Fig. 4a) [63,66].

ii)

UL 2580:2013 requires testing at least at 590 °C for a duration of
20 min [63]. In this case, the use of a mesh screen is not mandatory
and as alternative the DUT can be placed within a circular inner
perimeter area (e.g. < 1 m marked on the floor). No explosion of the
DUT that results in projectiles falling outside of this perimeter is
allowed. A second outer perimeter (around 1.5 m from inner peri-
meter) made of a non-combustible material surrounds the inner
perimeter.

i) Grating table configuration test: this test as described in UN/ECE-
R100.02:2013 [62] is an adaptation from UN/ECE-R34:2012 -
Annex 5 [130], where a flame is created by burning fuel in a pan.
The DUT shall be placed on a grating table positioned above the pan
(Fig. 4b). The different steps of the test require first the preheating
of the DUT during 60 s by placing the burning fuel pan at a distance
of 3 m. Then, the DUT is directly exposed to the flame for another
70 s. Immediately after, a screen of refractory material is placed in
between the pan and the DUT in order to reduce the flame for
further 60 s as depicted in Fig. 4b. This test is passed if there is no
evidence of explosion during the test.

Only two standards, SAE J2464:2009 [61] and UL 2580:2013 [63]
highlight the importance of quantifying toxic and determining flam-
mable emissions providing suitable testing procedures (see Section 3.4
for further details). Although it has been proven by various authors that
significantly higher amounts of, for example HF, are generated in EV
fires compared to ICE vehicle fires (e.g. 1500 g compared to 600—
800 g, respectively [131-133]), the implementation of analysis of
emissions is not widely adopted. Moreover, with such a variation of
conditions and requirements for the fire test, it seems clear that the
comparability of test results is not ensured.
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3.4. Chemical hazards evaluation tests

Lithium ion batteries contain, as mentioned in the introduction,
significant amounts of potentially hazardous materials (e.g. highly
flammable electrolytes, corrosive and toxic components [16,134,135]).
If exposed to certain conditions, it is expected that the integrity of the
battery is compromised which may lead to electrolyte leakage, venting,
rupture or even fire and explosion. Amounts of gas released from various
18650 cells during a thermal runaway event have been measured to be
around 1.21 (Ah)™! [87,136] for various cathode materials. Golubkov
et al. found higher amounts of vented gas on LCO/NMC batteries (e.g.
2.31(Ah)™ as calculated from 0.27 mol of gas released) [10]. The gases
being released are composed of a mixture of species: carbon monoxide,
carbon dioxide, methane, hydrogen, oxygen, ethane, ethylene, hydro-
fluoric acid as measured in various studies [10,35,131,137,138]. The
exposure of persons in the vicinity of such compromised batteries can
lead to serious injuries (e.g. eye irritation, chemical burns, poisoning,
abrasion, skin injuries). Thus, it is of importance to identify and quantify
substances being released from the battery during tests representing
misuse and abuse events and to ensure that the amounts released are not
hazardous to vehicle occupants and first aid responders. Within this
context, the development of warning sensors for passengers, first aid
responders and rescue workers has been advised [82]. For example, fire
brigades include in their guidelines advice related to the chemical risks
of batteries for EVs and HEVs (i.e. gas and liquid releases) such as: use
of full PPE (personal protective equipment), avoid standing close to hot
battery remnants and avoid inhaling the fumes under any circumstances
[139-141].

3.4.1. Emissions related tests

Some standards require hazardous substances measurements (e.g. gas,
smoke, flames, and particulates) and for this analytical techniques or gas
sensors are recommended. Moreover, many standards require that the
amounts measured need to be below certain concentrations
[61,63,65,66,72], such as those defined by the Emergency Response
Planning Guidelines ERPG-2 [142], from the American Industrial
Hygiene Association [143] or other industry practice documents or
standards such as from the Occupational Safety and Health
Administration (OSHA) [144], Acute Exposure Guidelines Levels from
the Environmental Protection Agency (EPA) [145], Short-Term Exposure
Limits (STEL) [146].

SAE J2464:2009 [61] points out that the concentration of the
released hazardous substances shall be scaled to the full pack for
quantitative comparison and scaled to a volume appropriate to human
exposure in the vehicle (e.g. below ERPG-2 level: maximum airborne
concentration levels below which most individuals could be exposed for
up to one hour without experiencing or developing serious or irrever-
sible health effects or symptoms which could impair an individual's
ability to take protective action).

When manufacturers indicate the possibility that toxic gases can be
released during abusive conditions, gas monitoring is needed during the
tests by utilizing one of the following techniques (or equivalent) as
described in UL 2580:2013 [63] and SAE J2464:2009 [61]:
® ASTM (the American Society for Testing and Materials) D4490:
standard practice for measuring concentrations of toxic gases of
vapours using detector tubes [147].

ASTM D4599: standard practice for measuring concentrations of toxic
gases of vapours using length-of-stain dosimeters [148].

OSHA: Evaluation guidelines for air sampling methods utilizing
spectroscopic analysis [149].

NIOSH (The National Institute for Occupational Safety and Health):
Manual for analytical methods [150].

EPA Methods TO-15 [128] for the determination of VOC's (volatile
organic compounds) in air analysed by Gas Chromatography and Mass
spectrometry.
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® EPA Methods TO-17 [129] for the determination of VOC's in air
using active sampling onto sorbent tubes.

More sophisticated devices for gas detection of evaporated com-
pounds can be Fourier Transformed Infrared Spectroscopy (FTIR) and
mobile detection systems (e.g. detection of O,, CO, H,, CoH,O, HF and
of toxic VOC's as used by German fire brigades [82]).

Standard SAE J6469-1:2009 [103] requires that potentially dan-
gerous concentration of hazardous gases or other hazardous substances
shall not be allowed anywhere in the driver, passenger and load
compartments. The maximum allowable quantity accumulated during
testing of hazardous gases and other substances (for normal operating
and environmental conditions) shall refer to the latest version of
applicable National/International standards or regulations.

UN/ECE-R100.02:2013 [62] regulates emissions from open-type
traction batteries, which may produce hydrogen gas during normal
operation. The quantification of hydrogen during normal charging
follows the protocol indicated in the regulation and must remain below
certain limits (i.e. below 25 x h (g)). Other gases are not considered.
Systems with a closed chemical process, such as LIBs, are considered
'emission free' (i.e. do not emit gases under normal operation). In the
case of abusive conditions, this regulation does not enforce any
requirements or limitations for emissions of hazardous gases (e.g.
venting) from any type of rechargeable energy storage systems. An
improvement of the regulation in this regard could be of high
importance to ensure the safety of users and first aid responders.

3.4.2. Flammability tests

In abusive conditions, it is possible that LIBs emit flammable gases
(e.g. methane, ethane, hydrogen, carbon monoxide). SAE J2929:2013
[66], for example, highlights this hazard and recommends that con-
sideration should be given to preventing the build-up of flammable
gases that could get in contact with vehicle ignition sources (e.g. sparks
from a short circuit, fire in the vicinity). Determination of the
flammability of any substance (e.g. liquid, solid materials) emitted
from the battery is mandatory in many standards [61,63,65,66,72].
One method is to incorporate one or several spark ignition source(s) in
the testing area, located close to the DUT. Alternatively, gas monitors
can also be used, as mentioned in UL 2580:2013 [63]. On the contrary,
some other standards do not give indications on how to assess this
property, e.g. UN/ECE-R100.02:2013 [62].

Overall it can be concluded that the evaluation of chemical hazards
is tackled very differently in the various standards and regulations. In
some cases, such as in SAE J2464:2009 [61], SAE J2929:2013 [66] and
UL 2580:2013 [63], detailed information on quantifying and determin-
ing toxicity and flammability of LIB emissions is provided, while in
other cases this issue is only slightly mentioned, such as in UN/ECE-
R100.02:2013 [62]. In some instances chemical hazards are not even
considered, such as in ISO 12405-1(2,3):2001(2012,2014) [67-69],
IEC 62660-2(3):2001(2013) [70,71], KMVSS 18-3:2009 [73], AIS-
048:2009 [74] and QC/T 743:2006 [75]. Taking into consideration the
importance of the issue, it would be advisable that future standardisa-
tion/regulation developments consider a harmonized testing guidance
or protocol to ensure that chemical hazards of automotive batteries are
appropriately assessed.

4. Current evolutions and future perspectives

International standards on lithium traction battery safety are being
developed by ISO and IEC, focusing respectively on system and cell
level. Documents already published by ISO include ISO 12405-1:2011
and 12405-2:2012 [67,68], defining test specifications for high-power
(for hybrids) and high-energy batteries (for battery electric vehicles),
respectively. Both these documents were complemented with the
recently published ISO 12405-3:2014 [69], which sets pass/fail
requirements to the precedent documents. Chinese counterparts were
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published in 2015 under GB/T 31467.1, GB/T 31467.2 and GB/T
31467.3. Within IEC, IEC62660-2 [70] was published in 2011,
describing safety tests for propulsion cells. IEC 62660-3:2016 [71],
defining cell safety specifications was published in 2016. Also a new
standard, IEC 62485-6 [151], on safety requirements for lithium-ion
batteries and battery installations is proposed.

On vehicle safety, ISO 6469-4 [105] on post-crash safety has been
published in 2015.

Once published, standards go into a maintenance cycle with
periodic revision at least every five years. Topics for revision may
include consideration of upcoming battery technologies such as lithium
sulfur, lithium air as well as lithium ion capacitors for which specific
test procedures may be required. Furthermore, the use of batteries in a
“second life” application will require specific test regimes to determine
their state of health and their cycling in stationary applications, taking
into account the specific safety requirements of the operating environ-
ment.

A Global Technical Regulation on Electric Vehicle Safety (GTR-
EVS) has been submitted for a vote to the UNECE World Forum for
Harmonization of Vehicle Regulations (WP.29). A decision on the
adoption of this regulation is expected in November 2017.

5. Conclusions

This work presents a comprehensive review of the various stan-
dards and regulations dealing with the safety performance of lithium
ion batteries to be used in electrified transport. Test parameters and
conditions adopted in the test methods which are described in these
standards and regulations are compared. From the analysis performed
the following conclusions are drawn:

e Most of the existing standards and regulations impose test require-
ments derived from regulatory documents originally intended for
conventional vehicles. It is clear that more analysis and data
evaluation specific to EVs and HEVs is highly desirable to cover
the specificities of electrified technologies. For example, recent
research has indicated that battery pack installations may be
exposed to vibration loads outside the range evaluated by existing
standards [100].

Another concern is whether the tests performed at component level
are comparable to those carried out at vehicle level. For example, the
force experienced by a DUT in a crush test (component level) or
crash test (vehicle level) is expected to depend on the presence and -
if present, on the properties of — mechanical protection (such as the
chassis or battery enclosure).

Comparability of component testing at cell, module and pack level
should also be examined. For example, it has been proven that the
initial current created in the short circuit test is influenced by the
size of the DUT [112,113] as well as by its type of connection (i.e.
parallel or serial). Similar influence on test outcome may be
expected when applying a single crush force and crushing plate to
DUTs of different sizes.

Dispersion in test conditions (e.g. SOC, temperature) is rather
wide for most tests (e.g. overcharge, thermal shock, short circuit).
This has an important impact in the comparability of data
obtained utilizing various standards, while in some cases differ-
ences in parameters might be due to different considered scenar-
ios. Alignment of parameters is advisable in order to perform fair
and equivalent tests. As the worst case typically corresponds to
maximum SOC, it is logical that abuse testing is performed in
such condition. For example, in the short circuit test, the higher
the SOC value of the DUT, the higher the short circuit current
generated [112] and the lower the onset temperature of thermal
runaway [115]. Most standards already require 100% SOC,
however regulation UN/ECE-R100.02:2013 [62] allows testing
at = 50% SOC.
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Real world accidents are dynamic events i.e. the battery moves
towards the impact zone. However, testing at component level is
carried out using static assemblies where the impactor moves
towards the battery. Investigations have shown discrepancies in
mechanical loads between current standards and regulations and
dynamic crash tests [94,96], and for this, appropriate modifications
within the regulatory framework are advisable.

Systems intended to be removed from the vehicle for charging,
swapping or replacement may be accidentally dropped during
handling. Although this scenario seems plausible, the drop test is
not included in various automotive battery regulations and stan-
dards, such as UN/ECE-R100.02:2013 [62], ISO 12405-
1(2,3):2011(2012,2014) [67-69] and ISO 62660-2:2011 [70].

The occurrence of internal short circuits is one of the main concerns
for battery manufacturers; however these tests have not been widely
implemented in the legislative landscape. It is recognized, though,
that the practicalities of this test are complex and implementation of
such testing would require significant research for test method
development.

Only SAE J2464:2009 [61], SAE J2929:2013 [66] and UL
2580:2013 [63] highlight the importance of determining toxic and
flammable emissions and provide suitable testing procedures. The
implementation of specific analysis is not widely adopted by other
bodies. Taking into consideration the importance of this issue, it is
advisable that future standardisation/regulation developments con-
sider a harmonized testing guidance and protocols to ensure that
chemical hazards of automotive batteries are appropriately assessed
in order to ensure the safety of vehicle occupants and surrounding
persons.

In relation to safety testing, the evaluation of realistic scenarios is
greatly recommended in order to ensure a safe future for the use of
lithium ion battery technologies. To ensure this, the addition of
some tests, such as roll over, drop, immersion, low temperature
hazards, toxicity, flammability, etc. into future standards and
regulations should be considered.

Finally, clear and unambiguous testing guidelines should be pro-
vided as part of the test method and rationale description. Examples
include descriptions of the method for setting the SOC, the location
of temperature sensors, the exact position of the DUT in the various
tests, in addition to the minimum tolerance required for the testing
equipment. Such guidelines facilitate the correct and harmonized
interpretation of the standard or regulation by the testing bodies and
comparability of results would be improved.
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Glossary

ASTM: The American Society for Testing and Materials
CC: Constant Current

CV: Constant Voltage

ERPG: Emergency Response Planning Guidelines

EPA: Environmental Protection Agency

EV: Electric Vehicle

DUT: Device Under Test

BEV: Battery Electric Vehicle

FMVSS: Federal Motor Vehicle Safety Standards

HP: High Power

HE: High Energy

HEV: Hybrid Electric Vehicle

NIOSH: The National Institute for Occupational Safety and Health
NLF: New Legislative Framework

LIB: Lithium Ion Battery

OSHA: Occupational Safety and Health Administration
PSD: Power Spectral Density

STEL: Short-Term Exposure Limits

SOC: State of Charge

VOC's: Volatile Organic Compounds
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