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Abstract

The integration ol battery energy storage systems (BESS)

throughout our energy chain poses coficerns regarding

safety, especially sir-rce batteries have high energy density

and numerous BESS faih,rre events have occurred. Wider
spread adoptior will only increase the prevalence of these

failure events unless there is a step change in the

management and design of BESS. To understand the causes

oi failure, the main challenges of BESS safety are

summarised. BESS consequences and iailure events are

discussed, including specific fbcus on the chain ofevents

causing thermal runaway, and a case studv of a BESS

explosion in Sulprise Arizona is analysed. Based on the

technology and past events, a paradigm shilt is recluired to

itnprove BESS safety. [n this review, a holistic approach is
proposed. This combines currently adopted approaches

inch.rding battery cell testing, lumped cell mathematical

n"rodelling, and calorimetry, alongside aclditional measLlres

taken to ensure BESS safety inch.rding the requirement for
computational flirid dynamics .rnd kinetic modelling,

assessment of installation level testing of the full BESS

system and not simply a single cell battery test, hazard and

layers of protection analysis, gas chromatography, and

composition testing. The holistic approach proposed in this

study aims to addless challenges of BESS safety and form the

basis of a paradigm shift in the safety management and

design ol these systems.
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2. BESS consequences and failures
'flre conseqr-lences and lailule c('lr.rses wilt be assessed in llris

section to Irighlight the ch.rllt rrges .issoci.rtecl with BISS

s"rf'et5r.i11{ lrow thcsc t.rilulc rrodes will aid iu fbnling.r
holistic .rppro.rch, BESS couseqLlcnces c.in tall into two nr.rilr

categories.

Operational impacts: Batteries that fail during

operation can result in the svstem to be out of
service. Operational failures can result ir-r loss of a

BESS to provide electriciry lor exanple.

lhvilonnrcrrtaI ard saf'cty inrlt.rcts: I)clt.rins to

p o tc u t i.r I p ropc rly d.r nr.rgc, s 
"r 

f'c ty, .r n d

enviror.rtnent.rI conscqueuces, i ncI ud i lrg severe

conseqllelrces sllch as thernr.rl r-Llnaway, which can

lead to fires, explosions, and the release ol toxic

gases ,7i,i))1, i: ll, ilal, l,l:;i.

f*A ,,,.ior. consequencr. is a BESS lire or explosiou, lires

rt-sultrng f lonr 131:SS f.rilures can pose serious s.tf'ctv lisl<s to

ncarby pcrsonncl, conr rlu nities, .rnd emer-gency resltonclcls.
"l'he relcase of toxic firures .rnd h.rz.rrdous nrate ri.'rls duling .r

battery lirc c.rn firrthel exacelbate he.rlth aucl s.rf'ety

coucenrs. Fires and the release of toxic p_qLl!.ltant5 can have

adverse ef,fects on the environment, inciuding soil, air, and

wateI colltailrination J
BESS c.rn lail in uun-rr.rous wclvs; a blieloverview of potenti.rl

f.rilures tlrat cau leacl to BISS I'irr:s is plovidecl in the fault

tlee analVStS(I]-lA)clia.qranr ilr ii.i "l i-lijl. Sonte llL:SS lailures

presented in I r:i. -i should lte nrore calefully consicle red

dr-rling a h.rz.rrd .rnalysis th.rn othels (highlighted in l'ir1. -l).

lncorrect installatiorr practices highlighted in Frg. .l sholrld

be carefully corrsidered; one of the l<ey firrdings o[ the nronth

long iuvestigatior-r into the BESS files by I(orea's Ministry of
Tradc, Irrdustly ancl Energy tbLrr-rcl that poor installation w;ls

.r contlibr.rting tactor to the l'ire incidents occurling in Sor,rth

[(orea withir) the years 2Al7 kt 2019 clue to potentialspark

.rnd sholt cilcuit gt nc.r'..rtiolrs crr'Jtiltg a source ol'hr.at or'

ignition i 1.i i, iliil, i:r'i, l.tsl. Incorrect pr.rctices cau result iu

mechanical damage to cornponeuts and cells, far,rlty wiling
and improper ventilation, leading to overheating ol the

systenr and abuse of the cells within the systern ll6l, llii j.

a

..1-:-l
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Fig. 4. An exar-nple of a tault tree analyjls (ilA) lor a BESS

Fire [aclapted image] lJ5l.

Extelnal fires, laih-rre to apply lirewalls, adequate spaciug

between equipnrent, miniutal consider.rtion lbi the

operat i rrg t'nviror.rment, a ncl adverse wc'at hel cortd it ions

werc otltcl f .rctors highlightecl in the invcstig;rtirtu

conducted by l(or-ea's Ministry of J'r.rde, Inclustry antl

Ertergy: tlrese environment.rI issues.lre lrighlighted iu l-ig. -1

itrj, iSl, ilr:ii, ll;; j, I2Sl.Large remperarure swings and high

humidiry damaged the insr-rlation between the cells and

module ground, resulting in short circuits It: i,l]Gj, i:l'i,
i.;f;1. ln the chemical process indr:siry, the external

enviror"rr-ne'ut is consiclerecl cluriug the pl.tcerr.leut or desigr-r

of'a chcuric.rl Ircility or, in this c.,lsr, a BESS; these exteut.il
f.-rctors are includecl in facility siri ng sruclies for the

irrst.rll.rtion and desigu phase aud .tle considered iu the

holistic approach.

I lmproper mainten.rnce, programming and testing ol tl-re BMS

and rhermal lranagelrerlt systents can lead to battery

abuses aud overhe.rting ol the BESS. These f.rctors are

consiclered under the incorrect inst.lIlation, therm.lI

rr.r u.lw;ly 1lropagat ion aud preyqltntlvg_ll teu.luce

categories in i-ig.-1tri;1,I,ti,l2;i. The BN'lS is cluci.rlfbr
rlonitoriug and managing the l)ealth of individual b.rttery

cells. Failures in the BMS can lead to inadequate monitoring,

overcharging, or overdischarging ol cells, increasing the risl<

of lire or cell thennal l'Lluaway due to lack of temperature,

charging ancl discharging control i(i i, I li j, 127l. Failures in the

cooling strategy coulcl .rlso leacl to systent ovelhe.rting,

le.rclitrg to thelmal rlul<rwcly, .rs short,r'r in i"ic"-1 ii;1, I li)1.

Failur-r. o tegorisecl

o
fi)
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F.rilure of thc cooling systclll arltl BMS coulcl be crtegorisecl

.rs a design [au]t. However-, f.rilrrrcs of the control systetns

coulcl be due to design ch.rtrges aud systems that needed to

be modified to accolttmodate system changes such as cell

rype, capacity, and size but were not.

Prevel"ltative rttaitttenauce is a broad category ancl covers

f.lilures such as ce ll, .-titxiliary .ln(l colltl'ol systems

nr.rinten.tnce, testiltg atlrl t'tplacetrteut. OI.tc f .rctol is thc

nl.-linten.utce ol thc cell systellls whe n clef'ects occtlr, the ceil

is wollt dut'it'rg ope t'.rtiol-t. or whetr t'tlattLtf.rctttLing det"ects ar-c

present in cells befot'e operatiort l1ll, i.i{)i, i,l,rl' 12.\l' During

l(orea's Ministry of Trade, lndustry and Energy committee

investigation into the nulllerous BESS fires in South Kore.t,

pl.rte folding, cutting delects and elecirocle coating clefects

wer"e irlentil'it'cl .rncl coulcl potentr.rlly le.rcl to il-tterll.rl sltclrt

cilcuits .rncl thet'rnal run.:lw.ly I 1.11, l.lir i, i.l; j' l.,lS i. Throttgh

cell cycle tests, thc cotrttlittec cotrclucled thlt cell clef'ects .rre

not the cllrect c.ruse of the BESS lires; def'ects coupled witl-r

other factols corrld lead to a situatioti where failut'es atrd

clefects could lead to perfect cot-tditiot-ts for fires and

explosions lili, l:0 j, 12,;l, irlil.

Other tactors, sttch as training, dt'sign fattlts, ancl negliger-rce'

can also c.ruse BESS lailttres. These I.rctors are only

sor-net i rle s cottsi cle rctl cl r-rri n g .r B ESS lr.rzr t-tl .rrra lys is.

Howevet, this cloes not Illr.lll thcy alc Ilot llcct'ss.lry [o

consider "rnd clepettci ott the st.rgc of the systelr's life cyclc

when the analysis is conducted.

Althor-rgh lraining issues can be perceived as optional

throughout the analysis, they may need to be givetr trore

.rttention during a lt.lzarcl arralvsis becaltse, most of the time,

wheu au an.rlysis takes pl..tct'. it rlright be cot'tsiclc'recl beyorril

the scopt of tlrc stLrcly. De perrclitlg oll stagt's in tht syste n"l

cleve lopntt'ltt, such .rsclut'itrg the oper.rtioll stage' filst

response or perlortlittg atr atr.rlysis on .r leccllt incidettt, it

ruray be a pi'rority to consider huuan factol s.

Design reviews, testing and laults can stlll occur and are a

c.rtegory ol Lrilures that c.ln contl'ibLlte ro BESS fires. They

may not be singled out fbl cotisideration as sigltif icant llaws

in.r haz.rrd rttalvsis,.ts thcy c.ttt clcc.tsioually bc.lssttltte(l to

be icientiiied .rtrcl .-tclclressed dLtt'ing tltt' clesign ph.rsc. The

testing cl.rt.r .rncl design doct-ttllellt.rtion to specific starrcl.rrds

sr.rch as NFPA 855 otr a cel[, tlodule and coutainer basis

should be assessed in pat'allel with the other factors in tlre

-
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There h.rve been m.lny thermal r lul<rwcl] incidents in energy

storage systems. Although safety systems, equipment and

procedures were put into place based on recent codes and

standarcls, fires and explosions still occur. He.rvy reliance on

cocles ancl cell testing c.ln crealL' inst.rli.rtion s.lt-ety gaps.

Similar to procL'ss s.rl'cty irr the cheutical iuclr-rstry, .l holistic

.lppr-o.lch to llattery s.rf'ety sr"rnltrar-isc.d in l:t. l{i should be

considered to provide .r cor.nbin.rtion of ntodelliug, r'isl<-

based .rssessnrents, conseqLrence ntodelIing, design and

tesling solutions that are necessary to improve the

understanding of credible hazard scenarios and the adequ.rte

salegLrards that can be implemented lo llreveut failures and

rlininiise conserluences that can occur frour Iow plob.lbility

high iurp.rct events. l

T:T:I

Downlood: Downlood high-res imoge (498K8)

Downlood: Downtood futl-size imoge

Fig. 10. The overview ofthe holistic approach to battery

safety.

f Or. Starrclarcls aucl regulation challenges

Dcsprte r.rpid battery evolution, cocles .rnd stancl.uds

developurent has lagged, though they ale cruci.rl lor safety,

reliability, and interoperability. However, they mainly focus

on generating data and passifail criteria, making reliance on

testing alone unadvisable. UL 9540A and other standards

ollbr clil'f-erent tests but lack guidance or: unclerstanding

el")r'rgy storagc systL.lr risl<s, rlcsigns, and n"ritig.ltior-r. J

Sonrt' r'egulations .rncl st..rncl.trcls strugglc to l<eep up with
evolving technologies .rucl h.rvc overlool<ed clitic.il inhclent
h.rza|ds av and
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*
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haz.rrds like gases prodr.rced dr.rriug thc.rrlal runaway arrd

thermal propagation. Hence, standardising passlfaii criteria,

best practices, and test setup is a challenge. A battery
passport scheme is being.ltfen'lpred to trace, standarclise,

audit, ancl colrpare b.rttery clat.-r l{r.1 I, lij:; l.

A holistic battery s.rf"ety approach involves using curle.nt

cocle s .rnd st.rnd.rrds as guiclelinr.s .rrrd .r b.rsis for-good

engineel'iug practice fbl design, testing, install.-rtion and

Sp-etiEon of BESS uuits, sorre examples of codes .rnd

standards are presented in T;bli. .i to provide a starting

frameworl<in BESSsafety IS;,l1Jj, i2; j, ir9],l6:i, i6til,lGll,
ii:;iij, ltii)!, i.,{)j, i7il,llli,l;; jl, lr.l j, l;,r i, iiii j, 177i, [7Sl
However', thr.re ale blincl spots in stancl.rrcls which the

battery iurlr.rstry h.,rs recognizr-,rl sr-rcl'r as thc .rrlaptation ol'UL

9540 to UL 9540A which includes utore large sc.rle .rucl

rigorous testiug of the gas lelease, NFPA 855 .rlso cliscusses

the need for risk b.rsed appro.rches, i[ the local

jurisdiction/organization has a description of a tolerable

amollnt ol risl< but leaves it to the reader to determine an

.rppropriate rrsk based approach ll:ii, J6l I, J{;ll. .l
Tablt- 2. Ex.'rn-rplts of energy stor.tge systeu-ls st.rncl.rrds.

Category Standard Description References

Energy

storage

system

t8l, t131,

1271,1621,

[661

LJI- 9540 l"Jl- 9540 is a sr.lncl"trd for

and LJl" sal-ety ol energy storage

95404' systents and equrpment; LIL

95404 is a metl'rod ol

ev.rltr.rting f hermal runaway

in .rrr e ncr-gy stofJg(] svstcnts

( ESS ); it pr.ovirlr-'s .rdclitron.rl

r-cc1r-rilt-rrcnts ibt IIN1S u.scd in

t-_ss.

NFPA 855 applies to the

design, construcfion,

install.rtion, commissioning,

oper.rtion, nri inle u.1uce, .t nd

rlcconrmissroning oI ESS

( inclLrcli ng nroltilc .lrrl

1;rit't.rblc [:SS installcrl rn 
"t

st.rtion.rry situ.rriorr .rnci f he

storage ol lithium nretal or

lithium-ior.r batteries ). NFPA

855 discusses thermal

_l :: i :l.-
.l l r=l *;

'$* ", 'ff
,;l --,:.r'i,; .. ''iA*

NFPA
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l27l,lzsl,
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