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Fire hazards of electric vehicles in semi-enclosed and enclosed environments: A review
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Abstract

Electric vehicle (EV) adoption has been growing continuously; however, fire hazards remain a significant challenge,
especially in semi-enclosed and fully enclosed environments such as underground parking lots and tunnels. The objective
of this literature review is to understand EV fire behavior in semi-enclosed and enclosed environments. Eighteen studies
published between 2015 and 2025 were reviewed to examine fire behavior, thermal runaway, heat release rate (HRR),

smoke dispersion, and toxic gas emissions. The review also considers health hazards, fire suppression methods, and
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ventilation strategies. EV fire behavior differs significantly from internal combustion engine vehicles (ICEVs), with maximum
HRR reaching 6-10 MW within minutes and up to 52 MW in electric buses. Hydrogen fluoride (HF) concentrations can
reach up to 488 ppm, exceeding the acute exposure guideline AEGL-2 by a factor of 40, which drastically reduces tenability
time by up to 47%, especially in areas with limited ventilation. Fire suppression for EVs requires significantly more
resources-around 6,000 liters of water or chemical agents compared to ICEV fires and poses a risk of re-ignition. The
findings of this literature review can serve as a guideline for further studies involving experiments or simulations of electric
vehicle fires in semi-enclosed and enclosed spaces. It can also be used to support legislation and establish safety
standards related to EV fire incidents in parking structures, to align with government policies promoting electric vehicle

adoption and accommodate future growth in EV usage.
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Aaafumnuduinnlussesnandudy Tnorwannsaly
nsusdiuaniiandt 10 wesaielu 2-3 urfindsaan
BuRamddlvg Faduguassadenisensnuesinu ua
nsdndvesiiuduinds uasfiszaunisvanUaosainy
Soufigaunnnin 3 wanzind mslvadouvesaiuannsa

WARTULAIUSZENI9NE1INTT 18 RS WiAEiin1ssEune

gme waskiutuegrannilenudianas [12] afuan
waslndsaeudlninusenousivayninasiden iy
LLamam%au%qﬁﬂa@aﬁa&fu@mmu WarNI¥INYAIY
1A99851999991A15 Zhao et al.[16] 91a99n15lnaves
atunnlnludsasudlai Tuglusdnangldusauniuen
(longitudinal ventilation) Wudmi’u%aasﬁu@,wmu
9819597157 waziAin “smoke back-layering” dudunns
Inadeuvesaiunduludsiianean lriuilnddumas
fvimuideduazoungiige Bai et al[17] 91891u7118le
n1sUanUdesaudeulfingstuainuunine’ waztan
nwlusa msﬂimwsumﬂi’u%gmmﬁu WATADINIT
Anudrauiunndulunisinda back-layering wonani
Jang et al[15] wanaldifiuinlufisansaldmudifinis
FYUIURINALUUSIINYIF Afulazing aunsoavauey
uiaumauseulandl vilinafiausoenewls
(tenability time) anasindoifiealdAufilunsdd
wuseadfivunalveg) eg1alsiniunisiiaedlag Zhao et
al[16] T3 sAnaiidnazoeniuuules (Fine Water
Mist) @111508AN15808MIUDIATULAY N TALANYDIN%Y
ar5ueunauanled tdag1afiuseadnsain iilevinau

Swfufunssruigaunueluglued
3.6 dNFNAVRIlATIETINUATNITITUIDINTA

Tassadranvumausilufivensaldfu weoasn
Unazviliatu waraudouarausInineIasiamau
g9 Funk et al. [4] naasulwainsasudlniihlulaseadna
wana3ula waznuiiudesiinisivavessiniaain
AYUBN WAAMNSDULAEAIUT IR AZANUSIILNATY
AN sunsnszarevesUadlidsalndifeluiam
Wige 3-5 Wil nslasEuUsEUIgeINIALEaNa WU jet fan
w30 axial fan anunsaaruANsinavesauldaTy ue
floseanuwuulidenndeInuAILAUIveIsaauRlNii Lay
99990 NsiAdouiivesaiu uazaatuieuainllng
sopudliifh Tufuiidaidumgmsaifidudou Taedvdna
PMNIRIINTUanUassausou lasiase1nsinulaniy

izé’ummqwmmmu LaEN1SITUIEINIAlAENTT AT
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asudlufunaunaznszatedeundumnlidiussaud
Wigane (back-layering) warluvuslfganunassuang
Souanunsoaseanudemeliiulaseadne wazsiiiy
mnudssiodinaelunanlidiundl Jang et al. [15] 52y
nsszusomAluuATL i mezannsavauvesniy
T warAefiuluiufimad ogndlsfinaluiiuiide wie
Aala n13EUIEINIARIUsISUT LB e uienen vl
Weane Aenisszuiefiefiviveglusedudiniily
svezadudy Somneddenavesinduinddiay sy

sunTennsganuieieluvaeidiseiuvggs

= 9 a Y aa '
f13199 4 ﬂ’]ﬁﬂ‘ULWﬁQ"D’]ﬂiﬂﬁumﬂLWﬁ’]ﬂ’Jﬁ’Jﬁﬂﬁﬂ’N‘]

3.7 NISAULINAY
nsfumdsaznisavauaiulnlumgnisellnlng
08Ul TAUTULoULALTIINIBUINNINTOLURA
WowdeduniU 1ileea1ndnunsanz e suunLAesh
ansaneliiAnnievgadou uagnisgnlniden (e-

ignition) sauflan1sUans A iwd1uIuLIN WAz TIAET

91988 FBMsAuInGs Yunanhild sz mnewe / Msgnindisnass

[4] asdinleensyden,  liswy NEIRIEN ) nsgnanuldiien 3-46 uiuAuTs;
NUALBDIUI, ANUAULNAY aAN1IQNATY ANV AAULANANULEE
WUUNAT HUsgdnSnmgsan

[10] angin, 2500-6000 a® 5 UnMNEdmSUanANSaU ﬁuﬁuﬁaqaﬂqmwgﬁwm; a15.Adl
Asuaulapenlen, (200 ans/ui) asuaulaoenlen liaunse Weauanaalngins
ansiadl angaumnillaiiteane

(6] Tgunluglusd ginnanisauln Idvatunulunisdulnainsada  desssuiganuseuuny; ninnnLhy

50 ICEV 310 Inlsin mihvesinsumasealiiiiesne

(18]  viuaresdazidun ladszy anYngEn HRR 89 26%; ¥¥aan1s  wandunsAuRy; llaunsafy
(fine mist) ulnuasl LURALADTLALANT

[14]  daundeu + n1seaumn  isvy an HRR 16 wililanansadiuuunld  wadlwide + anueuge u
A95¥UIBRINA dunsesolasaiy; l@eanisantugd

BAGHG

Tnsianelufiuiisnda wu glusdvdofivonsaldmud
flszfuanugveanaiudien anusivinelunisdulel
1un Ianwusmesdedddiaiulunissu waveraiin
nsanlndenld vaneulunanedalug Ynauie
ansuindafigesldlulsunaiivinnii wasuiunitvans
WMARan1sMUNINIssUnssy lun1sfnuiieatesdtu
BGaRE]

Fuimasiiinainsasudluill wazuszansam wang
Tum5197i ¢ Wiuldnsldasaumdsssunndedlunis
sulwiinlusasudluih launsavildegradfiosne nns
1438n1suazasAundwuunaunaIuysanisInduy
madonfiumnzauwaz sz dnsamlunissuimdsain
sopudlafafiifiuuniy Funk et all4] ¥nn1s@nen

UsganSanvesdIsnsaumaaiuansnsiuasnadslug
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sapudlalii lufiuiiaJelddeuuziisniseulia
UszAN3nIngadn Ao WUULIZLUALADI A28
(extinguishing lance) dosanldhdesuazannsiiala
91ld Bnitsnauelfussgszvuduimasdnludaly
11MsN1sANNUaenfgUesasun inilulsenseannas

99950
3.8 35n15MAaR9 wazanaaelunIsANEI

A1SNUNIUITTUATTUNTANUNAILUT USO8 UR
T wudins@nenlaeg n1snaassvuIng3e (full-scale
testing) A N1531a9IRIBUUUIIADINAFERS YRl VIA
uazfing $9u89N1IANBMAINTOU (computational fluid
dynamics) IneilingustasAnisnaassiumnsnaiueenly
wu iielidlanalnvesmsiiaundding Tnsudeanis
UaoaUdesa1nuiau N1siAnf1gfieLas AUTNTUIE
wdslugd nsunsnszanevesadu saudensusEidiuay
\Fosiedunndon waznguauitieades wu {ldenans
wazld i fidumas 91n1SIUNIU WU INRae]
Wunisneassvuiadnluaninasalae Sturm et al. [3]
nsnageulnlndsasudludruseuidisuiuindalng
sopuddoindsduny luglusdruinads wdwinaiiu
Toyaguuil 8nsI1N17Inave191n1A Lag 91I1N13
UanUasuanuiou aremaila enthalpy flow method
WuLAEAU Funk et al[4] vinnrsnaasulwludlsaoun
T lulssvensa wuuasulaiidlassadraduindn
Tneldsasunlninede wag Kang et al[5] vian1svnass
WedtAsieviauguLsILanginssunisaniudues
sooudlniinantizieda luaed Truchot et al [11] v
n1snageuasLiiefnwinisuassfngfivarnindslng
uanaINASNRaesLIAddluan NaTa MsAnwlag
133 n15Muuuansnmsmumandiaviiesiass ns
Inavesvosina Lazn1sarewmaiuiou (computational
fluid dynamics) finudeuunswarsidusgrsunn Tu
nsanwnasing Taedi Fire Dynamics Simulator (FDS)
Dugendus wdnildlunareadde wulunsinwves
Jane et al[15] 14 FDS wiodasiensnszatesaveafing

SrEElIAINSAUNATIAUNIATZIY AEGL WAzl ifAw

au1908d50nle (tenability time) Zhao et al. [16] 19
FDS 570N UT2nareadulaztden (water mist) Wagnis

Inavesanwuu longitudinal ventilation lWe3lATILRNS

auAuauluglusd
temp
(©)
950
764
| j—— — 671
[ \ 600 R
{
| 485
\\ 392
|! peill 299
).\—-—’—w—l—' —rit B
7 , 206
- 113 l
20

JUN 2 fhed1an1InsEanevetguiiannn1sinaasiy FOS [7]

uennilUsunTy Pyrosim Singniwnldsaniu FDS
dieshasdlwlndiiinainuumnes dreg1afildainnig
$raosfauanslugudl 2 (7] fadnsdnwundslndaes
soaua b dasuwuudiass CFD n3e FDS fin151ntdn
Yoyaiioviinisrassdsiunvesdoyaiiiiduients
$1a09 Stennslddouaainnisnaasads [1,4,5,10] A1
fiun91nuuusIaendausEdny 1w n1sAnwIves Li et
al,[18] 141 HRR = 2 x E%¢ Tnedisauys E fie A1Aa1g
voaunmesiviheduilaind-Falus uonandaiildly
N13918898107150171970 AINIAIFIY FDS %39 911N13
NUNIITIUNTIY [1,18] wazArfiznandeyaanizyes
LURLASS WU N1591a09U04 Barré et al. [2] agnelsfiny
mslguuudaeslunisAnendaludlusasudluii i
s eiiderdalunateuszntg wu Sewludne 7
seylu Wiunsudslignitamnlvaenndosiuitouluves
msianwasluslusasudlndilugaiuniseiass fafunns
1¥38nsenwenmaas ez mssnasssauiy foify
wMiEsEansam wu lnsmeaeddumsifudeya
nAnssulva3 1wy dnsnsUanlasuaudou A

au gaunniuaraiu wadldn13INaeveneNaNToyadT
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TUdsanunisnisng 1wy fuilenaseneg uuuunis
szungeIMATuANASTY FsnsAnwives Barre et al. [2]
1gldnsnaasaiionnunveuien wazaniziidesnis
A wdassuuusasiiefnwianudssrelasiadg

wu nMsqnanuludauanmeunin visesaiiegtafies

4. n158AU518 Y9919 nazdadandeanulle

4.1 nsUaaudasanuiounazaungil

na891uITeTEY AN1sUanddesauTouININGS
ludlusaeudlnfi ZArgendnnddudlusosudduniy
nelu Taglusasudludlagarsdiuyanaiiinis
Uanudesaiuseausgsendng 5-10 wnneing uaraeds
30-50 wnngdnstusalwivwinlve wiu sadaluin wie
sausInnliih wdsludiansalniiaunsedia jet frame
wazdlgaumiitnanu (ceiling temperature) wiasumia
wiaslndl aneluglusAviefiaensagefia 900-1200 emn
wadualneszornanfigungiluisringsanmelulsifun
[1.3.4,56] lurneiiuneani1sinel nuitAinisuanlass
ANUToUgIgn Younddlnidsagudliiden IndlAgedu
sapuddunaislu waznsanlnivesuunineddana
Weadndesnenasinvesrinisuantassninuioy
Wanua [11,14] FaHALLANA9YDINAN AN TILE
anTaiinIn Usslanuessosudlniin wazuunine3s
ANNLANAIIRY ATiITuAgAENFure Nl
upnasiulunsaznisAnwnanunsadmwaliilangfnssu
youndslny uagszoziiaivesniswaumdalniii
wansnafuldiduiy Snidadedndouvesnsnadey
TusnsAnwinaaoumaduiifusuuuuaie snfntulu
Nufiuanenms siseremnassvuislvedeannuindon
vesnsvageudldaenndastuiuiinailuaiusen
70 [4]
4.2 afuwasfingnyg

1NAITNUNIY NWITenunsddseinelalasiay
Waealsannmadniilusasudluiindimanududugand
mslndivessneuddununely viemsfinwsey Arrny

widuinglalasiaungeslsd agsendng 200-300 nSusie

¥
N A 1

wnnnsal dsAanuddusedu fodndudiunad
Winguannsiiaumdsinglusasusdunuaisluiies
Antey uaglisunss [4,11] luvafiunenisdnwvissy
Usunannududuvasinglalasiaungeslsdanumaalngd
Tusasudludn JUSurasuiniia 600-1000 nFusie
wansal uazlufiufianueonsnanansnduTuugaldds
400-500 ppm [3,5,15] F1ar1udnudswesnisfnwans
nauaansaARnANLUANEsuT AT TuLUALADS
fgnidonldluusaznisinu uenainduanmmiadosly
nsnaaeuidinaieuTuiufieiuiifald Tagui
msfnwiluituilas luvagfivnsinudnsindae
ANTIVTI UM TInmANLtuvesieiy dawali
Usunaitialdiusunauinnit ludiuvestesinwes
msAnmsAnfefivdeyaifionsannisinfiefivain
Fandu lusaguddaddndn sivlilaiarunsoasuldedia
Wrarh UsinafefviiAstwinanuuaned [undn
vionddsznevdulusasudliiii TnsiameTaniidu
a1elil aulu wiewaladin n1svasufinlalagiau
wgealsd lussduiidudunsioanuisaiatulunailsd
Junit lufiufilauag falla MaszureeInanusTsYIA
Wiggeg1aier liilsanenaann1sunin sz 918 ve9a iy
wazANULTuTUYeY Angfivlaeg1aduss@nsain
Tnotomzluglusd waziivensaldiy
Tuaiur09ANTALEI UYINANIIANYINTAAMNES
Tndflusasudludl luiuiifadn uasda funginssuves
wadlnd atunazfingiie lnaUSeuiisuiusosudduniy
melu namsinundiszy AmstanUassanudougegn
wageranduduresiefiviiintu derldunnseiy
pesiltduddny e ludmsaiuayy unsgiuiuay
Uaonsiy U seuusumalue1n1599n30 N1588NKkUY
SPUUTEUIEATU LAYTEUUTEUI8INIA TeanuuUd vy
sopusdununely Jagtuiauauisafisane was
aunsnlda aseuaqy wadndvessasudlni Tuvaey
fnansfnvnsiiamadilusosudliin Aldeany
Fougean vieUTinaesieivluTinnaun uazuaneing
fueenafidodrfydeIsufsutunsifnnasinly

sagudduatunely drludlatausnuzvoinisuily
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UFUUTINTEIU MIRNKUUTLAEITDY LU SeUUTEUNY
2NNALUNUNAIDATANANUAT LNAIbnITINTDeUA b
nsiinfinglalasiaungeslsd aduludsuuuinuay
59057 sEUUNlTReTuIThainliag199IALST Andmsy

I3 a v a a v
AN5PRNLUUNAISAALARIln1siUAsuwUas wi byl

aannassnunaslntiveasasud b Wumu
4.3 35n1saulnannsagudinii

nssulnannisindivessasudlil daldanunsasey
I§Faauinszuudulmuuulnumneauiigadmiuiiud
e Snisdedidesrinlunisidenldisnis lddresdy
S¥UU sprinkler SeUvazo0INoy W3an15LY fire blanket
Tuituiifidanugeh vielassaiadudon wu enmsaen
saldfiu udeen13vonTanuuratedy fedsliny
n1sAnundnUssuLieuiiidusyuy (comparative
suppression trials) ¥1AN15YIAUINTT N15ANYILAY
druannuiudmnssudendunumed SsinesAlseneu
AN ANTIN YU NITONENVRILAAITUIOKLTB1ANS
MseusIAmTAFUINAY Larnsdeansluaniunisel
anidu uenniideimuadiungrunediliaseuaay
audsandsiuionsosudlildn egreuiate nane
Uszinaddan1sUfR aunasgufuiioenuuudiviu
sosuRdendsduniuniely nsfumdsiinnsuasd
UszAnSam dawasdeaiudasaievesulierns uazin
Fuinds safanseenuuuszuumuauluiiuite oehdls
fAnudaiidednin wazdesinavesnmvaneysennsdiang
IFsunmsnwiiiufuilosnssdunudasnfoissuy

MITNUNMILITTUNTIAN 18 T18m3 lefiasiesiany
w&nn1s SWOT anansafiarsanléfail

1) uds Mnnmsnumumasindvessasudlniily
uiifsdn warln wuiifeyaidessdndaniamananes
[FRANFULUY wazn1591809038 CFD viliaunsald
wan1sidelunsiruanaeiduivesnssEuIBe N
dm¥ueaisiiaenso M%ﬁmummmgmmamwsﬁ@@?&
aonfvrfanunnedvesnsulest wazwaddvarunsald

Uudgawuudnaeslidmsunisdnylueuian

2) qeseu Yeyailiasiane mAnismIuaey 3o
Wanazfianevinliagunadrunasulden Snsteya
ns@nwinsUasefinglalasiaugeslsd (HF) luusewe
fidfesunylagelifinnsfvuaainuidesaidmdg
FuNaITALIU

3) Tema wams3demistiiludeyaaivayu dmsu
n19319unudunieguleuny EV30@30 wazdnyin
nQnIENTIAaNIziuANUasnfudmiy an1uiiven
solnifiluenns wazfiensa

4) gUassn ﬁﬁiﬂzjuiammﬁamimwmwma"m
deswnmaluladvessasudliiinudsulieg1asinga
Humnes Annsvantdesanutou wiefefiuiiniu
Arldsuntasmuliag Fapassimuanmsmumuileune
yiensusuusdeyalvitunntu

lagnIMTInuaIteyaannsAnwInsiianasing
vossnpudliiiluiuiifidn uasln anwnsadonlosd
Jolauentaulouisvesuseimalnelaogretaiau lnana
Aun19n1uAINIsUanlassnuieu HRR AN1SUARY
Arafiwvaziinnadng uay tenability ime twand
aINsaATUALUNTERNLUUNIATE LA TI90ATA LAY
aonfvndaluenans sauTemsAivun N3sEUIEennTA
ASAULNAY hazN1TInnIsieRyneglduleule EV30@30
vosUszinalng Velignseunarguassn gy Al
atiavevesteyauarnisvianisiuany dlviiuds
ausnduveinSHtedmeassfiniiunaznnsadienis
senugdimamadnivessasudliiisyfuusemaie

Waungszdeusold
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udIuIdeausafsvansneus ez lasuaiu
aulvograunlugelafdfiiuniiensvaussiunis
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Asanu i laegesie wazdfivesing dedauds 4
#oslaunsdnwifialiinasdungAnssunsgnlngd ns

LNSNTLNWVRINTNY UTEANTNINUBITEUUAULNAIbU

v
v Y =

a01un130d939 Lelviddeyaundu dwmsunisiinua



MNSENFIAINSSUAERSLazEIRNSsY TN 19 aduN 1 Usyideu unsiau — JuiAn 2569 83

NOYANY WIATFIU MIINURL N1T08NKULRARARIADNT]
ysasoluiluszessing udefiuiiivaenss uaznis
Fouleafudosvuadunguang msgatesivaiiay
PrwafrauuImensesnuuuifsdu uazUasndodefld

91A15 kagidmidumdslugavesnsiiulavessaaus

I

L@NEN591999

[1] Gavryliuk A, Yakovchuk R, Chaly D, Lemishko M,
Tur N. Determination of fire protection distances
during a Tesla Model S fire in a closed parking
lot. Eastern European Journal of Enterprise
Technologies. 2023;2(10):39-46.

[2] Barré PA, Carlotti P, Guibaud A. Numerical
investigation of the influence of thermal
runaway modelling on car park fire hazard and
application to a lithium-ion manganese oxide
battery. Fire Safety Journal. 2024,150:104284.

[3] Sturm P, FoBleitner P, Fruhwirt D, Heindl SF,
Heger O, Galler R, et al. Dataset of fire tests with
lithium-ion battery electric vehicles in road
tunnels. Data in Brief. 2023;46:108839.

[4] Funk E, Flecknoe-Brown KW, Wijesekere T,
Husted BP, Andres B. Fire extinguishment tests of
electric vehicles in an open sided enclosure. Fire
Safety Journal. 2023;141:103920.

[5] Kang S, Kwon M, Choi JY, Choi S. Full-scale fire
testing to assess the risk of battery electric
vehicle fires in underground car parks. Fire
Technology. 2025,61:4133-4163.

[6] Caliendo C, Russo |, Genovese G. A numerical
evaluation for estimating the consequences on
users and rescue teams due to the fire of an
electric bus in a road tunnel. Applied Sciences.
2024,14(20):9191.

[71 Li X, Cheng Y. Comparative study on fire
resistance of different thermal insulation
materials for electric vehicle tunnel fire. Applied
Sciences. 2024;14(24):11533.

8]

[13]

Boehmer HR, Klassen MS, Olenick SM. Fire hazard
analysis of modern vehicles in parking facilities.
Fire Technology. 2021;57:2097-2127.

Gavryliuk A, Yakovchuk R, Ballo Y, Rudyk Y.
Thermal modeling of the electric vehicle fire
hazard effects on parking building. SAE
International Journal of Transportation Safety.
2023;11(3):421-434.

Brzezinska D, Bryant P. Performance-based
analysis in evaluation of safety in car parks under
electric vehicle fire conditions. Energies.
2022;15(2):649.

Truchot B, Fouillen F, Collet S. An experimental
evaluation of toxic gas emissions from vehicle
fire. Fire Safety Journal. 2018;97:111-118.

Bai Z, Zhao X, Song H, Zhang Y, Yao H, Zhang J.
Prediction of back-layering length and critical
velocity with lithium-ion battery car fires in
tunnel. IAENG International Journal of Applied
Mathematics. 2024;54(6):1033-1045. Available
from: https://www.iaeng.org/IJAM

Stan C, Nastase |, Bode F, Calota R. Smoke and
hot gas removal in underground parking through
computational fluid dynamics: a state of the art
and future challenges. Fire. 2024;7(11):375.
Connell W, Li S, Del Solar J, Raza H, Louie A.
Investigation of fire hazard mitigation, control
and ventilation for battery electric bus fire in
enclosed vehicular facility. ASHRAE Transactions.
2024,130(C022):200-214. Available from:
https://www.ashrae.org

Jang J, Jeon J, Oh CB. Risk assessment of toxic
gas dispersion from electric vehicle fires in
underground apartment parking garages using
numerical analysis. Fire. 2025;8(3):96.

Bai Z, Zhao X, Zhang J, Song H, Qin H, Yao H.
Research on the smoke diffusion with new
energy vehicle fire in tunnel under the action of

fine water mist and longitudinal ventilation.



(17]

(18]

MNSENFIAINSSUAERSLazEIRNSsY TN 19 aduN 1 Usyideu unsiau — JuiAn 2569

IAENG  International  Journal —of Applied
Mathematics. 2025;55(6):1495-1501.

Bai Z, Li J, Qin H, Yao H, Zhao X. Research on the
smoke flow law of new energy vehicle fire in
tunnel. IAENG International Journal of Applied
Mathematics. 2025;55(4):927-932.

Li X, Chen S, Wei R, Huang S, Ren Z. The effect
of water mist nozzle settings on fire suppression
of electric vehicles in garages. Case Studies in
Thermal Engineering. 2024,60:104803.

84



