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Results for both energy arbitrage and load following are shown as energy arbitrage. In the one study that considered both, from Sandia National
Laboratory, both results are shown and labeled separately. Backup power was not valued in any of the reports.

https://rmi.org/wp-content/uploads/2017/03/RMI-TheEconomicsOfBatteryEnergyStorage-FullReport-FINAL.pdf
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Source: Mandel and Morris, “The Economics of Battery Storage”, Rocky Mountain Institute
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* wuemmasiaizudegin (Developing technology)

« Lithium Base batteries

« Lithium-iron phosphate (LFP) : 1zunsvais lusagus A uazszuunniiu

Wasu WA RdaAsfvinazanan 19vn Electrolyte (funiia Organic

solvent #38 Flammable electrolyte i lannaifim Thermal runaway la

« Lithium - Nickel/Manganese/cobalt (NMC) : 1Funnusasus lWiuazszuy

AnAuNasUInin AdaAsfinazanan ldvn Electrolyte uaiia Organic

solvent %38 Flammable electrolyte i lannaifim Thermal runaway la

- Lithium - Cobalt Oxide (LCO) : \Funsdwvisiadaiduaulva iasand

AMNRUILUUDDINAINUNIN § cycle life nna

. Solid-State Lithium-ion battery (SSBs) : auinswanniauiiu 15nuass Pouch Cell type

ninaulanme lwdssanudasnnsainnisiia Thermal runaway wshe

electrolyte {luaaude Nnn9an Lithium-ion battery @n# electrolyte 1flu

flammable electrolyte anainludn laifiu 3-5 1

« Lithium Sulphur battery

Cylindrical Cell type
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e numaasnalaludean (Mature technology)

» Stationary Lead Acid batteries

- Vented (Flooded) type : \ilusiianiiniinau danudasansliiiu Thermal runaway
1129310 electrolyte 1ilu Water-base ( H2S04) usisiatia Oz uaz Hz ludaenisilszy 396a9d
N1932UNDINEA

- Valve Regulated Lead Acid (VRLA) type : \iluxiindiligaadintngu electrolyte 1flu
Water-base (H2S04) lsiiim 02 waz Hz luaainnmisynauwdnt waazsiia 02 & Hz ludSun
waaiaina over Charge Charge

« Advance VRLA Battery : fununinadnsancsianidn1snaiun Anode ApanTsuen
Graphite/Activated carbon 311l Anode active material vinl#duuainas cycle la
NN aaNaaN partial charge waz W conductivity 2auuaLaasd

« Pure Lead VRLA Battery : 151131 1a33a3719283 Cathode waz Anode @ag Virgin Pure
Lead anan31N136NIAULBY current corrector, Positive active material (PbO2),
Negative active material (Pb) uaz annszud float vinlén1siinauIunis oxygen
recombination anas d9ka THAMNSDUINNVLINNTAINENIAAR

» Flow Battery

- Vanadium Radix & Zinc Bromine : fianuidaaansgaiasannlidfilfissnnisiianieglu
auums (sntiudr Non-Vanadium Juldlenaziia H2 au)
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e wamasnilldlueniu ( Recent Developing Technologies)

* Nickel-Base

« Nickel-Zinc battery : fmswawuszininldnuwnniulas dmsu Stationary standby
application fiesan § C-rate ﬁga uwazfianudaeanuiitasinn electrolyte (iu Water-base
alkaline (KOH + H20) uaz litha O2 & H2 lusmedivnomind (wddasfiszuy BMS iiavinissans u
ms charge ua: discharge sude)

* Nickel-Cadmium : l3nuéwsu Standby application wdfagiuldlifsaldiiasan

Cadmium Lﬂuia%:ﬁﬁawmﬁmiaﬁmmﬁawazhai;mm

« Sodium-base
* NAS (Sodium Sulphur Battery Energy Storage)

- Sodium-lon Battery (SIB) 41

Xcel Energy

Sodium Sulphur Battery Energy Storage
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Degradation diagnostics for lithium ion cells
Christoph R. Birkl a, Matthew R. Roberts b, Euan McTurk b, c, Peter G. Bruce b, David A. Howey q,
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o nsgautdsilsuna Lithium analugad (Loss of lithium inventory, LLI)

YAnseIn1saaige e lithium Decomposition reactions

e MIaanBABILUALARS (Battery Decomposition) @ianszuiunns
fiindudauunnaafinsdaarsiniaainiaUfiseniilufs
Uszad luannsUndnsafiamuuninaign 1Fnunsansa lagla
anéas Mssanzzaswuamadianuuilymddaiissnniinasa
Uszansnnuazanulaansazeswunan’ dsingnisaiiiaansad
vangavauazilasafiAendae ww:

e Overcharging %38 Over discharging : NMs#15auazN1s
farnsauuamedmenszualwguiuluviamsaiunaiaiain
TAnnsaanszasiaans luuunnaduasadneansilaif
Uszang

e Overheating (annsautiuly): msv‘iwwu‘luamazﬁqquﬁ
gufuluanadena iiansaaszasiaanis luuuanasuas
nsaseEnsEuNe filifayszad

Degradation diagnostics for lithium ion cells
Christoph R. Birkl a, Matthew R. Roberts b, Euan McTurk b, ¢, Peter G. Bruce b, David A. Howey q,
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* Short-circuit : nMsan9asne luns luwuaeadanuisad
aunn WAnanusauwasnisaanszasisn Feenaviilviia
nstnlusl ISeinivuuaeedi lifinsasanazinasaio
wwaelnaila

e Ageing (nMsidananin): uuamasiangns lFnuuasas
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e Impurities (815an@149): a1sande lusuainadanaseua i
\inUfAsenfilifilssasduasnisaanszasian donafinain
A1ANANINNTLLIUNSHAAWSENS I NULUALAES Al
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AUIUNTINAA Laz aanaau Material supply chin (1w

electrolyte, active material)
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o nsgautdsilsuna Lithium analugad (Loss of lithium inventory, LLI)

e maiinnnaznaudisnuudian Insa (Electrode Lithium
Platin
Lithium plating a2y luwuaieas lithium-ion Wadins

anmznauapdsatnay (lithium) uuii2e9 anode FUEALLALADS
anzn$a iedefiaansarin WiAanisanasnawdiies (lithium
plating) lasniis:

e M5215aLfiu (Overcharging): Ns2NsauUALABS
lithium-ion Tas ldnseualuifiuluniazsaiuiaianam
TAAANSANALNDUAIBNUUAI2DIDZUBA NTANAENDY
afignianansarin Wiinauauaziiazaezuanld @
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Degradation diagnostics for lithium ion cells
Christoph R. Birkl a, Matthew R. Roberts b, Euan McTurk b, ¢, Peter G. Bruce b, David A. Howey a,
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o nsgautdadsunm Lithium ansluwaaa (Loss of lithium inventory, LLI)

o nsgaudalFuna lithium measdilsznausasiad lag parasitic reaction i
e N15naM284 Solid Electrolyte Interface (SEI)
- SEI surface film in@u luauiunis formation
- SEl growth 1inan Tndnsnisuszauazansiszzasuuniaad (Cycles) viansldauiiaaluann
ADINNAVDINHA

* JAN38N1saa8@2e4 Lithium Decomposition reactions
e nsiiaINIzAnPasaLSaNuu Electrode lithium plating
vanewe : wanisaanariiuatassd lunsuanidsudasuzasdfisussrinatauinuazgavldazain daealed
ANNYAAR

Reference: Christoph R. Birkl a, Matthew R. Roberts b, Euan McTurk b, c, Peter G. Bruce b, David A. Howey a, ; “Degradation diagnostics for lithium ion cells”
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Reference : Generation and Evolution of the Solid Electrolytelnterphase of Lithium-lon Batteries

Editor ; Satu Kristiina Heiskanen,1 Jongjung Kim,1 and Brett L. Lucht1,*




TasufvnliAanmsigenanwly Lithium-ion Batteries

Cause Degradation Mechanism Degradation Mode Effect
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Fig. 3. Cause and effect of degradation mechanisms and associated degradation modes.

Degradation diagnostics for lithium ion cells
Christoph R. Birkl a, Matthew R. Roberts b, Euan McTurk b, c, Peter G. Bruce b, David A. Howey a,
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Reference : Generation and Evolution of the Solid Electrolytelnterphase of Lithium-lon Batteries
Editor ; Satu Kristiina Heiskanen,1 Jongjung Kim,1 and Brett L. Lucht1,*
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» namAan1geInygnseuai IWwa lu Lithium-ion battery luasys state of charge #019nu

N1TUANAIVDY Electrolyte usaz State Of Charge (SOC)

o mamuﬂ'summmmaiw voltage gatilutianunue §99:711 1 ANEUNIUZ DI
mamulﬂma

o FaiunafinAITTNEN dnuzdsey State Of Charge, SOC) 284 Lithium ion
battery 157 Thavieing wia %S0C #1913 aaanadilidasnislaeu

. mﬂgﬂsmmﬂmw wa’mwmﬂfuuaﬂﬂu solvent wavansazanedi 12vin
electrolyte w2 Lithium Carbonate Li2CO3 ##%a Lithium
hexafluorophosphate (LiPFs)

o o P L a o o o [ a a o .
o lunuanasaianlonay, aauvarn ladudian Insladsinasiluzsavaidunid (organic
electrolyte) w#5a Flammable electrolyte Usznaunig:

e Solvents (svinazana): Wuam luaizesdidn nslad, vedviaransiiduiinion luwuaned
afisulasaulaun:
vVEthylene carbonate (EC) gmswadi C3H4O3
vDimethyl carbonate (DMC). gasiad C3HeO3
vDiethyl carbonate (DEC)
v'Propylene carbonate (PC)

ﬁD

ovll_ithilum Salts (indadwfian) : udafi IWlszadfissiannuinlwin, vedafifiud
AWA:

v Lithium hexafluorophosphate (LiPFs)

eLithium tetrafluoroborate (LiBF4)

e Lithium hexa fluoroarsenate (LiAsFe)

e Lithium triflate (LiCF3S03)
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Figure 11. Individual gas species concentrations for LiCoO; 18650 cells
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GASEOUS PRODUCS FROM ABUSED CELLS:

Cathode: Layered Oxide Cathode + Anode: Graphite or Li/Li*
Electrolyte: LiPFg in Organic Carbonates

GENERATION
H ~50 % CO,, CO
GASES: CH,, CoHe, CoHy, CH; <10 %
CO,, CO
GASEOUS ELECTROLYTE:
PRODUCT CO,, C,Hg from EC, C,H, from DEC

(Yo)V]:To - FH some CO, is reduced on anode to produce CO

DSC "2-cells
Full Cells (Oxide Cathode + Graphitic Anode) (Cathode + Li/Li*)
TEST 100 % overcharge 100 % Overcharge
CONDITIONS: Gas generation starts at 60 - 80 °C, depending Gas generation starts
on the exact cathode chemistry and cell design at> 180 °C
STAGE 1 STAGE 2

Fig. 5.8 Gaseous products of electrolyte decomposition [1, 2, 4]



I IV iadufvldifa Thermal runaway luwuaimelafisalosasn

Resistance thermal
increase  venting runaway

60-140 min

650-800 min

iy . Resistance Li thermal
Chart nuaaezeIanae increase venting melting runaway
i ldgnsiia Thermal
runaway 2a9uUaLADILARE
%9018 wazne lailadens
N3:ANAINNTT over charged

cell

aged cell
(Li deposition)

16-27 min

thermal
runaway

venting

overcharged
cell

 ~3min
| | |

e @ 100°C 150°C 200°C

A

~36 min

4



I UfAsemasnmaiia Thermal runaway lu Lithium-ion batteries

Combustible gases are ignited
Ejected particles by elevated-temperature particles

Jet fire
AMNABILERS 1AL T
N1935UNYYBINYYDY
wuALasaLS N laapu
FEHRIWNIITZUIL AN
SDU

A multfi-scale model toward

Battery under venting multichase process

Battery under combustion Gongguan Wanga, Depeng
Konga,c,, Ping Ping b,, Jennifer Wen ¢,

Fig. 1. Fire propagation caused by elevated temperature particles in battery Xiaogin He a, Hengle Zhao a,Xu He @,

pack to reveal the necessity of thermal runaway model incorporating the par- Rongqi Penga, Yue Zhanga, Xinyi Dai

ticle ejection. a
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H P ~ ° a 6,4/ “\
e LuaLI ldLAdaBNN1ANLUALABS lun1sRUn&* (normal operation conditions) OLOGY(THW‘“

Tunmsvinaudng vunsde nmsiszgluinfag ludenguaauuziin
e LiaLian1s over charge voltage 1 7 V / cell unaazgnianlasgaanniiiiasan
Oxidation reaction 284 Electrolyte v l¥iia CO, CO2

N13EaNEA204 lassasNguIagua Insa Decomposition of cathode active material

‘Iliiiiaill IIIIIIIIIIIIIIIIIIIIIHHHHHHHHHHHH!IIIIIIIIIIIIIIIIIII
pacity Tested

Result w
Condition
(Ah) | (Wh) H2 CO CO2 | CH4 | CoH2 [ C2Hse | Others | HF | Total

Grams 0.05 083 588 0.07 028 006 035 0.021 7.5

Liters 60 516 Overcharge 0.59 0.66 2.99 0.1 0.22 0.046 0.18 0.023 4.8
(32A@7V)

Volume

o 12.3 13.7 622 21 4.6 1.0 3.7 0.5 100
(e]

Note: Hydrogen gas (H2) > 4 Vol %, Methane gas (CH4) > 5 Vol %
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¢ CO : Carbon monoxide

o Hufnadilaifinau lLifid iaannisenluiansuanilianysel
Tudnwaenee) 1y Waada nstia e Twlngd
\A3eBud asafivsaufAseafivnendin luwuaned Hudu

® HUATE

e Unfudronafivn 17 lunsvs lasswineaiu
FiaUszaniuiu § CO Usuagiflulné usiiiasnniiag lu
Panauiidasnnng Selusemaidasasnanisuarszuy
maiiumeala Taawiheindsunaeisusuuausn las
158n31 Part Per Million (ppm) #anuvnigas Uano
witedn luguau (1 lu 1,000,00) snarasgiazi CO
lufingandev=ivsunn 0.5-5 ppm wialukasash 5-15
ppm 6’2’%@@hzjqqm"?'iﬂau%'ulé"luw’”yuﬁqmmﬁﬂiiuﬁy’mzaﬂﬁ

200 ppm vi5aAwas 8 an./5u agi‘*?i 35 ppm

*reference: https://www.gistda.or.th/news_view.php2n_id=5475&lang=EN

‘?’
’WOLO(;Y (THA\N“\

eCO2. : msuaulmpanlud (89ngu: carbon dioxide) w3a CO2

o \fufnlaifid denve lawenfgiienly lwusunamnn 9 wwsdnusend
1hn fiansszaeifasiisynuasas aennanafianisazanszasuiad
Tuidian luaden: naldfansaasuaiinagnsaau

e msuaulapanlasfinaviuiwie 1.98 kg/m3 Fududszanm 1.5 win
gas0nd lifia IWuazlaiind §izen

e msuaulaeanladauisaaransinld 1 wWasizudaasansazansiua:
naneflunsaasuafindeesdsuguiiiuluasuaauazaisuaiun lu
AR

* UMY

e M Inelasuasuaulaeanladiiv (SinAunzza
pandian) danigiheaananan1izannanie wie usnadfisiuda
afuaulasanlodazanatunaanun WS iganau

e amagnutaunia la amuaaduazlivialaual dassurinnnsaag
wala mizedananafinsan ldvisgieve lafiasnmdia uazsy

slﬁ’aﬂﬂ%lﬂulﬂ%u ﬁ’)ﬂﬂ’)’]ui’lﬂ L%’J Q’]ﬂﬁi@%ﬂﬁ’]éqwu LLAN ET
https://th.wikipedia.org/wiki/esuanlasanlaed
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CHs. : Azfinmu (CH4) mujnsennusengiau (02) az

waswdunglalasauw (H2), AMaasusunauuanlad (CO), ANy

asuaulasanlaed (CO2), uazin (H20) fiaawmafisnnnin ST et T B
O a aa Gl

27,600 K 2ANTIAY + ALY 6,300 °F viellseanns 3,482 °C

annsiadzasnsn Indaziziau lusandlauanysalda
CH4 + 02 — CO2 + H20
CzHz : unaazigiian (Acetylene) uansusznau C2H2 uuid

NialWilasmanuaandiaua: Iiidar Inndeanusouge oe 3,482 DONTHLAU + NN 5,000 °F %138 27602 °C

ABDNTLAU + INTLNU 5,300 °F 17a1leN1tu 2,926 °C

AANTLAL + bELATIAL 5,400 °F el 1,982 °C

O acn G
C DINNA + DLLTNAL 4,532 °F w7 2,500 °C
annsiadzasnsin Indaziziau lusandlauanysalda

2C2HZ + 502 —> 4C02 + 2H20

CzHe : nafidgasiadl C2He 13anin “Binu" luimalil iy

AINA + INTLNU 3,182 °F 7@ 1,750 °C

lalasasuauniladsznn uazniludiudsznaunaninnu ludne
http://www.bspc.ac.th/files/2106081010370621_2303270995337.pdf

5558277 Lanuiudataun rungaxItulalasasusuninus:

P o = 'y P ° v e P PP o
AsuaU-ASUBNLTIuNUszLAa ) N liTula Tasasupundna



<?

I mafefmomels Lithium hexafluorophosphate (LiIPF6) 1as Organic Electrolyte - ?f

¢ HF (hydrogen fluoride)

olalasiaunganled Wuasussnauaiidgasiad
Ao HF anwaziiluuiansaaaaunailifid lalasiau
Wanalsdiiuunasngaasuvan luneanannssy
3in 1 luguansazans luihdensala laswgeasn
lalasiaungaalsmiluingavaan lunsiadaw
asUsznaunansziind 15 lundranaivnssuuas
WOALWNDS 12U WaAlanszWgea 1stafiau (PTFE) uaz
Husulsznauniieeainsaeind (superacid) 7
1 lugaavnssnd Taswad

olalnsiaugaalsdiduufadunsneadneds Wis

v v W

aneanuaNduvznlsanwiu nsalalaswgaasn

nfigndnansau lalasiaungaslsdszaai@anss

AWANLNINZEINITANANTDUNITLAINANDENITIA L%’J

o 151198 Hydro fluoride (HF ) //A/OLOGY 1THA\\AP‘““\

o TnunaiFonarsusiun (K2C03) snunsavin Ivlalasiauvigaalsd (HF) unasla

Lummﬂ@mauumwug’mmmuu ‘uLﬂuﬂ’]ﬂﬁ‘U’]ﬂ\‘i’lﬂ’] .

o HF fluansusznaviidlunse damsnsannitasnsalasslesaulalasiow (H+)
T&ifinazans lwin

o Tnunadanansuawn (K2C03) uansusznauiuguiisnnsalasslossuls
asanlae (OH-) waazans luin

o inamuuan HF Ay K2CO3 i lamsanladlasauain K2CO3 agvinfizen
nulalastaulosauain HF Tudjasannmsvin Tiiunans:

HF + OH- — H20 + F-

o Uﬁﬁ%ﬂ’]ﬁ&hNﬂiﬁlﬁﬂﬂ’ﬁﬁﬂﬁ"ﬁlﬂﬂf’l (H20) wazvigaalsdlanau (F-) N
Waealsdlosawazsindu nunawdenlaeau (K+) 9nn K2CO3 winasns
‘[mmm%wﬂgaavlm'ﬁmﬁm (KF):

F- + K+ — KF

o Tnunaidenlesaufindasiaunsariufisendulaana HE launnduiaasns
Tnunadenlalaswungeslsdiiados (2KHF):2HF + 2K+ — 2KHF

o g3 K2CO3 9271 1% HF flunanslaagneiiUszandnm lagnsuanuansdmeii
wwdes laun KF waz 2KHF luaaedild HF fdunsauazadain lunszuaunis

Ufnazensvin Tidunasfiazednsananuiunse wazvin TWszuuiiadiasnin

: Lithium-lonBatteries / Fire Protection Systems www.firepro.com
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IThermoI Runaways compliance from NFPA 855 2, §§§

'94/0/ NV Al p\““\

N FPA Table 9.2 Electrochemical ESS Technology-Specific Requirements
Battery Technology Ol
Sodium Electrochemical
Compliance Nickel ESS and Battery
W Required Lead-Acid Nickel? Lithium-Ion Flow Chloride Technologiesb Reference
andard for
the Installation of Stationary Exhaust ventilation Yes Yes® No Yes No Yes Section 4.9
Energy Storage Systems Spill control Yes? Yes? No Yes No Yes Section 4.14
2020 Neutralization Yes¢ Yes No Yes No Yes Section 4.15
Safety caps Yes Yes No No No p Section 9.4
Thermal runaway Yes© Yes Yes' No Yes' Yes! Section 9.3
Explosion control Yes® Yes? Yes No Yes Yes Section 4.12
Size and separation Yes Yes Yes Yes Yes Yes Section 4.6

“Nickel battery technologies covered in this column include nickel cadmium (Ni-Cad), nickel metal hydride (Ni-MH), and nickel zinc (Ni-Zn).
PThe protection in this column is not required if documentation acceptable to the AHJ, including a hazard mitigation analysis complying with 4.1.4,
provides justification that the protection is not necessary based on the technology used.

‘Exhaust ventilation is not required for nickel metal hydride batteries.

YApplicable only to vented- (i.e., flooded-) type nickel and lead-acid batteries.

“Thermal runaway protection is not required for vented (e.g., flooded) lead-acid batteries.

‘The thermal runaway protection is permitted to be part of a battery management system that has been evaluated with the battery as part of the
evaluation to UL 1973 or UL 9540.

SExplosion control is not required for the following:

(1) Lead-acid and nickel-cadmium battery systems less than 50 V ac, 60 V dc in telecommunications facilities for installations of communications
equipment under the exclusive control of communications utilities located in building spaces or walk-in units used exclusively for such installations
that are in compliance with NFPA 76

(2) Lead-acid and nickel-cadmium battery systems designed in accordance with IEEE C2 and used for dc power for control of substations and control
or safe shutdown of generating stations under the exclusive control of the electric utility located in building spaces or walk-in units used exclusively
for such installations

(3) Lead-acid battery systems in uninterruptable power supplies listed and labeled in accordance with UL 1778, utilized for standby power
applications, and housed in a single cabinet in a single fire area in buildings or walk-in units



I‘i’]ﬂé’ﬂﬁﬁﬂﬁlﬁﬂ Thermal runaway luuuaiea3aiiianlanau 2 o8
o106y yan O

e Thermal runaway \inzulapsnals

* 217uNT5AA thermal runaway lu lithium-ion battery iaanannavaigilsznis las
dmavant) lauwn:
o 1iA5a1 it I luunedauaes electrolyte #i5adn Solid Electrolyte Interface
(SEI): diad lithium-ion battery gnaufuwsagnvinans lunsdilag vaidunszu
seAUgansaNsazfiauiiusannwe nevi WiAansvinanszaudanszauans lusad

2139 AA2 12 ULaENTZUIUNITHSINAINIDUD EN9TIALS

ALuzln: n1siia thermal runaway u lithium-ion battery Huilayrnfidasszisagnennn ssanduaiani v
wansszilinuaziiiusunsanaauuaznswgan asduaIssnewas 199U lithium-ion battery agnsszainszianay
\dan ldmsanazalnsainiaanwiiaanannidss Tunisiia thermal runaway auLEEINATNANNIDULAE

Waulaldnungnaesaisanuaians luszsanininua.
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Storage System




- . PET
% S

I UL ANYDIULUALADS §VSUTZUUNNLALNAINY

A %4 < (%4 a
e stuvvuuaLaaINNAUNANU Tuilagiii

f1rSUgIzNaLas 1999 IUaAEIUNTIN
(Commercial & Industrial )

b—i: :‘ iSolarCloud
= =] |
Watt-hour =J; == } S

meter g | :

o ﬂﬂ 17
AC ———— S [ )] |

Factory/park load PV Module Battery Unit
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NFPA

855 I Y

Standard for

7N NATIONAL
nec) erectricALcobe (UL

NFPA R
* Thermal Runaway 970 NFPA 855 e Increasing ESS compliance requirements
o wiinsssiudaansuuy i lduuans Widudng eUL 9540 : 2023
Ussansua lun13szivinyszan B uazdszian C lug : HES Asg%té 706
ESS urasssiunssualinuunuouiuasuunlifivn e UL 9540A
avezlismnsanaanisssunsaNsauiiiinaInAy * Developing IEC standards

o |[EC 62932 - Flow

| . . . e |[EC 62933 - ESS
d3192uaudeileguunmaunsla 9 nuaaauduatiedu e UL 1974 : Repurposing of batteries

soule geliiinsdlfnyn s189UNITMAdRY WIadaYaNn

UL 92540 = UL 1741 standard for inverters + UL 1973 standard for stationary batteries

Reference : NFPA 855-page 30 ; INSTALLATION OF STATIONARY ENERGY STORAGE SYSTEMS
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Thermal Runaway Fire Propagation in
Battery Energy Storage Systems
IFC 2018 and NFPA 855

Max. 50 KWh each Max. 250 KWh each for
listed systems

™

Other arrangements
as approved by AHJ based on large scale
fire and fault condition testing

Reference : NFPA 855-page 30 ; INSTALLATION OF STATIONARY ENERGY STORAGE SYSTEMS

Table 4.8 Maximum Stored Energy

Maximum Stored Energy”

ESS Type (kWh)
Lead-acid batteries, all types Unlimited
Nickel batteries® Unlimited
Lithium-ion batteries, all types 600
Sodium nickel chloride 600
batteries
Flow batteries® 600
Other battery technologies 200
Storage capacitors 20

“For ratings in amp-hrs, kWh should equal maximum rated voltage
multiplied by amp-hr rating divided by 1000.

PNickel battery technologies include nickel cadmium (Ni-Cad), nickel
metal hydride (Ni-MH), and nickel zinc (Ni-Zn).

‘Includes vanadium, zinc-bromine, polysulfide, bromide, and other
flowing electrolyte-type technologies.
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HIGNIAULNRY LHNIZEVSY LUALADS

Bl-HIE

o Iwi/szinn B 1ilinwnav lnsininavinzaviialfan lwzia

' - - 1 = g/ [- 74
a9 (Flammable Liquids) szw a151a8, 41304
STDUNAN, A1WNAN, BAT

o .a3aeaLINASTINNza WS W SLAN B

* IAULWAITHANILANLYY (Dry Chemical) aa1n
L2817

o faALWAIgATUN Low Pressure Water Mist
(ABFFC) aanniaian

e nanuwaszianzasUau laaanlas (Co2)

o sienaunas I (Fire Fighting Concentrate
Foam)

"/'VOLOGY (THA\&N\

o [y W

3 L.

o Iszian C (Humdslnsiiiinanaunsallniin v3a e 1F Wi
dnszualn (Live Electrical Equipment) iy TW#15024933, a8l
3A2999

O'

o .a3aeaLNAsTINzE SN LSzAN C

* (IAUINAITHANILANLYY (Dry Chemical) aanniaan

o ﬁ’qé’mwaqqmﬁﬂ Low Pressure Water Mist (ABFFC) aann
1287

e nanuwaszHAnzAsUau laaanlas (Co2)
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ESS System Design in the Container

1.Fire Alarm and Extinguishing Panel
2.System Abort Switch

3.Disconnect Switch

4.Gas Release Sign

5.1st Stage Sounder (Bell)

6.2" Stage Sounder/Beacon (Horn/Strobe)

/.Fire protection agent

8.Sequential Activator
9.Combination of different detection
technologies
-Smoke
-Heat
-CO
-Gas
-Aspiration
-Linear Heat
-Flame
-Other




I Recommendation of fire extinguishing agent “??’ ?g
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Applicable Agent

Amount (Kg) Price level
HFC-23 FE13 12.4 43 4th Expensive - Cheap Price- Most economic with highest
concentration - Long protection range- Less
toxic
HFC-125 7.2 50 2nd Expensive - Not suitable for long distance protection range
HFC-227ea 7.0 75(50) Most Expensive - Most expensive
FM 200
HCFC-Bland 8.6 50 5th Expensive - Freon grouped material, subject for phase

reduction by 2020
- Agent material will result residue/liquid,
causing secondary damage to electronic

components
CO2 50.0 180 3rd Expensive - Toxic material causing suffocation
Water Spay A sprinkler density in excess of 0.3 gpm/ft?

(12.2 mm/min) can be necessary to provide an
adequate level of protection, (30 mins)

Note : Halon Fire Extinguishing was banned.
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wlasnn Annex C . Fire Fighting consideration an anas;w NFPA 855 1 2020
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a1suaulapan lgduazaisszduniuans azn13antlad

Tnfinauduls wasivwa Tingn szl lianuduiiss
WBTIILAAVINNTZLIUNTTANEANNTDY ESS Aitiaes
clean system suppression azlszUUSZUNIDINEA
o TeNAUIASDInI9TUBARABULAZILINAILIAN
HVAC a:dlaasuazuaniasazilaia lwu lainanss
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\uansssiufifidssandan lussuus=iudaanauns
seuy HVAC asvyuisu lillaia3ae wazdhanszans
clean agent giudanaaaui laindnaidnny
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2.Passive Fire Control aaanieuznisaiuaANaaan LUy
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iz lumssanislwiaiilwiin ESS gaanwaznisaiuan
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e aluladuuaneimaden (Alternative Battery Technologies) WOLOGY(THMN\
* Metal ions (Me-ion) o Lithium-sulfur (Li-S)
» Sodium-ion batteries (SIBs) » Sodium-sulfur room temperature (Na-S RT)
» Sodium lon Salt Water Batteries (SIBs Salt) » Sodium-sulfur high temperature (Na-S HT)
» Magnesium-ion batteries (MIBs) * Metal-air (Me-air)
 Zinc-ion batteries (ZIBs) e Lithium-air (Li-air)
» Aluminium-ion batteries (AlBs) « Zinc-air (Zn-air)

* Redox flow batteries (RFBs)

* Metal-sulfur (Me-S)

Prof. Dr. Maximilian Fichtner,
Helmholtz Institute Ulm & Spokesman of
the POLIS Cluster of Excellence

https://www.isi.fraunhofer.de/content/dam/isi/dokumente/cct/2023/abt-roadmap.pdf
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* walulafuuamainmaden (Alternative battery Technologies)

Today & Short term 2025 Medium-/long term
LIB 200-3009\:)\/1?'{;(59%73\:;"7 EOU] Continuous improvement

Optimizing material combinations

Increasing operating voltage and reducing costs

MIB 50-150 Wh/kg, 150-300 Wh/I Stable cathode-electrolyte combination
ZIB 30-60 Wh/kg, 40-100 Wh/I Stability of electrodes and electrolyte
AIB 30-35 Wh/kg, 35-50 Wh/I, but 9,000 W/kg and >20,000 cycles Highly corrosive electrolyte

Cycling stability and power density

Na-S RT >300 Wh/kg Multiple challenges especially on cathode and anode side

180-268 Wh/kg, 300-414 Wh/I, long calendar and cycle lives

Na-S HT 300-450€/kWh* Cost reduction and safety improvements

Safety, energy efficiency, unhealthy side reactions

Zn-air O0R200WE ARG n ﬂo%gf:g";&m: ik il @ g Sy No stable planar cell design, low power performance

https://www.isi.fraunhofer.de/content/dam/isi/dokumente/cct/2023/abt-roadmap.pdf

Improved operational temperature and automated cell stacking

* Cost on system level

2035 Vision

320-360 Wh/kg, 800-960 Wh/I
45-90 €/kWh

>300 Wh/kg, >400 Wh/I
<40 €/kWh

50-120 Wh/kg, 80-200 Wh/I

45-50 Wh/kg, 45-80 Wh/I, but > 10,000 W/kg and >50,000 cycles;

10-20 % cost saving compared to LIBs

>350 Whikg

220-300 Wh/kg, 320-440 Wh/I, long calendar and cycle lives
<300 €/kWh*

200-300 Wh/kg, 2000-14000 cycles
10-100 €/kWh

”’VOLOGY (THA\W\
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Prof. Dr. Maximilian Fichtner,
Helmholtz Institute UIm & Spokesman of
the POLIS Cluster of Excellence
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« Sodium-ion batteries (SIBs)

Note: The total cost of CATL's first generation of cells is estimated at ~ 80 USD/kWh. Once
higher scales are reached, this price may drop further to ~ 40 USD/kWh.

KPI* Value (today)

Value (longterm)

Cell-level KPI 140-160 Wh/kg

> 200 Wh/kg

Vol. energy density 200-300 Wh/I > 300 Wh/| wsnziwiu Sfandby Power

Power density 100-300 Wrkg > 300 W/kgon“Ccm P (UPS) ilidasms
Shergy-e{lICIENCY gaunun

Cycle life 100-1,000 cycles 500-4,000 cycles /

Calendar life 15 years > 15 years /

C-Rate ~uptodC s4C ) <

Energy efficiency >90% >95%

Safety aspects Thermally more stable than LIB 0 V cell disﬁparge

* Strongly depending on cell chemistry /

A

SIB wilszamsnwgaenvaaony LI wnctszansmnlunau fasidl
dwnnin 90 % ievldnumaddsonmannamua (LFP
%) wazdduaiinfsusmilalaveadean’lad (NMC) (

( )

ndanlgaianinladluuuaiae NO-ION denudenyensis
daamaaenarit wwdmiulaeeiaisoaleseu Siininsladlu
ueansilmidioalaseumanindalwle usznmaamodavasdiining
ladonarlwiAaiouws: Thermal runaway sinjsumas
rwRenawndidningladisious: bitelWswiviaines

Na-ion

https://www.isi.fraunhofer.de/content/dam/isi/dokumente/cct/2023/abt-roadmap.pdf

Market development potential

= Medium to high

= Several applications possible, could
become dominant in specialized markets

Resource availability (vs. LIBs)
= Substantially better than for LIBs
= Resources generally available,
also in D/EU and globally dispersed

"”VOLOGY (THA\N“\

TRL
=8-9

R&D efforts to market
= Medium

EU specialization (vs. LIBs)
= Similar to LIBs

Potential long-term cell cost (vs. LIBs)
= Lower than for LIBs

Today short-term 2025 mid-term 2035 long-term 2045

% Find optimal material combination. Increase temperature resistance

8 Dendrite formation at high charge and avoid high charge rates.

a rates and/or low temperatures. Usage of 3D conductors. Scalable

= Scale up of production production process

i) l J

£s
5 U Hybridization Stationary Two and Small EVs
£E3 of EV battery storage three | (A-segmente.g.
'é % systems applications wheelers VW Polo)
i

= l |

] l |

1 % Hybridization Stationary = Two and Small EVs
E g- of EV battery storage three (A-segment e.g.
Ss systems applications| wheelers VW Polo)
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e Sodium-lon Saltwater Batteries

TRL
= 8-9
5
Table 5: Estimated KPIs of saltwater* SIBs today and in the long-term future
KPI Value (today) Value (longterm) Market development potential R&D efforts to market
-level ‘ = Medium to high 2 * Medium
Cell-level KPI - <150 Whtkg > 400 Whkg = Several applications possible, could
Vol. energy density 12-24 Wh/I 100 Wh/I : . . 1
. become dominant in specialized markets
Cycle life > 3,000 cycles > 10,000 cycles
Calendar life 10 years > 10 years
C-Rate ~0.25C (0.1-1C) > 1C
Energy efficiency 75-98 % >98% . L
Safety aspects Water based, thus lower risk of thermal runaway Resource availability (vs. LIBs) EU specialization (vs. LIBs)
= Substantially better than for LIBs = Similar to LIBs
*Saltwater battery, KPIs on battery level T T~
also in D/EU and globally dispersed

ﬁmmﬂaamﬁ'ﬂguﬁaamﬂ
electrolyte fintiiudmifazas

. Potential long-term cell cost (vs. LIBs)
LNae

= Lower than for LIBs

* A more detailed description of the dimensions and levels can be found in the Appendix.

https://www.isi.fraunhofer.de/content/dam/isi/dokumente/cct/2023/abt-roadmap.pdf
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e Magnesium-lon Batteries

KPI

Value (today)

Value (longterm)

Cell-level KPI

50-150 Wh/kg

300-600 Wh/kg

Vol. energy density 150-300 Wh/I 400-750 Wh/I
Power density ~ LIB > LIB
Power per electrode area ~ LIB > LIB

Cycle life 150-750 cycles >> 1,000 cycles
Calendar life LIB level LIB level
C-Rate LIB level LIB level
Energy efficiency unknown unknown
Safety aspects unknown unknown

R&D-tasks

TRL
= 3-4

Market development potential
= Medium to high
= Many applications possible

Resource availability (vs. LIBs)

= Substantially better than for LIBs
= High availability of ressources

= Resources also available in Europe

Potential long-term cell cost (vs. LIBs)

= Lower than for LIBs

Today short-term 2025 mid-term

Liquid/solid electrolyte development
Finding appropriate cathode-electrolyte
configuration (desolvation energy, diffusion,
oxidative stability)

’”"”’%Y (THA\N“\

R&D efforts to market
= Medium to high

EU specialization (vs. LIBs)
= Slightly less than for LIBs

2035 long-term 2045

Adjusted LIB production processes and

established material supply chains.
Improved energy density and cycle life

https://www.isi.fraunhofer.de/content/dam/isi/dokumente/cct/2023/abt-roadmap.pdf

First market
introduction

Market
ramp-up

\
U U l !

Statio-
nary Vehicles* v:ﬁ;‘lzs Others**
storage
| | |
Stationary \gm;:fs Heavy
storage volume) vehicles

*  Focus on vehicles with high requirements for sustainability and cost
** Other applications with high requirements for sustainability and cost
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e Zinc-lon Batteries (ZIB)

Value (today) on lab-scale

Value (longterm) on, e.g.,

4 )

tandby Power application

hon C-rate g9 uazlidasmsdszaniaw

KPI (coin cell)* pouch/prismatic/round cell*
Cell-level KPI 30-60 Wh/kg 50-120 Wh/kg

Vol. energy density 40-100 Wh/I 80-200 Wh/[wwmm

Power density 10-100 Wrkg 30-150 W/kgUPS) s

Power per electrode area 2-35 W/m? 15-100 W/m2>"" 7y

sruwdasnlinulugusuifives

o e | u
TTTHY bW T

-

Cycle life 600-800 cycles 300-3,000 cycles
Calendar life

C-Rate 0.05-1C 0.2-5C

Energy efficiency > 80 % [80-82] 80-90%

Safety aspects ‘ ‘

High safety due to water-based

electrolyte (non-flammable)

High safety due to water-based
electrolyte (non-flammable)

fanuiaeadvguilasnn electrolyte duyfidu
dvazaainde (water-based

electrolyte )

https://www.isi.fraunhofer.de/content/dam/isi/dokumente/cct/2023/abt-roadmap.pdf

First market
introduction R&D-tasks

Market
ramp-up

Market development potential
* Low
= Mostly stationary storage

Resource availability (vs. LIBs)

= Better than for LIBs
= Resources generally available
= Resources also available in Europe

Today

Improving the stability of th

zinc anode, suppressing hydrogen

formation, finding suitable

short-term

R&D efforts to market
* Medium to high

EU specialization (vs. LIBs)
= Less than for LIBs

Potential long-term cell cost (vs. LIBs)
= (Substantially) lower than for LIBs

cathode/electrolyte combination

2025 mid-term 2035 long-term 2045
e
) Improved energy density
and cycle life
|
! )
Stationary Industrial | ol‘r':g l:iyu:gilgn
Elorags BIEE energy storage
applications applications applications
[ |
)
Stationary Industrial | ol:\tg i:iyu?gifn
storage storage energy storage
applications applications applications
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Material Base Safety aspects

Due to organic solvent of electrolyte, thermal runaway can be triggered by factors like overcharging, over
discharging, short circuits, physical daomage, or manufacturing defects.

LIB Lithium-ion battery (LFP , LMO, NCM, LCO NCA)

Magnesium-lon Batteries unniiFomiumslangs Fuiludarnaludasmnulasaibvasuumas’ anadsdemsiiamadniwiamsszdald
Zinc-lon Batteries High safety due to water-based electrolyte (non-flasmmable)
AIB Aluminum-lon Batteries Flammable electrolyte

Na-S HT Sodium-Sulfur High Temperature Batteries Flammable electrolyte

Zn-air Zinc-Air Batteries Flammable electrolyte

https://www.isi.fraunhofer.de/content/dam/isi/dokumente/cct/2023/abt-roadmap.pdf

KPI: Key performance indicator



Lithium-ion Battery

Appendix: C | Technical data



Cathode voliage (V)

PEC

I Ditfferent types of Lithium-ion battery Voltage profile A:?,
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Lithium Manganite Oxide (LiMn20a4) ;.ithium Cobalt Oxide (LiCoO2)
“\
45 —
N\ s
4 /
4.0 @, 1= ‘ Lithium Nickel Manganese Cobalt
Oxide (LiNIMnCo0O32)
m , ’ i ' xide (LiNiMn 2
/ Lithium Nickel Cobalt Oxide
3.5 ! - (LiNio.sC00.202)
J \
E | TLithium iron Rhosphate Oxide
3.0 iCo0, (LiFePOa)
i == LiNig §Cop 20, | |
— NMC(111)
25 { = liMn 0O,
e deDA
20
0 20 40 60 80 100 120 240 160 180 200 220
Capacity (mAh/g)

Charging characteristic of Lithium lon
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I Charge/Discharge profile of LFP Battery < ?55

/WUZOGY (THA\N\

LFP Li-ion battery Charging current (A)
3.8

ﬂ‘ .

w
© >

Volt per cell
Current (A)

N

€]
w
(2]

o

30 60 90 120 0.0 30.0 60.0

%S0C % SOC

90.0 120.0
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Safety valve
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