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+ What is a fire scenario?

+ Passenger vehicle heat release rates
+ Passenger vehicle productions of combustion

+ Additional considerations in performance-based design
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What is a Fire Scenario? — Definition

+ A set of conditions that defines the development of fire and the spread Performance-Based
of combustion products throughout a building or portion of a building, f
the reactions of people to fire, and the effects of combustion
productions.
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https://www.sfpe.org/publications/resources/pbdguide

What is a Fire Scenario? — In Practice

+ Description of fire progression listing assumptions, limitations, and technical basis

+ Fire size (heat release rate with time) + Fire location o _ N
Initiating Vehicle Secondary Ignition
/
20 ’—\ ——- |ICEV-Compact Car | | | | Elevator
— BEV-Compact Car
—== |CEV-Large Car \ ‘/’/
§15 —— BEV-Large Car
= ‘ ——- |ICEV-8 Passenger Van
510 —— BEV-8 Passenger Van H
T ——- ICEV-Large SUV
— BEV-Large SUV
5 Existing Guidance
| | | | Stairs
0“5 10 15 20 25 30 35 40 45 %0 60
Time (min)
+ Fire diameter / model representation + Combustion reaction (N-Octane in table)
Parameter Value Units
Fuel Reactant C8H18
Soot yield 0.038 g/gfuel
CO yield 0.011 g/gfuel
Heat of combustion 44.5 MJ/kg
Radiative fraction 0.40 -
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What is a Fire Scenario? — In Practice

+ Description of fire progression listing assumptions, limitations, and technical basis

+ Fire size (heat release rate with time) J.L. Hodges, U. Salvi, A. Kapahi, Design fire scenarios for hazard
assessment of modern battery electric and internal combustion
20 - (CEV-Compact Car engine passenger vehicles, Fire Safety Journal 146 (2024)
et Cor 104145. https://doi.org/10.1016/j.firesaf.2024.104145.
§15 —— BEV-Large Car - L e ——
= ——- ICEV-8 Passenger Van
510 —— BEV-8 Passenger Van H
T ——- ICEV-Large SUV
— BEV-Large SUV
5 Existing Guidance
| | | | Stairs
0“5 10 15 20 25 30 35 40 45 %0 60
Time (min)
+ Fire diameter / model representation + Combustion reaction (N-Octane in table)
Parameter Value Units
Fuel Reactant C8H18
Soot yield 0.038 g/gfuel
CO yield 0.011 g/gfuel
Work in progress new content Heat of combustion 44.5 MJ/kg
Radiative fraction 0.40 -
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https://doi.org/10.1016/j.firesaf.2024.104145

Heat Release Rate

Historical guidance
Research on modern vehicles

Experiments

+
+

+

+ Model development
+ Comparison with experiments
+

Comparison by fuel type
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Heat Release Rate

+ Historical guidance on passenger vehicles

Standard Vehicle Type HRR (MW)
NFPA 502 « 1 Passenger car - 8
« Multiple passenger cars « 15
PIARC 05.05B * 1 Small passenger car e 25
« 1 Large passenger car e 5
« 2-3 passenger cars - 8
* Van « 15
NCHRP « 1 Passenger car * 1.5-9 (majority 5)

*NFPA 502 current edition, guidance not changed significantly since 2008.
PIARC based on 1999 report
National Cooperative Highway Research Program 2011
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Research on Modern Vehicles

Document Findings

NFPA Research Foundation/ < Modern vehicles pose a distinct hazard due to increased
Boehmer 2021, combustible plastics and alternative propulsion systems.
PIARC 2022R05

Lecocq 2012

Watanabe 2012
Hynynen 2023

RISE / Willstrand 2020

« Study on small BEVs vs. ICEVs of similar size showed similar peak
HRR and Total Heat Released (THR).

« Study indicating higher HRR for BEVs compared to ICEVs

* Negligible differences in peak HRR and THR between small ICEVs
and BEVs with sprinkler suppression

BEV higher HRR compared to ICEV of similar sized vans
« Similar effective heat of combustion for both BEV and ICEV vans

Jjensenhughes.com
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+ Provide critical data for design

— Individual experiments may not be conservatively boun
+ Laboratory capabilities

— Limited HRR which can be measured in a lab ' -
+ Probabilistic nature of failures — g T Aot e o

) | T (3029")

— Vehicle fires have random elements g - !'

+ Cost | '

— High price per vehicle experiment

Need an approach to scale experimental
measurements to be representative of conservatively

bounding scenarios for design. p N

*Kang, S., Kwon, M., Yoon Choi, J. & Choi, S.
Full-scale fire testing of battery electric




Scaling HRR with Vehicle Size

+ Total of 40 full-scale vehicle fires 8
11 °
Vehicle Type ICEV BEV PHEV 10
9
Car 18 10 2 . o . * .
Van 4 2 0 s, O
SuV 0 30 £ o o wu'e
E > ® °
+ Data ) ol ’ o .
3 o ©
— Energy capacity (fuel tank, battery capacity) 5 o o o
— Curb weight 1 °
. 0
- Consumed mass fraCt|On 600 800 1000 1200 1400 1600 1800 2000 2200

Curb Weight (kg)
Peak heat release rate

*Hodges, J. L., Salvi, U. & Kapahi, A. Design fire
scenarios for hazard assessment of modern battery
electric and internal combustion engine passenger
vehicles. Fire Safety Journal. 146, (2024).

Total heat released
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Peak HRR Calculation

Scaling HRR with Fraction of Mass Lost

. . . . . 12
+ Linear combination of individual components 3
10 ® Experiment Lam et al. —A
Qmax = Cpat + Quen + ans 5 == HRR=0.02xM
8 ® )
: . : s
+ 0,4 from electrical energy capacity < T i
oc
: 6 ° -9
— 0.67 = -
Qpat = 0.16 X Eelec % 5 ° - et
g -
4 L = o
. . _ o _ - o ]
+ Qg4qs from gas quantity over fixed duration 3 ‘; P
2 ° o
. . mgas AHc,gas 1 ®
ans -
At o

100 120 140 160 180 200 220 240 260 280 300 320 340
Consumed Mass (kg)

*Hodges, J. L., Salvi, U. & Kapahi, A. Design fire

-+ Q'veh linearly scaled based on consumed mass

: Q'veh,re f scenarios for hazard assessment of modern battery
Quen = m Mc ven, electric and internal combustion engine passenger
cvehref vehicles. Fire Safety Journal. 146, (2024).
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Peak HRR Calculation

Relationship Between Mass Loss Fraction and Vehicle Size

+ High variability in consumed mass fraction 04
0.35 Sturm et al. \A A
+ No consistent trend with vehicle size 5 77 o
£0.25 o o ¢
o [ F ° o
+ Two values statistically determined % o2 e * ° 0. :Oo. o
£ O
- 17% — HRRs with best fit to the data 27 ° y ’ /.
- 25% — Conservatively bounding HRRs o Multiple vehicles
0.05
0

600 800 1000 1200 1400 1600 1800 2000 2200

Conservatively bounding will be defined and Curb Weight (k)

discussed later in this talk.

*Hodges, J. L., Salvi, U. & Kapahi, A. Design fire
scenarios for hazard assessment of modern battery
electric and internal combustion engine passenger
vehicles. Fire Safety Journal. 146, (2024).
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Total Heat Released

. . . . . . 40
+ Linear combination of individual components
35 ® L ® Experiment
— e DHc=-100xM +41
Etot — Ebat + mc,vehAHc,veh + mc,gasAHc,gas §030 . - PY ® ‘.
: . S =
+ E,,+ from electrical energy capacity 25 S o
E Y el
220 S~
Epar = 48.5 X Egec £ ® o e
S 15 [ ° -~
. : o o o ® ™ -
+ E, 4, from gas quantity and heat of combustion 5 10 . ~
5
Ejas = 44.1 X My
0
+ E,.nfrom consumed mass fraction, curb weight, 0.1 0.15 0.2 0.25 0.3
Consumed Mass Fraction

and heat of combustion

*Hodges, J. L., Salvi, U. & Kapahi, A. Design fire
scenarios for hazard assessment of modern battery
electric and internal combustion engine passenger
vehicles. Fire Safety Journal. 146, (2024).

Copyright © 2025 Jensen Hughes. All rights reserved. Do not duplicate or distribute without written permission from Jensen Hughes. 14

Even = AHc,vehnﬂtc,veh AHc,veh =—-100x M + 41

Jjensenhughes.com



Time to Peak Heat Release Rate

The onset of internal thermal runaway (21'20”)

+ t-squared fire growth Y v e
—HRR T 4
. Slow (t1=600 =R S5 S
Q= at? i : ———MI:diu(:n (t1=3)00) S N AT
9 F ---BEV.3(t1=224) Lo 900
=3 | - - -Fast (t1=150) e 800
. ape F - - - Ultraf 1=75 : ' ' ¢
+ Variability across tests R o - s = y
. . . o 7 F —TC_PBC BRI o I 700 g
— Long incipient stage e f —Temc ~ A {600 B
- Different ignition strategies g j jgg 3
® E o
— Time at which battery or fuel tank becomes involved = ; | 1 300
2 f 1 200
: 1 F 1100
+ Assumed medium-fast growth 55 5

- Time to 1.055 MW of 3.75 minutes (225 seconds) A 15Time2?minut2¢f) 3035 40
— Aligned with maijority of test data

*Kang, S., Kwon, M., Yoon Choi, J. & Choi, S.
Full-scale fire testing of battery electric
vehicles. Appl. Energy 332, 120497 (2023).
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Time-Resolved Profile

40
+ Overview
35 —School Bus SP
B Rapld grOWth to peak 30 —School Bus Steinert
— Short duration at peak —Exponential
2 —~Quadratic

— Slow decay

15

Heat Release Rate (MW)
N
o

+ Exponential Representation

= Q) = f(Qmax tmaxs Etot) 10

|/
|

40 60 80 100 120
Time (min)

- B

Q) = Qumax nr(1 — ™M) et

n=~0.7429 eZ.9 Qmaxtmax/Etot
r=>1 -1/n)t"

\\ k = rQmax / Etot /

Data from:
Ingason, H. Design fire curves for tunnels. Fire
Saf. J. 44, 259-265 (2009).
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Characterizing Conservatism

=
N

+ Experimental uncertainty (oz): 7.5%

=
o
[

+ Bias (9): Systematic tendency to over-predict
(>1) or under-predict (<1) the measured values.

(o)
[

0 = exp( ]n(M/E)) + 0.5 0'1\2/1 + 0.5 O'Ez)

Predicted Qmax (MW)
9

+ Model error (o,,,): Scatter of error in predicted

value after correcting for systematic bias. 05 5 4 6 8 10 12
Measured Qmax (MW)

oy = max[Var(In(M/E)) — of, 0f]

*Hodges, J. L., Salvi, U. & Kapahi, A. Design fire
scenarios for hazard assessment of modern battery
electric and internal combustion engine passenger
vehicles. Fire Safety Journal. 146, (2024).
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Conservative Bias in Modeling for PBD: HRR

12 | [ [ 7 12 I \ / g e
O BEV 77 O BEV , v
0 ICEV //// [0 ICEV ////
10- ¢ PHEV ;o A 10 ¢ PHEV /ﬁ O 0 0. =
—_ / 7 e - — / Ve 7 e
/ s 7 e
; // s g %/ e e
= 8- s u 8- 0. / -
x s x / s 7
: ‘ ~ : A
“Z s
O 6- 5/ Q. ] O e , 0 7 - N
- /
ke, 7 7. © , 7, s
() 7, s ) y s
o / o O / S
— / ~ -~ — // e
L S g ;S
Q. v/ Best Fit: Q. ;S Conservative Fit:
v < 17% Consumed Mass oL /4 - 25% Consumed Mass |
2 A Exp. Rel. Std. Dev.: 0.07 K - Exp. Rel. Std. Dev.: 0.07
' Model Rel. Std. Dev.: 0.13 Y Model Rel. Std. Dev.: 0.14
g Model Bias Factor: 1.01 % Model Bias Factor: 1.34
| | | | | | | | |

4 6 8 10

Measured Qmax (MW)

12

2 4 6 8 10
Measured Qmax (MW)

12

*Hodges, J. L., Salvi, U. & Kapahi, A. Design fire
scenarios for hazard assessment of modern battery
electric and internal combustion engine passenger
vehicles. Fire Safety Journal. 146, (2024).
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Conservative Bias in Modeling for PBD: E,,;

16

==
o N b

Predicted Eiot (G))
(00]

Jjensenhughes.com

Measured Eiot (G))

I | 7 | | 7]
O BEV / /
/
- O ICEV B
/ / P
O PHEV y / P
/ / v
B / s ~|
/ / 7~ Ve
L / 7 Ve g - g 7
(o) D 4 e -~
/ 4 - g
| / (0% _ - _
/ / D
/ 2| e
B , 0 g 7 - N
S0
/ /7 ~ 9
B / v - Best Fit: 7
/ S Factor of Safety: 1
Ny A Exp. Rel. Std. Dev.: 0.07
- Model Rel. Std. Dev.: 0.36
- Model Bias Factor: 1.28
| | | | | | |
2 4 6 8 10 12 14 16

Predicted Etot (GJ)
T T
BAN ®))] Qo o N NaN (@)

N

Measured Eiot (G))

I | | | 7T
E / 7
O BEV / p y
0 ICEV y; 7 _
O PHEV y And
o o S
| p _ _|
7
o 7
N / % A _
/ OO P
| 5 ]
/'O /ﬂ P
/ . Ve
/ s
y g
B / Conservative Fit: 7
/ Vi Factor of Safety: 1.35
Y4t Exp. Rel. Std. Dev.: 0.07
Y7 Model Rel. Std. Dev.: 0.36
/ Model Bias Factor: 1.71
| | | | | |
2 6 8 10 12 14 16

*Hodges, J. L., Salvi, U. & Kapahi, A. Design fire
scenarios for hazard assessment of modern battery
electric and internal combustion engine passenger

vehicles. Fire Safety Journal. 146, (2024).
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Design Fire Comparison with Experiments

— Small Car 45 L-1 — Small Car 17 kWh —— Hatchback 24 kWh
10! — Small Car 45 L-2 10! —  Small Car 24 kWh 10-
8 8 8
= = =
s S S
= 6 = 6 = 6
o o o
o o o
I I I i '1\
4 4 4 1Y v"(\
I A
\\ "
21 21 20 [} "
\\,’ ! \v ‘\_‘
0 00 5 1015 20 25 30 35 40 45 50 55 60 00 5 1015 20 25 30 35 40 45 50 55 60
Time (min) Time (min) Time (min)
Lecocq et al. ICEVs Lecocq et al. BEVs Watanabe et al

*Hodges, J. L., Salvi, U. & Kapahi, A. Design fire
scenarios for hazard assessment of modern battery
electric and internal combustion engine passenger
vehicles. Fire Safety Journal. 146, (2024).
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Design Fire Comparison with Experiments

- Sedan 45 L — Sedan 20 kWh-1 - Sedan 8 kWh 20 L-1
10 i —— Sedan 57 L 10 —— Sedan 20 kWh-2 10" —— Sedan 8 kWh 20 L-2
|
|
8 8 8
= = = I
s s A s
= 6 < 6 't = 6
o e o »
o o4 L o o *'\
I I { * ‘ I [ rf.
4 4t HEAT 4 \.ﬁ,}\
I " Vll ““b
|
5 211 N \)\\\ 2 \’o‘:"”
\ L
ll \\::h ”'l\\t
00 5 1015 20 25 30 35 40 45 50 55 60 00 5 1015 20 25 30 35 40 45 50 55 60 00 5 1015 20 25 30 35 40 45 50 55 60
Time (min) Time (min) Time (min)
Lam et al. ICEVs Lam et al. BEVs Lam et al. PHEVs

*Hodges, J. L., Salvi, U. & Kapahi, A. Design fire
scenarios for hazard assessment of modern battery
electric and internal combustion engine passenger
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Representative Vehicles

BEVs ICEVs
Class C””ﬂg‘y’;"g“t 5:;‘:(%:?&9@; C“r'j':’;’;"'ght Gas Tank (L)
Compart Car 1,600 40 1,300 34
Sports Car 2,450 150 1,800 61
Large Car 2,600 115 1,760 57
8 Passenger Van 3,000 100 2,500 68
Pickup Truck 3,250 135 2,600 87
Large SUV 4,300 250 2,900 121

L*Developed based on extended range vehicles in the US market, either current or announced.J

*Hodges, J. L., Salvi, U. & Kapahi, A. Design fire
scenarios for hazard assessment of modern battery
electric and internal combustion engine passenger
vehicles. Fire Safety Journal. 146, (2024).
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Comparison by Propulsion Type

+ No significant difference
between propulsion types 20 R ——- ICEV-Compact Car

—— BEV-Compact Car
——=- |CEV-Large Car

+ Conservative designs for most ~ £1° —— BEV-Large Car
vehicles exceeds existing 3 - == ICEV-8 Passenger Van
. . o — -
design guidance % 10 BEV-8 Passenger Van

-== |CEV-Large SUV
—— BEV-Large SUV

+ Vans and large SUVs exceed 5 Existing Guidance
design guidance for multiple
vehicles ol 00 0 T E=ae
0 5 10 15 20 25 30 35 40 45

50 55 60
Time (min)

*Hodges, J. L., Salvi, U. & Kapahi, A. Design fire
scenarios for hazard assessment of modern battery
electric and internal combustion engine passenger
vehicles. Fire Safety Journal. 146, (2024).
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Comparison by Propulsion Type

+ Propulsion system contributes similar

fraction in ICEV/BEV

+ Largest contribution to peak HRR are

the other vehicle components

+ Curb weight of BEVs higher than ICEV

counterparts, but HRR is similar

Jjensenhughes.com

BEV
ICEV
BEV
ICEV
BEV
ICEV
BEV
ICEV
BEV
ICEV
BEV
ICEV

SUV

Truck

Van

Large | 8 Pass.

Car

B Vehicle —
MW Battery —

W Gasoline | —

Car

I

Comp. | Sports

0123456 7 8 910111213141516171819202122
Peak HRR (MW)

*Hodges, J. L., Salvi, U. & Kapahi, A. Design fire
scenarios for hazard assessment of modern battery
electric and internal combustion engine passenger
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Combustion Reaction

+ Motivating example

+ Challenges

+ Analysis
— Other Vehicle Components
- Battery

+ Impact example

+ Objective:
Parameter Value Units
Fuel Reactant *
Soot yield * g/gfuel
CO vyield * g/gfuel
Heat of combustion * MJ/kg

Jjensenhughes.com




Motivating Example

+ Assume a soot yield of 0.1 g/g measured with a fuel heat of combustion, AH, f,,¢;, of 25
MJ/kg, HRR of 5 MW, and a total heat release of 10,000 MJ within a 10 x 10 x 2.4 m room.

+ Simplified approaches to modeling the combustion reaction:

Option 1: Specify propane as a
surrogate fuel and use
experiment heat of combustion

Fuel C3Hg -

AH fyel 28 MJ/kg
AH,, B MJukg
Time before

0, consumed BEM s
Mass of soot

produced 35.7 kg

Option 2: Specify propane as a
surrogate fuel and change heat
of combustion to match

propane

Fuel CzHg -
AHc,fuel . MJ/kg
AHc ), 13.1 MJ/kg
Time before

0, consumed [{176.4 s

Mass of soot
produced

22N kg

Option 3: Calculate fuel
molecule with same heat of

combustion as experiment with
AH., of 13.1 MJ/kg

Fuel C3Hg0; -
AHc,fuel 28 MJ/kg
AH.p, 13.1 MJ/kg
Time before

0, consumed [176.4 s
Mass of soot

produced 35.7 kg

Jjensenhughes.com
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Challenges

+ Combustion reaction includes more products than just CO and Soot — Not all are measured

C H 0 N + VO = VCO COZ + VH 0H20 + VCOCO + VSSOOt +VHCNHCN +VN Nz + Heat

- [ NMeasured, often used
+ Heterogeneous reactants Measured, rarely used
— Passenger vehicles contain a wide range of polymers — | Notmeasured (typ.)

— Batteries contain a range of reactants (electrolyte, separator, off-gas mixture)

+ Disconnect between observed AH,. and yields at full-scale and at component level
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Analysis — Vehicle Components (Non-Propulsion)

Mass  AH_fyel CcO CO, Soot H20

Material (%)  (MJ/kg)  (9/9) (9/9) (9/9) (9/9)
Polypropylene 7.5% 434 0.024 2.88 0.059 1.28
Polyurethane 1.6% 25.0 0.038 2.04* 0.125 0.83
Polyamide (Nylon) 1.4% 30.8 0.038 217 0.075 0.88
Polyethylene 1.2% 43.6 0.024 2.88 0.060 1.28 [1] Koromila 2023
Acrylonitrile Butadiene Styrene 0.8% 354 0.0589 2NES) 0.106 0.72 .
Polybutylene terephthalate 03% P8 045 219* [©IOBZ  0.49 R —
= [3] NIST fire calorimetry

Polyethylene terephthalate 0.3% 19.5 0.030 2.04 0.048 0.37 HatEbass

(o)

(R)ther PL 3'90/ , A - . * - . Calculated from stoichiometry
ubber 6.0% 31.0 0.021 2.38 0.078 1.06 with AH_ ., = 13.1 MJ/kg
Textiles 1.0% 23.5 0.010 2.34* 0.043 0.37 *Signiﬁ;nt Sforonce from
Steel_ 54.0% = = = = = stoichiometry and reported
Aluminum 3.0% - - - - - values in SFPE handbook

Magnesium 1.0% - - - - -
Other 18.0% - - - -
Weighted average by

combustible mass (CH; 704 09Ng 01) 35.4 0.026 2.56 0.072 0.89

[1] I.A. Koromila, K.J. Spyrou, Design Fire Methodology for Vehicle Spaces Onboard Ships, Fire Technol 59 (2023)
1725-1759. https://doi.org/10.1007/s10694-023-01403-w.
[2] hitps://materials.fsri.org/

Jeir [3] https://www.nist.gov/el/fcd 8
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Analysis — Vehicle Components (Non-Propulsion)

a) ‘
+ Disconnect between observed AH, r,,.; and yields at full-scale and at 100000 ] i
component level - Z
o 300000+ § 1,2 f‘_“_@
AHcrer  CO CO, Soot H20 3 o, | RS B .
Method (MJ/kg)  (9/9) (9/9) (9/9) (9/9) DY [ Sy HRRN SN SN ;
Component calculation 35.4 0.026 2.56 0.072 0.89 100000 | RS DEORN DENENEY BESESN BN NS
Full-scale measurement!  19.8 0.029 1.32 - - S DRRE
+ Possible reasons [ 1
— Systematic bias in measurements (mass, species) ?
— Portion of mass loss in full-scale testing not from combustibles & S
(e.g., broken glass, melted aluminum, metal ejecta, etc.) 1™ 2

REF ICEV EV ICEV EV EV

[1] J. Hynynen, O. Willstrand, P. Blomqvist, P. Andersson, Analysis of
_ - combustion gases from large-scale electric vehicle fire tests, Fire Safety
Jensenhughes.com “ - Journal 139 (2023) 103829. https://doi.org/10.1016/j.firesaf.2023.103829.
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Analysis — Vehicle Components (Non-Propulsion)

+ Equivalent species yields

— Calculate total species produced by a fire under both conditions (i.e., AH. r,,; and yields) at same heat
release rate

— Re-calculate yield based on full-scale AH_ f,

AHcfher  CO CO, Soot H,0

) : ,

Method MIkg)  (@9) (@9 (@9 (@9 | commonenteateulaton oY ea e

Component calculation 35.4 0.026 2.56 0.072 0.89 Calculated from stoichiometry with

Component equivalent yields  19.8 0.015 1.43 0.040 0.50 AH, 0, = 13.1 MJ/kg, v, from equivalent

Full-scale measurement’ 19.8 0.029 1.32 0.040 1.01 yield calculation, and assuming only H,
C, and O in fuel molecule and HCN

yield is zero.

+ Representative combustion reaction

— Take higher of each yield as representative (i.e., CO and H,0)

= Note whether higher H20 yield is conservative or not will depend on the objective of the scenario

, . AH_ fel CO CO Soot H,O
Configuration Fuel Molecule (MJ/kq) (g/q) (g/gz) (g/q) (g?g)
Hodges Cons. CH; 504 11 16.0 0.023 1.16 0.033 1.01
Rise Exp. CH3 0000.75 19.8 0.029 1.44 0.040 1.00
Hodges Best Fit CH;5100.49 24.0 0.035 1.74 0.049 1.01
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Analysis — Battery Cell Composition

100
Mass AH.fe1 Energy*

Component (%) (MJ/kg) (%)
3‘-;' % - Off-gas 5.4 11.7** 3
-E m Separator (H2, CO2, CO, + HC) 65.2***
g o o ve Sal Liquid electrolyte
© Il Electrolyte _ _
g B Cu Current Collector (e.g., DMC) 8-14 12-24 27
c B Anode Material .
E. 40 - B Al Current Collector Plastics
3 Cathode Material (binder, separator, etc.) 4-10 43.6 65
- - Case (e.g., PE/PP)
@ 207 *Assumes all fuel is consumed

**Includes dilution by CO and CO,

e : .
18650 18650 18650 Prismatic Does not include dilution by CO and CO,
NCA3.35Ah LFP1.1Ah  NCM 2.0 Ah LFP 50 Ah

/cell composition estimated from: Y Energy contributions estimated from:
[1] Golubkov, A. W., et al., 2015, “Thermal Runaway of Commercial 18650 Li-lon Batteries [4] S. Wang, et al., Experimental study of gas production and flame behavior induced
with LFP and NCA Cathodes — Impact of State of Charge and Overcharge,” RSC Adv. by the thermal runaway of 280 Ah lithium iron phosphate battery, Journal of Energy
[2] Mao, B., et al., 2020, “Refined Study on Lithium lon Battery Combustion in Open Space Storage 74 (2023) 109368. https://doi.org/10.1016/j.est.2023.109368.

and a Combustion Chamber,” Process Safety and Environmental Protection.

[3] Chen, S., et al., 2020, “Identification and Characteristic Analysis of Powder Ejected from

a Lithium lon Battery during Thermal Runaway at Elevated Temperatures,” Journal of
u-lazardous Materials. /
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Analysis — Battery Off-Gas (Combustible Gases Only)

Calculated from stoichiometry
with fuel molecule, CO, and
soot yield

*Does not include N, (44.8%,
inerting gas), CO, (17.5%), or
CO (4.3%) by volume.

**Significant difference from
reported values in SFPE
handbook which do not account
for soot and CO yields

. Mass* AH_ fyel cO CO Soot H20 AH o, **

Gas Species (%) (MJka)  (@g)  (@g)  (dfa)  (a/9)  (MJikg)
Acetylene (C,H,) 1.3 48.2 0.042 2.96 0.096 0.69 17.3
Benzene (CgHg) 0.9 401 0.067 2.61 0.181 0.69 15.7
Butane (C,H,) 1.7 45.7 0.007 2.91 0.029 1.55 13.1
Butene (C,Hg) 8.0 45.3 0.042 2.65 0.115 1.28 14.7
Ethane (C,H,) 14.3 47 1 0.001 3.09 0.013 1.28 13.9
Hexane (CzH,,) 0.5 447 0.009 2.94 0.031 1.46 13.0
Hexene (CzH,,) 1.5 44 4 0.021 2.88 0.062 1.28 13.7
Hydrogen (H.,) 24.9 1200  0.000 0.00 0.000 8.94 15.1
Methane (CH,) 24.5 50.0 0.000 2.74 0.000 2.25 12.5
Pentane (CsH,) 2.4 45.0 0.006 2.96 0.022 1.50 12.9
Pentene (CzH,,) 2.4 44 .6 0.024 2.84 0.07 1.28 13.9
Propane (C5Hg) 3.8 46.4 0.005 2.90 0.024 1.63 13.0
Propylene (C5Hs) 9.9 45.8 0.017 2.76 0.095 1.28 14.5
Toluene (C,Hg) 3.9 39.7 0.064 2.61 0.173 0.78 151
SIgNEe BB 9 65.2 0.010 2.12 0.035 3.42 14.2

combustible mass (CH- 4)

Composition from pressure vessel testing for 3.2 V 280 Ah prismatic LiFePO, cell at 100% state of

charge in the Jensen Hughes laborator

OpVrig © ZU

y. Composmon WI|| vary by make and moel

erved. DO notaup dle Oord

pute w O o ensen Huanes.



Analysis — Battery Electrolyte

AH fyel CO CO, Soot H20  AH.o,
Flectrolyte (MIkg)  (@lg)  (99)  (gfa)  (glg)  (MJikg) _
DEC (C.H,,0,) 216  0.131  1.66 0.0000 0.76 14.0 33L°}’£ﬂ§§;§°§8’°2§“
DMC (C4H¢05) 146 0123 127 0.0000 0.60 146 | Soot yield S
EMC (C,H;0,) 184 0129 149 0.0000 0.69 14.1
EC (C,H,0,) 124 0074  1.38 0.0000 0.41 14.3
PC (C,HgO,) 16.6 0117 154 0.0000 0.53 14.0
EA (C,H50,) 238 0154 474 0.0040 0.82 13.8
EC-DMC (0.5/0.5) 135  0.029 144 0.0000 0.51 13.9
EC-DEC (0.57/0.43) 164  0.049 161 0.0000 0.59 13.2
EC-DEC (0.37/0.63) 182 0113 157 0.0016  0.65 13.6
EC-EMC (0.54/0.46) 152  0.057 150 0.0005 0.55 13.6
EC-EMC (0.34/0.66) 164 0111 146  0.0000 0.61 13.9
EC-DEC-DMC (0.37/0.27/0.37) 158  0.096 145 0.0004 0.59 13.9
EC-PC-DMC (0.19/0.16/0.56) 132 0.043 146 0.0001 0.55 12.6
EC-DMC-EA (0.34/0.33/0.34) 174 0.025 161  0.0015  0.61 13.7

Average of mixtures (C,:H.,O,,) 15.7 0.065 1.51 0.0005 0.58 13.5

G.G. Eshetu, S. Grugeon, S. Laruelle, S. Boyanov, A. Lecocq, J.-P. Bertrand, G. Marlair, In-depth safety-focused analysis
of solvents used in electrolytes for large scale lithium ion batteries, Phys. Chem. Chem. Phys. 15 (2013) 9145.
https://doi.org/10.1039/c3cp513159.
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Analysis — Battery Cell Combustion Reaction

Combustible Mass Energy AH_fyel CcO CO,  Soot H20 AH 0,* * Scaled based on consumed
component (%) (%) (MJ/kg)  (9/9) (9/9) (9/g)  (d/9)  (MJ/kg) oxygen fraction
Off-gas 3.7 8 652 0.010 212 0.0350 3.42 142

(CH74)

Liquid electrolyte o, o 27 157 0.065 152 0.0005 059  13.3

(C3.§H6.202.9)

Plastics 44.7 65 436 0024 2.88 0.0600 128 134

(C,H,)

Weighted average

300 0.045 215 0.0284 1.00 135
(CH,,0,,)

" Note 1: These soot yields are calculations based on the combustion reaction generating carbon N
particulates. Other particulates (e.g., metals) may also be generated which could impact tenability
and heat transfer analyses.

Note 2: These CO and CO, yields neglect the CO and CO, which is released as part of the off-gas.
These components should be injected in the computational domain as part of the boundary
* condition where the fuel mixture is injected. 4
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Case Example

+ Two adjacent sedans modeled in Fire Dynamics Simulator (FDS), separated by 0.75 m (30 in.)
+ Windows open in both vehicles
+ HRR distributed between hood, inside floor, and trunk

+ Steady HRR at peak for 300 seconds of simulation

+ Prescribed radiative fraction of 0.35

Parameter Value Unit

Vehicle BEV Sedan

Curb Weight 1,600 Kg

Battery Energy Capacity 40 kWh

Liquid Fuel Tank Size 0 L

Peak HRR 6.4 MW

Total Energy 7.3 GJ

AH el 25.59 MJ/kg

Fuel CH, 410043 + One model uses propane with modified heat of combustion
yCO 0.038 alg and yields (results in AH, o, = 7.3 MJ/kg)

ySoot 0.043 99 + One model uses presented combustion reaction approach
AH, o, 13.1 MJ/kg
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Impact on Heat Transfer

1000

Propane Surrog

AH,o,= 7.7 MJ/k

900

— Propane Surrogate
——— Proposed Approach

800

700

600
5m/

16.4 ft 500

Gauge Heat Flux (kW/m?)

400

(D,) aamesadwa|

300

100 150 200
Time (s)

200

100
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Performance Base Design:
Additional Considerations

+ Delayed Ignition of Fuels

| I

|

| v
&

| 187

+ Larger vehicles
+ Mitigation

jensenhughes.com




Delayed Ignition of Fuels

+ Assumptions in presented model Parameter Value Unit
— All components ignite from start and grow at fixed growth rate vehicle BEV Sedan
Curb Weight 1,600 Kg
— Fire does not spread to adjacent vehicles Battery Energy Capacity 40 KWh
+ Not always the observed behavior in practice Liquid Fuel Tank Size 0 L
Model be ad d to delav ianit ; _ Peak HRR 6.4 MW
+ Model can be adapted to delay ignition of components to see impact Total Energy g &
7 7 Vehicle
= 5 Bat.tgry = 5 Components
S Ignition = Ignition
© Time © :
E 5 E S Time
@ 4 —O0 min o 4 —0 min
83 —10 min 83 —10 min
E 2 —20 min E 2 —20 min
T 4 —30 min T 4 —30 min
) )
T T
0 0
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time [min] Time [min]
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Larger Vehicles — Example Extrapolation to Buses

Parameter EUREKA Bus 12 m Bus 18 m Bus Unit
Vehicle 40 Seat ICE Bus ICE BEV ICE BEV
Curb Weight 10,000 10,000 15,000 17,690 23,200 Kg
Battery Energy Capacity 0 0 210 0 525 kWh
Liquid Fuel Tank Size 23 220 0 473 0 L
Peak HRR 35.2 45.8 51.8 72.3 771 MW
Total Energy 41.5 48.0 65.4 87.7 105.2 GJ
35 —— Model 90
- Experiment 80 _D|ese| BUS, 12m (220 L)
70 —Electric Bus, 12m (210 kWh)
—Diesel Bus, 18m (473 L)
§6O —Electric Bus, 18m (525 kWh)
S 50
o
X 40
L 30
20
10
: 0
0 5 101520 25 30 35 40 45 50 55 60 0 10 20 30 40 50 60
Time (min) Time (min)
Data from: Fires in transport tunnels: report on full-scale
tests : Eureka-Project EU 499: F|RETUN’ 1995. right © 2025 Jensen Hughes. All rights reserved. Do not duplicate or distribute without written permission from Jensen Hughes. | 39




Mitigation (Credit: Fire Protection Research Foundation)

Overarching Goal: To quantify the fire hazard and spread characteristics of modern vehicles
(ICEs and EV5s) in parking structures to inform fire protection requirements.

RESEARCH
FOUNDA

Research for the NFPA Mission

ESEARCH o
'OUNDATION Project Pr

CaRcHroR T AFTAMSSON

Resources available at:
www.nfpa.org/foundation

Background

Theimpacton fre hazrds from changes in vefice esign and changesin produciontechniues, materialtypes and

material usag has recently an the fire p The

adoption of different motor the use ofaternative fuels such asbattery hydrogenfuel

cells (which also include batteries), and hybrid battery g t different
hi b d totraditional vehicl d solely by internal

combustion engines,. Large lthium-ion batteries and hydrogen fuel cels in vehicles represent a change in the type of
hazard and has altered the fre protection and firefighting techniques utiized in parking structures. These developments

Final'Reportby: have had significant implcations touching on many different areas, such as design of parking garages and vehicle
carriers, suppression systems, as well s frefighter actics
Stephen Olenick, Michael Klassen, Nasir Hussain Firesinvehilsarnot uncomman, but he majoty fthesecccur along the road r afterclision. Vel resin
@ RESEARCH FOUNDATION Combustion Science & Engmeenng intolarge, out of rare, and civlian njuries in these types of
incidents number femer than two dozen annually in the US. However, fires in parking structures can lead to very large
RESEARGH FORTHE WFRAMISSION Maryland, USA economic losses, as evidenced by recent fires at Liverpool's Echo Arena (UK), at the Stavanger Airport (Norway), and
Luton Airport (UK). T resulted which
. . : 3 3 sent shock thefire and y raising questions of whether the current estimation of
Modern Vehicle Hazards in Parking Garages May 2024 : - Vas oo and i lololh fen

The FPRF published a study in 2020 and 2024 that assessed the fire hazards posed by modern vehicles in parking

structures and vehicles carrers and the latest research and test data to cassify the hazard of modern vehicles and

establish sprinker protection guidance. Following ths review, gaps n existing testing and iterature that are preventing

regulatory bodies from classifying EV fire hazards and their propensity for spread and establishing fire protection

Haavard Boehmer, P.E. y ‘guidance were identified. Based on these gaps, a research plan was developed and proposed as a path forward. The

Michael S. Klassen, Ph.D., P.E. gm.,,.mm,,mm, Research Insights: Fire Safety for Electric Vehicles and Other tined in the recently completed Phase Il report sery pe of this proposed Phase ll
bl Lo

ALl A0 Ml s b e oo A o bl e 2 A project.
Modern Vehicles in Parking Structures

and Vehicle Carriers°

Research Goal

- . o The overarching goal of this three-phase research program i to quantify the fire hazard and spread characteristics of
- : R modern vehicles in parking structures to inform fire protection requirements.
Research sponsored by
To be determined

Combustion Science & Engineering, Inc.

June 2, 2020

o NEPA. Org Foumdtion

WWW. nfpa org/webinars

2020 2024 2025

\ M| RESEARCH
FOUNDATION 40

Research for the NFPA Mission



http://www.nfpa.org/foundation
http://www.nfpa.org/webinars

Conclusion

+ Individual vans and large SUVs
exceed design guidance for multiple

vehicles 20 N - —- ICEV-Compact Car
— BEV-Compact Car
- == |CEV-Large Car

+ Largest Contribgtion to peak HRR are §15 —— BEV-Large Car
the non-propulsion (other) vehicle = ~~- |CEV-8 Passenger Van
components o 10 —— BEV-8 Passenger Van
I

- == |CEV-Large SUV
—— BEV-Large SUV
+ Combustion reaction has an impact on 5 Existing Guidance
both heat transfer and tenability

predictions

) ""--...____ = - N
O 5 10 15 20 25 30 35 40 45 50 55 60
Time (min)

+ Careful consideration is needed on
scaling vehicle measurements
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Playback Speed = 30x

Vehicle2 -- Sep-23-2024 --iSN1727100783 -- v99

Questions?

________________________________

Calorimeter Heat Release Rate (kW) = -6

____________________________________________

[1] Giovanni Di Cristina, Matthew Bundy, and Anthony Hamins, Vehicle Fires in a WUI-
Type Scenario, RISE Conference Proceedings 2025

[2] NIST, “Fire Calorimetry Database (FCD)”, https://www.nist.gov/el/fcd/design-fires-
vehicles-pine-straw-bed




	Slide 1
	Slide 2: About the Presenter
	Slide 3: Outline
	Slide 4: What is a Fire Scenario? – Definition
	Slide 5: What is a Fire Scenario? – In Practice
	Slide 6: What is a Fire Scenario? – In Practice
	Slide 7
	Slide 8: Heat Release Rate
	Slide 9: Research on Modern Vehicles
	Slide 10: Experiments
	Slide 11: Dataset
	Slide 12: Peak HRR Calculation
	Slide 13: Peak HRR Calculation
	Slide 14: Total Heat Released
	Slide 15: Time to Peak Heat Release Rate
	Slide 16: Time-Resolved Profile
	Slide 17: Characterizing Conservatism
	Slide 18: Conservative Bias in Modeling for PBD: HRR
	Slide 19: Conservative Bias in Modeling for PBD: bold italic cap E sub bold italic t bold italic o bold italic t 
	Slide 20: Design Fire Comparison with Experiments
	Slide 21: Design Fire Comparison with Experiments
	Slide 22: Representative Vehicles
	Slide 23: Comparison by Propulsion Type
	Slide 24: Comparison by Propulsion Type
	Slide 25
	Slide 26: Motivating Example
	Slide 27: Challenges
	Slide 28: Analysis – Vehicle Components (Non-Propulsion)
	Slide 29: Analysis – Vehicle Components (Non-Propulsion)
	Slide 30: Analysis – Vehicle Components (Non-Propulsion)
	Slide 31: Analysis – Battery Cell Composition
	Slide 32: Analysis – Battery Off-Gas (Combustible Gases Only)
	Slide 33: Analysis – Battery Electrolyte
	Slide 34: Analysis – Battery Cell Combustion Reaction
	Slide 35: Case Example
	Slide 36: Impact on Heat Transfer
	Slide 37
	Slide 38: Delayed Ignition of Fuels
	Slide 39: Larger Vehicles – Example Extrapolation to Buses
	Slide 40: Mitigation (Credit: Fire Protection Research Foundation)
	Slide 41: Conclusion
	Slide 42

