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Abstract: With outstanding energy density, high-nickel NCM ternary lithium-ion cells are
gradually becoming mainstream choices for premium electric vehicles and next-generation
low-altitude aircraft. Nevertheless, their current market share remains limited, and studies on
their latent safety hazards are still scarce. Herein, an accelerating rate calorimeter, a gas
chromatography, and a 20-L sphere gas explosion device were combined to systematically
investigate heat generation, gas evolution, and gas explosion characteristics of commercial
NCM811 lithium-ion cells during thermal runaway at different states of charge (SOC). Results
show that both the self-heating onset temperature T, and the thermal runaway trigger
temperature T, decrease with increasing SOC, while the incubation time At,, between T, and
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T, shortens markedly, indicating a pronounced deterioration in thermal safety. Moreover, high
SOC increases the total volume of thermal runaway gases and sharply raises the fraction of
flammable species such as H, and CO; Consequently, the lower explosive limit of the evolved
mixture decreases and explosion risk intensifies. To quantify the overall risk, a comprehensive
assessment model that integrates the intrinsic thermal hazard and the secondary gas hazard
is proposed. These findings offer practical guidance for safety-oriented design and enhanced
protection of high-nickel NCM ternary lithium-ion cells.

Keywords: lithium-ion cell; thermal runaway; gas generation; explosion limit; risk assessment
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Fig. 1 Accelerating rate calorimeter
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Fig. 3 20 L sphere gas explosion device
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Fig. 4 The stage division of the (a) 100% SOC;
(b) 0% SOC NCM811 cell thermal runaway
process
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Fig. 5 The temperature and temperature rise rate
curves of the thermal runaway process of different
SOC NCM811 cells
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Fig. 6 (a) The variation of characteristic
temperatures during the thermal runaway process
of batteries with different SOC; the curves of time
characteristic parameters of (b) At,, and (c) At,,
varying with SOC

Temp./C

(c)

0 30 50
SOC/%

#1 7A[ESOC NCM811 Eithih k45 IES
Table 1 Thermal runaway characteristic parameters of NCM811 cells with different SOC

soc T/C T)C T/ C T/C (dT/dt), _/(°*C/min) 6,/% At /h At, /s
0% 130.7 145.2 — 305.0 04 10.0 — —
30% 1285 136.7 274.6 3335 406 10.0 25.6 177.6
50% 124.2 134.0 260.0 527.7 5790.8 57.3 37.6 87.6
80% 104.0 122.4 271.9 649.1 9149.4 71.0 29.5 93.6
100% 100.8 120.1 172.8 575.6 7401.9 74.0 19.7 34.2
22 FERERSHEASSH A7 SOC # Hth #E A R 1% i P AE ) MR IR S ) &

NCM811 i = Jo il B 1 A AR 2 S 72 AR 1Y
MR GC E M E B AR TN 45 R A& 7 AR 2 o o

EHH CO. H,. CO,. O, & MiEIdnk. Hrh,
CO T % 1k R 2. )% & (ethylene carbonate, EC)%%
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O, T BRVE T IEAR = ToM BHRFI A, B
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Li,NizCo,Mn,0,—>Li,Ni;Co,Mn,0, , + 1/2y0, (8)
BRI EERFEZ RS B RIE R
S

C,H,0, + Li—>Li,CO, + CH, 9)
C,H,0,(DMC) + Li—>Li,CO, + C,H, (10)
C4H,,O4(DEC) + Li—>Li,CO, + CH, (1)

M SRS R A B 8T S (2)~(11)] T %0
BB A SR R B R AR 2 5 (R
T B B A VI A RN 4 B AR IR IR s b 5),
Hh B A JiE s SO TR SR E BRI . BT
FE AR JRER AT 0, 4@ 0 3 BAFAE T U PE AL
B, fidit5, %F3.5AhH M, 0%. 30%.
50%. 80% F1100% SOC il 171 4% 4 J& 25 3 1k
B MA N0 g. 0.28 g. 047 g. 0.74 g Al
0.93g. SOCthm, ftksd /@ dmtbke, #k
I SENVE R A/, GRS RE S R B e
il S N, A B AR R

F2HAE Eor, AIFE SOC HL il #2550 56 e
PR SR B AT RS (W COL H,. CH, 25 JE2K).
ANHR S CO, AR O, . Bfi% SOC M 0%
BN 100%, HIb AR S A AR A E Rk
L7 15, WA G K413 /5. CO. H,.
CO, M1 O, 3L 4 Fh Ak 1) & =AM R, Wit
SOC vy, #HARIJEr41 CO, MO, M, Jmn]
PRVES AR COFIH, N Z . 2 it SOC M 30% 1
% 100% B, CO, & & [#1MK 42.57%. O, = 41K

7 A [ESOC NCM81 B =SED R=SE
Fig. 7 Gas components and gas production volumes
of NCM811 cells with different SOC

18.95%, 1fi CO & & Jt =1 38.58%. H, & &t &
16.24%. HULP I, B SOC 1, NCM811
B IR IR TR AT A SR S BN, HIBE S
AR NE RS I 2 340

+=2 A [E1SOC NCM811 B jth sk iFLI R R

w2 — i — N

I R=

BRR

Table 2 Gas components and gas production
volumes from different SOC of NCM811 cells after
thermal runaway tests

Moy k7w 0% SOC 30% SOC 50% SOC 80% SOC 100% SOC
CO/% 1.50 3.00 23.06 30.38 41.58
H,/% 1.06 5.66 13.51 16.51 21.90
CO,/% 40.99 68.64 41.47 36.06 26.07
0O,/% 53.50 21.43 14.54 6.48 2.48
CH,/% 0.43 0.46 2.81 3.91 3.76

CHy/% 0.05 0.12 0.35 0.34 0.20

C,H,/% 1.70 0.62 3.23 5.36 3.69

HoAt/% 0.77 0.08 1.01 0.96 0.31
;e /mmol - 43.8 59.5 116.6 222.0 303.8

BT R R A URRAE, 1E#E COL H,. CH,.
C,H,« C,H M CO, 1 Jy g NE AR B s 56 iR AR 17
HH—Ema Ry T%3. B8, mAhBEa
AR (COL HAESR), & A st R4l 70
CO,, HMCRHMEMT “WHA-E1E” IREGERNE

%3 7T [FSOC NCM811 Hith = S EE R 5
Table 3 The main components of gas produced by

different SOC of NCM811 cells

414y 0% SOC 30% SOC 50% SOC 80% SOC 100% SOC
CO/% 327 3.82 27.32 30.35 42.77

H/% 231 7.21 16.00 17.23 22,53
CO/% 89.65  87.46 49.10 45.94 26.83
CH/%  0.95 0.59 3.33 2.86 3.86
CHg% 0.1 0.15 0.41 0.28 0.21
CH/% 372 078 3.83 3.32 3.80
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PEAAR IR H . IREARERIE FIR MBS R K
LG S &5 R 8 B, X T SOC Haith (4 T
TEH/NT 30%), HARIEAEESAS &R,
CO, 5 H, /&R 9 12.1~38.7, MR & IR ERIE
2 BR VI [ AT 401 (24 CO, 5 H AR R L KT 10, WG]
BRIE), B, 0~30% SOC Hi it #4445 7= A= R
HERMTARIE XN . 24 SOC L 30% i, [ &
SOC K4, #Je3% Sk v m] R0 B A4 AR 43 A
B 3800, FRIE T PR 2R R . 50%
SOC 5 100% SOC ff 52l LEL 43 7 24 14.0% 1
10.5%, H@EITBIEL-CABRARITHEER11.7%
F18.6% B —3 -

LEL, ., =

(12)

%  (13)

40
Experimantal value —

30 | Calculated value ---.
X
3320
w
-

10 Fmmmmm——- R —

0 . L L
50 80 100
SOC/%

E18 NCM811H KR IER SR S1IEIE T R
Fig. 8 The curves of LEL of gas mixtures after
thermal runaway of NCM811 cells
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