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Construction and Practice of
Ideological and Political Teaching Mode of

Industry School Running

ABSTRACT:

The school running orientation of public security colleges is to train loyal guards for
the party and the people and successors for the public security cause. The teaching
concept of "Building Morality and cultivating people and putting moral education first"
has deeper connotation and higher requirements in public security colleges. Combined
with the characteristics of the school running characteristics of public security colleges,
the author takes the special fire investigation as an example and based on the in-depth
analysis of the characteristics of the course, Explore the space and advantages of
curriculum ideological and political education, further expand the connotation of
curriculum ideological and political education based on "socialist core values", and
build a curriculum ideological and political teaching model with prominent school
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Exploration on a New Path for Talent Cultivation of ""Industry Education Innovation
Integration™ in Universities from the Perspective of New Engineering Disciplines

——Taking the Course of New Energy Security and Accident Investigation as an Example

WANG Huaibin, SUN JunLi, HUA Fei, XU Jie, ZHOU Wen, LI Yang, ZHAO Yanhong
China People's Police University, Langfang, Hebei, 065000, China

Abstract: The safety issue of energy batteries has become a major obstacle restricting their large-scale application, and professionals
in the field of new energy battery safety and accident investigation are the key support to address this issue. Given the current shortage
of composite talents in this field, it is urgent to explore a new talent cultivation path of “industry-education-innovation integration” in
universities from the perspective of new engineering. Taking the core course New Energy Safety and Accident Investigation of the fire
investigation specialty of the People's Police University of China as an example, this paper discusses the training path of innovative
talents based on the "integration of industry, education and innovation". By optimizing course content, innovating teaching models,
strengthening practical training, and promoting deep cooperation between government, academia, and enterprises, a “teaching -
research - transformation” full chain education system is constructed to effectively enhance students' theoretical foundation and
comprehensive quality, in order to better meet the needs of modern engineering technology and industrial development, and provide
practical experience and theoretical support for education reform in the perspective of new engineering. Practice has shown that this
training model effectively enhances students' theoretical foundation, practical ability, and innovative thinking, providing practical
experience and theoretical support for curriculum reform in the context of new engineering disciplines.

Keywords: emerging engineering education; integration of industry, education and innovation; talent cultivation; teaching mode;
industrial development

515

B {5 S BRI A L 25 M IR 2 AR 2,
AR CONHER A 2 G5 D R Lo SRS 7T o 3 %
JUHARHREUR . R A i AN LA R A U R K R
X TREBARNA FIFIRE ) BE A 4E 7 AR i 1 5w
2R ARG TRE AR A ERD G BN ERTY
X, CETEWL “mmlS. @R, &SR ML
RERG K, P A — 2 vy XS 0, 23T RE I PR T 1) 2 4
P, MG EBANARIARE .

Copyright © 2025 by authors and Viser Technology Pte. Ltd.

MG AT, BRHAEE G4 T AL, 1
BT ERHIME R ISR D, SBER AR R A
Jl, AR L R IN G AR 1R SR N fE
Bl 53 M RE 1 A0S SR RE /7 o TN X ek, 1% SE A 5
AR, BSR” M CHE L RBIBET BEE B R
e, R REAT IR

SR I 7 b 8 ) R R R ] 2R B DK Bl R R i, L
HHBE 2017 SRSl B TR @i, JFT 2018 SRR BE
it AT e S 1 ST S5 ST E 12 SV AN T S

15

174



175



176



177



178



179


一米阳光
Highlight


180



FHREFLLBMA. REAAEHRFEFHRETIGEA,
AN ENEEHITEATHFRRMN, WELELEHFHAREA
THFTHEREA, FARGREANRLAHEREFAT.

Mifr: 1.2022 FEFA A BEFRAFREEHYHAL Y
2.2022 FEFNEEMEFREAGEEHFHR L2

BRAFET: EHAF

_2_

181



M1

20224 AL

FRAF 2L AR

e 2k BEEHEAR B HEER (B #3 | AFEA B &
— B, it s pe | g [BUE XURTE, KON, RS, YAt H201. 0
1 ALK PR ORI B = PGSR BWES FRIER TR e /51*-:'2% . 2R, EIFOC
2 Ak TR | RS S | seepk | migwy | RS PRI, ST, 8, SO, L L
I O - e | g |HREEL W XU A . B G %
3 TR N LRI ST E eV WX | &K P BT, BARIE . SEERZL. SO
FEL Bk, . TIOH. B, KR, TEE
CBARTE . KET. BN KT R, THE. BRI
— N N e | e |+ NI RRPE ERRL MR, BER. S0, %
4 R HRGERES TRARE | mENsstkyn |t | w00 ST EAR SRE BRUL ERH. 2
ok, B FEW. FAT, EH. REIE,
%
S s N e s ne | srrng [T B, WA, FRE. A, K, %
5 WA 30 SR TR e | ot | R
R SRS Bt IR o | mpee | e [HEHE. KT ERE. TR, SO0, R, 5
6 | waTk ek SR | Hermpo | men |00 K
e 2R BESCHARER FEBFE GBI x| A R R
s sk | b g B R S o | e |HEERL R, T KA FRGE. MY TR
75 | Ak R | BB R TR e S PR T | gy (MR SR T D TR T
76 | hEAREGAS PR S e L S S
7| B AR 525 MR HLF 5 A S | T | hE, RAEA . HEER. K.
IR, T, R, K . AR W, T
8 | hEARSgEAS Ml 5 1 MEE LR T | T (R . Ve, SR FH. THEE. R,
g H
8
B | ramsErn et HEE WA g | pogm | IS L BRRE BT, R SR S
WAL Bl A% BRI, . B
80 | hRAEmEEEE | MEESLROES HEHN WA SOFII | RRES bR, BB . BT GG, T B, B
8L | mkReE PR HE D B IS R SORIDK | VS | Ao, ZibE. WORA. (B M.
KA. WV IR, RN, B TR IR
. S e LEs e | e | KRR RDERE, EAH. T, KR,
s2 | el EETRA BT T | g | KIEDL I AR A B B
R KA

182



Administrator
高亮


183



Bt 41

20234 LA

PRI HZ B HA R

Fe| ¥R KRS ERLR RRRA (B #3  | famA B R
— I . o | e [FIEER. B k. XISCRE. KOChE. TH. RV EREM. H
1 b K F R B 24RO =R AR HeEEHBAZE | K B D% X . KR, B
BCLTEE. L. PRI, AL, T, DEAL. BiET. ok
A e e it ok | s |He XU EH THIG . EQW. ik G, REL. DA
2 | ek AT HCE L E T B FPERC ES) BTSN oA S A Gl st vl ot b
CTE
Mg R gAY H N - N e N N [ e
3| ok [BROGERIEES SR i B2 BRSO e R ARL. K. R NS, BEE. TEE. HET
M. TR, SR UL S, TEEE. (IR, SR
I N - - LS, M. BRI, . Fuk. SRE. RER. K5
4| e HHFRBIE AT U WRR ) e e IR, TRUE. BEVE. SHE. M. B
WA, AR, BT K. XK. B
i, . MR TN, AL, WO, TIRE. BT
P e e | s |- BB XUB BERORE. JLEEA. mOIB. M. WA . .
5| bk | MBEASKEETE | RERARKEYE | o | e R
i
s sty Wb, XL AL S . U BHGW. A%, R
6 | ik ﬁi;gg?*Xﬂ SR B | T B . kond. AEGE. k. THEL BE. F. .
FBHE FHG. EI. RET . RS B, S, K
me| ¥ EREBEALH SRR () %3 | BERA B R
107 *Eiigﬁ PIES e Bk | B (R, B SR, ISR VR ST, FIER. 44
108 *@ﬁigﬁ s B 5 0 5 5 WEA | ans [REE. M. pE
109 *Higgﬁ %ﬁﬁiig$ﬁ@ﬁﬁ g R Wk | TR T4 K. B I, M. IME. R
RN LN 2 I— T e | e BT BRE. R W, SRR L L EDE. B
= EFE. 3R
11 ma§§¥§ HNSE BT A BRI | NI | R BB A L
[ A R 52 et s . Taun. . Mg K. TR, BB, ke . 5
g | THAE W 92 4 LR % T | [EE B
113 *Eﬁigﬁ 5 0 E R 32 IR Bk | B |, B, B FICH. TH. JKHA
g | PR | - Sop e | g [ T T B B VI TR R,
7"375 + mﬂ_‘ %1}&
115 **QE%H TR A 2 T W22 WL | IR ok, mhh, BT, 0F. Kew

184




185



186



187



188



189



190



191


一米阳光
Highlight


192



193



194



195



196



197



198



199


Administrator
高亮


200



201



202



203



204



205



Likes

2022 A LG AR R TR RS
PR BECF ISR R A

HFEX
Fs FREFK EFER SIIRIE
1| AL A% Z M | FEHFE
2 | AT ITEF WGEs | IR
3 | AARE (RED W E | EmREEA
4 | FALARF A | HEF
5 | WAL A% AN F | EmERE
—FX
Fs FREFER EFIE 2 SIIRIE
1| AR FWAE | P ECAEIERL
2 AT KRF XN | FTERERSR
3 | AT AF B | LF
4 | AT KF T o | ERF
5 | AT AF ITx# | ARFREHTE
6 | AT AKF Lo
7 |#bLAF £ B | ERHEER
9

206



Fs EZER EFHZ SRR
27 |t AR T ¥ RTE | EPETHEA

28 | EdlmAARF (RE) S SIS 2

29 | EdmAARF (R KM | AFHE

30 | FEAREEAF E—F | FMBEBFHURA
31 |FEAREEAF R | KKIRE

32 | BRMEFIR Figd | EIEME I

33 |RE¥K ZxE | EWEKRF 5
34 | WM F IR ;A | EELW

35 |#AFKR PREN | HRCHE K

36 | #AFR x| | HEEFEER
37 | #EAFR TEE | EghF

38 | MEeFkR F ok | HZEE

39 | AR AFIARMKFR | HERE | RBEZEGTF

10 | REEI¥R & |GEFEE I

FX

Fs FTEFER EF BERIE
1| A FE Bk | EE¥SEIAE

2 |HAAKF HEE |FRIG

3 |AIKAF FEN | FEFER

4

207


一米阳光
Highlight


208



209



210



211



212



213



214



215



216



217



218



Ce s . | ETTER OF ABPOINTMENT G =8P

AT - A LS LB K GIIE RN

KGRI ALY, ] A

e %ﬁﬁ & BA
~“X—N"LEFE¥AH

219



oL ETTER OF APPOINTMENT G is?

AR S0 I MU B W E S5 N

KA TN K ALY, ) A

e

220



221



222



223



224



225



P

226



Pal s

227



228



SCHREE

HL 2 HRL K O SR

SRR SCHR

K3 EH

AT BRIR G RFALE S IR

229



AAF AR

RS I3 A

Kk

230



231



232



233



234



235



236



237



238



239



240



241



242



243



W EEATEENE, BT R, R RS
RELhREEEATRIEREY, BRTFBLAS A%, &
HALERERHFEERHER, a

M. 2015 Wk ERERFFTHFOERINE £ ¢

244



245



246


一米阳光
Highlight


247



[ 5% R TR VA B S R EAL SRS CR R ED 7 ST I

EFEHE: 2023YFC330410301

Fir

Fir

P

ISP Or SRRV
1z Q=R VA
Rk 18 B

t 8 f

51!

&

&

&

17

Al

ExRELMAITXESEZIN

15

A

PR

ETHESBH

Wk B M 5 PR FN 37 98 S0 DNA 471 R 28 3R 74
REREARFR

WA B NEI I 1E B R B E REZ|EA
FR B R LR

MABRIER AT B AT R ERAF AR

HoBBEEEER R IE (FL+HED

2023 4 11 A-2026 = 10 A

FEAREEAF #
2024 1 A

248



T H %5 : 2023JSYJC20 LG A
2 JE N M
NEERP TR
)= -]
o HAES T
it &K oAl N LB TR
KI5 AR AR AL
o H 4 - ﬁﬁ@&&émﬁ)&@%ﬂﬁﬁﬁn
I H HZER T NEENF N
T H A $H BLAT HE N RESERE
mH s A G

SEoit HiOPR 2 20234 10H 1 HE 2025412 H 1 H

RS B AL R

249



250



06500001 -2685

EEREESNE S S
e H T4

o1 I TP

EREMER ARFZESTA: (KIHAFETRIHILMIR
FROBRS AL R g HUBIET 90 . HiEMES:  (52001327) ey XMsE B
BsttE, WET4hE.

SATH A KRB G R, WSk T .

PUETERI L T4 o I S 4 B e 4 !

251



252



HEMES: 20237805 B A

A TR R
W HAES
EREET A
T ELE
i gy PIEERAREAREAT NG

W A, ARBARINGR

T ] AR HA FEARERAR

5O A RER

S B PR - 2024 ForH0IEE 2055 4 12H31H

AR B R

253



K PR TR Ak a5 R B R G D 78 5 LI

EEHEE: 2023YFC330410302

ERERMATRELEN

T @ & W

fr B R &

BB I B

R B & M

ISP S LA A

i 3 =R VA

A8 B

T AR AN

At

mo1T B R

ERESH

WRABEI 7 8 B T AR B 7 A AL 5

A B E R 1 R R BILE B Z B A
An e B % & B

AN R AT BB 2 AT R BHEAF R

HLBBREHEEH LB E (F2FED

NREBERFQ

FEAREEAF

FEAREEAF

x| #

2023 F 11 A-2026 = 10 A

HEAREEAZE #
2024 £ 1 A

254



V1723019204055

T

13

=

T

S

IS

FE AL (TT):

LRG| FHOTRHOR R e HAES

T3
H
H
2]

H & Ik F A
H AL (275D

1

E R

giil

H

R
R

@

R

fir:

g 5] T RO R B IUH (A HER R IIEALETT)
B KOGRAE BRI SE [ BT BRI i AL E 7T

24675601G
2024

2024-05 % 2026-04

SUEUNEE S PN

7
. SN s NFHL: 13231679916
BF BARNTFHL: 15369659708

R HEANRERKY

b R LATHE G AT

: 1021460169099

: 0410000309267000985

JERY5 iR R

BT E A= BHIRIRGH AL

LA BE AR T

255



ZENZEH:
315 A -
LEpEAL AR
I B &R
CEEE-F
AN
LB chi
R B 2 65
FE T B4 -
RIERAL:
B & A
IHRHE:

=3

0 H fLE S 52106284

FRIE AR E0607

A

(KFC LIRS 06500008A1472-2685

REANEESE

RN H i3+

(B3 E)

AR A ST H

i e FH B8 1 LI SRR R AR R MR RE RED LA T 7T

3057

HITEPR: 2022.01-2024.

FIER

12

AR JER 5 T RN RO

065000

2
=2} 15: 0316-2067624

wanghuaibin@mail. tsinghua. edu. cn

HE N REESER

e ALl

=2} 1E: 0316-2067609

2021 E10H19H

EREARMFEERASH

% 200 W /3t 338 W

Version: 1.003.102

256



257



258



(EE

4

Fuiny Tannis Ui eravn punt ¥

41wy CTB 20240700

AT KA B H
TUE &R Al AR T 2 A

BH (EHF): HEA¥

\_.
LA (RAEH): @@wg

ST A ARFHREEK

&
aF AN ARZHE 2024 % 12 8 30 HiE
L =\-C*'~.
g

259
% 227 W /3 338 W



260



. ~20242000869

AR S ADE2024-F-FW- 00020

»
IEES
- L™
Tuinghun Univermiiy

X AR F & B #

THAH: 2024 £ B EEMREKLTE

FH(EHE): SMEERBHELARALT

LA (REF): WEAH¥

BiTHA: ZRAEATRIE

ERA MM £ VR YHEELRE 19 WELE

261
#0231 W O/H 338 W



262



V1692782310090

T

T3

b

13

S

IS

LRG| FHOTRHOR R e HAES

W4 R
H % K

H % 5
i
H & 1k 4 H:
1AL (275
£ B AL
H i 35t A
H B & A
VAR I
O AT
R AT AT S

g 5] T RO R B eI H (H AR R IIEREIT IT)
B A g i A B IR BN H TG IR 2R 5 A R IRY) (4 52 i AL 1

Z

7L

236254066

2023 4F

2023-01 % 2025-12

R RCEERRS

PO AR, A KA AR AT IR A

: 2 5 N FHL: 15831609698
: A PR AN FHL: 15831609698
e N RESR

o LA R T AT EE G SAT

: 1021460169099

: 0410000309267000985

P EH AN (7). YRR

BT D E A=

DRURAC BB P AL (KRBT

LA BEEAR T

263



264



WA gtk G
ZIMA R
FF5 | KRRERAHM K
(WFFEAED
1 YR | MR RR | RIER, ISR
2 JER 375 T AR B "Bk =55 0%, HEAR
3 JELL T F R X YN DO T, BT
JERYI T & B EA ‘ SRV, iR,
4 i A A KK
HFRIX R
5 JR 5 T 22 IR X KA 1.2 kR PR, XIEE
JRyT k)l | YIRS RIS | i, TR,
0 qiaE B 555 B4 7
| muims | AmRBAi | o FEE
8 JERYi ) FH JEFEZE 1.3 KK TR, ®i%H
9 W T s | WP R 1222 KK | Bk, xR
| A E =M= | TR, W
10 JER Y5 T = m] T 52
0| EPmE | Emmsix e | o0 B
12| YT EFEWAM BRI | Bk, TR
%A TD7J5 R4 1. 27
13 | FBINTTAR AR X ‘ FiAk, Z8hE
KK
P 55 R ] o ¢ L ol B 3,
14 JER Y5 5 M i L4 14-05 Kok B pTPECE ))
15 JERE & X KRR P KK E4, 5 A

265



16 | FEYiEN REIEPEIEIE | e, B
o A 2\‘ , it fﬂ%
- N— B 4 52 Mﬁ&ﬁ%%m
W 40 X e o
18 R EFF BT sKIEHEIIRAN DS | ks, ARRE
KIX
19 | AR | BRI KEDNX BATEM | sg52ht, ks
‘ ‘ SRR B M e R R A
20 JER 45 T A 7] B = 2275, K
21 =R R AR 2275, FHAK
22 JERYGTE T BH X FEERE W, MR
23 JER 45 T A 7] L FEWREFA] T, A
24 JER L5 T &5 M T URTE PSS NN Sk, okREiE
25 JBE 75 T A ] L XK F5 VRIS, ZEFiFE
o C | B E AR BEAR A FRA A
26 1M AT T ‘ XNPE, Fi
% 8]
27 JERY T 22 IR X I/ NXHBIEM | sk, g
28 | YT E e e SV HIESR, 515
29 JBR 75 5 45 1 T #5541 SE A PR A A B,
30 JER 5 i3 A ] B CZEFET T, ey
31 JER 45 T 7] L VFRERI AL KE S, HEH
32 BEYGTH C22 . | B RO1661D WA R ZE | s, ks
Ky, ZoRkEE
33 JER 45 T A 7] L JiE R B "
34 JER 45 T A 7] EL [TEIEAT A, 2SRk

266



ik 2]

ERG IR

E b7 R A KR ZR KErE | B'A %5 N2

1 [ERTTIECE B REE RN | BEFLA1. 3kK 20250113 | FhjEGE VR

3| I X v Bl ®odg K BA 2 7550 20250221 | FINGEE X 2T

T e e B g 1 5t 76/ X TOFR902 % o .

4 | BBBH AR B RdE K BA T 20250221 | fEiEE 7518

KRB E AR M T & X H | e R X A8 50 JE A N ot

0 b7 9503 A A X3-1-27030 RFp | 20200310 | &EF | EIER
6 | FABANNCXIEBREE RN | XIE=MNANBEEE | 20250310 | MK 11 BH

7 O R REE BN 2. SEAE AN NGE | 20250328 | EiEE T

8 |37 % 73K 52 59 B BB A A T%GLK?)O%ZM%% 20250423 | MW | GmF

9 15 52 e LV B R RPN | 7KIE B GO93M2 -4 | 20250427 | i FE

SRR LT P i )
10 | BB BHHT AR B8 B BB BN 241515 %46 il | 20250428 Gt 758
4. 15 K%K
e 1 Jb¥r B5-3-102 7 %= e o
RIS AR IR I NN WA 5 G 6 55 A 20250507 | FNGEGH HgE
SRS ASE X R
e M Aok 1o SR T Bl 4 Y IAAEA100K b [ N
12 | M 4 7K X 98 B b K A JERE 5. 97 [T 20250521 | IEUEFS PN
55 KR

13| F TR U Y O 7 R4E A Im“ﬁgﬁ”% 20050519 | & | mEE
JER 35 T KT Bl B Ve BV B | R 35 T 2k R 6 i i - N

14 SR % 5 TR T 20250604 | NG i

15 g c BB mreRs | D00 | mE | i

16 | JER Y A0 B RodR K A FMEERF A | 20250216 5 H PN

17 | R I B A j(i&”ﬁ;ﬁﬁiﬂﬂi 2025205224— ot Sl

18 | M 4 /K X Bl K& KA Eﬁﬁ?ﬁﬁﬁl$ 20250222 FE S i

P4 7R T M £ Iz LV B R e - . -

19 |™ FE‘%}”%‘:%}\%{%W&%X B 2025208227 =1 BH SN

267



MAESHERAIR

g Sk 2y KR AT BarE | SN | %A
ERn = /—;H—»E‘ ‘iﬁj‘llul? . e
20| EBHMESRGEAR [T LRSS IR 202803067 | e | o
1B 14-05 07
21 JB 475 25 VT Y 5 SRR K BA B AR B 20250317 s | EIER
22 | I e BB ORI | S Sl ?f%?; TR | T
23 | B 1A BRI B RO K F R KBS | 20250400 | E | AN
24 | B BH 7 AR BH £ ¥ B Rk K BA hEREE 20250424 | M | iR
e W ARRERETR
25 jwh‘ﬁﬁi‘jj‘@%?{ﬁﬁﬁa/”g 201 1 HEZ MR 20250522 | KT | 4
Y%@j*&#ﬁﬁm “5 10” J(T(
=3 A A oy INF
zaﬁmmﬁ%%@%@ﬁ%ﬁM.E@%fﬁiﬁmAj 20240227 | &t | g
o7 | REH A BRI, | O %%%?‘ W | EER
08 | LT S 2 B B B A 25 KT Zﬁfﬂg o | T
iz i &1 s N N e v e e
20 | 5 15 48 45 7 X 9 B BB A B @ﬁﬁfﬁiiﬁAj POAOTI | it | e s
B R HEARP IR (202408280 | |
30 W 3 T & I A IR A 04043 EW | &
ARG INIG . PAN H
31%ﬁﬂ@mm%%%ﬁ%xmkﬁ“””g%%m*ﬁ 20240523 | FhUEVE | s
7 N
32 | WM T AT BT v B SRR K A /ﬂjthgz%/;ﬁgﬁrsaAji 20240606 S | EUER
33 | JER Y T AT EVE B KRR K BA rx eV 20240620 | PhGRGE | RXfALT
34 | EBTEM ISP RIEAI | BALESHARAT | 20240628 | EER | 3
35 | AOPHTTH T RSP RE AN | BUMERAE AR | 20240002 | 4 | xE
'EE’—H“_L’ /
%iE%Eﬁ%ﬁB%%ﬁ%ﬁ&fa%ﬁﬁégﬁﬁmwk 20240020 | &M | x®
37 | JER Y T AT B VE B SRR K A Wk 1k 55 2 55 20240929 | FhGRGE | HCES
38 | M AR WP RAE KRB | BRAT255VESL N EIZEEE | 20241014 | ElE | &4k
39 | S T o A L B R B ”Mgm‘ I | R
40 | BRSR 2 5 2 0 BRI KRR K o | T
4 S T B wm%mn¥ﬁ%m$»2”ﬂfm‘ EiE |

268



5 By B A KK AR B | SRA |SRA2
42 iﬁ:%%ﬁ%;%ﬁ%ﬁfk&%% ER IR 20231213 | & | KE%E
43| G AT B I B AR KA Bk WA | g | g
44| B % T TR MBI e 2 41 WIS | e | B
15| TR RMBREA | EEERAKeSE |0 | i | B
16 | R T S0 B D RE KA TETT- W mx | am
AT | HEM A AP RIE KON | 3. 19BN AR KK | 20240416 | EIE | FhuE
vy |WHREATTRPCRIEIR | e gemnppeeal | 20210510 | syl | st
19 | mmEM AR | W T P00 | b
50 | KPR Tk 6 X 7 B ok KA PR AT B M 55 6 20240612 | ZPH | HER
51| JCIMPLE S PRIE RN | BT BN | 20240702 | B | &
52| WL DEKHEPEEAN | URABIGES | 20240703 | x| &l
53 | A LI 798 B R KA 5K 55 2 20240708 | £ | FhiEE
50| YA BB (@i ks D000 nE | mies
s | PPRCIE D PRI i s e o | 20200914 | S0 |
56 | 36 Tt o A X 98 B A KA T B0 252 20241015 | HFHLH | EHH
57 | KRERITESIBS BT R ABN | SKE R QB kR | 20241118 | HFSCE | 4l
58 | 241 3t 5 L 9 B R R DA R W E |
59 | YT AT T R X BT RER RPN | AT 5692162 | 20241204 | m4Es | &
60 | b i _L 45 X I 5 B I ﬁé%%%fﬁﬁﬁi 20241203 | 7 | FhiE
61 MUIMFMEMBSEA | WEERRE 0o | R | B
62 | 0.1 750 25 97 X 4 95 R A B 25K 20230707 | 4&# | EiER

269




R 2R KK A2 s | KRN | SRA2
KRBT R BB R ABN | BRI B | 20230916 | SR |
BRMIRBAZRIOR | sasemii |20 0| an | Wi
S AIRIS | AESEIEEIN N AHKRE 20231009 | & | FFEH
Ry TE AR RR | asmmary 0N ew | s
HON T ROE KB | EEIEMS L | 20231123 | FEE | AR
iR 5 7 3 5 9 B R B BEROOTOVH 4 20230110 | #3E | 4#
5 T 7K X 3 7 R KA be T NS e I
T EER A | mRELaRan D000 | m | e
MM PRI | it amE e (Do | EW | &
5 175415 X 9 B R A B wagasE |0 | EE | e
5 T 552 B4 94 B KA TSR L e
R B 175 7 B B R A B B 20230601 | B | EiEE
I 6 2 7 0 KB ERAMEE | | RIEL | B
JER 375 17 5 T B 9 B SRR R BA B 7 20230625 | M E | HiEH
B BH 7 B [ 2L 96 B R K BA N/ 20230829 | MR | EilEE
JER 35 7 ) BH X9 B R K BA 8. 28 KK 20230915 | ¥riE | BilER
FRETTLEMREAD | ammas |70 | i | e
S R B R R | R Ee2akse | D0 10 | e | B
2 % B L B R KB L et e | &
IR 7 2% X X 98 9 R A e e B0 | e | S

270



MRESS S BRG R ()
ZiAR X
KREH | KRR CRSEAE) SR A
e s | ETTR, ST,
*Jfﬁ%f‘] YR sk PE, XIBE, F | 2021.01.08
BRI KR X e
e ke, KE S,
e
kR }Emgaﬂ WA, =i, & | 2021.5.22
Al A 52
I— e | TKEE, KRS,
E"miﬁﬂﬂk Rl r Filivk, $FEN, | 2021.06.01
x X s
- s ke, KE S,
FCHBE K | R TIZ DT Shah g
% R I X Eﬁh;;rﬁgg% 2021.11. 12
R 1.2k YT | KE S, HETEN
K X FEE T S 2022.09. 10
JER 5 17 7K |
W Ggsk | JRETR) | KE S, HEFEN,
MREARA | FEBERE FEIE T S 2023.11. 10
A KR
RAREK | ok T N
K H R © 1 2023.12.20
PEFEZ 1.3 - akPEPE, WiEH,
Ko JER T ’H sy 2023. 12. 20
PP PEE | TR | BkEik, BRIRE, 0094, 4. 20
1222 KK B RS L 25 T

271



SR K =

sRVEVE, KE &,

whpz = | YT wiEA, SR,
1o | Ehwzh= | ﬁg HEA _'XE’ M 9024, 10. 10
B KR ] A 5
. EHE, UL,
18 58 7 B . . ToTUs,
11 1’“%?1%]\ OIS | BRTER, XIRE, £ 2024.12.10
N W, 3%, M
3 :—‘—»\I—I 7{(
Tomm | EpE | ot S
12 o FER, BIBSER, 5
RS 2 TH, B 3
# A 7D7J5 S
e , %B“I\I]—_ﬁ‘%g;ﬁ El—‘ﬁ: ﬂ:lzzu»—l—" %
13 UF ;{27 X }%ﬁlz —g, A, XK | 2025. 4. 10
JYE 75 4L [E B
LA I - VEIRMR, FELFE,
N 2023. 8. 25
4| g gy e | IR e
05 KK
A 1 e ==
s %%J’Z" %EIEQ’
15 %Eﬁf;r v YR | BRFEE, XIPE, T | 2023.10. 12
M, §h2E, BT
REYEPE | IKE S, BTN,
16 BGFEME | g L ;;;% 2023. 10. 30
e 2 et \ FEMS, M, 2
z gﬁ‘% ﬁiﬁkﬁ%@j{ PRI, REOR, 5 2024. 5. 22
17 = T,
s e %, XI|FE,
e A e
18 AIF KIX AR ’ % . T
. . _ Eiik, A&,
YT RN SR /) A
19 o sKPEPE, XUBE, F | 2024.11.12
) X
FLH X H 17 4 Hl g A

272



BRI

g | o e, sy,
20 A o %%u\ Fith bkt 2023. 09. 10
" | VERAR, ZEZE,
21 | LT R JEREH Tk 2024. 11. 10
JER YT BH o YRR, 225,
2 X hAE FiAk, ZEJE, 5 2024. 12. 20
I ST 2 o S, AR,
93 }‘E“Biﬁgaﬂ a/ﬁgy}aﬁ ﬁJEi/ﬁ;ﬂ ;Zﬁk;z 9094, 12. 20
= X S
LRG| L ig% fugg -
i T Fﬁ% ’ 2025. 4. 10
JRYG A | ‘ YRR, 225,
k4 i 2025. 8. 25
i HZRJE | 2y NI,
M TAE %g}éz\ﬁ WG M. o
Rk | BIE/NXH | WERR,  FZEE,
21 X M Tk, gem, g 20 10290
N KFEH, KE S,
F
28 }Eﬁiﬁgaﬂ HEXRRT | EuR, HFENL | 2025.5.22
JR A 25
Ry E N | BESLEHAE  KE S, T
29 + g S 2025. 06. 01
JRR 475 T 2 V] e WE S, T,
30 B a LZEF AT L HT 2023.11. 12
'/_.:\" ‘l T/’
o | R | YR ;7“%?%;’;&;
H I e Y2024, 4. 10

&

273



s MREES WA B st ] BT Hb wmeEIm
H'ﬂ:, E& 2Rl s N I \
I KRR | o Bt | 4, Kot
1 FRERRE, (253, it 2020.10.30 310 SN
ﬁﬂﬂéé—% T [AE] 4
PR, BRIME, | BMRFIBOK =4 .
2021.01.08 Rk 501 | 4, k4
2 i il ik A% &, ke&%
BT, ZERKEREE, | KK R BRI " .
2021.5.22 k501 | 4, EWE
S| wmEm omms | Rwh s g oy, B
BT, ZERKEREE, | KR R BRI N _
2021.06.01 LR 501 | 4, PNREGE
A S S T b B, I
PR, BRIME, | BHRFIBCK =4 o .
. 1.12 1 _LF 609 4 # ’ ‘}/\ ‘}1\|
o i 2021.1 1T EU% G, INRTR
sk, KE S,
RAEIIZ IR %% B
5 WX, E4E, F HEAED) %Eﬂ 2022.09.10 THEHE 609 | sk&H, &
i ikt
]
A, KE S, S
PRFBR AT N .
6 FEtixk, HEFEN, %%"i‘“% e 2023.11.10 iRk 501 | &Fr, EiER
T =0
sk, KE S,
k3 XAk
7| e, | %/%ﬁ “’L‘E% 20231220 | dft#k 501 Gt
T ST ARt
WE S, BN, | BRIEI gL e
2023.12.20 1 609 bt &
8 % S BT fTEE 609 | harte, o
KE S, Wb, | BRIEI gL I
2024.4.20 47U 609 G, £k
’ T SRR B e ket ok
PIFA, K, B
10 W, EW, e Hﬁ%ﬁmk%ﬂ 2024.10.10 i 4% 501 G
e it
s
sk P, EIEH, | BURAIAA BT N
2024.12.10 i % 514
11 Ry bt R S
. K3 HEWIRG I 1
T B . w
12 ’5 ﬂ?g gg ; %I Ex’gﬁj\ﬁgwuaﬁ 2025.3.10 ik 1% 514 G
‘[)
FiiRk, S5TE, .
13 | skptdh, xIBE, ¥ X iﬁ@%@ﬁ% 2025.4.10 BBk 514 Lo
N kzans
VRSt 2525, | B Eh ok gk 4 Y%E iy et
14 — it 2023.8.25 304 K
YRR, 225, | Ak R = e
15 - . 2023.10.12 304 TR
YEIRR, BN, | HrEEERIE SR g
2023.10.30 T3
1| Siea, im, | @bt 304 R

274



i

[ BT RE VR A R Ll -
2214, 4. 1
17 2N, Ak [EPT—N 2024.4.20 304 F R
é%ﬁy %%)ﬂé’ o Tl 22 ik IS \ s A
18 | BTE, XE, E K)I‘Ij;if% 2025.4.27 ﬁflfb %BH,?/;E% -
W, B, M B
%E:’ l] ﬂ’ s N S Sz s A
éﬂg 1L, KKEE 5 E DI Kty | &M, &, *
19 | Rk, WIS, TRt o 2025.4.28 210 et
T, B e
20 E7, MREE, & | KREEESEE 2025.5.20 Bty | &M, &, E
—n, Mg, Xk TFEWHT & o 310 iy
VR, FEsFE, | Rt aRoA B v
21 2025.5.23 F iR
SH, KRE Bt & 304 TR

275



2024-2025 &£ NWHHRE SR

s 8] BREA BR#R/ER S BREE
HIEREH A& NPT
1 2024.4.1 FHER P K T DNA.JFI SRl 22 H A AT I
2 2024.4.8 E3aN iz A AR AT A
NI | . .
o Lo | IEERFE ORI R
3 2024.4.8 INEK k{ﬁkﬂ%ﬂ&g&k/ﬁﬁn K E U 2 o P
L s K =A% YAIE
4 2024.4.22 MRS fiff 5 i Koy s
5 | 2024521 = i T OO R R ]
g%
, . FHOR BN IR I n) S
KA = o
6 | 2024528 | K = PR ————
7 | 2024.6.21 SR G HAR—K NG5 1 A 2 52 %
8 2024.12.4 KT =L T B W B B S
. 5 AU AT A R = R
9 |2024.10.10 R 9T L85 o 2
10 |2024.10.11 | ZE4ETF =L HHETRK T;f WAL ELY)
JBE 175 5 Y B Rk S N BRI T B %2
JE ==
11]2024.1029 1 SE g g RRLK SRt 5V
o KR RS PEA T M A 2%
12 |2024.10.16 | MR = T,
. JEREF T R XV BE | KRB R 0 K R RS
13 | 2024.11.9 B TR A B K: s
. IESR LREIM/FE | RS AL KEM
14 |2024.11.15 | ke [P i TR T
15 |2024.11.11 | ZpYiE HIz HAW L I Esl!

276



2024-2025 &£ NWHHRE SR

s B 1) BREA BR#R/ER S BREE
1 TR A VLR S
16 |2024.11.12 BT FIE s S o 1 7
N . MR Ip 2
17 | 2024.11.4 WlicFic = oy
18 | 2024.11.22 F& & FAT /B FT R k%wﬁﬁﬁgﬁﬁﬂi&&i
iy Sk RS B FRSOIEHETE T B R
19 |[2024.11.27 | HZEg Il Ab K /B 5T B 7 PR 3 B S T
. L& YRAMLA T REFLFI
20 |2024.12.10 g bR A i
N >
21 | 20253.10 | T ﬁﬁg J;: /%7;%2: DAN TR R} SR A I 1
22 | 2025.3.31 FIZ DA VR SRS BRI
5 N TR B R
23 2025.4.5 INEK DA SEANE T B
N TR
24 | 202547 | #MEYT Wt ﬁ]@ﬂj—gij;i% it
25 | 2025.4.7 A H RIS LT DA LRI A
_ - LT | LE IR E SN
26 | 2025.4.24 |  JHA Az 525
. KT IEEFET-HAFA
27 | 2025.4.28 K =R SEAFAR A A A 0
28 | 2025.9.24 g7 &=L K G BT S
N o KR IR A I FE
29 | 2025.9.23 PP =L fopm

277



2178



279



280



20250 0000000000000

oodd oobogdggdoon

Ooon gooogobgooogd

oo oo

oo O000ooo@oon)

Joodd obog
voooooood

oubO
oOoo0o0oo0oo oo Vo

go,oog,goo,onbo,ooo,0o,d
g,0o,00,00,00

0o,d
ooodo 000

Al

oogobot booboobobo,boobod

googd VO oo

gobbobbooooogobo

1 281



o000

oooooooo
O

googooog oooooo@oon) goo
googon gogono goo
oo goo
oogon gooobooobooboo
oo
oo
oogd gooobogooooboo
ooooo ED,DDD,DDD,DDD,DDD,DDD,DD,DD,DDD,DD,DD,DD,D
gooooo gooobgooo,0ooobo
gogon RN
1 gboogogooo g Z011050
gogon . \ ©~
2 goooon 00 Z011015
oo N
3 googog go 7011025
googonoao gooo
ooodoboobgon goon

gogno

gooo,oobooboooob,boobo,oboon

gooobooobooboo

obo01ibooooobooooboobooboobobooOonooeosylcabbnz200ooooon
ooooboobooboobouobooboobboooobooboobOoeoesylcczioog3nooooon
O000boobosUibounooooobooboonoogs2o032/dbo4booboooobonon
Uo0oobooboooobooboooobboODierss2roosogooooobooooooon

g

ooooooboooobooooDooboooOobonb2o16eiB0060

gooobogoobooo
g

gooobgoooo

gooobgooobooog 28

gooooo

ooOo0 20160 080

oo0 20190 110

282



ICS 07.140

g \RHEFIEQHR ST WA

GA/T 2138—2024

>

EMFE BARERS|SYIE
T R S

Forensic sciences—Code of practice for examination of

electrical evidence in fire cases

2024-04-22 &% 2024-10-01 58

PEAREZXMELAZE 2 %
283



[ 2%

A

it

ASCHFIRIBGBIT 112020 CHREM TAESI M1MA: FRAEHSCH LR LRI HHLE
e

AP I S0P 3 TR B ARSCREI RATHL AR AU R0 .

A s i AR A % R

AT R I BHAR FRIEILEAZ RS (SACITC179) 1,

AR AL FIARSEAY, A%, WAART. LBHAZR. I REA
RIT BRI AT

ASCHEEBRMA: b, FHL FE. KEH. LT, B B VA R, B
R BN, EZHE BT TE

284


一米阳光
Highlight


1CS 07.140
CCS A 92

A

RIEAREMEQAHXRETIRE

GA/T 21442024

EEME AKREE BT RA
SRR I AR F N

Forensic sciences—Guidelines for examination of accelerants and
residues in fire cases

2024-06-24% % 2024-11-015CHE

FEAR#XNELARE X %

285



GAT 21442024

BB

ALAHEIRGRT  1.0—2020 Chaak (e T 0 S 00080 A0 A e b 00 50 P 0 5 ) i B 0 3 o M o
EX.

VA A P R N BT RE R R T R A SO Ot WL AR R AR ) R .

A2 30 P T 2 e 0 TR 0 AR

At e B S R e AR B M2 SACTC 1T B

AUl AemEed o, PEMEERESRE, PEARERCE. KtadR. Ll
AER. RETHELSIT, WESLET., s e%f. MERLRm. Ry oen. Witk
B 2 % i

R A A h%. KE. WIE. BWR. ol WE. Seem. 0N, BIRE. Wil TZn.
Eel .

286


一米阳光
Highlight


ICS 13.310
CCS A92

GA

thte N R RE A R 4T AR

GA/T XXXX—XXXX

EERMTF PRI EKREE =M
18 R IR E K

Forensic sciences—General technical requirements of packaging

equipment for ignitable liquid and its residues

XXXX - XX= XX %45 XXXX — XX- XX SLC}#

287



GA/T XXXX—XXXX

=
it

AT HEGB/T 1. 1—2020 ChrdEfb ARSI B5138 53 Rl STAF I 5 R BRI ) (R e

=

VT A SO (8 Y 25 0T REVD S B R o AR SCARIR AT HUAA AS 2 HH R 2 ) ) BT

A B R A SR AR H

A A B I FH AR EN AR Z 7122 (SAC/TC 179) HH,

A RRERAL: b A aEEEE O P EAREE RS LA THZ S #AeE A
LT . RET AR RFBUSEA . A E BIEXALTRGABN. BE A TS 28
BARITYNESEE G, TEHBXARZTSEEARL, HEPSEERER, T8 A% THEEAR
SUBN L P VA DX 22 T TR BA

A FEREN . FAE. 8. BEE. &8 XBER. BB Gh. SR, EES. MBRCGE.
AR PR, BEEE. ZE2E. ERKL IR

288


一米阳光
Highlight


ICS 07.140

o [i‘\

chig A R FIE L 22Tl bk

GA/T 2141—2024

EEME BANERHFBESYIERE
AR E

Forensic sciences—Technical specifications for collection of electrical evidence

in fire cases

2024-04-29 &% 2024-10-01 £

REANREMERARES X H

289



GA/T 2141—2024

i

Bl

AP GB/T 11— 2020CHRHEAL T ARSI 55 1 H040 «bRafE A SCHF 0 45 ke 5 100U ) 0 L
R

T B S 0 56 4 5 T 9 T T il A SO % A B M AR R UM 2 0 1 5 £

AR 4 TR S A

5S4 B RS AR AL 4 AR % B2 45 (SAC/TC 179) T

AR B o AR RO AR LT AT T AR TR A %
T BT AT

RS TR AR XUE AR K BN I AR IR PR R
B L BT R

290

BHRY

SHESPNES

[ASE-Rive

THS: 0100241010144242  Bifth4dm5: 2024-1010-1050-4831-4547


一米阳光
Highlight


ICs 07.140

it \REFIE AR Z LTI ERE

GA/T 2143—2024

/I
=H
=

EFEME SARGIGZHMERIE
ZEEAE

Forensic sciences—Code of practice for assessment on ambient

safety risk in crime scene investigation in fire cases

2024-05-29 &% 2024-10-01 3£ 58

REAREMEARSB & H

291



GA/T 2143—2024

B B

AR GB/T 11— 20200 TR RN &5 1007 bofl fR 0 G405 4 R 2 e e iz
.
A A S 00 g 0 e A S O 8 L S RS0 L AT
AL h 2R 25 By St
AP TR A b LR A R B2 (SAC/TC 1TDIR D,

A6 SO RO R SCR R o A R GO B A T A AR T R A
ML e AR TR

AT B RO % i [ RS 0 PO AR R (L T R ke

itk ok ACEE 08 N

292



PREERIY BRAR RS AR I
—— BT

1355E

KEARTTERE T ZERFELZRBRHBREARNBEX . RRPBRETTE. RRBRE
DATAGE RN

AXMHERTEENZE KR P ERIENARGRE LT, HGUEIR TSR
A
2. B M5 At

THISCHF R AR B SR RSE S | MR A SR A AT D &R 27 B
RS A, (CEIESMNRAERTAX . LT EAHNSIAXE, HEHRA (8
A NESR) BATAXM.

GB/T 40991 M EWNIERRIR. BEITE

GA/T 1162-2014 ZEAEYRM IR, RTF. ERAE

GA/T 242 I EMIE IR AR I ARIE

GB/T 19267.6 FIERAMEBYNIENIEMURR 5 6 5 HHEBFBME/X HEEiEE
GA/T 2081-2023 XRERF F4ERE wkICEREE

GA/T 2082-2023 KERIF FHERE BEMALKEE

SF/T 0080-2020 BARLF AR LIS BOL B MRS L%

3. ARIEMEX

GB/T 40991, GA/T 1162-2014. GA/T 242. GB/T 19267.6. GA/T 2081-2023. GA/T 2082-
2023. SF/T 0080-2020 FERZIUATHENAEK EXER TR,

3.1

293



IREERLE i A YE AR R R TR
Tk —— R Mz

1.5z

N,

REARTTIERNE T EEMNF & NAFEYIEHRRGRBAONEEN . REPBRSTE. #
BRRRE DTG RV

AXHERATEENFZ IS KEZ AP ARYIENFIRGRELEE, ASUERT SR
1%% o

2. B M5 At

THIA PR AR B RSeS| A MRS R A A AT D &R N2 R
ARSI A, (OFREMARAER TAX . N2 EEBNSIAXM, RRHRA (2
ERRAENERE) ERATAXMHE.

GB/T 4146.1 LR i LFAH £ 130 BH

GB/T 11951 RALF# AKiE

GB/T 40991 MEWIERIRI. BEITE

GB/T 19267.6 FIERAMEBYNEMNIEHARR 5 6 Fp4>: HEBE T BHE/X FHEEiLE
GA/T 242 EYNEMN BRI AIE

GA/T 2081-2023 JEERIFE FAEKRR BRCEMEE

GA/T 2082-2023 JEERIZ HFHERR BHOICKEE

FZ/T 010571 GFRAHLHIRNTTE 5 1889 BAURH

FZ/T 010573 SFRFHALHRNKTIE B 3HN: BHREE

SF/T 0080-2020 ARAFHM LXK B BRh 80X %

3. ARIBHIENX

294



ICS 43.120
CCS 1 47

i (Z Fr i

T/CSAE 344—2024

ST hEBEMRKITERER
pIRGRW P

Thermal runaway adiabatic calorimetry test method
for lithium-ion power batteries

2024-02-29 X% 2024 - 02 - 29 =i

TEREIEFS %X
295



T/CSAE 344—2024

—_r

Ul

]l

ASCAFZIEGB/T 1. 1—2020 (hrdEAL AR S 1. ARHEA SO RIS M ATES BT 1R E
L,
THERASCIF RS LE A BT REW S T o AR AR ATH U A AR X 285 ] (1 AT
AT BNV P M BOR BT AR R B SR
ATt R TR AR TAE R B A
AR RAL: JHERY B TR, FEBEAROR RS PIRBE RERI R O (R
D ARAF. PRGBS R AR AR . SIEEF SRS IREA R AR LB TR,
EARESERS JRIREH IO A IR AR EERATFMNTET R (R« BIITE%6E
BRHEAR AR HEIRE TR B A IR AR . E B TR 7T . b U8 eI I
MHRAF . BHYER WHD BEERAF . WEREREAER AT THMEREREH R 2 7.
Jit G5 By Freeli A IR AR ILIFh MIRAE A R AR S B [ AET REE AR M A BR A ] < 5
M EAT AR R AT HEE - TE R A RS .

A EEREN: GIET. 55, BE. 200 R BEA. EHER. FT BET.
bR BBER. 57, HORE. MERT. T, B, FOLE L MR RESCRT . TIBAR. R,
FIER. RIERE. B, miRT. @Al FE05. EW. ERE BN R XIERE. R,
REM. wEE BRRE. XIRsE. e, xR edla. =8, g, ERME. Pk, BB,

I1I

296


一米阳光
Highlight


ICS 43.120
CCS 1 47

i (Z Fr i

T/CSAE 345—2024

EETNERERSESHNER A

Measurement method of thermal characteristic parameters
of lithium-ion power batteries

2024-02-29 X% 2024 - 02 - 29 =i

TEREIEFS %X
297



T/CSAE 345—2024

=~

Ll

It

ASAFHEIRGB/T 1. 1—2020 Chruetb TAESN  SE1EE7: PR SO SE R R SRR i 2

L,
T EA SR LE WA T REW SRR o ASTAF R R AT WU AN AR TR X S F (1 5T
AT FEDIR AR PLBOR B s I B4R
AP EVRE TR A 2 b TR R A H,
AR E AL JHERY. BTN P EBEAROR RS PIb eI A ikl (R
B ARAF L P RIFNIRHRR B A IR AR S IEEF SR D aelA R A JE BT,
BN REGRS TR REI B A IR AR TR RN E b (R « BiliE%hE
PR IRATR . P EFRETEV SRR A R AT A E BT SRR AT 7E e AL SR REIRT i
MHRAF . BHPEE BN BEARAR . WIEREREARAR . M MEREREAR AT .
Tt G5 8 BreeIiA R AR LI XIRAE B IAT IR AR Sk B2 B ALHT RER A B AT PR A 7]« 75
M EGATNAB AR AT HEE R EBR MDA RAF,

A EERFN: ST BT 7200 RGE . BEAL R, THEMR. ZICH. SR,
Wb BEER. EJ7. HRE. MERT. PR, B, FALE. gl RESCR. TIEAR. £ £
AR RIERE. M. miRT . BORPE. ARGR . Lele. B4 BN, RTT . XIER. 5Kz,
BEH. EeE. BIRR XIh5E. 5. KA. B3, M. TR, Frh. BEA.

IT

298


一米阳光
Highlight


i

RARFH (BRA#E) AF

BUH G 2K R DA/ KR B HGR A ROE I R %
TT () RHEMERAETIE L) HRAR
k57 (477) _PEARSRE K

WAiTHIE 20224 8 H

i PEARSRAYE YD

ARIIR 2022 4E 8 A 31 [H-2032 48 A 30 H

iR N RS E R B Ep )

299

2T AT



300



Bot=F: 28R _A 6. AGESERLS.
BoOK: ASALSUHETHEREER.

L

301



302



303



Journal of Chromatography A 1654 (2021) 462462

Contents lists available at ScienceDirect

Journal of Chromatography A

journal homepage: www.elsevier.com/locate/chroma

The most remarkable interference to gasoline identification from n
polystyrene-co-butadiene and the corresponding cause St

Jing Jin®*, Kangxu Li Jiaping Chi® Shuxin Li¢, Jinzhuan Zhang®, Lingang Lu®

aSchool of Criminal Investigation, China People’s Police University, Langfang, 065000, China
bSchool of Graduate, China People’s Police University, Langfang, 065000, China
¢ Department of Fire Protection Engineering, China People’s Police University, Langfang, 065000, China

ARTICLE INFO

Article history:

Received 28 July 2021

Accepted 5 August 2021
Available online 11 August 2021

Keywords:

Forensic science

Fire debris analysis
Gasoline identification
Combustion residues
Correlative interference

ABSTRACT

The identification of ILRs in fire investigations has attracted great attention for decades, and background
at fire scenes caused complex interference on ILR identification by contributing characteristic compounds.
Aiming at exploring the correlation between the interference extent to gasoline identification and chem-
ical composition/structure, two polystyrene-butadiene rubbers (SBr) with typical styrene contents involv-
ing alkylbenzene in molecules were selected particularly. The free burning residues in the presence and
absence of gasoline were collected and analyzed via gas chromatography-mass spectrometry. It is striking
that SBr with typical styrene content caused the most remarkable interference to gasoline identification
as far as reported since it is even impossible to be distinguished from gasoline through chromatogra-
phy profiles. Additionally, the molecular structure together with the chemical composition influences the
interference extent as well. To trace the source of the remarkable interference from SBr, polystyrene,
polybutadiene, as well as one polystyrene-butadiene-styrene block copolymer, were picked particularly
due to their specific chemical relations. The results of target compounds analysis on the corresponding
combustion residues revealed that the remarkable interference of SBrs originated from the combination
of ‘styrene’ and ‘butadiene’ by contributing different target compounds. The results provide further sup-
port for the proposal of the correlation of the interferents chemical compositions with the interference
extent. Furthermore, this study provides important references for fire debris analysis by predicting the
interference of different substrates on the basis of their chemical composition.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

appraisal opinions is one of the critical issues faced by fire debris
chemists.

When it comes to suspected fire scenes relating to ignitable lig-
uids, the identification of ILRs (ignitable liquid residues) is the key
to determine the nature of the cases [1,2]. Generally, the combus-
tion/pyrolysis of common household materials [3-5] and fire extin-
guishing agents [6,7] inevitably generates similar compounds for
ignitable liquid identifications under high temperatures, and this
background caused the most remarkable interference on ILR identi-
fications by contributing characteristic compounds for data analysis
when compared with the influences of microbial degradation [8],
weathering effect [9], and thermal environment at fire scenes [10].
Taking all the factors above into consideration, particular attention
should be paid to avoid misjudgment of ‘false positives’ [11]. Accu-
rately eliminating background interference so as to obtain scientific

* Corresponding author.
E-mail addresses: jinj@iccas.ac.cn (J. Jin), llg@iccas.ac.cn (L. Lu).

https://doi.org/10.1016/j.chroma.2021.462462
0021-9673/© 2021 Elsevier B.V. All rights reserved.

As a matter of fact, Clodfelter et al. have noticed the influ-
ence of interferents on the identification of ILRs as early as 1970s
[12]. Bertsch [13] found that styrene was one of the typical py-
rolysis products of carpet products; Almirall et al. [14] selected a
large number of daily necessities (wallpaper, nylon blankets, etc.)
to carry out combustion experiments and concluded that num-
bers of target compounds appeared in the combustion residues
of nylon blankets. Jhaumeer-Laulloo et al. [15] found that carpets
caused the most remarkable interference to ILRs identification by
characterizing the combustion/ pyrolysis products of 11 household
materials. Stauffer [16] summarized 25 common interfering com-
pounds extracted from the interferents affecting the identification
of fire residues severely by burning more than 100 different sub-
strates (newspapers, wool carpets, etc.). The literature of pyrolysis
products from commercial polymers is prolific and continuing, and
it is obvious that those commonly encountered materials, rather
than the one with a specific chemical structure or typical func-
tional group, were taken as research objects in almost all the pre-
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1 | INTRODUCTION
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Abstract

The ability to accurately identify fire patterns is the fundamental requirement for fire
investigations. The corrosion layers of steel in fire scenes exhibit three distinct
characteristics. First, due to steel's nonflammable nature, steel patterns can be preserved
better at the fire site than patterns formed on other combustible materials; second, both
the high temperature and the smoke during the fire affect the high-temperature oxidation
process; and third, the corrosion layer of steels inevitably undergoes further evolution after
the fire because of the subsequent room-temperature corrosion. This study focuses on
investigating Q235 steel because of its extensive use in construction and vehicles. The
pattern evolution processes of high-temperature oxidation at elevated temperatures in air,
polyethylene (PE), and polyvinyl-chloride (PVC) combustion smoke and the corresponding
subsequent corrosion at room temperature were systematically investigated from the per-
spective of macroscopic and microscopic morphology. The results showed that the smoke
atmosphere played an important role in the formation of the corrosion layer of Q235 steel.
Compared with samples oxidized in air, samples oxidized in PE combustion smoke exhib-
ited a uniform and dense oxide layer on the surface, which inhibited the corrosion at room
temperature further. The PVC combustion smoke accelerated the high-temperature oxida-
tion of the sample, and its influence on the subsequent room-temperature oxidation pro-
cess was closely correlated with the temperature of the high-temperature oxidation. The
results of this study provide important references for understanding the formation of the
corrosion layer of Q235 steel for fire investigations.

KEYWORDS
fire investigation, fire pattern evolution, high-temperature oxidation, room-temperature
corrosion, smoke atmosphere, steel

oxygen, water vapor, sulfur dioxide, and hydrogen chloride (HCI).2 It
is, therefore, critical to understand the impact of high-temperature

Unlike combustible materials, which are typically consumed during a
fire, noncombustible materials such as metals can persist. As the most
commonly used metal material in daily life, steel can be oxidized in a
high-temperature environment, forming a typical corrosion layer as
a result of the burning of multiple combustibles.™? Additionally, soot
particles and smoke formed during combustible burning can further
affect the metal corrosion layer. The gases that effectively affect steel
high-temperature oxidation include highly active components, such as

smoke on the corrosion layer of metal in fire, which can be used to
analyze metal patterns at fire scenes.>*

Previous research has been conducted on the corrosion of metal
under simulated fire conditions. For instance, Boniardi et al., studied
the microscopic morphology evolution process of iron and aluminum
alloy materials using metallography, scanning electron microscopy,
and other microstructural analysis methods.>® To analyze the impact
of the atmosphere formed by accelerants on the steel oxide layer, Xie

Fire and Materials. 2023;1-11.

wileyonlinelibrary.com/journal/fam

© 2023 John Wiley & Sons Ltd. | 1
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ABSTRACT

The morphology evolution and compositional change of blood during heating are crucial for understanding the
results of visualization enhancement when using chemical reagents. Given the complexity of blood composition,
human and two other mammalian blood samples were initially centrifuged and prepared as dried whole blood,
dried erythrocytes, and dried plasma for further TG-IR analysis. The results indicated that the decomposition
process of blood could be divided into four distinct stages: 35-190 °C, 190-430 °C, 430-610 °C, and 610-800 °C.
In the second stage, lipids and proteins underwent thermal decomposition, resulting in an approximately 50 %
mass loss of blood with the release of NH3 and CO,, and obvious bulges presented with a black metallic
appearance due to the rapid release of gases. The bloodstains could be visualized by the luminol test after heating
at 310 °C for 5 min. Also, a positive reaction could be obtained by using tetramethylbenzidine (TMB) after
heating at 400 °C for 5 min. In the third stage, the mass loss was further reduced by approximately 40 %. The
streaks or block-like fractures appeared on the surface, with the metallic luster largely disappearing. Negative
visualization results were obtained from bloodstains after heating at 480 °C for 5 min, suggesting that the he-
moglobin was completely decomposed. The thermal decomposition process was gradually decreased when
heating above 610 °C and completed around 880 °C, with minimal fibrous residues left. The compositional
changes of blood during heating were correlated with morphology evolution and visualization enhancement,
providing the evidence for blood detection in fire scenes.

1. Introduction

stain patterns, although the temperature in some areas of the room ex-
ceeds 900 °C due to flashover. Similarly, Akemann et al. [5] constructed

The detection of bloodstains in the fire scenes is important for the
investigation of fire-related cases. However, compared to traditional
crime scenes, the extreme destructiveness of fires compared to tradi-
tional crime scenes and the subsequent firefighting efforts have led to
the misconception that bloodstains in fire scenes are of little signifi-
cance. In recent years, this view has also been challenged [1-4].

Using small-scale simulations and real fire experiments, several
scholars have studied the chemical visualization reactions of blood after
thermal exposure. For example, Tontarski K L et al. [1] sprayed the
blood on several typical surfaces, including the wall, floor, ceiling, glass,
and curtain, in a simulated fire. After spraying luminol and Bluestar®
throughout the room, positive reactions were still observed on visible

a small combustion chamber to investigate the detection capabilities of
luminol for porcine blood on various materials in a fire scene. The results
indicated that more than 80 % of the blood samples on the surfaces,
including wood laminate, gypsum board, and carpet, emitted lumines-
cence when sprayed with luminol even after heating at 231 °C. How-
ever, the combustion temperatures of the remaining samples were not
reported, which might limit the understanding of the results. In addi-
tion, Bilous et al. [6] conducted an alcohol fire test to simulate the high
temperature conditions by heating blood samples from 400 °C to 600 °C.
They reported that all three reagents, including luminol, Bluestar, and
Hemascein™, showed a significant decrease in luminescence after
heating for 3 min. Another study by Autumn et al. [7] found that the

* Corresponding authors at: School of Criminal Investigation, China People's Police University, Langfang 065000, China.

E-mail addresses: huodiaoxueshu@163.com (J. Jin), Ifly@sohu.com (J. Zhang).
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ARTICLE INFO ABSTRACT

Keywords: The identification of biological evidence is particularly important for criminal detection, and the deoxy-

Bloodstain ribonucleic acid (DNA) analysis plays a significant role in reconstructing events. However, bloodstains after

Fire scene thermal exposure in fires are quite unique compared to those in other scenes. Previous results regarding DNA

Thermal exposure . . . . . . . .. . . .

DNA typi recovery in bloodstains after heating are inconsistent with each other, which limits guidance for forensic science.
ping

In order to confirm the influence of heat on DNA recovery, the important physical evidence, bloodstain, was
selected for its common occurrence, and a standard heat source, the Cone Calorimeter, was used to simulate high
temperatures in fire scenes. A series of bloodstains were prepared under different heating conditions, and the
results of short tandem repeat (STR) typing were systematically correlated with the trace characteristics of
bloodstains. The findings indicate that heating bloodstains below 150 °C for less than 10 mins has minimal effect
on DNA testing. After heating bloodstains at 150 °C for 20 mins or at 180 °C for 5 mins, partial DNA profiles were
obtained, accompanied by blackening and cracking of the bloodstains. After exposure to 180 °C for 20 mins or
200 °C for 10 mins, no DNA profiles were obtained with bloodstains exhibiting metallic lusters and black bulges.
Furthermore, from the perspective of chemical bond energy, the C-N, C-O, C-C, and P-O bonds in DNA molecules
are prone to breaking during heating. The C-N bond serves as the primary connection between the four bases and
the strand, while the C-O, C-C, and P-O bonds are significant connections within the DNA strand. It is thus
hypothesized that the breakage of any bond aforementioned during heating results in the failure of DNA typing.
Understanding the correlation between trace characteristics of bloodstains and DNA typing results after thermal
exposure is crucial for comprehending DNA recovery from physical evidence collected from fire scenes.

Trace characteristics
Chemical bond energy
Thermal stability

1. Introduction scene. Tontarski et al. [1] carried out a large-scale experiment by

building a four-room structure. Bloodstains were placed in typical areas

Biological evidence is crucial for crime detection. Nowadays, deox-
yribonucleic acid (DNA) testing technology is widely applied due to its
objectivity, accuracy, efficacy, and reliability. Among these technolo-
gies, short tandem repeat (STR) typing stands out and is well developed.
In fire scenes, the destructive effects of high temperatures cause
remarkable damage to biological evidence, making the discovery and
detection of this evidence seemingly unnecessary and futile. Advance-
ments in forensic science have disproven this notion [1-9].

In most cases, two typical methods have been utilized to prepare the
heated bloodstains under simulated fire scene conditions. One is to
simulate actual fire scenes and to recover bloodstain DNA from the fire

* Corresponding authors.

E-mail addresses: huodiaoxueshu@163.com (J. Jin), Ifly@sohu.com (J. Zhang).

https://doi.org/10.1016/j.fsigen.2024.103172

of the simulated room, such as walls, floors, ceilings, glass, and curtains,
after which the room was ignited. Among the 98 samples processed,
69 % yielded complete DNA profiles, 7 % yielded partial DNA profiles,
and 24 % yielded no DNA profiles. A complete DNA profile was obtained
from the sample on the bedroom ceiling at 297 °C, which represented
the highest temperature at which a complete DNA profile could be ob-
tained in this study. Abrams et al. [2] studied the recovery and typing of
human DNA from blood, semen, and saliva collected from simulated
arson sites, and found that heat did affect the integrity of the DNA
recovered. Only 10 of the 40 samples collected from the rooms in which
the fire was started gave complete profiles, compared to 48 out of 58

Received 5 December 2023; Received in revised form 27 October 2024; Accepted 4 November 2024
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Abstract

In arson cases, the accelerants are typically stored in steel containers where finger-
marks may be preserved. To explore the effects of heat on latent fingermark visuali-
zation deposited on steel surfaces and the corresponding mechanisms, 304 stainless
steel and tinplate were selected. Coaxial illumination and cyanoacrylate fuming were
employed to visualize fingermarks. An optical microscope (OM) equipped with a hot
stage was utilized to characterize the fingermark ridges evolution in situ. Additionally,
the scanning electron microscopy (SEM) and energy-dispersive spectroscopy (EDS)
were used to analyze fingermark micromorphology and variations in fingermark com-
position. The results showed that below 500°C, the visibility of fingermarks on both
steel surfaces decreased as the temperature increased, and no ridges were visible
at 500°C. This was due to the decomposition/evaporation of organic compounds in
the fingermarks caused by high temperatures. However, their outlines began to reap-
pear at 600°C, and ridges became visible to the naked eye at 800°C. This was due to
the fact that at temperatures exceeding 600°C, oxidative, electrochemical, and salt
corrosion between fingermarks and substrates were accelerated, achieving finger-
mark enhancement. For tinplate, due to its antioxidant properties and the corrosion
resistance provided by FeS,, it exhibited less apparent oxidation and salt corrosion.
Comparatively, fingermark visualization on 304 stainless steel was superior to that
on tinplate. This study demonstrated that fingermarks could be retained on steel sur-
faces even after exposure to high temperatures with different mechanisms related to

the chemical composition of steel, which provided crucial data for fire investigations.

KEYWORDS
accelerant container, enhancement mechanism, fingermark visualization, fire scene, multiple
corrosion, steel surface, temperature-dependent visualization

Highlights

o Fingermarks on steel container became visible after heated at 800°C.
e Fingermark ridge evolution under heating was observed in situ by microscope.
o Heated fingermarks on steel visualization are influenced by multiple corrosion processes.

e Visualization of heated fingermarks on tinplate was inferior to that on 304 steel.

J Forensic Sci. 2025;00:1-14.

wileyonlinelibrary.com/journal/jfo © 2025 American Academy of Forensic Sciences. | 1
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Matrix interference has been a key but complex topic in forensic science for decades, while its mechanism re-
mains confusing. Based on the preliminary research findings that the combustion/pyrolytic products of styrene-
butadiene rubber (SBR) remarkably interfere to gasoline identification in fire debris analysis, this study aims to
further trace the source of the remarkable interference and understand the interference mechanism of SBR to
gasoline identification. Six types of SBR with different styrene contents were selected, and the corresponding
pyrolysis process and pyrolytic products was explored using thermogravimetric analysis-infrared gas chroma-
tography/mass spectrometry (TG-IR-GC/MS). Simultaneously, a comparative analysis was conducted on the
pyrolytic products at different pyrolysis stages and the corresponding interference to gasoline identification, and
microstructures of SBRs were characterized by Fourier transform infrared spectroscopy (FTIR) to correlate
interference with chemical structure further. The results showed that the pyrolysis/combustion process is
obviously chemical structure-dependent, and the interference degree of the specific pyrolysis stage can be
characterized by the quantity factor of weight loss and the intensity factor from the number of interfering
compounds generated during a pyrolysis stage, resulting in the difference in interference degree among different
pyrolysis stages. SBR with a lower styrene content produces more interfering pyrolysis products through
depolymerization, decomposition, addition, cyclization and aromatization reactions, especially the Diels-Alder
reaction involving butadiene with 1,4-units, the products of the reaction serve as precursors to aromatization.
From the perspective of chemical structure as well as pyrolysis process, the origin of the matrix interference is
systematically discussed in this study, providing important references for understanding, predicting and elimi-
nating matrix interference in fire debris analysis.

1. Introduction

In arson cases involving accelerants, the identification of accelerants
is crucial for determining the nature of the fire. However, fire debris
extracted from fire scenes is often subject to interference from factors
such as thermal environments [1] and combustion/pyrolytic products of
background matrices [2], which imposes difficulty in identification of
accelerants. Rubber, being an organic polymer, is widely used in prod-
ucts such as tires, cables, and building materials, making it a common
background matrix at fire scenes. Previous studies have found that
rubber tends to produce aromatic hydrocarbon compounds during
pyrolysis/combustion, which interfere to the identification of acceler-
ants at fire scenes [2-4], and the combustion residues of the

* Corresponding authors.

styrene-butadiene rubber (SBR) with typical styrene content caused the
most remarkable interference to gasoline identification as far as re-
ported [5,6]. Our research group has conducted a preliminary study into
the interference of SBR combustion residues to gasoline identification
[6--8]. The study of the pyrolysis process and stage products is crucial for
understanding the mechanisms of interference.

Current studies on rubber pyrolysis products are mostly focused on
rubber recycling, and the results have shown that alkanes, alkenes, and
aromatic compounds were produced during the pyrolysis process of
waste rubber tires. Under certain conditions, alkenes and aromatic
compounds undergo transformation during pyrolysis [9,10]. Addition-
ally, the pyrolysis process of SBR has been simulated by molecular
mechanics and molecular dynamics, indicating that the pyrolysis

E-mail addresses: huodiaoxueshu@163.com (J. Jin), huodiaoxueshu@163.com (J. Zhang).
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Abstract

To further explore the influence of pyrolysis process on matrix interference to gasoline identification, two polystyrene-butadiene
rubbers reported to cause the most remarkable interference to gasoline identification were selected. Based on analysis on thermal
behavior, residues with different pyrolysis degrees were prepared using a cone calorimeter. Qualitative and quantitative analyses were
conducted by gas chromatography—mass spectrometry and Pearson product-moment correlation coefficient, respectively. The results
showed that the first pyrolysis stage occurred within the temperature range of 200-350 °C for SBR 1505 and 300—400 °C for SBR
1205, while the second pyrolysis stage ranged from 350-450 °C and 400-500 °C, respectively. CO, aliphatic hydrocarbons, and
aromatic hydrocarbons were generated during pyrolysis with different amount with pyrolysis stages. With increasing pyrolysis degrees,
SBR 1505 and SBR 1205 exhibited significant differences in residues morphology, primarily due to variations in styrene content in
chemical structure. As pyrolysis time increased, the detected alkylbenzenes increased in all residues except for SBR 1505 residues
formed at 430 °C. The relative content of C3-alkylbenzenes compared to C2-alkylbenzenes increased in all residues except for SBR
1205 residues formed at 400 °C, while the PPMCC values between the SBRs residues and gasoline combustion residue decreased. With
rising pyrolysis temperature, the detected alkylbenzenes in SBR 1505 residues decreased, whereas it increased in SBR 1205 residues.
Meanwhile, in SBR 1505 residues, the relative content of C3-alkylbenzenes increased compared to C2-alkylbenzenes, while in SBR
1205 residues, the relative content of C3-alkylbenzenes first increased and then decreased.

Graphical abstract
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ABSTRACT

This study explores the forensic potential of thermal damage traces on clothing fibers to identify arsonist. Seven common fiber
materials, including cotton, linen, wool, silk, PET, nylon, and/or their blended fabrics, were picked and their thermal properties
were analyzed first. A cone calorimeter, the internationally recognized standard heat resource, was applied to simulate transient
high-temperature conditions similar to those in arson cases. Thermogravimetric analysis revealed that silk (270°C), wool (280°C)
and cotton (280°C) entered the thermal decomposition stage first, followed by cotton-linen blends (320°C), with the synthetic
fibers PET and nylon decomposed from 370°C and 400°C, respectively. Up to 450°C, all fabrics have experienced a mass loss over
50%. Macroscopic and microscopic observations (scanning electron microscopy (SEM)) showed that distinct thermal damage
characteristics formed on each kind of fabrics after heating. Cotton fabric began to discolor at around 280°C, with cotton fiber
presenting rupture traces due to thermal decomposition observed at 320°C. Similarly, cotton-linen fabric exhibited discoloration
at around 320°C, with fiber ruptured due to thermal decomposition at 340°C. Silk fabric began to discolor at around 225°C, with
carbonization traces detected by both macroscopically and SEM after heating at 310°C. Wool fabric showed discoloration and
shrinkage at about 320°C, with fiber curling, cracking, wrinkling, and expansion observed microscopically. Polyester and polyes-
ter—cotton fabrics exhibited wrinkling and shrinkage at around 175°C, with fiber melting at 225°C distinguished microscopically.
Nylon fabric showed wrinkling and shrinkage at around 225°C, with fiber melting observed via SEM. This analysis on thermal

damage traces offers crucial forensic evidence to determine suspects’ proximity to fire, aiding in arson investigations.

1 | Introduction

Scenes of fires or explosions are extremely destructive, which
makes fire investigation much complicated. Identifying the fire
nature was poses significant challenges, particularly in verify-
ing the presence of individuals at fire scene, especially suspects.
However, physical evidence such as hair and clothing fibers can
assist in resolving these challenges. In typical arson cases, the
suspect inevitably comes into close contact with the heat source
during the process of setting the fire, especially when using

accelerants. The rapid ignition of accelerants often prevents
the suspect from evading exposure, resulting in their hair and
clothing potentially experiencing thermal effects from the initial
flames. This energy exchange can result in thermal injuries and
leave distinctive trace characteristics on hair and clothing [1].
Investigators are able to establish a temporal and spatial con-
nection between the fire scene and the individuals involved by
analyzing the thermal damage traces on fibers, thus providing
crucial technical support for personal identification and scene
reconstruction.

© 2025 John Wiley & Sons Ltd.
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Abstract. To obtain a more comprehensive understanding of the matrix interference
mechanism, polyvinyl chloride (PVC) devoid of olefinic structures but could form
double bonds during the pyrolysis process was selected particularly. Based on the
analysis of thermal behavior, residues with different pyrolysis degrees were prepared
under simulated fire conditions using an internationally recognized standard heat
source, a cone calorimeter. Qualitative and quantitative analyses were conducted by
gas chromatography—-mass spectrometry and Pearson product-moment correlation
coefficient, respectively. Furthermore, an interpretation of the results was confirmed
by thermogravimetric analysis coupled with infrared spectrum. The results showed
that the frequently encountered compounds for gasoline identification could be detec-
ted in all the PVC residues formed under different pyrolysis conditions. Particularly,
for the residues obtained after heating at 300°C for 2 min and 440°C for 7 min, the
overall chromatograms profiles presented higher similarity to that of gasoline com-
bustion residues. Based on the results above, it can be concluded that the pyrolysis
process cannot be ignored when discussing the matrix interference of one typical
matrix since fire conditions are extraordinarily complicated, and moreover the double
bonds, which are not involved in molecules inherently but formed during heating due
to the typical pyrolysis mechanism of side-group scission in PVC, are considered to
be the functional group interfering to ignitable liquid residues identification further.
The study provided a novel viewpoint for comprehensively understanding the matrix
interference mechanism by combining chemical structure and pyrolysis process toge-
ther, which can be used to predict and eliminate the impact of matrix interference.

Keywords: Matrix interference, Pyrolysis mechanism, Pyrolysis process, Polyvinyl chloride, Double
bonds, Cone calorimeter, Fire debris analysis
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ABSTRACT

To determine whether a suspect was in close contact with the fire source at a fire site through slight thermal
damage to hair, a cone calorimeter was employed to simulate fire scene conditions as a standard radiant source.
The research focused on analyzing the thermal behavior of black hair and delving into the morphological
characteristics of hair exhibiting slight thermal damage. At temperatures exceeding 240 °C, the proteins within
the hair began to degrade. This degradation, in conjunction with tension along the hair shaft resulting from water
loss, led to the formation of microcracks that could be detected through scanning electron microscopy (SEM) but
eluded observation with an optical microscope (OM). It is noteworthy that the initial slight thermal damage was
regularly located at the hair shaft but not the hair tip, which should be the key parts when exanimating hairs
without obvious thermal damage. Additionally, during very short exposure, the appearance of typical slight
thermal damage on fire is probabilistic events. Along with the increase of temperature, the organic compounds in
hair were thermally degraded into NH3, SCO and carbon CO, resulting in the typical traces of discoloration,
expansion, blistering, and cracking presented at hair shafts and tips. The probability of encountering both slight
and obvious thermal damage on hair increased with rising temperatures. By observing the traces on the easily
overlooked part of the hair shaft, the research established a method to analyze and discriminate the slight

thermal damage to hair at fire scene, which provide valuable references for confirming arson suspects.

1. Introduction

Evidence of hair damage can provide important information in
criminal investigations [1]. This information enables investigators to
confirm individual identities and thereby reconstruct the crime scene.
For arson cases, it is difficult to find and identify the hair left at a fire site
given the large area of an exposed scene that is formed after an
extremely destructive fire [2]. However, the suspect would have been
vulnerable to the high-temperature thermal damage at the moment the
fire was set [3], in particular for case-related accelerants, as the flame
spreads faster than expected when the accelerant is ignited. This thermal
damage is likely to form typical trace features on the hair or eyebrow
[4]. For arson investigation, it is important to first determine whether
the suspect came into close contact with the fire source within the
relevant time of the fire. This can be determined through traces of
thermal damage to hair, which provides a strong reference value for
identifying the suspect and determining the nature of the case, especially
when the hair contact with the flame. When hair comes into close
proximity to flame with the outer flame temperature about 500 °C [5],

* Corresponding authors.
E-mail addresses: jinj@iccas.ac.cn (J. Jin), lfly@sohu.com (J. Zhang).

https://doi.org/10.1016/j.scijus.2024.07.004

hair is susceptible to appear more pronounced macroscopic signs of
thermal damage under these conditions, which becomes readily visible
to the naked eye.

Currently, some studies have been conducted on thermal damage to
hair under high temperatures. In the field of hair beauty [6,7] and
criminal investigation, some scholars have found that hair will change
color, blister, and expand under high temperatures [8]. Other relevant
studies have explored the typical traces of dog hair heated in a micro-
wave oven to confirm whether animals have been mistreated by heat, as
the characteristics of damaged hair can provide important information
for veterinarians [9]. However, the results of these studies provide
limited reference for determining whether the hair has contacted the fire
source in a close distance at the fire site or not.

Firstly, when the suspect sets fire, whose hair may not necessarily be
directly affected by flame, but rather by thermal radiation of fire, which
is the primary method of heat transfer to hair in the immediate vicinity
of the flame. Consequently, it is very likely that the hair of the personnel
at the scene of the fire did not undergo the direct effect of the flame, but
only received the influence of thermal radiation from one direction of

Received 3 March 2024; Received in revised form 14 June 2024; Accepted 17 July 2024
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Abstract

To establish the correlation between thermal conditions imposed on bloodstains and
visualizing effect of enhancement techniques, infrared photography and four chemi-
cal enhancement reagents were used to visualize bloodstains following thermal expo-
sure. A black tile was selected as the substrate to intensify the visualization challenge,
with a Cone Calorimeter serving as the standardized heating source to control thermal
conditions. Compared with standard photography, infrared photography is proven to
be a valuable complement to chemical reagents, showing significant advantages in
visualizing bloodstains after thermal exposure. However, it is worth noting that infra-
red image fell short of standard image when bloodstains displayed raised, embossed
morphology or when bloodstains almost disappeared under specific conditions. The
enhancement effectiveness was found to be strongly correlated with thermal condi-
tions imposed on bloodstains, and the morphology evolution of bloodstains during
heating affected the chemical enhancement effect additionally, especially when the
bulge morphology was formed, and it was observed that reagents were more effec-
tive after removing the dense shell of the bulge. Among the four selected chemical
enhancement reagents, fluorescein performed exceptionally well, maintaining its ef-
fectiveness even for bloodstains heated at 641°C for 10 min. TMB demonstrated its
visualizing ability for bloodstains heated at 396°C for 5min and heated at 310°C for
20min. BLUESTAR® followed afterwards, while luminol performed worst. The cor-
relation between thermal conditions imposed on bloodstains and the corresponding
visualizing effectiveness of enhancement techniques provides important references
for detecting bloodstains at fire scenes.

KEYWORDS
bloodstain detection, bloodstain visualization, BLUESTAR®, chemical reagent, infrared
photography, luminol, thermal exposure

Highlights

e The standard heat source of a Cone Calorimeter was utilized to control the thermal condition.

e Thermal conditions imposed on bloodstain were correlated with visualizing enhancement
effect.

o The effects of four chemical reagents were compared, of which fluorescein performed best.

e Bloodstain morphology evolution during heating impacts the chemical enhancement effect.

J Forensic Sci. 2024;00:1-12.
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Species categorical authentication of accelerants has traditionally relied on fire debris analysis. To explore a
novel method for identifying the accelerants species, four commonly used accelerants for arson were loaded onto
different substrates and ignited at different locations. The entire combustion process was recorded and flame
characteristics were analyzed. The results showed that the probability density function (PDF) of flame apex angle
counts within a certain period after ignition can be used to distinguish accelerant species, and this method is not
affected by accelerant loading amount, ignition location, and substrate, demonstrating strong stability and

angle universality, while the temporal variation of flame area and the value obtained by dividing half of the flame
width by the flame height (tangent of flame cone angle) can effectively differentiate gasoline and diesel. The
utilization of flame characteristics for identifying accelerants species holds significant implications for arson

investigation.

1. Introduction

In order to commit arson, accelerants are often used by suspects in
order to achieve the goal of rapid and effective fire. According to the
United States Bomb Data Center (USBDC) arson incident report, accel-
erant was used in 1242 out of 5919 incendiary fires collected in the
Bomb Arson Tracking System (BATS) of 2022 to commit crimes [1],
including the light, medium and heavy ignitable liquid. Therefore, the
species categorical authentication of accelerants are particularly
important for identifying the fire nature.

To our best knowledge, the current method for species categorical
authentication of accelerants primarily relied upon fire debris analysis
involving the relevant standards established by American Society for
Testing and Materials (ASTM). However, due to the complex conditions
at fire scenes, such as the thermal environment [2,3], matrix interfer-
ence [4-6], weathering effect [7], and microbial degradation [8,9], the
operations of extraction, packaging, and separation during the extrac-
tion and submission process, as well as the subjective factors of the
inspecting personnel, instrument parameters during the analysis process
can all impact the identification conclusions, which are susceptible to

* Corresponding authors.
E-mail addresses: jinj@iccas.ac.cn (J. Jin), lulingang@cppu.edu.cn (L. Lu).
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false positives and false negatives.

On the other hand, video analysis is increasingly prevalent in fire
investigation. For example, in China airlines flight fire "827" and "722,"
the flash position recorded in monitoring video helped investigators
identify possible fire origin. This contributed to establishing the direc-
tion for determining the fire cause. During the investigation of 812
Tianjin explosion in China, investigators initially employed video
analysis technology to pinpoint the exact moment of the explosion. The
frame was initially out of focus and blurred due to the illumination from
the explosion at the scene, thus it was enhanced utilizing the deconvo-
lution with outlier handling algorithm. With the help of the propagation
path of light, the real explosion location was finally determined.

Obviously, video analysis has been used for fire investigations based
on the characteristics of light previously, while flame characteristics,
such as the flame color, height, width, apex angle counts, must have a
certain correlation with fuel itself [10], the correlation can be applied as
a potential indicator for species categorical authentication of accelerants
in arson investigation, and the videos recording ignition and flame can
be served as crucial physical evidence to determine the accelerants
species. However, the analysis of flame characteristics is mainly aimed

Received 28 January 2024; Received in revised form 2 May 2024; Accepted 24 June 2024

Available online 2 July 2024

0379-0738/© 2024 Elsevier B.V. All rights are reserved, including those for text and data mining, Al training, and similar technologies.

315



316



317



318



eTransportation 13 (2022) 100190

Contents lists available at ScienceDirect

eTransportation

journal homepage: www.journals.elsevier.com/etransportation

Fire and explosion characteristics of vent gas from lithium-ion
batteries after thermal runaway: A comparative study

Huaibin Wang ® ¢, Hui Xu ¢, Zelin Zhang ¢, Qinzheng Wang * ¢, Changyong Jin ,
Changjun Wu °, Chengshan Xu °, Jinyuan Hao ¢, Lei Sun ¢, Zhiming Du €, Yang Li ?,
Junli Sun & Xuning Feng *~

2 China People’s Police University, LangFang, 065000, China
b State Key Laboratory of Automotive Safety and Energy, Tsinghua University, Beijing, 100084, China
¢ Laboratory of Explosion Science and Technology, Beijing Institute of Technology, Beijing, 100084, China

Check for
updates

9 Hebei University of Engineering,Handan, 056009, China

€ China Fire and Rescue Institute, Beijing, 100084, China

f College of Mechanical Engineering, University of Shanghai for Science and Technology, Shanghai, 200093, China
9 State Grid lJiangsu Electric Power CO., LTD. Research Institute, China

article info

Article history:

Received 23 February 2022
Received in revised form

10 June 2022

Accepted 13 June 2022
Available online 16 June 2022

Keywords:

Battery safety

Energy storage

Battery fire

Battery explosion

Laminar burning velocity

Minimum extinguishing concentration

abstract

The combustion and explosion of the vent gas from battery failure cause catastrophe for electrochemical
energy storage systems. Fire extinguishing and explosion proof countermeasures therefore require
rational dispose of the flammable and explosive vent gas emitted from battery thermal runaway.
However, the fire and explosion nature of the multiphase vent gas remains unclear. This paper
comparatively investigates the fire and explosion hazards of the vent gas emitted by different kinds of
lithium-ion batteries after thermal runaway. Hazard data are collected for batteries with cathode
LiNixCoyMn,0, (x from 0.33 to 0.8) and LiFePO,4, which are prevailingly used or to be used in energy
storage scenarios. The composition and content of the vent gas were analyzed using a pressurized
container and gas chromatography. A 1-liter explosion sphere was used to determine the explosion
limits, explosion pressure, and maximum rise rate of explosion pressure for five cell chemistries at 298 K
and 101 kPa absolute pressure. The laminar burning velocities of the five vent gases were measured by
Bunsen burner. The minimum concentration of fire extinguishing agent was tested using a cup burner.
The results show that the fire and explosion hazards posed by the vent gas from LiFePO4 battery are
greater than those from Li(NixCoyMn1.x.y)O> battery, which counters common sense and sets reminders
for designing electric energy storage stations. We may need reconsider the choice of cell chemistries for
electrical energy storage systems, and care more about the safety design against the fire and explosion
disaster that may occur at system level. The explosion characteristics of the vent gases from five cell
chemistries and the minimum fire extinguishing concentration can enlighten future risk assessments of
electrochemical energy storage systems.

© 2022 Published by Elsevier B.V.

1. Introduction

apparent [1e5]. In Europe, the United States, Japan, South Korea,
etc., Li(NixCoyMny.xy)O2 (NCM) ternary batteries are being the

Lithium-ion batteries (LIBs) have become the energy storage
technology with the fastest growing installed capacity because of
their scalability, long service life, flexibility, and response fre-
quency. The advantages of LIBs in renewable energy utilization,
especially the transportation electrification are increasingly

* Corresponding author.
E-mail address: fxn17@mail.tsinghua.edu.cn (X. Feng).
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primary choice for electrochemical energy storage systems (ESS). In
China, LiFePO4 (LFP) batteries are the major choice for ESS, while
the electric vehicles favor NCM batteries [6e9]. However, in the
pursuit of high performance (low cost, high energy density, fast
charging etc.), battery safety problems are emerging. Examples
including accidental explosions in energy storage power stations
are arousing big public concerns [7,10]. In April 2019, a 2 MW ESS
exploded at a solar facility in Surprise, Arizona, USA, with eight
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GRAPHICAL ABSTRACT
ARTICLE INFO ABSTRACT
Editor: G. Lyberatos The problem of thermal runaway (TR) propagation challenges the safety design of battery packs, because it
<eywords: aggravates the thermal hazards to accidents. There are many unsolved scientific questions in understanding the
Lithium-ion battery mechanisms of TR and its propagation behavior for large format lithium-ion batteries (LIBs).

Abbreviation: LIB, Lithium-ion battery; SOC, State of charge; SEI, Solid Electrolyte Interface Film; EV-ARC, Extended Volume Accelerating Rate Calorimeter; NCM,
Li (NiyCoyMn,) O; SEM, Scanning Electron Microscope; EDS, Energy-Dispersive X-ray Spectroscopy; ICP, Inductively Coupled Plasma; TR, Thermal Runaway; i,
Self-generated heat temperature, °C; +5, Temperature of TR, °C; Tmayx, Internal maximum temperature, °C; +sc, Internal short circuit temperature, °C; dr.de,
Temperature rise rate, °C s™1 «, Vent time, s; Arq, Temperature difference, +5-11,°C; s, Sample temperature, °C; «4, Duration time of the thermal runaway, s; + A, The
temperature between two adjacent cells, °C; +,, The temperature at the front of the jelly roll of Cell (i +1)#closest Cell #,; ysc, Internal short circuit time,s; trel, TR
Relative time of «7g,s; Arim, A of per unit mass of battery,.],kg’l; A~x The contact area of shells between adjacent batteries, m?; Co, Cobalt; A=, The thermal
conductivity of the jelly roll in z direction, W-mK?; An, Total energy release in TR, J; mpat, Mass of the sample battery, g; mje, Mass of the jelly roll, g; cp, Total heat
capacity for the sample battery, J'’kg~ LK~ wp, Boltzmann’s constant, J K~ 1; x, Degree of reactions; A, frequency factor, s~ L.\, Reaction order; e,, Activation energy,
JK™Y; v Front surface temperature of TR, °C; +,, Back surface temperature of TR, °C; Ar¢p, TR temperature difference between front and back surfaces, °C; Aciz,
Internal propagation time of TR, s; Av”-ciae1>”, TR propagation interval, s; v, Chamber temperature, °C; +rr_arc, Trigger temperature of TR in EV-ARC, °C; tnt’, The
interval time from ¢sc tO Tmax,S; Celli, The battery number; «yax, The time when battery core temperature reaches its maximum, s; «.1 v, Relative time of «,S; Tamb,
Ambient temperature, °C; reep-cen; Jelly roll to jelly roll heat resistance between adjacent batteries, m? K'W™1; Ni, Nickel; Mn, Manganese; Ay, The thermal
conductivity of the jelly roll in x,y direction, Wm K"
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HIGHLIGHTS

e Particle emissions from different cath-
ode batteries were analyzed physically
and chemically.

© 88-90% of the total particle emissions
were less than or equal to 0.85 mm.

e The volume of small particle emissions
increases first and then decreases.

e Particle emissions contain elements that
are harmful to human health.

e Diffraction patterns for particle emis-
sions from Li(NixCo,Mn;)O, cathodes
are basically the same.
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GRAPHICAL ABSTRACT

ABSTRACT

Sufficient levels of thermal, electrical, mechanical, or electrochemical abuse can cause thermal runaway in
lithium-ion batteries, leading to the release of electrolyte vapor, combustible gas mixtures, and high-temperature
particles. Particle emissions due to thermal failure of batteries may cause serious pollution of the atmosphere,
water sources, and soil as well as enter the human biological chain through crops, posing a potential threat to
human health. Furthermore, high-temperature particle emissions may ignite the flammable gas mixtures pro-
duced during the thermal runaway process, resulting in combustion and explosions. This research focused on
determining the particle size distribution, elemental composition, morphology, and crystal structure of particles

Abbreviation: LIB,, Lithium-ion battery; SOC, State of charge; NCM,, Li (Ni,Co,Mn.,.,); APS, Arizona Public Service Utility; LFP, LiFePO4; DMC, Dimethyl car-
bonate; DEC, Diethyl carbonate; EMC, Ethyl carbonate; LPS, Laser Particle Sizer; IC, Ion chromatograph; ICP-MS, Inductively coupled plasma-mass spectrometry; EA,
Elemental analyzer; TR, Thermal runaway; ARC,, Accelerating Rate Calorimeter; HF, Hydrogen fluoride; NCM111,, Li (Ni;,3C0q,3Mn;,3) Oy NCM523,, Li
(Nig.5C00.2Mng 3) Oz; NCM811,, Li (NiggCop1Mng 1) Oy; PE, Polyethylene; PVDF, Polyvinylidene chloride; XRD, X-ray Diffraction; SEM, Scanning Electron Micro-
scope; EDS, Energy-Dispersive X-ray Spectroscopy’; EV-ARG, Extended Volume Accelerating Rate Calorimeter.
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Structurally compact battery packs significantly improve the driving range of electric vehicles.
Technologies like Cell-to-Pack increase energy density by 15%—20%. However, the safety implications
of multiple tightly-packed battery cells still require in-depth research. This paper studies thermal run-
away propagation behavior in a Cell-to-Pack system and assesses propagation speed relative to other sys-
tems. The investigation includes temperature response, extent of battery damage, pack structure
deformation, chemical analysis of debris, and other considerations. Results suggest three typical patterns

:x‘:’orﬁ;ra o for the thermal runaway propagation process: ordered, disordered, and synchronous. The synchronous
Cell-gc);-Packg propagation pattern displayed the most severe damage, indicating energy release is the largest under

the synchronous pattern. This study identifies battery deformation patterns, chemical characteristics of

debris, and other observed factors that can both be applied to identify the cause of thermal runaway dur-

ing accident investigations and help promote safer designs of large battery packs used in large-scale elec-

tric energy storage systems.

[2023 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published
by ELSEVIER B.V. and Science Press.
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energy density on-board, i.e., designing battery pack with more
compactness. The engineers realized that the structures for the
battery modules might be unnecessary in the battery system,
thereby leading to a revolution in the structure design of the bat-
tery pack [8-10]. In September 2019, CATL announced the world’s

1. Introduction

The rise of the new energy vehicle industry is facilitating the
global transition from fossil energy to renewable energy [1-3].
The cumulative sales of new energy vehicles exceed 6.5 million

by 2021. Among the new energy vehicles, the proportion of pure
electric vehicles (PEVs) is as high as 73% [4]. However, consumers
are still worrying about the electric driving range of PEVs, as the
energy density of the battery system is not sufficient yet [5].

The electric driving range of the PEVs is determined by the
energy stored within the battery pack, which has limited space
on board. There are two ways for increasing the energy density
of the battery pack of the PEVs. One is to increase the energy den-
sity of the lithium-ion batteries (LIBs) [2,6,7]. However, upgrading
the cell chemistry into higher level of energy density is rather hard.
Therefore, people choose to take another way to acquire higher

[“dorresponding author.
E-mail address: fxn17@mail.tsinghua.edu.cn (X. Feng).

https://doi.org/10.1016/j.jechem.2023.05.015

first Cell-to-Pack (CTP) system used to massively produce for elec-
tric vehicles. The structural components of battery module have
been eliminated in the CTP design, resulting in an increase of the
energy density of as high as 15%—20%. Moreover, the number of
the elements that are used to form a battery pack is reduced by
40%, with 50% increase in the production efficiency [11]. However,
the failure behavior of the CTP system remains unclear. As the
compactness increases in the battery pack, the hazard caused by
failure propagation might be worse as more battery cells were
squeezed inside a limited space.

A series of studies on the thermal safety of LIBs, modules, and
battery packs have been carried out to improve the safety of elec-
tric vehicles [12-16]. At the cell level, the state-of-the-art study
focuses on revealing the thermal runaway (TR) mechanism

2095-4956/ 2023 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published by ELSEVIER B.V. and Science Press.
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abstract

As lithium-ion batteries (LIBs) continue to evolve toward lower costs and higher energy densities, their
potential safety risks have become increasingly apparent. Incidents such as explosions at energy storage
facilities, fires in electric vehicles, and building fires ignited by charging two-wheeled vehicles have been
occurring with alarming frequency, often resulting in significant casualties and injuries. Conducting in-
depth investigations into thermal runaway (TR) incidents in LIBs can significantly reduce the risk of
future occurrences. However, current investigations into LIB fire and explosion incidents face challenges
due to the difficulty of conducting in-depth analyses and the lack of a robust theoretical framework to
guide these investigations. To enhance the effectiveness of in-depth investigations into battery fire and
explosion incidents and to address the lack of theoretical guidance, this paper is the first to systematically
examine the conservation and flow patterns of elements during the TR process of LIBs. The analysis
reveals that during TR, the gas products generated include approximately 1.5 g of H,, 23.6 g of CO,
88.4 g of CO,, 8.9 g of CoH,, 7.3 g of CHy, 3.7 g of C,Hg, and 82 g of electrolyte vapor. After TR, the solid
compounds formed consist of approximately 2.5 g of LiF, 29-92.2 g of elemental Ni/Co/Mn, 11.4 g of
Li,COg3, 200.6 g of graphite, 1.4 g of NiO, 29.6 g of MnO, 30.1 g of CoO, 67 g of elemental Cu, 0.03 g of
LiNiO,, and 4.3 g of LiAlO,. Importantly, the energy released from reactions forming solid compounds
during TR surpasses that from gas-forming reactions. This investigation represents the first application
of Hess’s law to verify the conservation of elements during the TR process of lithium-ion batteries. The
proposed methodology is also applicable to other types of energy storage batteries, effectively advancing

techniques for comprehensively investigating lithium battery fire and explosion incidents.
© 2024 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published
by Elsevier B.V. and Science Press. All rights are reserved, including those for text and data mining, Al
training, and similar technologies.

1. Introduction

world in winning the hard battle for low-carbon transformation.
With the proposal of the “dual carbon” goals, energy storage tech-

Striving to achieve carbon peak before 2030 and carbon neutral-
ity before 2060, China has made significant commitments to the

Abbreviations: LIB, Lithium-ion battery; TR, Thermal runaway; ARC, Accelerating
rate calorimeter; LFP, LiFePO,; DEC, Diethyl carbonate; DMC, Dimethyl carbonate;
PVDF, Polyvinylidene fluoride; IC, lon chromatograph; CHNSO, Elemental analyzer;
PVDF, Polyvinylidene difluoride; SOC, State of charge; NCM, Li (Ni,Co,Mn;_,_,) Oo;
NCM622, Li (NigsC0p2Mng2) Oz; EC, Ethylene carbonate; PE, Polyethylene; XRD, X-
ray diffraction; ICP-MS, Inductively coupled plasma-mass spectrometry; EV-ARC,
Extended volume accelerating rate calorimeter; GC, Gas chromatography.
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nology is becoming an important engine to promote the low-
carbon transformation of the energy system [1-3]. Electrochemical
energy storage, represented by lithium-ion batteries, has emerged
as the fastest-growing energy storage technology in terms of
installed capacity due to its advantages of good scalability, long
lifespan, flexibility, and rapid response [4,5]. Its role and advan-
tages in renewable energy consumption, transportation electrifica-
tion, and the consumer goods industrial chain are becoming
increasingly prominent [6,7].

According to application fields, lithium-ion batteries can be
classified into consumer batteries, power batteries, and energy

2095-4956/© 2024 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published by Elsevier B.V. and Science Press. All rights are reserved,
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ABSTRACT

When a thermal runaway accident occurs in a lithium-ion battery energy storage station, the battery emits a large
amount of flammable electrolyte vapor and thermal runaway gas, which may cause serious combustion and
explosion accidents when they are ignited in a confined space. With the gradual development of large-scale
energy storage batteries, the composition and explosive characteristics of thermal runaway products in large-

E;;l; laori;;)n scale lithium iron phosphate batteries for energy storage remain unclear. In this paper, the content and com-
ponents of the two-phase eruption substances of 340Ah lithium iron phosphate battery were determined through
experiments, and the explosion parameters of the two-phase battery eruptions were studied by using the
improved and optimized 20L spherical explosion parameter test system, which reveals the explosion law and
hazards of the two-phase battery eruptions. Studies have shown that in a two-phase system explosion, EMC can
make the two-phase system more explosive and more powerful, and the thermal runaway gas expands its ex-
plosion concentration range. The coupling explosion of the two enhanced the sensitivity and explosive power of
the two-phase ejecta. Increasing the concentration of any combustible in a two-phase system will cause the
explosion intensity parameters of the system to increase. However, when the combustible concentration exceeds
the optimal explosion concentration, the explosion intensity parameters will decrease or even no explosion will
occur. Both explosion intensity parameters and sensitivity parameters are more sensitive to EMC concentration,
and the higher the EMC concentration, the stronger its dominant role in the explosion of the two-phase system.
This work can lay the foundation for revealing the disaster-causing mechanism of explosion accidents in lithium-
ion battery energy storage power stations, guide the safe design of energy storage systems and the prevention and
control of explosion accidents, and provide theoretical and data support for the investigation of explosion ac-
cidents in energy storage power stations.

Nomenclature 1. Introduction

f;’srevmnzihium iron phosphate BMS Battery management Affected by global energy shortages and environmental pollutior},
system the development of new energy sources has become a key research topic
LIBs Lithium-ion batteries TR Thermal runaway worldwide. Among them, electrochemical energy storage stations play a
soc State of charge DMC Dimethyl carbonate significant role in improving the emergency response capability and
EMC  Ethyl methyl carbonate DEC Diethyl carbonate peak shaving efficiency of the power grid [1,2]. Lithium iron phosphate
EC Ethylene carbonate PC Propylene carbonate . . . .
BV Extend volume accelerating dp/ Maximum explosion (LFP) batteries, owing to their strong P-O covalent bonds in the cathode,
ARC  rate calorimeter dtmax pressure rise rate exhibit remarkable thermal stability [3], making them the preferred

choice for energy storage applications due to their low cost, long cycle
life, and environmental friendliness [4-6]. In addition, from the

* Corresponding author. China People’s Police University, Langfang, 065000, China.
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HIGHLIGHTS

e A dynamic thermal property thermal runaway propagation model for LIBs is established.
o The sensitivity of characteristic thermo-physical parameters was analyzed.

o The thermophysical parameters after thermal runaway were ascertained.

e The peak heat transfer power P, is critical for thermal runaway propagation delay.
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ABSTRACT

Thermal runaway and its propagation are bottlenecks for the safe operation of lithium-ion battery systems. This
study investigates the influence of characteristic thermophysical parameters during battery thermal runaway,
such as the self-heating temperature (T7), triggering temperature (T5), mass loss, and critical heat transfer power
(P.), on the failure propagation behavior in a battery system. A parametric study is conducted based on a failure
propagation model. This model not only captures the behavior of thermal failure, but also accounts for the
changes in the thermophysical parameters before and after thermal runaway. The results of the modeling
analysis demonstrate that increasing T; and Ty can both delay the thermal runaway propagation. The delay
achieved by increasing T, is greater than that observed by increasing T;. The peak heat transfer power P, plays a
critical role in delaying the thermal runaway propagation. When the peak heat transfer power level is greater
than P, thermal runaway propagation mainly results from heat transfer, whereas when the peak heat transfer
power level is less than P, thermal runaway propagation mainly arises from self-heating. This study reveals the
dynamic mechanism of thermal runaway propagation within a battery module, thus providing guidance for the
safety design of battery systems.

1. Introduction

New energy technologies efficiently and cleanly convert nuclear,
wind, and solar power into electricity [1]. These advances have pro-

electric revolution in transportation and other fields [2]. In the auto-
motive sector, advances in clean energy technologies have facilitated the
transition of automotive power sources from traditional fossil fuels to
chemical energy [3]. Lithium-ion batteries (LIBs) are widely used in new
energy electric vehicles owing to their relatively low environmental
impact, low self-discharge rate, long cycle life, and high specific energy

moted the transformation of the global energy structure and induced an
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abstract

The development of electric vehicle batteries has resulted in high energy density battery pack. Cell-to-
Pack (CTP) omits the cell module assembly, can reduce battery pack parts by 40%, improve the battery
pack volume utilization rate by 15%e20%. However, the thermal characteristics of CTP under full oper-
ating conditions has yet to be verified, the CTP temperature calibration cycle under full working con-
dition is time-consuming, and little analysis has been conducted on CTP internal temperature
differentials and heat flow. The present study aims to thermal characteristics of CTP. Results show that
CTP temperature calibration based on a thermal resistance grid can realize internal temperature
reconstruction, optimum temperature arrangement, and shorten the calibration period by more than
60%. In addition, higher ambient temperatures can increase the maximum temperature of the jelly rolls
in CTP cells, while lower ambient temperature can lead to larger differences in jelly roll temperature
within a cell; and high-speed driving and fast charging can lead to the highest temperature increase rates
under different working conditions up to 0.05 °C s~170% of the heat generated during cell discharge is
used for self-heating, and the heat dissipation of liquid cooled plate is the main heat dissipation channel.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

considered to be the most advanced power sources in EVs [8,12,13].
However, the LIB power system is limited by its short range [1]. In

The increase in fuel prices and greenhouse gas emissions has
been widely concerned [1e3]. Clean energy technology is regarded
as an important measure to address energy needs and environ-
mental pollution [4e7]. In the automotive industry, clean energy
technology has helped automotive power sources evolve from
fossil fuels to electrochemical energy storage systems [1,8e12].
Lithium-ion batteries (LIBs) are green, have high energy density, are
not plagued by the no memory effect, have a long lifecycle life, and
exhibit other desirable characteristics [1,13e18]. The use of LIBs is

* Corresponding author.
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order to address the range anxiety problem, the cathode material of
LIBs is changed from LiFePO4 (LFP) and Li (Niy/3C01/3Mny,3) O2
(NCM111) to a high-nickel material (NCM523,622,811) at the cell
level [18]. At the module and battery pack level, the traditional
integrated “cell-module-battery” pack design has gradually shifted
to the CTP design.

On September 26, 2019, the world’s first CTP (module-free po-
wer battery pack) jointly created by Beijing Electric Vehicle CO. LTD
and Contemporary Amperex Technology (CATL) was officially
released in China [19]. Compared with traditional battery packs
currently available on the market, the volume utilization rate of CTP
battery packs has been improved by 15%e20%, the number of
components has been reduced by 40%, and the production
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Thermal runaway and its propagation are the technological barriers for the large-scale promotion of new energy
vehicles and energy storage. This paper investigates the temperature characteristics between jelly rolls, influence
of heating power on internal propagation time and energy flow during thermal runaway propagation through
experiments and models. Results indicated that the maximum temperature between jelly rolls has a maximum
temperature difference up to 487°C compared to the surface temperature during thermal runaway. The distri-

bution of energy flow showed that approximately 60% of total energy was used to self-heated and approximately
31% was emitted through venting. Experimental results and model calculation shows that the time it takes for
thermal runaway to propagate within the Cell-to-Pack battery is affected by heating power. This study provides a
reference for creating safe cell designs, developing mitigation strategies for addressing thermal runaway prop-
agation in system, and investigating battery-related accidents in new energy vehicles and energy storage.

1. Introduction

Lithium-ion batteries(LIBs) have gradually become the core power
supply technology for modern consumer electronic products, energy
storage systems (ESS), and electric vehicles(EVs) [1-4]. While improving
specific battery energy and optimizing battery performance, safety risks
remain a key barrier to moving forward with large-scale applications.
[5,6]. Thermal abuse, electrical abuse, mechanical abuse will trigger the
battery thermal runaway (TR), and then develop into TR propagation,
even combustion and explosion [7-11].

At present, there is a significant body of research focused on TR
mechanism [12-14] , TR propagation[15,16], and TR suppression in
LIBs [17,18]. The research on TR patterns mainly includes the effects of
different triggering modes [19], mechanical extrusion force [20], and
different aging effects [3] on the energy release, gas generation and fire
behaviors of cells. Li et al. [21] researched TR mechanism of LIB with
LiNig.gMng 1Cog.102 cathode materials, and founded that the reaction

* Corresponding authors.
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between cathode and flammable electrolyte is proved as the trigger of
the TR accident, Henriksen et al[22,23]. described the explosion char-
acteristics for LIB electrolytes at elevated temperatures and investigated
the laminar burning velocity of gases vented from failed LIBs. Baird et al.
[24] reviewed the flammable gas production for various LIBs and pre-
sented a quantification of explosion pressures for different cells &
chemistries. Hou et al.[25] demonstrate that two endogenous pathways
of oxygen involved in strong exothermic reactions lead the NMC811|
graphite pouch cell to an uncontrollable state, and quantify the indi-
vidual contribution of the pathways to TR.

TR propagation behavior is primarily influenced by the extent to
which space is confined [26], different modes of electrical connection
employed [27], different cathode materials used [28,29], and different
levels of environmental pressure [30]. The effect of spacing between the
cells in the TR propagation in small packs of 18,650 cylindrical and
prismatic cells are reported in publication. Lopez et al .[31]. Aiello et al.
[32] showed analysis and investigation of TR Propagation for a me-
chanically constrained lithium-ion pouch cell module, suggesting that

Received 2 June 2021; Received in revised form 4 March 2022; Accepted 24 March 2022

Available online 26 March 2022
1359-4311/© 2022 Published by Elsevier Ltd.

327



Journal of Energy Storage 84 (2024) 110892

Contents lists available at ScienceDirect
Journal of Energy Storage

journal homepage: www .elsevier.com/locate/est

Review article

Check for

A review on mechanisms, characteristics and relating hazards of vent gases
from thermally abused Li-ion batteries

Shilin Wang ?, Qinzheng Wang”, Lejun Xu?, Ye Sun, Xuning Feng ¢, Huaibin Wang

@ China People’s Police University, Langfang 065000, China

a,c,*

Y Laboratory of Explosion Science and Technology, Beijing Institute of Technology, Beijing 100084, China
¢ State Key Laboratory of Automotive Safety and Energy, Tsinghua University, Beijing 100084, China
4 School of Safety Science and Engineering, Xian University of Science and Technology, Xian 710054, China

ARTICLE INFO

Keywords:

Lithium-ion batteries
Thermal runaway

Vent gas

Hazards

Combustion and explosion
Safety

ABSTRACT

Lithium-ion batteries (LIBs) are the pivotal component of electric vehicles and have emerged as the foremost
component in various application markets, including mobile devices and grid energy storage. Nonetheless, in the
occurrence of thermal runaway (TR), LIBs may release a considerable quantity of flammable and toxic gases,
particularly in enclosed or partially enclosed spaces, which pose a risk of explosion. This study provides a
comprehensive review on various aspects related to the gas evolution during TR of LIBs, including the underlying
mechanisms and temporal evolution of the process, testing methods for TR gases, the impact of different cathode
materials and states of charge (SOC) on gas generation during TR, the combustion and explosion characteristics
of TR gases, as well as the thermal hazards and toxicity risks associated with such gases. The results of this study
have implications for the development of effective strategies to suppress the gas generation during TR of LIBs, as
well as to mitigate the associated risks of combustion, explosion, and toxicity. The insights gained from this study
can contribute to the enhancement of the reliability and safety of energy storage systems and electric vehicles.

1. Introduction

The scarcity of fuel and the increase of air pollution are among the
foremost concerns related to current and future energy issues [1-4].
Efforts to tackle these issues have been made through the exploration of
alternative energy sources in order to mitigate CO, emissions and pro-
mote sustainable development [5-10]. LIBs have emerged as a popular
choice for use in consumer electronics, electric vehicles, and energy
storage due to their high energy density, extended life cycle, and
environmentally-friendly nature [11-17]. The global demand for LIBs is
expected to exceed 3000 GWh in 2021, primarily due to the exponential
rise in the need for new energy vehicles.

However, LIBs are more active themselves and are highly susceptible
to trigger TR under thermal, electrical, mechanical and electrochemical
abuse [18-20], which manifests as eruption, smoke, combustion and
explosion [21-23]. The statistics on new energy vehicle ownership and
accidents in China from 2016 to 2021 are shown in Fig. 1, together with
the abuses related to electric car thermal disaster accidents. The fre-
quency of thermal disaster accidents has increased along with the rise in
new energy vehicle ownership, with 276 new energy car fire accidents

recorded in the media in 2021 alone. Additionally, there have been in-
stances of unintentional explosions at energy storage facilities that have
garnered significant public attention. For example, an energy storage
system explosion in Arizona, USA, on April 19, 2019, caused injuries to
several firefighters and essentially damaged the energy storage facility
and containers [24]. On April 16, 2021, two firefighters perished in an
explosion of an energy storage system in Dahongmen, Beijing. The re-
sults of the accident investigation revealed that volatile explosive gases
produced by the TR of LIBs mingled with air and exploded under the
action of electric sparks or high temperatures was the cause of the ex-
plosions in both energy storage mishaps.

Thermal disaster accidents of energy storage systems caused by TR of
LIBs pose a great threat to the safety of people and properties, and also
limit the commercial application of LIBs [25,26]. TR of LIBs will release
electrolyte vapor, Hy, CHy4, CoHy, CO, CO5, HF and other flammable,
explosive and toxic gases [27-32]. The analysis of the risks associated
with TR gas generation from LIBs can improve the mitigation, preven-
tion, and control of catastrophes in scenarios involving the use of LIBs,
hence promoting their widespread adoption. This paper presents a re-
view of the risks associated with LIBs gas generation from gas generation
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As the latest technology to promote the transformation of the new energy automobile industry, cell-to-pack (CTP)
batteries have attracted unprecedented attention. However, there is a lack of research on the vented gases at the
module level. In this paper, the thermal runaway propagation (TRP) behavior and vented gas characteristics of
large modules of cell-to-pack batteries in closed space are studied experimentally. Results indicated that the total
quantity of vented gas from module during thermal runaway (TR) process was 31.01 mol. The main components
of vented gas are Hy, CO3, CO, CaHy4, and CHy. Of these, Hp, CO2 and CO accounted for 32.85 %, 28.00 % and
25.25 % respectively. In addition, the calculated explosion limit of vented gases was 6.27 %-54.14 %. Therefore,
the vented gas is prone to explosion, causing serious accidents. Compared with the open space system, the TRP
temperature of the battery module in the closed nitrogen space system was higher and the mass loss was smaller.
This study can provide reference for the prevention of TRP in large battery modules, and for evaluating the fire
hazard of powered vehicles.

1. Introduction

Energy shortage and environmental pollution have become the main
problems of human society. Protecting the environment and developing
new energy sources are the hot research topics worldwide [1,2]. At
present, more and more attention has been paid to the development of
new energy vehicles such as electric vehicles (EV) and hybrid electric
vehicles [3]. Lithium-ion batteries (LIBs) are favored by the power
system of new energy vehicles because of their advantages such as high
energy density, long cycle life and low environmental pollution [4,5].

The range of EV is mainly determined by the specific energy of the
battery pack [6-9]. At present, in order to solve consumers' anxiety
about the endurance of new energy vehicles, researchers have begun to
focus on the structural innovation of battery packs to improve the energy
density of battery packs of new energy vehicles. In September 2019, the
world's first CTP was jointly created by Beijing Electric Vehicle Co. Ltd.
and Contemporary Amperex Technology. The number of components of

* Corresponding author.
E-mail address: wanghuaibin@cppu.edu.cn (H. Wang).
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the CTP battery pack is reduced by 40 %, and the volume utilization rate
is increased by 15 %-20 %.

The materials used in LIBs exhibit high reactivity [10-12], prone to
TR and TRP. Once the TR accident occurs, it will pose a threat to human
life and property safety. TR, TRP and its prevention and control tech-
nology are also hot issues in current research. Wang et al. [13] used an
accelerating rate calorimeter (ARC) in an air atmosphere at 100 % SOC
triggering battery vent and TR. They extensively characterized the
particle emissions from thermal failure batteries with different NCM
batteries. Lopez et al. [14] characterized the TRP behavior between
batteries through experiments, indicating that increasing the battery
spacing of columnar battery modules can significantly reduce the pos-
sibility of TRP. Fang et al. [15] independently built an experimental
platform and overcharged a small-scale battery pack to cause TR. He
found that compared with a battery pack with a square stacking mode,
each battery pack with a diamond stacking mode had a larger contact
area with the surrounding batteries, and the TR was more likely to
propagate. Lamb et al. [16] studied the TRP characteristics of cylindrical
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ABSTRACT

Due to the complex thermal runaway propagation behavior of lithium-ion battery modules and the generation of
a substantial amount of combustible mixed gases during the process, their safety performance is compromised,
hindering their large-scale application in the fields of energy storage and automotive industries. Therefore, in this
paper, the thermal runaway propagation behavior and gas production characteristics of Li (Nig ¢Cog.2Mng.2) Oz
battery modules with different state of charge were investigated in closed space. The results show that no thermal
runaway occurred in the battery module when the state of charge was below 25% in closed space. With the
decrease of the state of charge, both the internal thermal propagation speed and the surface temperature of the
lithium-ion battery were reduced. The total gas production volume from 17.48 mol to 6.17 mol when the state of
charge was reduced from 100% to 50%. The main gases produced during thermal runaway were CO2, CO, Ha,
CHy4, and CyHy. With the decrease of the state of charge, the content of CO5 increased, the content of CyH4 and CO
decreased, and the content of Hy and CH4 remained unchanged with the state of charge. The results contribute to
safety measures for preventing thermal runaway accidents in lithium-ion batteries, offering guidance for the

secure design of lithium-ion battery packs, and thus enhancing the overall safety of lithium-ion batteries.

1. Introduction

With the continuous exacerbation of the energy crisis and environ-
mental issues, the global energy structure has undergone a profound
shift. In the automotive industry, the power source has transitioned from
traditional fossil fuels to renewable energy sources (Zhou et al., 2023; Xu
et al., 2023). Lithium-ion batteries (LIBs) are widely utilized in electric
vehicles and electrochemical energy storage systems due to their ad-
vantages of high energy density, long cycle life, low self-discharge rate,
and low environmental impact (Tepe et al., 2023; Li et al., 2021; Qin
et al., 2021; Chen et al., 2020a). However, LIBs exhibit active chemical
properties, and mechanical abuse, thermal abuse, electrical abuse, and
“electrochemical abuse’ can lead to thermal runaway (TR) (Yu et al.,
2023; Zhu et al., 2023a; Ouyang et al., 2022; Liu et al., 2022a, 2022b;
Song et al., 2023). During the TR process, as the temperature rises,
various chain reactions occur among the active materials inside the LIB
cell, releasing a significant amount of heat. The generated heat is

sufficient to cause neighboring battery cells to go into TR. For a battery
module, if one battery cell experiences TR, it may propagate to the entire
module, resulting in substantial damage (Huang et al., 2023). Addi-
tionally, the TR process is generally accompanied by the generation of
large amounts of flammable gas, posing a significant risk of ignition and
explosion, which may lead to serious fire and explosion events (Lyu
et al., 2020; Wei et al., 2023; Wang et al., 2022a). The safety issues of
LIBs have been considered the most pressing problems and challenges
for electric vehicles and energy storage systems, attracting widespread
attention from society (Feng et al., 2020; Wang et al., 2020; Kong et al.,
2023). Therefore, studying the thermal runaway propagation (TRP)
behavior and gas generation characteristics of LIB modules is of great
significance to ensure the reliability and safety of LIB modules.

In recent years, extensive experimental studies have been conducted
on the TRP behavior of LIB modules. Wang et al (Wang et al., 2021).
studied the TRP characteristics of a lithium-ion traction battery with
LiNiyCoyMn,0> (NCM) cathode under thermal abuse. The results show
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Summary

Cell-to-pack (CTP) NCM lithium battery cell has been widely applied in electric
vehicles (EVs). However, severe heat generation issue significantly affects its
safety and wide application. To analyze and solve the severe heat generation
issue of large capacity CTP NCM523 (LiNipsC0p2Mng30,) lithium battery cell,
internal temperature detection is carried out through thermocouple insertion,
the peak temperature value of the internal rolled cell is proved to be about 2°C
and 5°C higher than the temperature value of the external surface under 1/3 C
and 1 C discharging, respectively. The relationship between the temperature ris-
ing trend and the internal resistance during the charging and discharging has
also been found: with a lower state of charge level, the heat generation rate
increases, and the peak temperature value occurs at the end of discharging pro-
cess. Furthermore, a precise battery cell model considering the thermo-physical
properties' difference of the battery casing and the internal rolled cell is proposed
based on the internal temperature measurement in simulation and numerical
calculation, closer to the real heat generation and conduction condition. Finally,
the thermal performance of a side plate-based battery thermal management sys-
tem is investigated through numerical calculation and simulation, the maximum
temperature and temperature SD of the battery module under 1 C discharging
for 3454 seconds are proved to be decreased by 0.7 K without any supplementary
energy cost and coolant devices. Besides, the temperature uniformity of the bat-
tery module can be reduced to 0.51°C through the design.

1. Internal temperature of a large capacity LiNigsC0,Mng 30, Li-ion battery
cell is acquired and analyzed.

2. Precise simulation model is constructed to analyze the heat generation and
transfer considering the battery casing and the internal roll.

3. Side plate based battery module is proposed to decrease the temperature
rise by 0.7°C without supplementary energy cost coolant devices.

4. Temperature SD of the large capacity Li-ion battery module can be
decreased within 0.51°C through the design.

Abbreviations: BTMS, battery thermal management system; CTP, cell-to-pack; EV, electric vehicle; NCM523, LiNigsC02Mng 30,; PCM, phase

change material; SOC, state of charge.
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ARTICLE INFO ABSTRACT
Keywords: Driving range has become one of the primary issues restricting the electric vehicle development, which requires
Energy storage more battery energy to be filled in the pack volume. However, it is challenging to continuously to enhance the

Electric vehicles

The Cell-To-Pack
Lithium-ion battery
Thermal management
Digital twin

specific energy of battery. Compact pack structure can further enhance the specific energy of the pack, such as
the cell-to-pack (CTP) design. Compared with the traditional design structure, the CTP battery system omitted
the small module components, which directly increased the volume energy density by 15%-20%, making an
essential breakthrough in pack specific energy. The thermal performance of the CTP battery pack gradually
emerged in applications. Thermal performance analysis for the CTP battery system has become a critical factor
restricting the large-scale application. This paper carries out the primary work is for the digital twin modeling of
the CTP battery system. An accurate thermal model of cells and the battery pack with a liquid plate structure is
established based on measuring the heating characteristics and thermo-physical parameters. After calibration,
the thermal model can not only predict the temperature response of CTP system under fast charging and cooling
conditions, but also further guide the development of other battery systems. The calculation error of the CTP
thermal model is controlled within + 15% under various operations compared with the experimental results. The
proposed thermal model synchronizes with the battery pack test, significantly enhances the efficiency of battery
system design, providing guidance for the thermal characteristics analysis, design, and optimization of CTP pack
thermal management systems.

battery pack. In addition to the battery cell, the module also includes a
metal cover plate shortboard, wire harness, adhesive, thermal grease,
module control unit, and other components. There are also thermal and
control management . systems in a battery pack. This structure has
considerable waste in space arrangement and weight of structural parts,
which leads to the group efficiency being only about 50%, which limits
the demand for long cruising range. Therefore, it has great potential in
structural lightweight design [6].

On September 26, 2019, the world’s first CTP was jointly created by
Beijing Electric Vehicle CO. LTD and Contemporary Amperex Technol-
ogy [7]. Compared with the traditional battery pack, it simplifies the
structure and manufacturing process of the module, which is also called
a module-free power battery pack. In the same year, the company Build
Your Dreams (BYD) released the blade battery system, which also
enlarged the battery based on the traditional battery and saved the

1. Introduction

In recent years, energy shortage and climate change caused by fossil
fuels have gradually become the common challenges faced by all hu-
manity [1]. As one of the biggest contributors to fossil fuels, vehicles are
gradually turning to clean energy technology. Electric vehicles (EVs)
have broad prospects for reducing greenhouse gas emissions and envi-
ronmental pollution [2,3], like hybrid electric vehicles (HEV) and pure
electric vehicles. As the most important energy source of an electric
vehicle, the battery has always been attention-focused. Lithium-ion
batteries (LIBs) gradually emerge from a variety of batteries because of
their low self-discharge rate, high energy density, no memory effect,
which become the main power source of new energy vehicles [4,5].
Traditional battery packs are assembled from cells, modules to the
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Abstract. When lithium-ion batteries (LIBs) are located at high altitude and low
pressure,the characteristics of thermal runaway (TR) and its propagation are di[er}
ent,such as time to TR, the toxicity of TR gases, TR propagation time, mass loss
rate, etc. In this article, the author summarized a series of relevant literatures and
proposed an instrument that can be used to analyse the TR behavior at dilerknt
pressure. It is found that: with the decrease of ambient pressure, the TR trigger time
becomes longer and the maximum surface temperature decrease. Moreover, the gas
released by TR becomes more toxic as the environmental pressure decreases. Beside,
the average propagation time between adjacent LIBs is not much diLerbnce when the
environmental pressure decreases, and when the 18,650 battery module is distributed
in a cylindrical shape, the thermal runaway propagation path is basically unchanged
as the environmental pressure decreases. This work details TR and its propagation
feature under dilerknt pressure, and can provide the guidelines for the Air trans-
portation of LIBs.

Keywords: Low-pressure, LIBs, Thermal runaway, Thermal runaway propagation

Abbreviations

LIB Lithium-ion battery
FAA Federal Aviation Administration

TR
FE

Thermal runaway
D Fractional e [eckive dose

ppm  Parts per million

List of Symbols

T, Self-generated heat temperature (°C)
T, Temperature of thermal runaway (°C)
Trnax Maximum temperature of thermal runaway (°C)
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The process and mechanism of breakdown induced cable insulation exposed to conductor heating caused by
overload were investigated. The time from the beginning of the overload to the occurrence of an electrical arcing
event was measured. A mathematical equation between the average time of the initial breakdown and current
was established for 220 VAC distribution systems. The phenomena in these experiments were captured with a
high-speed camera. The times and durations of arcing events occurring repeatedly were documented throughout
the whole process, which could present some information associated with the possibility of this fault to ignite
combustibles. The formation process of breakdown was evaluated theoretically. The established mathematical
equation to calculate the average time of the initial breakdown could be employed to predict the interval be-
tween overload occurrence and breakdown arcing. The formation process of arc beads was affected by the hot
environment created by breakdown and insulation combustion. Kinds of metallographic microstructure of arc
beads might be found during a test, such as dendritic segregation structure, equiaxed recrystallized grains, and
cylindrical crystals. This work could provide basic data for determining the breakdown occurrence attributed to

overload.

1. Introduction

Around 20% of the structure fires in the USA are of electrical origin
[1,2]. Additionally, in China, according to data released by the gov-
ernment, 252,000 fires occurred in 2020, including 84,000 electrical
fires, accounting for 33.3% of the total number of fires [3]. The overload
phenomenon entails an electrical fault in which the overcurrent is suf-
ficiently high and persists long enough to cause damage or fire danger
[4-6]. Overloads cause internal conductor heating, which softens ther-
moplastic conductor insulation materials and causes sagging, might lead
to sleeving [4]. Due to continued exposure to internal conductor heat-
ing, cable insulation becomes increasingly conductive with increasing
insulation pyrolysis [7]. The softening, melting, or degradation of
insulation can make a conductive path between hot and neutral con-
ductors to cause a breakdown, including two types, physical short and
arcing short [8,9]. For example, the Beilong Tangquan Leisure Hotel Fire
in Harbin, Heilongjiang Province, China, in 2018 resulted in 20 fatalities

* Corresponding author.
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and 23 injuries. This fatal fire was caused by an obstruction of the rotor
of the tube group fan due to an increase in the electrical cable current,
thus resulting in an overload, which induced arcing formation and fire
[10]. According to closed-circuit television (CCTV) footage of this fire,
repeated and sustained arcs were observed, but the overcurrent pro-
tection device did not properly function and disrupted the circuit.
Moreover, the entire electrical cable was ignited, and nearby combus-
tible materials were burned. Alternatively, a large number of arc beads
was generated under this electrical fault. However, specific studies of
the physical mechanism of overload-induced arc formation have rarely
been published. Therefore, it is important for fire investigators that fire
scenarios involving electrical cable failure should be clearly defined to
determine the fire cause.

The key to clarifying this issue is to obtain a quantitative under-
standing of the mechanism by which diverse overload conditions could
generate an arcing event in an energized electrical cable. First, it is
necessary to define an overload. When the current flowing through a

Received 25 January 2022; Received in revised form 5 May 2022; Accepted 14 June 2022
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Abstract: In this study, the fire behavior variation of unenergized polyvinyl chloride (PVC) copper
wires subjected to overload with different currents was investigated by a cone calorimeter. Overload
currents were selected from 1 times safe-rated current (I) to 3.5 times I, to obtain tested sample
wires. The mass fraction, time to ignition (TTI), heat release rate (HRR), gas emission, and residue
were measured. If the current flowing through the wire increased up to 3.5 times I, the TTI of this
unenergized wire increased drastically and the peak HRR (pHRR) decreased notably so that the
flame growing index (FGI) reduced considerably. When the wire carried less than three times I, the
FGI remained stable. For all overloaded PVC copper wires, the increase in the heat flux resulted
in a higher pHRR and a lower burning duration. However, regardless of the external heat flux
exposure, the FGI of copper wires overloaded at 3.5 times I. was lower than that of copper wires
carrying less than other times I.. Moreover, the consumption of O, and generation of CO, as the heat
flux varied were consistent with that of the HRR. Opposed to expectation, the flame propagation of
unenergized PVC copper wires would decline in a fire, if the wire has been damaged by overload

with some currents.

Keywords: overloaded PVC copper wire; cone calorimeter; time to ignition; fire characteristics

1. Introduction

In electrical systems, wires heat beyond their temperature rating if the wires are too
small or the overcurrent protection device malfunctions [1]. According to NFPA 921-2021,
this condition is the overload condition [2]. Prolonged overheating of the overloaded
cord causes the progressive degradation of insulation such that the pyrolysis characteris-
tics of the insulation coated on the overloaded wire change. Copper conductors coated
with polyvinyl chloride (PVC) are widely applied in residential buildings and industrial
premises [3]. In numerous fires involving these wires, high-insulation polymer materials
propagate fire rapidly to adjacent areas. In the case of electrical faults, such as short circuit,
overloading, and overvoltage, wires conduct more current than their ampacity, which
results in the deterioration of insulation materials. Because of the prolonged overheating
of the overloaded wire, PVC insulation materials may degrade or decompose and change
the fire characteristics over this wire. However, there are a lack of studies on the fire
hazard change of the overload wire after its insulation materials have been damaged due
to prolonged overheating. Therefore, it is necessary and significant for fire protection to
investigate the fire behavior variation of unenergized PVC copper wires with different
overload currents flowing before.

Fire propagation apparatus and cone calorimetry have been used to investigate the
fire characteristics of electrical wires and cables. Studies have focused on the influence
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Short circuit failures in building cables exposed to incidental heat are a significant cause of major
electrical fires. However, the scientific understanding of how applied voltage influences the
occurrence of such faults remains limited. This study investigates short circuits in cables exposed
to a cone heater with a radiant heat flux of 20 kW m~2, focusing primarily on the effects of
applied voltages ranging from 20 to 380 V alternating current (VAC). The results indicate that at
voltages below 140 VAC, a physical short circuit typically occurs, characterized by a single arc
that lacks ignition capability. As the voltage increases between 140 and 260 VAC, an arcing short
circuit with multiple arcs is more likely, presenting a higher risk of ignition. For voltages
exceeding 280 VAC, only physical short circuits with excessively intense arcs are observed, which
can immediately ignite fires and trip circuit breakers. Additionally, the time to failure decreases
as applied voltage increases. Through an analysis of time-to-failure, arc energy, surface temper-
ature of the thermally degraded cable, and arc bead characteristics, this paper also explains the
formation mechanisms of both physical and arcing short circuits across different voltages. This
study enhances the understanding of the complex influence of applied voltage on the occurrence
and ignition potential of short circuits in heated cables.

1. Introduction

In China, electrical fires are the leading cause of building fires, accounting for approximately 30 % of all fire incidents [1].
Similarly, in the United States, statistics from the National Fire Incident Reporting System (NFIRS) show that electrical fires are the
second leading cause of building fires, comprising 16 % of all structure fires [2]. The majority of electrical fires are associated with
electrical wiring and cables. Short circuits can trigger electrical fires when arcing in building cables is exposed to unexpected heat
sources [3,4]. Furthermore, arc beads from short-circuited energized cables damaged by fire are often utilized by fire investigators as
key physical evidence to analyze fire spread and determine the fire’s origin [5,6]. The fluctuation characteristics of current and voltage
during a short circuit serve as critical clues in identifying faults in arc-fault circuit interrupters (AFCI), which help mitigate fires caused
by arcing faults [7]. Therefore, studying the occurrence of short circuits in building cables is crucial for fire investigation and the

prevention of electrical fires in buildings.
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Abstract

Via thermogravimetry combined with Fourier transform infrared spectrometry, this work aims to investigate the differences
in the thermal decomposition characteristics and reaction mechanisms in wires carrying 1.5, 2.5, and 3.5 times the rated
current (I,). The whole thermo-oxidative decomposition process mainly occurred in the 2nd and 3rd stages, and overload
wire with more than 2.5 I, overcurrent was a more serious occur fire hazard. Nevertheless, the polyvinyl chloride (PVC)
insulation of 3.5 I, overload wire exhibited great lower entire activation energies than the PVC insulation of 2.5, and 1.5,
overload wires in both stages of the thermo-oxidative decomposition process. Moreover, a reaction model corresponding to
each stage showed a significant difference for the 3.5 I, overload wire insulation compared to the other two overload wire
insulations. The maximum release temperature of CO, was different depending on the current overload, with a significant

advance in the maximum CO, release temperature for the 3.5 I, PVC material.

Keywords Overload currents - Fire hazard - Thermal decomposition - Reaction mechanism - PVC insulation

Introduction

According to investigations in China, it was found that
electrical fires account for about one-third of the total num-
ber of fires each year, and more than half of these fires are
caused by electrical circuit failures, that are threats to prop-
erty loss and even human safety [1]. In an electrical sys-
tem, the fault of overload is frequently encountered when
an excess of apparatus and equipment are connected [2].
If large currents flowing in a wire persist for a long time,
the internal metal core would produce the Joule heat, which
heats and deteriorates the insulation consisted of a certain
polymer [3-5]. As the most extensively applied insulation
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in industries and civilian buildings, the polyvinyl chloride
(PVC) coating the wire prevents electrical malfunctions, but
it is also a combustible that could trigger a fire and produce
high temperatures, high radiative heat, and large amounts
of toxic gases, which may cause deaths, injuries, and loss of
property [6-8]. Because of the prolonged overheating of the
overloaded wire, PVC insulation materials may degrade or
decompose and change the fire hazard over this wire. Sur-
prisingly, there are only a few studies on how much overload
current flowing through the wire without observable appar-
ent changes will alter the thermal decomposition behavior
and reaction mechanism of PVC insulation materials to the
point of increasing the fire hazard of the wire.

Pyrolysis is the first step of all thermochemical processes,
and pyrolysis process significantly impacts solid fuel com-
bustion. The PVC decomposition under the oxidative ambi-
ent during heating, which could also be called combustion
(thermo-oxidative decomposition). For preventing PVC wire
fire, it is worth focusing on the characteristics of thermo-
oxidative decomposition of PVC insulation materials. Benes
et al. [9] applied thermogravimetry (TG/DTG) coupled with
mass spectrometry and Fourier transform (FTIR) infrared to
investigate thermal degradation in air and nitrogen. It was
proposed that the degradation of the PVC backbone starts

@ Springer
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1 | INTRODUCTION

Yang Li!

| JunDeng® | Fen-FenHe? | Peng-Rui Man?

Abstract

When a poly(vinyl chloride) (PVC) wire experiences overload failure, the inter-
nal structure of the insulation changes to become overloaded insulation and
the fire hazard changes. In this study, the thermo-oxidative degradation behav-
ior of new and overloaded PVC insulation materials was analyzed using
coupled thermogravimetric-Fourier  transform infrared  spectroscopy
(TG-FTIR). The thermo-oxidative degradation results show that the first two
stages of thermo-oxidative degradation of PVC insulation are important stages
for measuring fire hazard. In addition, the onset temperature of thermo-
oxidative degradation of overloaded PVC insulation was increased. The activa-
tion energies of the first two stages of the overloaded PVC insulation increased
by 7.7% and 27.0%, respectively, compared to the new PVC insulation. And the
reaction mechanism is changed. The FTIR results indicate that the increased
amount of volatile organic compounds and CO, generated during the pyrolysis
of the overloaded PVC insulation may result in the generation of more heat
and smoke during combustion, thus increasing the fire hazard.

KEYWORDS

FTIR, overloaded, PVC insulation, reaction mechanism, thermo-oxidative degradation
kinetics

overloaded insulation. Fire statistics in China show that
electrical fires account for about 30% of all fires, and

As society becomes increasingly electrified, more and
more appliances and equipment are connected to elec-
trical systems. Current overload failures are common
when the wire diameter is too small or the overcurrent
protection device fails." When the current flowing
through a wire exceeds its safe current (l¢), the metal
core generates excessive heat through the Joule effect,
which acts by heat conduction on the polymer insula-
tion wrapped around the outside, destroying its physical
structure and chemical properties and ultimately chang-
ing its fire hazard.>* When a wire after suffering a cur-
rent overload failure, its insulation is known as

more than 50% of electrical fires are caused by burning
wires and cables.® For example, in May 2023, two con-
secutive fires in China's Shanxi Province, caused by
faulty electrical wires, killed a total of eight people and
injured 20 others. Poly(vinyl chloride) (PVC) insulation
wires are widely used in industrial and residential
buildings because of their good electrical properties.®
PVC insulation has a limiting oxygen index of approxi-
mately 26-29%, which makes it a combustible material,
and once burned, it produces high temperatures, high
radiant heat, and a large amount of toxic and noxious
gases, resulting in significant equipment damage,

J Appl Polym Sci. 2024;e55994.
https://doi.org/10.1002/app.55994
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Abstract. In this study, the effects of the possibility, time, and type of short circuits
on energized residential electrical cables exposed to various radiant heat fluxes were
investigated. Ten heat fluxes in the range of 21-30 kW/m? were used on the surfaces
of cables to irradiate them at 220 VAC using a standard cone heater, as is widely
used in China. Breakdown was likely to occur on a cable heated at as low as 22 kW/
m?. Electrical failure inevitably occurred at over 26 kW/m?. When the heat flux
increased to 30 kW/m? the maximum and average time required for breakdown
decreased to 218 and 175.9 s, respectively. Below 26 kW/m?, the probability of a
physical short occurring was higher than that of an arcing short with more than one
arc, which had greater ignitability. In contrast, this trend reversed above 26 kW/m’.
The arc number and duration of arcing shorts on cables exposed to heat flux below
26 kW/m? were less than that on cables exposed to heat fluxes over this value. In
most cases, the increasing duration of an arcing short could lead to more arc beads.
Consequently, with an increase in heat flux, common cables could generate an arcing
short with more arc beads in less time.

Keywords: Electrical fire, Radiant heat flux, Breakdown, Physical short, Arcing short, Arc beads

1. Introduction

Short circuits between two energized conductors in a commercial cable exposed to
a fire can accelerate its spread along the cable and increase the difficulty of deter-
mining a fire origin and cause. If a carbonization path emerges inside a heated

*Correspondence should be addressed to: ; Yang Li, E-mail: liyang02@cppu.edu.cn
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Abstract. This work investigated the ignition and flame spreading features over an
excessively overloaded wire coated with polyvinyl chloride (PVC) to provide valuable
information for determining fire behavior caused by this typical type of wire failure.
The wires with a core/wire diameter of 3.3/4.1 mm carried various overload currents
from 130 A to 240 A at intervals of 10 A. Experimental results revealed that occur-
rence of a parting arc as the core melted into two parts was indispensable for ignition
of the overloaded PVC wire without an external ignition source. The current increase
reduced the time for energizing the wire to a parting arc. For this special piloted
flame, with the current increase, the intensity of the heating of the core became
higher; thus, the flame spread distance (FSD) became longer due to the thermal
decomposition of the PVC insulation intensifying, and the average flame spread rate
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Study on the rule of blister formation and
Identification technology of multi-cores

copper wires in fire

Axin Liang, Yang Li*, and Shu Yang
China People’s Police University, Langfang 065000, China

ABSTRACT

The common presence of the wire blisters in fire indicates that the wire was exposed to fire. Yet current overload
happening before fire also causes some wire blisters. Most trace evidences on the wire from fire are required
to examine melted blisters marks of the wire. Thus, it is critical to clearly identify and determine the differences
between blisters merely exposure to fire and current overload for fire investigators. Two fire scenarios, fire
heating and overcurrent, and 2.5 mm? multi-cores copper wires were selected by this paper to make blisters.
Then, the identification technology of blisters was studied. The experimental results suggested that the external
appearance and metallographic structure taken on by blisters were not the precise evidences to identify whether
blisters are merely exposed to fire or overcurrent. Therefore, the metallographical method of polarized light was
used to analyse Cu,O content in blisters. Besides, such content was used to accurately identify two kinds of
blisters. The content of Cu,O of the overcurrent blisters was larger than that of the fire heating blisters notably.

Keywords: Overcurrent, Fire Heating, Blister, Polarized Light, Oxide.

1. INTRODUCTION
Many countries have paid special attention to fire inves-
tigations while strengthening fire protection work [1-5].
Fire image recognition is based on the principle of pat-
tern recognition. Computer technology is used to analyze
and process the image data collected by the camera, and
the fire image can be recognized in time when there is
a fire [6-10]. Applying new fire image recognition tech-
nology to the fire protection industry can significantly
improve the quality of fire rescue and increase the speed of
investigation [11, 12]. Therefore, the countries fire depart-
ments should invest new fire image recognition technol-
ogy in fire investigations to maximize the efficiency of fire
investigations [13, 14].

Special melted mark has aroused great attention in
recent years as characterized by effective weight of evi-
dence, which is vital for identifying the fire origin in fire

*Author to whom correspondence should be addressed.

1040

image recognition [15-17]. Blister is a type of special
melted marks, often extracted by fire investigators. Fire
investigators are often subject to numerous melting glob-
ules of multi-cores copper wires. This is because the judg-
ment about the evidence is the crux to accurately identify
what forms the electrical fire [18]. While the fires involv-
ing multi-cores copper conductors are investigated, blisters
of re-solidified copper have been observed on conductors
known to have been energized in fire, as well as on con-
ductors known not to have been energized. Yet such blis-
ters have been found to be weak as impacted to distinguish
between blisters merely exposure to fire and to current
overload. The definitive information to identify the blis-
ters is possessed by means of neither visual examinations
nor examinations with an optical microscope or a scanning
electron microscope (abbreviated as SEM) for the blisters
of re-solidified copper on copper wires.

Different terms were employed in the 2017 edition of
NFPA 921, “Guide for Fire and Explosion Investigations,”

Mater. Express, Vol. 10, No. 7, 2020
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ABSTRACT

The frequent occurrence of fire incidentsto the healthy and rapid development of the new energy industry. In-
depth investigations into these incidents can uncover their root causes, providing a foundation for targeted
safety optimizations in energy storage system design, thereby effectively reducing the risk of future occurrences.
However, the disaster mechanisms of lithium battery fires are complex, and high temperatures, along with
firefighting water sprays, often lead to the destruction of critical evidence. This creates significant challenges for
the investigation and determination of the causes of battery fires. This study represents the first investigation into
the chemical characteristics of lithium-ion battery thermal runaway traces under various thermal triggers and
fire scene environments. Key aspects examined include valence changes of critical elements, crystal structure
alterations, and both qualitative and quantitative features. Furthermore, the research establishes a mapping
relationship between the characteristics of thermal runaway traces and their initiating factors. The results
indicate that varying heating methods and fire scene environments have minimal impact on the crystal structure
of the remnants. However, thermal runaway triggered by jet fire leads to a reduction in the Li 1 s binding energy
intensity within the debris. Additionally, both secondary heating from external fire sources and thermal runaway
induced by solid heat transfer result in increased concentrations of Li and F, while the concentration of Fe de-
creases. Firefighting water sprays can lead to a reduction in the oxidation state of P within the debris, while
prolonged immersion increases the oxidation state of Fe. Additionally, secondary heating from external fire
sources reduces the binding energy intensities of O 1 s and Li 1 s. The findings of this study can be utilized to
establish and expand a lithium-ion battery fire trace database, thereby enhancing investigative techniques for
fires in energy storage stations and electric vehicles.

1. Introduction

resulting in the deaths of two firefighters and one engineer. The
fundamental cause of lithium-ion battery fires and explosions is thermal

Against the global backdrop of carbon peak and carbon neutrality,
renewable energy has gained increasing attention, and energy storage
technologies, represented by lithium-ion batteries, have experienced
rapid development [1-7]. The government has introduced a series of
policies encouraging the development and innovation of the power
lithium battery industry, providing clear and vast market prospects for
the growth of the new energy industry. However, in recent years, safety
incidents involving lithium-ion batteries have become increasingly
frequent [8-12], especially in the energy storage station sector. Several
fire and explosion incidents have occurred, drawing widespread public
attention and limiting the large-scale application of lithium-ion batteries
[13-15]. For example, on April 16, 2021, the Dahongmen Energy
Storage Station in Beijing suddenly exploded without any warning,

runaway triggered by battery malfunctions [16-20]. Thermal runaway
not only hinders the widespread adoption and commercialization of new
energy technologies but also poses serious risks to public life, property,
and transportation safety. Conducting in-depth investigations into en-
ergy storage battery fires and optimizing the safety design of storage
systems based on the causes of these incidents can effectively reduce the
likelihood of future accidents. In 2013, a Boeing 787 passenger plane
caught fire due to a lithium-ion battery malfunction, leading to its in-
definite grounding. Following the incident, investigators used computed
tomography (CT) scans to examine the internal structure of the battery
and determine the location and direction of thermal runaway [21].Wang
et al. [22] found that after a battery module undergoes thermal
runaway, deformation and bulging occur in the direction opposite to the

* Corresponding author at: China People's Police University, LangFang 065000, China.
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Battery modules are typically arranged in vertical stacks to enhance space utilization rate in battery systems. But
this arrangement affects the heat dissipation, raising the risk of three-dimensional failure propagation. which is
particularly prominent in high-energy-density LiNi,CoyMn1.,,02 (NCM) batteries. This study investigates the fire
propagation behavior in vertically stacked NCM battery modules, focusing on propagation characteristics, fire
behavior, and failure heat flow. The results indicate that in the downstairs module, thermal runaway triggered by
lateral heating resulted in horizontal heat transfer and sequential propagation. Vertically, heat was transferred
via flames, triggering simultaneous spreading in the upper module. Vertical fire propagation amplifies the
thermal hazard, with a higher peak temperature (967.0 °C) and greater heat release (731.0 kJ). The failure
propagation in the upper modules is triggered by two major factors: 1) heat transfer from the lower module; 2)
Ignition of the leaked electrolyte from the upper module. Electrolyte combustion contributes 68.8 % of the total
heat release triggering fire propagation, playing a dominant role. Therefore, adding thermal insulation between
modules effectively suppresses the fire propagation. This work provides the first experimental insight into the
multi-dimensional TR propagation behavior of NCM batteries and offers practical guidance for safety design and

accident investigation in battery systems.

1. Introduction

With the accelerating global energy revolution, electrochemical en-
ergy storage technologies, especially lithium-ion batteries (LIBs), have
become critical components in the renewable energy sector [1-5]. L IBs,
recognized for their high energy density and excellent power output,
have two mainstream cell chemistries, e. g. NCM and LiFePO4 (LFP), in
the fields of energy storage systems and new energy vehicle [6,7].

Despite their advantages, failures of LIBs have caused frequent fire
incidents worldwide. Statistics show that among 85 electrochemical
energy storage system accidents reported in the past eight years, 61 were
attributed to NCM batteries, accounting for approximately 71.8 %.
These figures highlight the significant thermal hazards associated with
NCM batteries and underscore their safety risks [8-14]. The fire risk of
LIBs is typically triggered by thermal runaway (TR) [15-17]. Under
abusive conditions such as overheating, overcharging, or mechanical
impact [18] may lead to internal short circuits [19] or reductive gas
attack [20,21], both of which may trigger a series of chain reactions that

* Corresponding authors.

rapidly increase the battery’s core temperature and trigger TR. During
this process, the electrolyte undergoes intense oxidation, producing
large amounts of hydrogen, methane, ethylene, and other flammable
gases, while releasing significant heat, causing the internal pressure of
the battery to rise rapidly and triggering the activation of the vent valve
[9,22]. Once exposed to an electrical arc or spark, combustion or even
explosion may occur [4,23-25]. As the failure propagation, the heat
from one cell can rapidly propagate through the adjacent batteries,
significantly amplifying the risk of catastrophic failure. In particular,
vertical stacking arrangements often found in battery modules exacer-
bate the heat dissipation challenges, increasing the likelihood of three-
dimensional failure propagation. The process of propagation is illus-
trated in Fig. 1.

Previous research indicates that NCM batteries can ignite and burn
directly during TR, without requiring an external ignition source. They
form sustaining jet fires that have higher temperatures and longer du-
rations compared to LFP batteries. NCM batteries, categorized based on
nickel content (NCM333, NCM523, LFP, NCM811), exhibit higher

E-mail addresses: dengj518@xust.edu.cn (J. Deng), wanghuaibin@cppu.edu.cn (H. Wang), fxn17@mail.tsinghua.edu.cn (X. Feng).
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ABSTRACT

Thermal runaway of lithium-ion batteries, accompanied by violent eruptions, casts significant safety risks for
electric vehicles and energy storage stations. The increased internal pressure inflates the structure of the battery
pack and electrical components, thereby inducing arcing. Variations in the internal pressure during battery
thermal runaway requires further study. Batteries experience oxidation-reduction reactions during thermal
runaway, resulting in gas eruptions. This paper tries to measure the dynamic behavior of gas generation
throughout the thermal runaway by installing a pressure sensor on the side of the battery. The influence of
various states of charge on the internal pressure fluctuations and eruption behaviors during battery thermal
runaway is investigated. The results indicate that as the state of charge increases, the internal pressure and mass
loss notable rises. A higher state-of-charge brings shorter time for the battery to reach maximum temperature.
Notably, the time for the maximum pressure usually occurs before the occurrence of the peak temperature. The
maximum pressure commences 20.4 — 288.5 s prior to the moment when peak temperature occurs. A positive
correlation has been identified between internal pressure and the mass loss rate during the eruption process.
These results clarify the quantitative relationship among the state-of-charge, internal pressure, and eruption
behaviors associated with thermal runaway. Therefore, this study offers valuable insights for the safety design of
battery pack structures and the mitigation of arc hazards.

1. Introduction

Lithium-ion batteries (LIBs) are widely employed in the power sys-
tems of electric vehicles and energy storage stations due to their ad-
vantages, including high energy density, long cycle life, and low
pollution emissions [1,2]. However, the rising frequency of accidents
involving lithium-ion batteries has prompted a shift in public appre-
hension from “capacity anxiety” to “safety anxiety”. Among the multiple
factors contributing to these incidents, thermal runaway (TR) of LIBs is
considered the primary cause of accidents in electric vehicles and energy
storage stations [3-5].

Current research on LIBs concludes that various forms of abuse,
including mechanical, electrical, and thermal, etc., can trigger TR
[6-12]. This phenomenon involves chemical reactions within the bat-
tery’s internal materials that lead to an abnormal rise in temperature,
ultimately resulting in the release of substantial energy, as well as the

* Corresponding author.
E-mail address: wanghuaibin@cppu.edu.cn (H. Wang).
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emission of flammable gases and particulates, a process commonly
referred to as thermal runaway [11,12]. Furthermore, factors such as the
composition of cathode and anode materials, the state of charge (SOC),
and the configuration of the battery system can significantly affect the
characteristics of TR in LIBs [13-16]. The risk level of TR and the
probability of battery pack failures directly correlate with the SOC of the
battery [17,18]. Batteries with high SOCs, in contrast to those with low
SOCs, possess a greater energy storage capacity, demonstrate reduced
thermal stability of materials, and undergo more intense chemical re-
actions [10,19-21]. Wu et al. [22] proposed the concepts of safe electric
quantity boundary and peak heat transfer power, thereby clarifying the
thermal safety boundaries associated with different SOCs. Additionally,
Song et al. [23] investigated the thermal runaway propagation (TRP)
behavior of LIBs at different SOCs, and revealed the energy flow distri-
bution during the TRP of large-size LIBs.

Furthermore, the operation of LIBs involves chemical reactions and
material deformations within the internal components, which result in
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As lithium-ion batteries (LIBs) continue to evolve toward lower costs and higher energy densities, their
potential safety risks have become increasingly apparent. Incidents such as explosions at energy storage
facilities, fires in electric vehicles, and building fires ignited by charging two-wheeled vehicles have been
occurring with alarming frequency, often resulting in significant casualties and injuries. Conducting in-
depth investigations into thermal runaway (TR) incidents in LIBs can significantly reduce the risk of
future occurrences. However, current investigations into LIB fire and explosion incidents face challenges
due to the difficulty of conducting in-depth analyses and the lack of a robust theoretical framework to
guide these investigations. To enhance the effectiveness of in-depth investigations into battery fire and
explosion incidents and to address the lack of theoretical guidance, this paper is the first to systematically
examine the conservation and flow patterns of elements during the TR process of LIBs. The analysis
reveals that during TR, the gas products generated include approximately 1.5 g of H,, 23.6 g of CO,
88.4 g of CO,, 8.9 g of C,H,, 7.3 g of CHy, 3.7 g of C,Hg, and 82 g of electrolyte vapor. After TR, the solid
compounds formed consist of approximately 2.5 g of LiF, 29-92.2 g of elemental Ni/Co/Mn, 11.4 g of
Li,CO3, 200.6 g of graphite, 1.4 g of NiO, 29.6 g of MnO, 30.1 g of CoO, 67 g of elemental Cu, 0.03 g of
LiNiO,, and 4.3 g of LiAlO,. Importantly, the energy released from reactions forming solid compounds
during TR surpasses that from gas-forming reactions. This investigation represents the first application
of Hess’s law to verify the conservation of elements during the TR process of lithium-ion batteries. The
proposed methodology is also applicable to other types of energy storage batteries, effectively advancing

techniques for comprehensively investigating lithium battery fire and explosion incidents.
© 2024 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published
by Elsevier B.V. and Science Press. All rights are reserved, including those for text and data mining, Al
training, and similar technologies.

1. Introduction

world in winning the hard battle for low-carbon transformation.
With the proposal of the “dual carbon” goals, energy storage tech-

Striving to achieve carbon peak before 2030 and carbon neutral-
ity before 2060, China has made significant commitments to the

Abbreviations: LIB, Lithium-ion battery; TR, Thermal runaway; ARC, Accelerating
rate calorimeter; LFP, LiFePO,; DEC, Diethyl carbonate; DMC, Dimethyl carbonate;
PVDF, Polyvinylidene fluoride; IC, lon chromatograph; CHNSO, Elemental analyzer;
PVDF, Polyvinylidene difluoride; SOC, State of charge; NCM, Li (Ni,CoyMn;_,_y) Oz;
NCM622, Li (NigesC0p2Mng2) Oz; EC, Ethylene carbonate; PE, Polyethylene; XRD, X-
ray diffraction; ICP-MS, Inductively coupled plasma-mass spectrometry; EV-ARC,
Extended volume accelerating rate calorimeter; GC, Gas chromatography.
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nology is becoming an important engine to promote the low-
carbon transformation of the energy system [1-3]. Electrochemical
energy storage, represented by lithium-ion batteries, has emerged
as the fastest-growing energy storage technology in terms of
installed capacity due to its advantages of good scalability, long
lifespan, flexibility, and rapid response [4,5]. Its role and advan-
tages in renewable energy consumption, transportation electrifica-
tion, and the consumer goods industrial chain are becoming
increasingly prominent [6,7].

According to application fields, lithium-ion batteries can be
classified into consumer batteries, power batteries, and energy

2095-4956/© 2024 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published by Elsevier B.V. and Science Press. All rights are reserved,
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ABSTRACT

With the rapid development of modern industrial technology, the demand for power in building electrical
equipment continues to rise, rendering the existing rated current standards for cables inadequate to meet actual
needs. Frequent overcurrent phenomena lead to abnormal temperature rise in cables, which has become the
main cause of major electrical fire accidents. To effectively enhance the related fire resistance, flame retardants
are added to the insulating materials of cables. In this study, the dual role of flame retardants in PVC-sheathed
building cables is investigated, focusing on their fire-suppression capabilities and potential amplification of arc
hazards under overcurrent conditions. Through TG-FTIR analysis and cone calorimeter tests, it is revealed that
flame retardants effectively improve the fire resistance of insulating materials by delaying thermal degradation,
generating HCI earlier to dilute flammable gases, and forming a protective carbon layer. However, by system-
atically investigating the fault characteristics of flame-retardant (FR) and non-flame-retardant (NFR) PVC-
sheathed cables under different overcurrent conditions, combined with real-time oscilloscope monitoring data,
two typical types of failure modes of PVC-sheathed cables in electrical fires are identified. In addition, comparing
with that observed in NFR PVC-sheathed cables, the increase of the energy of the arc and an extension of the
duration of the arc in FR PVC-sheathed cables are also observed for the same failure mode. All these facts can be
attributed to the coating effect of metal chlorides and metal oxides, which inadvertently facilitates wires to be
closer to each other and intensifies arc formation. This study not only emphasizes the need for a comprehensive
evaluation system for the selection of flame retardants, which assesses both FR performance and impact on
electrical faults, but also highlights the importance of a multi-layered defense strategy in electrical fire safety,
combining FR materials with arc prevention to reduce fire risks in buildings.

1. Introduction

electrical wiring systems, especially in the electrical wiring systems of
high-rise buildings [4,5]. The cables in building shafts, suspended ceil-

With the rapid advancement of urbanization and wide application of
intelligent building systems, modern buildings increasingly depend on
densely distributed electrical wiring systems to achieve functions such
as lighting, heating ventilation air conditioning control, fire protection
and emergency communication [1-3]. Polyvinyl chloride (PVC)
sheathed cables have advantages such as high cost-effectiveness, good
mechanical flexibility and easy installation, making them widely used in

* Corresponding authors.

E-mail addresses: weizhen@cppu.edu.cn (Z. Wei), liyang02@cppu.edu.cn (Y. Li).
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ings and cable ducts are often arranged vertically, which can accelerate
the spread of the flames in a building fire [6,7]. Controlling the spread of
fire in cables is crucial for enhancing the fire safety performance of
buildings. To effectively curb electrical fires occurring in building sys-
tems, PVC-sheathed cables with different FR components have been
designed.

At present, the research focus on FR cables mainly lies in when an
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Abstract: In this study, the fire behavior variation of unenergized polyvinyl chloride (PVC) copper
wires subjected to overload with different currents was investigated by a cone calorimeter. Overload
currents were selected from 1 times safe-rated current (I) to 3.5 times I, to obtain tested sample
wires. The mass fraction, time to ignition (TTI), heat release rate (HRR), gas emission, and residue
were measured. If the current flowing through the wire increased up to 3.5 times I, the TTI of this
unenergized wire increased drastically and the peak HRR (pHRR) decreased notably so that the
flame growing index (FGI) reduced considerably. When the wire carried less than three times I¢, the
FGI remained stable. For all overloaded PVC copper wires, the increase in the heat flux resulted
in a higher pHRR and a lower burning duration. However, regardless of the external heat flux
exposure, the FGI of copper wires overloaded at 3.5 times I was lower than that of copper wires
carrying less than other times I.. Moreover, the consumption of O, and generation of CO, as the heat
flux varied were consistent with that of the HRR. Opposed to expectation, the flame propagation of
unenergized PVC copper wires would decline in a fire, if the wire has been damaged by overload

with some currents.

Keywords: overloaded PVC copper wire; cone calorimeter; time to ignition; fire characteristics

1. Introduction

In electrical systems, wires heat beyond their temperature rating if the wires are too
small or the overcurrent protection device malfunctions [1]. According to NFPA 921-2021,
this condition is the overload condition [2]. Prolonged overheating of the overloaded
cord causes the progressive degradation of insulation such that the pyrolysis characteris-
tics of the insulation coated on the overloaded wire change. Copper conductors coated
with polyvinyl chloride (PVC) are widely applied in residential buildings and industrial
premises [3]. In numerous fires involving these wires, high-insulation polymer materials
propagate fire rapidly to adjacent areas. In the case of electrical faults, such as short circuit,
overloading, and overvoltage, wires conduct more current than their ampacity, which
results in the deterioration of insulation materials. Because of the prolonged overheating
of the overloaded wire, PVC insulation materials may degrade or decompose and change
the fire characteristics over this wire. However, there are a lack of studies on the fire
hazard change of the overload wire after its insulation materials have been damaged due
to prolonged overheating. Therefore, it is necessary and significant for fire protection to
investigate the fire behavior variation of unenergized PVC copper wires with different
overload currents flowing before.

Fire propagation apparatus and cone calorimetry have been used to investigate the
fire characteristics of electrical wires and cables. Studies have focused on the influence
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Abstract

The frequent occurrence of thermal runaway accidents of lithium-ion batteries has seriously hindered their large-scale
application in new energy vehicles and energy storage power plants. Careful analysis of lithium-ion batteries can essentially
determine the cause of the accident and then reduce the likelihood of lithium-ion battery thermal runaway accidents.
However, there are few current studies on lithium-ion battery accident investigation, and the destruction of traces due to
the violent reaction of the battery’s thermal runaway increases the difficulty of battery accident investigation. The thermal
runaway accident scenarios of lithium-ion batteries with different states of charge will show different regular characteristics
of the thermal runaway properties and trace characteristics of lithium-ion batteries. Establishing the relationship between
the thermal runaway characteristics of lithium-ion batteries, the trace law and the state of charge can effectively improve the
technology of in-depth battery accident investigation. This study investigated the thermal runaway and trace characteristics
of lithium-ion batteries triggered by nail penetrating at different states of charge using 8 Ah soft pack lithium iron phosphate
batteries as the research object. The results show that lithium iron phosphate Li-ion batteries do not trigger thermal runaway
under nail penetrating conditions when the state of charge is less than 20%, with no obvious phenomena and slight changes
in the voltage and surface temperature of the battery, with the temperature only rising by 5 °C. Both the 60% and 100% SOC
LiFePO, batteries underwent thermal runaway within a few seconds after the needle puncture and produced a large amount
of white smoke, with the voltage rapidly dropping to 0 V and the maximum temperature on the front of the battery reached
93 °C and 125 C, respectively, and the rate of temperature rise was significantly higher in the latter than in the former, with
both reaching temperatures above 200 °C at the penetration point and higher than at the entry point, while the 100% SOC
battery showed electrical sparks and more smoke after the puncture due to a more violent internal short-circuit. The state of
charge affects the cracks and particle spacing on the surface of the anode electrode and the smoothness of the surface. The
results of this paper provide ideas for qualitative and quantitative analysis of lithium-ion battery accident causation, which
can provide guidance for effectively improving the ability to investigate lithium-ion battery accidents.
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ABSTRACT

Overcharge is one of the most common triggers of thermal runaway in lithium-ion batteries. The process and
mechanism of overcharging are not clarified. In particular, little research has been done on thermal runaway
residues. Accident investigators require a method to identify thermal runaway residue. In this study, the thermal
runaway induced by 1C (12 A) current overcharge in 12 Ah pouch Li(Nip gCop.1Mng )O3 lithium-ion batteries
was investigated. The battery residue was disassembled. Scanning electron microscopy, X-ray diffractometry, and
other analysis methods were used to investigate macro characteristics, micromorphology, and phase composition
of the residue. The analysis of the residues revealed that the layered electrode adhesion was severe, the current
collectors at the rupture were damaged and ejected, and copper molten beads were observed in the ejecta.
Numerous fracture and breaking were observed in the residue cathode material particles, and the explanatory
hypothesis was proposed. New phase C, Li,COs, LiF, MnO, NiO, Co and Ni were found. Also, the mechanisms of
the phenomena and characteristics were discussed. Accident investigators would be helped if these overcharge

characteristics were widely validated.

1. Introduction

Li(NixCoyMnj xy)O2 (NCM) lithium-ion batteries (LIBs) have attrac-
ted considerable research attention because of their high energy density
and excellent electrical performance. However, owing to the high ac-
tivity of the cathode material specifically Li(NipgCog.1Mng 1)O2
(NCM811), NCM LIBs are not stable under the current technical condi-
tions. Fire and explosion accidents of NCM LIBs occur frequently. Most
LIBs accidents are caused by thermal runaway (TR). Numerous studies
focused on the TR mechanism of NCM LIBs have revealed that NCM
cathode material decomposes at high temperature and releases oxygen,
which results in an exothermic reaction with the electrolyte. This result
promotes the thermal decomposition of the cathode, which releases
considerable heat rapidly, rendering the TR of the NCM LIBs highly
volatile and dangerous [1]. The abuse conditions include mechanical
abuse, electrical abuse, and thermal abuse [2]. Overcharged LIB stores
more energy, which make TR temperature higher and fire-prone. In
daily life, overcharging is the most common battery abuse condition.
Mismatched chargers and battery management system failures result in

* Corresponding author.
E-mail address: sunjunli_ 1219@163.com (J. Sun).
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overcharging of batteries, which frequently causes fire accident.
Therefore, many studies have been conducted on TR under overcharging
conditions.

Zeng et al. [3] established a three-dimensional electro-
chemical-thermal coupling model to simulate thermal and electro-
chemical characteristics from normal charge to early overcharge. The
simulation results revealed that irreversible joule heat contributes the
most to the temperature rise during normal charge, but at the early
overcharge stage, heat caused by manganese dissolution and lithium
deposition gradually dominated the temperature rise. Ren et al. [4]
established the electrochemical-thermal coupling overcharge-TR
model, and revealed that the electrolyte oxidation reaction and the re-
action between the plated lithium and the electrolyte are the primary
causes of overcharge-TR heat generation. These two models cover the
entire process from overcharging to thermal runaway and sustain
experimental studies.

Numerous TR experiments have been conducted on NCM LIBs under
overcharge conditions. Yuan et al. [5] observed that when the NCM
battery was overcharged to 5.1 V for the first time, the battery resistance
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Abstract

The fire characteristics of polyethylene (PE) copper wire was investigated using cone calorimetry. The analysis focused on
the effect of overload failure and external heat flux on its fire behavior. The mechanism of thermal oxidation of PE insulation
by metal cores under overload failure was theoretically analyzed. The time-to-ignition (TTI), heat release rate (HRR), gas
emission and mass loss of PE wires were measured. The results show that the TTI and the peak heat release rate (pHRR) are
lowest for the 80 A overload current value compared to the 0-70 A overload current value. This is related to the complete
thermal degradation behavior of the PE insulation subjected to the Joule heating of the metal core. The thermal thick and thin
models of overloaded wires under different current values were verified theoretically and experimentally. As the overloaded
wires burn, a peak in HRR occurs, and as the external heat flux increases, the time to reach pHRR decreases, but the peak
intensity increases. The fire performance index (FPI) and fire growth index (FGI) of the overloaded wires were also calcu-
lated, and the FPI and FGI were minimized when the overload current value was 80 A. Finally, the gas emissions, residues
and mass losses of the overloaded wires were analyzed. This work contributes to the understanding of the differences in fire
characteristics of overloaded PE copper wires.

Keywords Polyethylene (PE) copper wires - Overloaded current - Cone calorimeter - Fire characteristics - Time to ignition

Introduction

Electrical fires account for about 30% of all fires in China,
and more than 50% of these electrical fires are caused by
burning wires [1]. With the continuous development of
social electrification, more and more electrical appliances
and instruments are connected to the electrical circuit. If
the wire diameter is too small or the overcurrent protection
device fails, the heat generated by the metal core of the wire
under the effect of Joule heat may exceed its rated tempera-
ture. This phenomenon is referred to as an overload fault in
NFPA 921-2021 [2]. If the wires are exposed to overheat-
ing conditions exceeding the rated temperature for a long
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time, the heat generated by the metal core will degrade or
decompose the outer insulation material [3]. It will affect its
internal structural composition, and even if the current in the
wire is cut off at this time, its fire resistance characteristic
will be permanently changed. The fire performance of poly-
meric materials depends mainly on their chemical composi-
tion and structure [4]. Copper wire coated with polyethylene
(PE) insulation is widely used in critical locations such as
nuclear power plants, aircraft, and hospitals. However, there
is a lack of research on the change in fire characteristics of
PE wire insulation after long-term thermal damage caused
by overload failure.

Previous researchers have studied the fire characteristics
of wires and cables using fire propagation apparatus (FPA)
and cone calorimeter (CONE), focusing on the effects of
various factors such as wire size, wire orientation, metal
core, environment, and insulation materials. The FIPEC
project \¥* MERGEFORMAT [5] tested the combustion
performance of common cables available on the European
market. Mcgrattan et al. [6, 7] investigated the heat release
rate (HRR), time-to-ignition (TTI) and flame spread behav-
ior of common cables in nuclear power plants during a fire.
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Abstract: In the high-temperature cooking process of Chinese-style catering, the oil fume
accumulates on the inner wall of the flue during the cooling process, forming grease stains,
which can easily trigger flue fires and cause a kitchen fire. Statistics indicate flue fires are a
primary cause of kitchen fires in China. The changes in the composition of grease stains
are due to different freezing points, which will adhere to different parts of the flue and be
repeatedly heated and cooled if not cleaned in time. This leads to changes in combustion
performance, subsequently affecting the progression of flue fire propagation. This paper
takes grease deposits with different deposition times and locations in the flue of commercial
kitchens as the research object. The research selected a medium-sized commercial kitchen
flue (kitchen chimney) in Langfang City, with deposition times of the parts of the inlet and
outlet for 2 months and grease in the inlet for a deposition time of 7 days, 60 days, and more
than 1 year. This paper analyzed the grease deposits at different deposition positions at the
flue inlet and outlet using a thermogravimetric analyzer and a gas-mass spectrometer. It is
found that the primary components of the grease at the outlet have low molecular weight,
thermal decomposition starting temperature ignition temperature, and activation energy
in the first stage and will catch fire first; the grease at the inlet has a high comprehensive
combustion performance, and the combustion is violent with little effect from the oxygen
supply. Then, the pyrolysis analysis of grease stains located at the entrance of the flue is
performed at different deposition times under air and nitrogen atmosphere. The results
showed that the pyrolysis process of grease stains with a more than 1 year deposition time
consists of two stages. One stage is the first weightlessness stage, which has the lowest
activation energy, the longest combustion process, and the greatest fire risk; the other is
the pyrolysis combustion process of grease stains with a deposition time of 7 days. Its
activation energy is the highest, and the fire risk is the smallest. The research results can be
a reference for the setting of the fire dampers and the cleaning time for the flue.

Keywords: deposition time; position; grease; thermogravimetric method; fire

1. Introduction

Fires that involve commercial cooking equipment play a crucial role in China’s fire
issues. Regardless of the type, each restaurant presents distinct fire hazards due to its
cooking operations and the potential for large crowds of customers to assemble simultane-
ously [1]. Most accidental structural fires from commercial cooking appliances occur due
to inadequate construction and maintenance practices. The Code for fire protection design
of buildings in China outlines the construction and installation standards necessary to
endure and extinguish a fire using kitchen fire suppression systems. The challenging truth
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ABSTRACT: The objective of this study was to develop an environmentally friendly fire-retardant polypropylene (PP) with significantly
improved fire-retardancy performance with a novel flame-retardant (FR) system. The system was composed of ammonium polyphos-
phate (APP), melamine (MEL), and novel phosphorus-based FRs. Because of the synergistic FR effects among the three FRs, the FR
PP composites achieved a V-0 classification, and the limiting oxygen index reached as high as 36.5%. In the cone calorimeter test,
both the peak heat-release rate (pHRR) and total heat release (THR) of the FR PP composites were remarkably reduced by the incor-
poration of the novel FR system. The FR mechanism of the MEL-APP-FR-PP composites was investigated through thermogravimet-
ric analysis and char residue characterization, and the results reveal that the addition of MEL-APP-FRs promoted the formation of
stable intumescent char layers. This led to the reduction of pHRR and THR and resulted in the improvement of the fire retardancy.

© 2017 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2017, 135, 45962.

KEYWORDS: flame retardance; thermal properties; thermoplastics

Received 24 May 2017; accepted 21 October 2017
DOI: 10.1002/app.45962

INTRODUCTION

Because of its low density, versatility, easy processing, good
performance-to-cost ratio, and good mechanical properties,
polypropylene (PP) has been widely used in many fields, includ-
ing automobiles, building materials, electronics, and electric
materials.® However, because of a large number of methyl
groups, PP is easily ignited with a fast fire spread speed, and it
can produce large amounts of toxic gases during combustion;
these gases threaten the safety of human life and restrict PP’s
use in high-risk applications.*® Thus, it is necessary to improve
the fire safety of PP, and various attempts have been made to
reduce its flammability through the introduction of various
flame retardants (FRs) into PP.

For the flame retardancy of PP, there are mainly three types of
FRs: halogen-containing FRs, inorganic FRs, and intumescent
flame retardants (IFRs). Halogen-containing FRs have some sig-
nificant drawbacks. Halogen-containing FRs are effective and
show a good ratio of properties to price in FR PP, but they can
increase the emission of toxic smoke during combustion.”® With
the improvement of fire safety and environmental protection
requirements, halogen-free FRs for PP have attracted more and
more attention. Metal hydroxides, such as AI(OH); and

© 2017 Wiley Periodicals, Inc.
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Mg(OH),, can be used as FRs for PP, but their high loading can
damage the mechanical performance of PP? IFRs, which have a
lower toxicity and are nonhalogens, are a hotspot in the study of
the flame retardancy of PP and are considered environmentally
friendly FRs.**2 Generally, IFRs consist of three components: an
acid agent, a carbonization agent, and a blowing agent. The aim
of the IFR system is to form swollen char layers, which provide
good barrier effects against heat and mass transfer. Recently, novel
IFR systems have been explored. For example, Li and Xu® synthe-
sized a new triazine polymer named charring-foaming agent
(CFA), and CFA was used in PP as a charring—foaming agent; the
results demonstrate that the IFR consisting of CFA, ammonium
polyphosphate (APP), and Zeolite 4A was a very effective flame
retardant of PP. Liu®® investigated the effects of sepiolite on the
flame retardancy of the IFR system. The addition of 0.5% sepio-
lite increased the limiting oxygen index (LOI) from 29.8 to 31.8,
and the sepiolite at a low additive amount appeared to be an
optimum blend ratio for the reduced heat-release rate (HRR),
total smoke, and CO, production. Generally, the quality of the
char layers in the IFR system influenced the FR efficiency. Thus,
the improvement of the quality of the char layers has been the
focus of recent research on the improvement of the FR efficiency
of the IFR system.
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ABSTRACT

The morphology evolution and compositional change of blood during heating are crucial for understanding the
results of visualization enhancement when using chemical reagents. Given the complexity of blood composition,
human and two other mammalian blood samples were initially centrifuged and prepared as dried whole blood,
dried erythrocytes, and dried plasma for further TG-IR analysis. The results indicated that the decomposition
process of blood could be divided into four distinct stages: 35-190 °C, 190-430 °C, 430-610 °C, and 610-800 °C.
In the second stage, lipids and proteins underwent thermal decomposition, resulting in an approximately 50 %
mass loss of blood with the release of NH3 and CO,, and obvious bulges presented with a black metallic
appearance due to the rapid release of gases. The bloodstains could be visualized by the luminol test after heating
at 310 °C for 5 min. Also, a positive reaction could be obtained by using tetramethylbenzidine (TMB) after
heating at 400 °C for 5 min. In the third stage, the mass loss was further reduced by approximately 40 %. The
streaks or block-like fractures appeared on the surface, with the metallic luster largely disappearing. Negative
visualization results were obtained from bloodstains after heating at 480 °C for 5 min, suggesting that the he-
moglobin was completely decomposed. The thermal decomposition process was gradually decreased when
heating above 610 °C and completed around 880 °C, with minimal fibrous residues left. The compositional
changes of blood during heating were correlated with morphology evolution and visualization enhancement,
providing the evidence for blood detection in fire scenes.

1. Introduction

stain patterns, although the temperature in some areas of the room ex-
ceeds 900 °C due to flashover. Similarly, Akemann et al. [5] constructed

The detection of bloodstains in the fire scenes is important for the
investigation of fire-related cases. However, compared to traditional
crime scenes, the extreme destructiveness of fires compared to tradi-
tional crime scenes and the subsequent firefighting efforts have led to
the misconception that bloodstains in fire scenes are of little signifi-
cance. In recent years, this view has also been challenged [1-4].

Using small-scale simulations and real fire experiments, several
scholars have studied the chemical visualization reactions of blood after
thermal exposure. For example, Tontarski K L et al. [1] sprayed the
blood on several typical surfaces, including the wall, floor, ceiling, glass,
and curtain, in a simulated fire. After spraying luminol and Bluestar®
throughout the room, positive reactions were still observed on visible

a small combustion chamber to investigate the detection capabilities of
luminol for porcine blood on various materials in a fire scene. The results
indicated that more than 80 % of the blood samples on the surfaces,
including wood laminate, gypsum board, and carpet, emitted lumines-
cence when sprayed with luminol even after heating at 231 °C. How-
ever, the combustion temperatures of the remaining samples were not
reported, which might limit the understanding of the results. In addi-
tion, Bilous et al. [6] conducted an alcohol fire test to simulate the high
temperature conditions by heating blood samples from 400 °C to 600 °C.
They reported that all three reagents, including luminol, Bluestar, and
Hemascein™, showed a significant decrease in luminescence after
heating for 3 min. Another study by Autumn et al. [7] found that the
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ABSTRACT

Forensic identification at fire scenes faces three core challenges: distinguishing cause of death (antemortem
burning versus postmortem corpse burning), reconstructing criminal behavior (arson versus accident), and
preserving evidence (thermal destruction versus artificial tampering). This case study systematically demon-
strates the application value of burn trace characteristics in arson investigation through a typical intentional
homicide and corpse burning case. Based on a three-dimensional analytical framework of human burn-
behavioral characteristics, a systematic pathway incorporating reconstruction of arson/corpse burning pro-
cesses and identification of body relocation behavior was established. For arson reconstruction, spatial mapping
relationships formed between the suspect’s clothing charring gradients and bodily burn distribution, enabling
reconstruction of the ignition sequence (left-hand ignition source — left-leaning ignition — exit path recon-
struction) through integration with left-handed behavioral traits; this kinematic trajectory exhibits complete
behavioral-burn correspondence with burn morphological distribution patterns. Regarding body relocation
identification, critical evidence including absence of transition zones in corpse charring areas, stratigraphic
inversion between remains and combustion residues, intact preservation of buttock skin in supine position, and
protective preservation characteristics of occipital hair collectively constructed spatiotemporal evidence of
relocation. This case interlinks burn morphology and human behavioristics to establish a technical paradigm for
reconstructing criminal processes in complex fire scenes, providing a replicable empirical model for solving
“corpse burning-evidence destruction” cases.

1. Introduction

physical research remains scarce. For instance, Mary-Jane Harding’s
physical fire experiments—which placed cadavers across 39 vehicle fire

In forensic investigations, the examination of human remains at fire
scenes plays a critical role in determining the cause and nature of fires.
However, tissue carbonization, skeletal destruction, and evidence
obliteration caused by high temperatures severely impede the identifi-
cation of cause of death and the construction of evidence chains, posing
significant challenges to case resolution. "> Fire victims may result from
accidental death,’® suicide, or homicide. Notably, in homicide cases,
corpse burning serves as a criminal tactic to conceal victim identity and
destroy evidence.®® As fire-induced damage intensifies, not only may
critical signs indicative of cause of death vanish entirely,'’ but physical
evidence left by criminal activities is also obliterated,'' substantially
increasing investigative complexity.

Limited by ethical constraints and technical conditions, systematic

* Corresponding author
** Corresponding author

scenes to observe anatomical changes during high-temperature com-
bustion—represent rare examples of such studies.'” Consequently, the
field predominantly relies on real-case analyses. As illustrated by a 2014
self-immolation case captured on surveillance footage, where the victim
survived for 13 minutes post-ignition exhibiting intense convulsions,
this demonstrates that ante-mortem behaviors may leave identifiable
struggle traces.'® Such cases underscore the imperative to comprehen-
sively understand human responses and trace formation mechanisms in
fire environments.

In arson cases, victims (particularly suspects) serve as crucial evi-
dence carriers alongside human remains. Suspects frequently sustain
characteristic injuries during ignition due to operational negligence,
with such injuries directly correlating to accelerant properties (e.g.,
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